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Glossary

Platforms

Ships of Opportunity
Technology Readiness

Level (TRL)

Platforms on which the technologies presented in this deliverable can be
implemented. These include: Satellites, Drones, Aerial platforms, ROV, AUV,
Moorings, Floats, Fixed autonomous stations, Ships of Opportunity.

Volunteer commercial and research vessels.

Estimated maturity of technologies. The TRL levels applied in this deliverable are:

e Oldea

e 1Basicresearch

e 2 Technology formulation

e 3 Needs validation

e 4 Small scale prototype

e 5 large scale prototype

e 6 Prototype system

e 7 Demonstration system

e 8 First of a kind commercial system
e 9 Full commercial application
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Deliverable 2.1. Review of technologies for pelagic observation

Executive Summary

OBAMA-NEXT aims to develop a comprehensive toolbox that uses established and novel approaches to acquire
accurate, cost-effective and precise data on marine ecosystems and biodiversity to support the effective
management of marine ecosystems and the services they provide. Deliverable 2.1 aims to critically review and
assess existing and emerging pelagic biodiversity monitoring methods. These methods include optical (bulk)
measurements, flow cytometry (FCM), in vivo imaging (in flow or in situ), eDNA, acoustics, tagging/biologging,
remote sensing and citizen science. The use of each method was specifically evaluated for monitoring the
following  pelagic  organisms: bacteria, phytoplankton, = microzooplankton, @ mesozooplankton,
macrozooplankton/jellyfish/micronekton, pelagic fish and megafauna/marine mammals. The catalogue includes
a general description of each method, followed by examples of its application to pelagic biodiversity monitoring
through its deployment in different monitoring platforms. It also lists the Essential Biodiversity Variables (EBVs)
and Essential Ocean Variables (EOVs) that can be addressed, as well as the advantages and limitations of each
method. However, the conclusion highlighted the need to combine different technologies and traditional

approaches to adequately address the different levels of variability in pelagic biodiversity in a changing ocean.

OBAMA-NEXT | Grant Agreement no. 101081642 4
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1. Introduction

Deliverable 2.1. Review of technologies for pelagic observation

1.1.Aim
The objective of task 2.1 is to review existing and emerging technologies for pelagic biodiversity observations.
Deliverable 2.1 reviews the advantages, limitations, and the readiness of the technologies and the FAIRness
(findability, accessibility, interoperability, and reusability) of the data for the observation of Essential Biodiversity
Variables (EBVs), including their adaptability to platforms and their combination with Essential Ocean Variables

(EQVs).

1.2. Approach
Eleven categories of sensors/methods/platforms/approaches were announced to be explored in the OBAMA-
NEXT project for pelagic environment. It was proposed to subdivide them into six methods targeting seven
categories of organisms that could be deployed on six different platforms according to three approaches, as
shown in Figure 1. This deliverable provides detailed descriptions of all six methods and two approaches for
monitoring pelagic target organisms, together with guidance on their effective implementation in monitoring

platforms.

Target organisms

Bacteria

Phytoplankton

Microzooplankton

Mesozooplankton

« Technologies » announced in ’ Macrozooplankton/Jellyfish/Micronekton
the OBAMA NEXT project Pelagic fishes
Satellites Megafauna/Marine mammals
Drones/aerial platforms Methods
Acoustics Optics Platforms
ROV/AUV FCM Satellites
. - ROV/AUV
Moorings/buoys/floats/gliders Imaging /
I
Ferrybox, Ships-of-Opportunity 4 eDNA Gliders
FCM Acoustics Mot_)nngs/buoysfﬁxed autonomous
stations
Imaging Tagging/biologging - - N
Ferryboxes in R.\V. or Ships-of-Opportunity
eDNA Benchtop
Tagging/biologging
Citizen science Approaches

Remote sensing

In situ monitoring

Citizen science

Figure 1: Proposed reorganisation of categories for T2.1.

Most of the OBAMA-NEXT scientists involved in pelagic biodiversity observations were involved in writing and

commenting this deliverable. We have also drawn on work, results and findings from previous or ongoing sister

OBAMA-NEXT | Grant Agreement no. 101081642 5
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projects such as JERICO NEXT/JERICO S3 (www.jerico-ri.eu), TechOceans (https://techoceans.eu/), MARCO

BOLO (https://marcobolo-project.eu/).

1.2.1. Technologies
Deliverable 2.1 focuses on the most commonly used and innovative methods for observing pelagic biodiversity,
such as: optical measurements, flow cytometry (FCM), imaging, eDNA, acoustics, tagging/biologging and the
remote sensing approach. Citizen science is separated from the other methods and approaches and has its own
section. To avoid an excessively long list of sensors, it was decided to focus on emerging techniques and sensors
for field measurements and to detail the platforms on which they can be deployed (e.g., underwater, on
moorings, fixed autonomous stations, on vessels). Already well-established and automated analytical laboratory
approaches as well as long-established techniques for pelagic observations are only mentioned and not

considered in detail.

1.2.2. Target organisms
Deliverable 2.1 will focus on the following target organisms: bacteria, phytoplankton, microzooplankton,

mesozooplankton, macrozooplankton/jellyfish/micronekton, pelagic fish and megafauna/marine mammals.

1.2.3. Essential Biodiversity Variables (EBVs) and Essential Ocean Variables (EOVs)
Essential Biodiversity Variables provide a common framework for monitoring efforts, like Essential Climate
Variables (ECVs) for Climate Change (GCOS), but based on Essential Ocean Variables, which includes only
phytoplankton and zooplankton observations. However, current efforts to monitor EBVs across the broad range
of size and diversity of marine organisms using in situ observations are hampered by a paucity of data in the
coastal and open ocean areas and the latency of information. For instance, the Ocean Biogeographic Information
System (OBIS, 2024) has an uneven coverage of the open ocean, with better coverage in the North Atlantic than
in the South Atlantic Ocean. It also has less biodiversity data in the open ocean and a 5-to-10-year lag between
data production and delivery (Muller-Karger et al., 2018). Paucity of data, both in spatial coverage and in
temporal frequency, is ultimately associated with the cost of data acquisition, remoteness of locations and
difficulty of access (Muller-Karger et al., 2018). High-frequency monitoring of multidimensional data — from
species’ morphological and behavioural traits to species' abundances, distributions and interactions — will allow
the implementation of a diverse set of indicators to assess changes at multiple levels of ecological organisation,
fostering a hierarchical view of the mechanisms driving ecological change, as envisioned by the EBV framework
(Kissling et al., 2018; Schmeller et al., 2017). Central to this framework is the notion that EBVs are a small set of
variables which collectively capture biodiversity change at multiple levels of biological organization and spatial
scales that are of scientific and management interest (Jetz et al., 2019; Valdez et al., 2023). Automated and semi-
automated systems can provide both biological EOVs and EBVs such as those required by the MSFD regulation

(Uusitalo et al., 2016). Therefore, we will evaluate how the different techniques presented in this deliverable

OBAMA-NEXT | Grant Agreement no. 101081642 6
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could provide data that meet both EBVs and EOVs requirements and contribute to improving our assessment of

changes in marine pelagic biodiversity.

1.2.4. SWOT analysis

The information for each technology will be assessed using a strengths, weaknesses, opportunities, and threats
(SWOT) approach. Strengths and weaknesses refer to internal factors or characteristics of the techniques
described. The aim of their analysis is to evaluate how the use of these techniques achieves its goals for
efficiency, research/data provision and development. Opportunities and threats, on the other hand, refer to
external factors, the analysis of which aims to assess whether the use of these techniques can meet challenges
(opportunities) in biodiversity assessment and prevent problems (threats) when faced with an uncontrollable
(and unpredictable) external environment (including human decisions, economic issues and also technological
issues) (Kaymaz Muhling, 2022).
Below are examples of the questions addressed by experts for each technology and the types of information
summarised in the SWOT tables (Table 1).
Strengths questions:

e  What do the scientists like about the technology?

e What does this technology do better than others?

e  What are the most positive aspects of the technology?

e What is unique about this technology?
Weakness questions:

e  What do the scientists dislike about the technology?

e What problems or complaints are often mentioned?

e  Why is the technology not used?

e What are the most negative aspects?

e What are the biggest obstacles/challenges?

e What resources do other technologies have that the technology of interest does not have?
Opportunities questions:

e How can the technology be improved?

e How can the technology be promoted?

e How can new applications be identified?
Threat questions:

e What are the impacts of technological changes?

e Lack of suppliers?

e  Restricted applications?

e Are there mandatory requirements?

e What is the confidence in the data?

OBAMA-NEXT | Grant Agreement no. 101081642 7



OBAMA
= NEXT
Deliverable 2.1. Review of technologies for pelagic observation

Table 1: Examples of information summarised in the technology SWOT tables.

Internal Performance
Strengths . o
factors Unique and specific
Inefficiency
Internal o
Weaknesses Competitivity
factors S ,
Resources limitations (people's knowledge and cost)
External . Improvements
Opportunities
factors Emergent needs
Suppliers
External Small market
Threats . . .
factors Lack of best practices for collecting and processing the data
No change in ecological assessment

1.2.5. References

Jetz, W., McGeoch, M. A., Guralnick, R., Ferrier, S., Beck, J., Costello, M. J., ... & Turak, E. (2019). Essential
biodiversity variables for mapping and monitoring species populations. Nature ecology & evolution,
3(4), 539-551.

Kaymaz Muhling S.M. (2022). Understanding the Strengths, Weaknesses, Opportunities and Threats (SWOT) of
Marine Protected Area (MPA): A Brief Review. Green Rep., 3(8), 31-34.

Kissling, W. D., Ahumada, J. A., Bowser, A., Fernandez, M., Fernandez, N., Garcia, E. A,, ... & Hardisty, A. R. (2018).
Building essential biodiversity variables (EBVs) of species distribution and abundance at a global scale.
Biological reviews, 93(1), 600-625.

Muller-Karger, F. E., Miloslavich, P., Bax, N. J., Simmons, S., Costello, M. J., Sousa Pinto, I., ... & Geller, G. (2018).
Advancing marine biological observations and data requirements of the complementary essential
ocean variables (EOVs) and essential biodiversity variables (EBVs) frameworks. Frontiers in Marine
Science, 5, 373058.

OBIS. (2024). Ocean biogeographic information system. Intergovernmental Oceanographic Commission of
UNESCO. www.iobis.org.

Schmeller, D. S., Mihoub, J. B., Bowser, A., Arvanitidis, C., Costello, M. J., Fernandez, M., ... & Isaac, N. J. (2017).
An operational definition of essential biodiversity variables. Biodiversity and Conservation, 26, 2967-
2972.

Uusitalo, L., Fernandes, J. A., Bachiller, E., Tasala, S., & Lehtiniemi, M. (2016). Semi-automated classification
method addressing marine strategy framework directive (MSFD) zooplankton indicators. Ecological
Indicators, 71, 398-405.

Valdez, J. W., Callaghan, C. T., Junker, J., Purvis, A., Hill, S. L., & Pereira, H. M. (2023). The undetectability of global

biodiversity trends using local species richness. Ecography, 2023(3), e06604.

OBAMA-NEXT | Grant Agreement no. 101081642 8


http://www.iobis.org/

OBAMA
= NEXT
Deliverable 2.1. Review of technologies for pelagic observation

2. Catalogue of existing and emerging methods for pelagic
observation

2.1. Optical measurements

2.1.1. General overview
Optical in situ and in vivo techniques have been deployed for over 50 years for continuous recording in different
marine observation platforms. They include several methods for monitoring phytoplankton distribution in
aquatic systems using optical analysis, such as:
e Single waveband LED fluorometers (generally targeting either eukaryotes and/or cyanobacteria),
e  Spectral fluorometers (aimed at discriminating main pigmentary/spectral phytoplankton groups),
e Spectral absorption meters,

e Variable fluorescence instruments (dedicated to estimating photo-physiology and primary

productivity).

Single waveband (monospectral) LED fluorometers are widely available in various models from several
manufacturers and are currently integrated into most types of observing platforms. They typically target the
fluorescence signal of the pigment chlorophyll a (Fchla), the most widely used measure of phytoplankton
biomass, as well as phycocyanin (Fpc) or phycoerythrin (Fpe) using excitation light at their maximum absorption
wavelength. While practically all LED fluorometers are designed for underwater measurements, they can also
be used in flow-through measurements, as in FerryBox systems, and some manufacturers supply flow cells for
their fluorometers. Technically, the instrumentation is well developed and relatively simple, but do not of
themselves provide information on biodiversity. The main methodological concerns with them involve issues of
instrument calibration and validation, which need to be done on a regular basis and for which there does not
exist standardised and metrologically traceable practices (Ove Moller et al, 2019). These sensors measure
fluorescence in relative units and empirical approaches are used to convert in vivo fluorescence to chlorophyll a

concentrations.

The spectral chlorophyll a fluorescence of phytoplankton cells can be determined by the absorption properties
of photosynthetic pigments of cells’ Photosystem Il (Maclntyre et al., 2010). As higher taxonomic groups differ
in their photosynthetic pigments, their fluorescence spectra are also distinguishable. Spectral fluorometers
measure the in vivo fluorescence emission of chlorophyll a after excitation through accessory pigments using
LEDs of different wavelengths. Spectral LED fluorometers are available from two manufacturers, each with

different optical properties, complicating comparisons between analyses.

As with spectral fluorescence, phytoplankton pigment groups may be detected from in vivo spectral absorption

data, but with two complications: i) absorption includes signal from organic matter, which may overlap strongly
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with pigment absorption, and ii) absorption by photoprotective pigments can be very strong in some cases, and

these photoprotective pigments are often not group-specific. A couple of different commercial sensors for

measuring in situ absorption spectra exist, using either integrating cavity (OSCAR, Trios) or subsequent

measuring of absorption spectra and beam attenuation (ac-s, Sea-Bird Scientific). Detailed procedures for both

chlorophyll a fluorescence and ac-meters in flow-through systems can be found in the IOCCG Protocol Series

(Boss et al., 2019).

Variable fluorescence retrieves information on the photo-physiological state of phytoplankton communities and

can be used to estimate primary production. Such devices are based on slightly different methods of measuring

the variable fluorescence levels of cells (corresponding to different ways of closing photosystem reaction

centres). Recent instruments utilise several wavelengths, potentially allowing the assessment of the

physiological status of different pigment groups.

Table 2: Techniques and sensors for monitoring phytoplankton by means of optical methods. The wavelength column refers
to excitation/emission wavelengths for fluorometers and to wavelength ranges for spectrophotometers. Chl a: Chlorophyll

a. TRL: Technology Readiness Level. A: Wavelength.

Technique Sensor name Wavelength | Variables I?et_ectlon TRL Level of _ Platform
(nm) measured limit/range automation
Moorings,
Seapoint floats, fixed
Chlorophyll 470/695 Fchla 5-15>O ug Chla 9 Fully autonomous
eq.Lt automated .
Fluorometer stations,
ROV, AUV
470/695 Fchl a 0-125 pg eq.L2 ]':I/Ioc;ct):r:’lgxse g
ECO FL 370/460 fDOM 0-500 ppb 9 Fully auton’omous
(SeaBird) 518/595 FPhycoerythrin 0-230 ppb automated stations
630/680 FPhycocyanin 0-230 ppb ROV, AUV
Moorings,
UniLux - Fchla 0-400 pg eq.L? Eull floats, fixed
Mono- (Chelsea 530/590 FPhycoerythrin 0-400 pg eq.L? 9 authated autonomous
spectral Technologies) | - FPhycocyanin 0-400 pg eq.L? stations,
fluorometry ROV, AUV
Depending on the
sensor version: Moorings,
470/685 Fchla 0-200 or 500 i
MicroFlu V2 / 1 He Fully floats, fixed
(TriOs) eq.L 9 tomated | 2utonomous
n 620/655 FPhycocyanin 0-200 or 500 pg automate stations,
eq.L? ROV, AUV
375/460 CDOM 0-500 pg.L!
470/695 Fchla 0-50 ug eq.L? ]lc\l/loc;ctiglr:cigxséd
ECO-Triplet 370/460 fDOM 0-375 ppb 9 Fully autonlomous
(SeaBird) 530/595 FPhycoerythrin 0-175 ppb automated .
630/680 FPhycocyanin stations,
ROV, AUV
460/696 Fchl a (blue) 0-500 pg eq.L? Moorings,
Multi- }C\)y;lgg; G6 635/695 Fchl a (red) 0-500 pg eq.L? Full floats, fixed
spectral 365/470 FCDOM/fDOM 0-1,500 ppb 9 Y autonomous
(Turner automated
fluorometry Designs) 525/>590 FPhycoerythrin 0-750 ppb stations,
€ 590/>645 FPhycocyanin 0-4,500 ppb ROV, AUV
Multi- Fluoroprobe | 370, 470, Total ihl a [ug Chl | 0.5-200 pg Chla Fully Moormgs,
spectral (5A) and 525 570 aeq.l? eq. L1 (estimated) 9 automated floats, fixed
fluorometry ! ! Brown algae autonomous
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AlgaeOnlineA | 590, 610 Cyanobacteria stations,
nalyser (AOA) | /690, 710 Green algae Ships of
e ryptophytes pportunity
(bb C h (o] i
Moldaenke) Haptophyes
fDOM
[ug Chlaeq. L]
Fchla
Fpe
Fpc
375, 400, {l?ci!?ble to Moorings,
Multiexciter 420, 435, calculate Total Chi Full floats, fixed
(9A) (JFE 470, 505, a 0-400 ppb authated autonomous
Advantech) 525, 570, Brown aleae stations,
590 />640 gae ROV, AUV
Cyanobacteria
Green algae
Cryptophytes
CDOM)
470/682 Fchl a 4 Moorings,
. 375/460, FDOM 0-200 pg.L- floats, fixed
MatrixFlu VIS 0-500 pg.L? Fully
(TrioS) 655, 682 0-200 pg.Lt automated autonomous
590/655, FPhycocyanin HE: stations,
682 ROV, AUV
Moorings,
TriLux FChl a 0-100 pg Chla Full floats, fixed
(Chelsea FPhycoerythrin eq.L (in authated autonomous
Technologies) FPhycocyanin acetone) stations,
ROV, AUV
Phyto PAM Il 440, 480, Variable Detection limit Semi- Ships of
540, 590, fluorescence 0.1 ugChlaeq.L .
(Walz) 625 / >650 parameters 1 automated | Opportunity
Algae Online
:\'/IAgr'll/T)or 455,590 or | Variable Detection limit Semi- Shios of
Variable / 630/ 660- fluorescence 0.03 ug Chla P .
. (Photon B automated | Opportunity
induced 750 parameters eq.L?
fluorometry Systems
Instruments)
452,472,
LabSTAF 505, 417, Variable Full Shios of
(Chelsea 534, 594, fluorescence 0.001 pgeq.L? authated o portunit
Technologies) | 622/685, parameters PP ¥
730
Detector Raw optical 'f\l/lo?::nfig;éd
OSCAR density Fully §
. 360-750 nm, . NA autonomous
(TriOS) . (absorption automated .
3.3 nm pixel coefficient) stations,
Spectro- ROV, AUV
photometry Moorings,
AC-S Detector Optical density Full floats, fixed
. 400-700 nm, | (absorption NA v autonomous
(SeaBird) . L automated .
4 nm pixel coefficient) stations,
ROV, AUV
2.1.2. Applications

The measure

Fchla is used as a proxy for chlorophyll a concentration (which is itself a proxy for total

phytoplankton biomass), while phycocyanin and phycoerythrin are often used as proxies for differently

pigmented cyanobacteria (Bertone et al 2018), although some other phytoplankton groups, like cryptophytes
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can also contribute to the signal. Whether it is beneficial to measure phycocyanin or phycoerythrin or both as a
proxy for cyanobacteria abundance depends on the pigmentation of local cyanobacteria populations. Typically,
oceanic cyanobacteria are rich of phycoerythrin, with different forms (reflecting whether blue or green light
penetrates deepest in the area) while in more coastal areas (with high loads of organic carbon, and thus
contributions of red light in the underwater light field) phycocyanin is often the dominant phycobilin pigment

among cyanobacteria.

In practice, phytoplankton can be differentiated into 4-9 pigment groups using spectral fluorescence and the
spectral fluorescence method can be used to derive the chemotaxonomic information of a community, or to
monitor certain pigmentary groups (E.g., Houliez et al., 2012; Lefebvre and Poisson-Caillault, 2019; Kodama et
al., 2022). The biodiversity information obtained from spectral fluorescence is not comparable with microscopy,
pigment based (HPLC) or imaging methods. However, fluorometric sensors are less expensive, relatively easy to
deploy, and results can be obtained in real time, and therefore can be used as tools for rapid diagnostics of
changes in phytoplankton community structure. This type of portable technology on different platforms can
monitor the environment from both the surface and the water column. There is a need to better understand
the relationship between in vivo fluorescence (raw values) and measured chlorophyll a concentration, as the
empirical conversion factors show variability according to the main phytoplankton groups present and their

physiological status.

From spectral absorption data, bulk chlorophyll a concentration, concentrations of other pigments or
contribution of different phytoplankton spectral groups may be retrieved (E.g. Liu et al 2019). Long-term
deployment of these sensors may be compromised by strong effects of biofouling, and improvements in their
calibration methods are needed (e.g., Wollschldger et al 2019). Measuring pigment-group specific differences in
the variable fluorescence, and thus in photosynthetic capacity and physiological status, is not straightforward
with newly developed sensors with two or more wavebands (Houliez et al. 2017, Schuback et al 2021). So far,
only the separation of cyanobacteria and other algae has been shown to work (Courtecuisse et al, 2023).
However, their measurements can provide important information on the photosynthetic parameters and

proxies of primary productivity of the whole community.

2.1.3. Level of biodiversity information (EBV/EQV)

EBVs

Table 3: EBVs that can be addressed by bulk optical methods, as defined by the GEOBON (https://geobon.org/ebvs/what-

are-ebvs/).
EBV class EBV name
Community composition Trait diversity

Primary productivity

Ecosystem functioning Ecosystem phenology

Ecosystem structure Ecosystem Vertical Profile

OBAMA-NEXT | Grant Agreement no. 101081642 12



OBAMA
= NEXT

EOVs

Deliverable 2.1. Review of technologies for pelagic observation

Table 4: EOVs that can be addressed by optical methods. Sub-variables: Components of the EOV that may be measured,
derived or inferred from other elements of the observing system and used to estimate the desired EOV. Derived products:
Outputs calculated from the EOV and other relevant information, in response to user needs. For each EQV, a specification

sheet can be downloaded from https://goosocean.org/what-we-do/framework/essential-ocean-variables/.

EOV name Sub-variables

Derived products

- Presence/Absence
Phytoplankton

biomass and diversity | fluorescence

- Diversity/Taxonomy-/n vivo pigment

- Primary productivity (different methods)

- Phytoplankton Functional Types

- Harmful or beneficial algal bloom
indices, including Harmful Algal Events
- Global biogeography / spatial
distribution

- Primary production and carbon and
nutrient cycling, storage, and export

2.1.4. SWOT analysis

Table 5: SWOT analysis of optical methods used for phytoplankton monitoring.

Strengths

Weaknesses

- Optical bulk sensors are available at different price
and performance levels (Carstea et al., 2020),
achieving high cost efficiency for phytoplankton
monitoring.

- Most of the instruments offer the advantage of
being portable and easy to deploy on any
oceanographic platform as well as in the lab.

- They can be sent for calibration regularly.

- They provide fast, high frequency and often real-
time in vivo/in situ data (Courtecuisse et al. 2022).

- Most of them have an excellent level of
automation.

- Data can either be stored or sent in various ways.

- Fluorescence does not provide the actual
measurement of total biomass or biomass of target
organisms, but a proxy.

- Many types (e.g. excitation/emission wavelengths
for fluorometers) and formats of outputs, providing
different types of either raw and/or processed data.

- For single waveband and spectral fluorometers,
calibration methods have not been agreed (either
with pure pigment extracts, monocultures of
reference pigmentary groups or local
phytoplankton) and solutions for traceable
calibration are still under scrutiny.

- Although there are measures to mitigate this,
optical sensors can be affected by biofouling,
requiring high degrees of maintenance and regular
calibration.

Opportunities

Threats

- They can be installed on mobile platforms to cover
different geographical areas from the sea surface
(FerryBoxes) to deep waters (CTD, profilers, gliders,
R.0.V.s, tagging of animals).

- They can be deployed on fixed platforms
(moorings, fixed stations).

- High spatial and temporal resolution, providing
high data throughput.

-Can be used to validate Earth Observation outputs

- Lack of best practices for data processing :
difficulty in defining time series unless calibration is
carried out with a known fluorescence source.

- Technical upgrades (at least for variable
fluorometers) may prevent intercomparisons with
older instruments.

- The outputs are not accepted yet in any ecological
assessment

- Limited network of experts in spite of a world wide
use of some of these sensors
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2.2.Flow cytometry (FCM) and single-particle analysis

2.2.1. General overview
Single cell observation using flow cytometry in the marine environment was developed more than 40 years ago.
It has provided marine science with key discoveries such as the discovery of a widely distributed pico-
cyanobacterium, Prochlorococcus, and its first ecological description (Chisholm et al., 1988). Flow cytometry
enables the optical description of single particles at very high resolutions through the precise combination of
fluidics, electronics and optics. Particles suspended in a liquid are aligned one by one to be hydrodynamically
focused in a laser beam, generating a set of light scatter and fluorescence intensities per particle. These
properties are perfectly adapted to the marine microbial environment, composed of suspended particles in a
fluidic environment. The instrument, a flow cytometer, records the optical properties generated and provides
high-resolution information in a numerical format. Particles can then be grouped into populations that share
optical similarities, allowing the identification of coherent ecological groups. Despite the limited taxonomic
identification power of optical values, important phytoplankton groups can be easily identified from a
combination of size and autofluorescence, such as cell content of chlorophyll a, phycoerythrin and phycocyanin.
Synthetic stains of DNA which can be used in flow cytometry also allows the distinction of living, non-
autofluorescent cells, like heterotrophic prokaryotes and small flagellates, from non-living particles. The main
strength of this technology is single particle counting, which provides precise counts of diverse ecologically
relevant groups, and particularly small organisms that can be easily overlooked by other methods. While many
instruments have a limited size range for measuring organisms, some devices are designed to cover a wide range
of individual sizes, spanning several orders of magnitude and providing a snapshot of the entire community in
one record. The high throughput capacity of such technology provides a solution to resolving the large spatial
and temporal coverages required to understand the link with oceanic processes. A breakthrough came in the
early 2000s, when commercial or homemade instruments became more autonomous with an online
functionality. Since then, large datasets of optically identified and described plankton groups have been
generated, and promising steps towards automated data processing are under development or already
operational (Fuchs et al., 2022). These statistical and mathematical processes, which rapidly generate data

associated with the recent common vocabulary for phytoplankton and microbial groups (Thyssen et al., 2022),
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cytometry.

The main groups identified by flow cytometry belong to the size classes of pico- (< 2-3 um), nano- (2-3/20 um)
and microphytoplankton (> 20 um), as well as to functional groups based on their pigments (chlorophyll g,
phycoerythrin and phycocyanin). This depends on the instrument’s laser and detector configuration and
provides information on the optical characteristics of each particle, individually. Some instruments, such as the
CytoSense/Sub, which has a wide flow cell and records the entire pulse shape, can collect information from can

collect information from a single cell to an entire chain of microalgae.

More recently, FCM has been combined with high-resolution imaging (e.g. Imaging Flow Cytobot, CytoSense,
and the new Attune “Cytpix” model), allowing visualisation and identification at a higher taxonomic level (see
section 2.3). The combination of nano-microphytoplankton cell pulse shapes, which could picture the
morphological traits of some characteristic groups (such as Pseudo-nitzschia and some dinoflagellates), can

strengthen the classification of the counted cells.

Heterotrophic prokaryotes and viruses which do not exhibit any autofluorescence require a prior staining of
their nucleic acid with a fluorescent dye to be observed using a flow cytometer. Automated staining modules
for heterotrophic prokaryotes have recently been developed and can be adapted to various benchtop flow

cytometers to run high frequency sampling and resolve small scale distributions (Pernice and Gasol, 2023).

Table 6: Techniques and sensors used by FCM. TRL: Technology Readiness Level.

Level of
automation

Detection
limit/range

Variables measured
(units)

Target

. TRL
organisms

Technique Sensor name Platform

Abundance (cells.ml-
1), Single cell scatter
and
autofluorescence

Automated
FCM

Cytosense

Phytoplankton

(pulse shapes, a.u.)
Proxy of Chl a (ug)
per cell and biomass
(pgC). Phycoerhytrin
detection

1-800 pum

Fully
automated

Ships of
Opportunity

CytoSub
CytoBuoy

Phytoplankton

Abundance (cells.ml-

1), Single cell scatter
and
autofluorescence
(pulse shapes)
Proxy of Chl a per
cell and biomass
Phycoerythrin
detection

1-800 pum

Fully
automated

Moorings,
Floats

FlowCytoBot

Phytoplankton

Abundance (cells.ml-

1), Single cell scatter
and
autofluorescence
(max and area)
Proxy of Chl a per
cell and biomass

0.5-20 um

Fully
automated

Moorings,
Ships of
Opportunity
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Phycoerythrin
detection
Abundance (cells.ml-
1), Single cell scatter
and
autofluorescence Fully Ships of
SeaFlow Phytoplankton | (max and area) 0.5-20 pm .
automated | Opportunity
Proxy of Chl a per
cell and biomass
Phycoerythrin
detection
Abundance (cells.ml-
1), Single cell scatter
and
CYTOCHIP ?;gifg‘:(;?;zr;ce el Moorings,
(See Mowlem | Phytoplankton 2-25um v Ships of
etal, 2023) Proxy of Chl a per automated Opportunity
v cell and biomass.
Can add
Phycoerythrin
detector.
e
Accuri or Heterotrophic Inlducsd i 0.9 and < Fully Ships of
FCM with CYTOFLEX prokaryotes fluorescence (max 0.1-15 um automated | Opportunity
FCM
automated and area)
staining Abundance (cells.ml-
module 1), Single cell scatter
i ! Full i
Ccvropro | Heterotrophic 1y 1 ed- 0.4-15 um y Ships of
prokaryotes automated | Opportunity
fluorescence (pulse
shapes)
Pico Nano Abundance (cells.ml-
phytoplankton | 1), Single cell scatter Fully Ships of
ACCURI Heterotrophic and induced and 0.9-15 um assisted Opportunity
prokaryotes auto-fluorescence
Pico Nano Abundance (cells.ml-
1), Si Full i
Attune phytoplank.tonH ), Slr\gle cell scatter 0.6-15 pm u. \ Ships of .
Bench to eterotrophic and induced and assisted Opportunity
P prokaryotes auto-fluorescence
FCM -
Pico Nano
Fully
phytoplank.tonH Abundance (cells.ml- .
eterotrophic . assisted )
1), Single cell scatter Ships of
Cytoflex prokaryotes . <0.1-15 um (plate .
and induced and . Opportunity
and loader in
auto-fluorescence -
nanoflagellates option)
and viruses

2.2.2. Applications
Phytoplankton can be analysed automatically with an online flow cytometer, mainly targeting surface waters.
From the online flow of pumped seawater, the automated flow cytometer can sample every hour or even less,
providing high-resolution mapping of phytoplankton groups (Louchart et al., 2020). Although it targets surface
observations only, it is an unprecedented way to map fine-scale physical oceanographic structures and their
associated communities (Marrec et al., 2018). Furthermore, mapping at this resolution level can provide a
powerful validation of remote sensing algorithms for plankton functional groups. Submersible flow cytometers

are fixed under a buoy or dike or on a submerged rosette to provide a multi-dimensional description of the
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microbial distribution. When a FCM is onboard, discrete samples collected from Niskin bottles are analysed
immediately after collection and storage in the dark. High-frequency sampling in time provides precise

information on the diel cycle, which is mainly influenced by the cell cycle (Dugenne et al., 2014).

2.2.3. Level of biodiversity information (EBV/EQV)

EBVs

Table 7: EBVs that can be addressed by FCM, as defined by the GEOBON (https://geobon.org/ebvs/what-are-ebvs/).

EBV class EBV name

Morphology
Species traits Phenology

Physiology

Community abundance
Community composition Trait diversity

Interaction diversity
Ecosystem functioning Ecosystem phenology
Ecosystem structure Ecosystem Vertical Profile

EOVs

Table 8: EOVs that can be addressed by FCM. Sub-variables: Components of the EOV that may be measured, derived or
inferred from other elements of the observing system and used to estimate the desired EOV. Derived products: Outputs
calculated from the EOV and other relevant information, in response to user needs. For each EOV, a specification sheet can
be downloaded from https://goosocean.org/what-we-do/framework/essential-ocean-variables/.

EOV name Sub-variables Derived products
- Presence/Absence/Relative Abundance

Phytoplankton - Phytoplankton Functional Types

- Diversit
biomass and diversity . y' - Diversity indices: other

- In vivo pigment fluorescence
Microbe biomass and - Heterotrophic prokaryotes, viruses,
diversity (*pilot) abundances

2.2.4. SWOT analysis

Table 9: SWOT analysis of FCM technologies for pelagic biodiversity monitoring.

Strengths Weaknesses
- Single cell in vivo/in situ analysis and counts of - Flow cytometry provides taxonomic optical data
nano- and picoplankton cells below 5 um is only and counts that need to rely on a common
possible with flow cytometry. vocabulary to be intercompared and entered into
- Including large cells such as microphytoplankton is | databases.
an advance in automated flow cytometers. - Installing on a rosette can delay the sampling of
- They provide high-throuput optical data that could the wat.er column, as steps of several minutes would
be related to phytoplankton functional diversity be required at each depth to allow proper FCM
(Fragoso et al., 2019). measurements.

- Submersible flow cytometers require more
technical expertise and care than on-board devices
and are subject to bio-fouling.
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- Instruments are expensive (especially automated
submersible devices).

- Power consumption can represent an issue in
autonomous deployments

- Raw data is heavy and requires appropriate
communication pipelines when transmitted from an
autonomous device in the field to the central
processing station.

- A lack of automation in data analysis limits the
processing of large raw data sets.

Opportunities

Threats

- The autonomous functionality of some flow
cytometers can provide a high spatial and temporal
resolution of the phytoplankton community.

- Automated staining modules (although not yet
submersible) open the way to automated
assessment of the heterotrophic part of the
microbial community and cell physiology (e.g.,
viable/dead cells via fluorescent dyes).

- Automated FCM allows studies with high spatio-
temporal resolution, at the scale of organism life
cycles and physical/chemical events, allowing
growth rates to be taken into account by using
appropriate models.

- The robustness of the sensors could allow long-
term observations without significant changes in the
optical characteristics of the machine.

- Automated sensors can sample subsurface waters
when installed on Ships of Opportunity/Researh
Vessels connected to a FerryBox or flow-through
system.

- Submersible sensors can sample at different
depths, provided the intake systems are adapted.

- A common vocabulary has recently been published
(Thyssen et al., 2022).

An active network of expert users have been and are
developing automated analytical tools (as Fuchs et
al., 2020), data pipelines and best pratices.

- Limitations in standardisation (although work is in
progress).

- Difficulties remain in storing data in biodiversity
databases, as most groups are mostly functional
groups.

- Lack of data visibility in European plaftforms for
biodiversity study and monitoring.

- Under constant development, technical upgrades
and changes that may prevent intercomparisons
with older machines.

- Lack of choice for instruments and high
dependence on suppliers.

- High cost to purchase and maintain
- Limited network of experts.

- The ouputs have not yet been used in any
ecological assessment.
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2.3.Imaging in situ/ex situ

2.3.1. General overview
Imaging marine life has the advantage of providing images of either fixed (preserved) or living organisms. In
classical observational biology, microscopes and stereomicroscopes are the mainstay. The traditional technique
for analysing plankton (nano-, microplankton and mesozooplankton) taxonomic composition and cell counts
relies on an experienced biologist who processes the samples by light microscopy (Moncheva et al., 2010,
Hillebrand et al., 1999, Alexandrov et al., 2014) These methods are challenged by the use of fixed material, which
is often associated with alterations in morphology, colouration and numbers (Jakobsen & Carstensen, 2011).
Furthermore, the material is often destroyed during analysis, making further post-processing and data

verification impossible. Sharp and detailed images of marine life at scales from microns (phytoplankton) to
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centimetres (zooplankton, fish) are the norm, and images can be further processed to provide key parameters
such as taxonomy and biomass information. In addition, some groups of organisms, such as gelatinous plankton,
are very fragile and do not maintain morphological integrity during fixation. Therefore, in situ/in vivo imaging
using cameras would be the most appropriate solution, although preserved samples and in lab processing may
still be necessary to maintain long-term time series, or if there are limitations on the equipment to be allocated
on research vessels (Fernandes et al., 2009). The collected images can be processed into species in real time
using automated processing by Artificial Intelligence (Al) (Luo et al., 2018; Kraft et al., 2022). In situ/in vivo
imaging systems target organisms as small as 5 um, where the laws of optics define the lower size limit. For
plankton measurements, the largest particles that can be processed are limited by the capacity to view a large
enough volume to obtain significant counting statistics. However, there is no imaging instrument that is suitable
for all applications and size classes, a limitation that is also shared by more classical sampling techniques like net
sampling. The choice of instrumentation for a particular analysis is determined by the size and taxonomy of the
organisms being studied, the ecosystem being studied and the logistics of the application, i.e., is in vivo analysis
possible, or is it necessary to use an imaging instrument that can work with fixed material back in the lab?
Lombard et al. (2019) wrote a review on the challenges of plankton observations, describing the need to combine
different imaging and optical systems to deal with the full size range of plankton. Fishing vessels can also be used
as Ships of Opportunity to obtain both fish species data (Lekunberri et al., 2022) and environmental variables

(Uriondo et al., 2024).

Table 10: Techniques and sensors used by imaging methods. Please consider that the “Ships of opportunity” category
includes various mode of operation, i.e., the systems can be used by casting or towed or on board (flow-through). TRL:
Technology Readiness Level.

Target Variables Detection Level of
Technique | Sensor name 8 . measured . TRL . Platform
organisms . limit/range automation
(units)
Phytoplank- Particle 10-1000 pm
ton, Micro- counts and Semi- Ships of
FlowCam . 9 .
zooplankton, individual 300-5000 pum automated Opportunity
Zooplankton sizes (cm) (macro version)
Imaging Particle Fully Moorings, Ships
FlowCytobot Phytoplankton counts, size <10-150 pm ? automated of Opportunity
Particle
Moorings, Ships
Plankton Zooplankton .cou_n.ts and 10- 2000 pm 9 Fully & . P
In flow Imager individual automated of Opportunity
imaging sizes (cm)
i i- Ships of
700CAM Z.ooplankton, Particle _ 300-2000 um 9 Semi p _
fish eggs counts, size automated Opportunity
Phytoplank- . . .
Semi- Ships of
PlanktoScope | ton, Micro- Particle . 20-200 um 7 P .
counts, size automated Opportunity
zooplankton
Phytoplank- Full Ships of
CytoSense ton, Micro- Particle size <5-800 pm 9 v opportunity,
automated .
zooplankton Moorings
In situ Zooplankton Particle Full Moorings, AUV,
. UVP (5 & 6) and colonial . 500-10000 pm 9 v Ships of
Imaging counts, size automated .
phytoplankton Opportunity
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Zooplankton . . .
Moorings, Ships
CPICS and big Particle 60-20000 pm g |Fuly g% >nip
phytoplankton counts, size automated of Opportunity
VPR-based Zooplankton . ROV, AUV,
. Particle Fully . .
(VPR, and big counts. size 50-10000 pm 9 automated Moorings, Ships
BIOMAPER 1) | phytoplankton ! of Opportunity
Zooplankton . .
Ships of
LOKI and big Particle 50-2000 um g |Fully psot
phytoplankton counts, size automated Opportunity
i AUV, Ships of
SIPPER Zooplankton Particle . 65-na 9 Fully p.
counts, size automated Opportunity
Zooplankton . .
AUV, Ships of
Silcam And big Particle 50-11000 pm g |Fully s
phytoplankton counts, size automated Opportunity
Zooplankton . .
AUV, Ships of
Laser field | LOPC and colonial Particle 100-35000um | o | FUV P
phytoplankton counts, size automated Opportunity
Electronic L Cour?ts by Ships of
eye + deep Digital Pelagic fish species and 5cm 5 Fully ps©
learnin camera individual automated Opportunity
g sizes (cm)
Phytoplankton . .
HOLOCAM | and Particle 1-1000 pm g |Fully Ships of
Zooplankton counts, size automated opportunity
Holographi Zooplankton . .
ccamera | LISST-HOLO | and big Particle 50-2500 um g |Fully Ships of
phytoplankton counts, size automated Opportunity
4-Deep Zooplankton Particle . 10-2000 um 9 Fully Ships of .
HoloSea counts, size automated Opportunity
Zooplankton . .
IIIS and colonial Particle 600-1300 pm g |Fully Ships of
Focused hvtoplankton counts, size automated Opportunity
shadowgra pytop
h Zooplankton Particle Semi- Ships of
P ZO0VIs and big . 40-5000 pm 9 psor
phytoplankton counts, size automated Opportunity
Submersibl . o . .
e video PelagiCAM, Pelagic fish, Organism i 9 Fully Moorings and
cameras BRUV marine fauna counts automated fixed platforms

In addition to the information given in the table, depending on the application, additional information like the
volume (flow) imaged, the instrument dimensions/weight, the possibility of combining with other instruments
(e.g. CTD), etc. needs to be considered. For example, the BIOMAPPER Il uses a combination of imaging, acoustics
and a CTD, which can be towed at high speed (up to 6 knots), processing large volumes, being thus more adapted
to study macrozooplankton, but its dimensions/weight limit its applicability to only a subset of research vessels.
In addition, imaging approaches are also used to study pelagic fauna and can be installed on fixed platforms or
moorings (PelagiCAM, Sheehan et al., 2020; Bait-based remote underwater video (BRUV) systems; Prat-Varela

et al, 2023).

2.3.2. Applications
Imaging systems enable functional groups detection, fast species identification, biomass estimation and
conversion to carbon, spatial and temporal dynamics, biodiversity assessment and provide support for

modelling. Imaging data are important for assessing, often in real-time, changes in biodiversity and biomass and
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their coupling to environmental pressures. Two recent studies have been carried out, for example, on marine
plankton traits obtained from automated image analysis (Orenstein et al., 2022) and on data management
procedures (Martin-Cabrera et al., 2022). Imaging data can be used for policy, such as MSFD indicators (Uusitalo

et al,, 2016). They are also useful for climate observations (Chust et al., 2024).

2.3.3. Level of biodiversity information (EBV/EQV)

EBVs

Table 11: EBVs that can be addressed by imaging methods, as defined by the GEOBON (https.//geobon.org/ebvs/what-are-
ebvs/).

EBV class EBV name

Species distributions
Species abundances
Morphology
Phenology

Community abundance
Trait diversity

Species populations

Species traits

Community composition

Ecosystem functioning Ecosystem phenology
Ecosystem structure Ecosystem Vertical Profile
EOVs

Table 12: EOVs that can be addressed by imaging methods. Sub-variables: Components of the EOV that may be measured,

derived or inferred from other elements of the observing system and used to estimate the desired EOV. Derived products:

Outputs calculated from the EOV and other relevant information, in response to user needs. For each EQV, a specification
sheet can be downloaded from https://goosocean.org/what-we-do/framework/essential-ocean-variables/.

EOV name Sub-variables Derived products

- Phytoplankton Functional Types
Phytoplankton - Presence/Absence/Relative Abundance - Diversity indices: other
biomass and diversity | - Diversity - Harmful or beneficial algal bloom

indices, including Harmful Algal Events

- Biomass overall.

- Biomass or abundance (or
presence/absence) by taxon,
- Functional group

- Size class

- Geographical distributions by taxon
or functional group

- Life history timing

- Community size structure

Zooplankton biomass
and diversity

2.3.4. SWOT analysis

Table 13: SWOT analysis of imaging technologies for pelagic biodiversity monitoring.

Strengths Weaknesses
- A variety of imaging sensors allow for adaptation - Each instrument is designed for a specific size
to different size classes of organisms (Lombard et range or organisms to be detected and recorded for
al., 2019). They range from benchtop scanning and further analysis. This means that many devices, or
in-flow systems (associated with FerryBoxes or sometimes many optics within the same device, are
deployed in situ) to in situ fixed or profiling devices. required to cover the whole plankton realm, and
even more for larger fauna.
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- Images can be stored and analysed later using
advanced image recognition methods, or to screen
previously unknown or unlabelled classes.

- Automated image data pipelines are already
available (Martin-Cabrera et al., 2022)

- Best practices are available for many sensors

- Imaging can provide information on traits such as
nutrition (chloroplasts retained in ciliates) and
preferred prey and feeding modes, as well as
tracking parasite infections.

- Imaging provides high data throughput.

- It provides a cost-effective approach to process
hundreds or thousands of samples that would
otherwise probably not be processed.

- The error associated with automated classification
tools can be considered as stable over time, as it
does not depend on the changing
expertise/experience of a human taxonomist or
their level of fatigue.

- There is usually a trade-off between the number of
groups or taxa and the performance of the
automated classification.

- Visual differences between certain classes or taxa
are small and depend on the resolution of the
imaging system.

- The variation in image size and aspect ratio is very
large and can only be detected by using the most
appropriate optical or device combination.

- Depending on the device, image quality may be
poor or vary widely.

- If not properly calibrated or out of focus, images
can be very blurry.

- The amount of image data is massive (Eerola et al
2024) and requires significant storage capacity.

- Most instruments are expensive.

Opportunities

Threats

- Automated imaging solutions enable studies with
high spatio-temporal resolution, at the scale of
organism life cycles and physical/chemical events.

- Combined with near real-time image recognition,
results are available for applications such as harmful
algal bloom (HAB) early warning, satellite validation
or model assimilation.

- Permanent improvements in image analysis are
being tested and implemented using Artificial
Intelligence.

- Rapid technological development allows for
continuous improvement of available instruments
and/or the release of new devices.

- Permanent image databases allow the data to be
re-analysed by various automated analytical tools.

- The amount of labelled data for training is limited.

- Decrease in taxonomy experts to build the training
sets.

- The accuracy of defining taxa to a species or genus
level is somewhat dependent on the resolution and
quality of the images provided by the imaging
system.

- Continuous effort to build the training sets as the
community can change in time and space.

- High cost to purchase and maintain.

- Species recognition by images is still not accepted
nor applied in ecological assessment.
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2.4.1. General overview
Environmental DNA (eDNA) analysis encompasses a diverse array of methodologies aimed at characterizing the
biodiversity within an ecosystem without direct observation of organisms. This approach relies on amplifying
and/or sequencing nucleic acids (DNA) shed by organisms into their environment or contained within microbial
cells. For more than a decade, numerous studies have demonstrated the power of this approach for biodiversity
monitoring, species detection, invasive species surveillance, and ecological research. More recently, this non-
invasive technique has become also a valuable tool in conservation biology and environmental management.
Here, quantitative and digital PCR (qPCR and dPCR, respectively) (Andruszkiewicz, Yamahara et al., 2020; Scriver
et al., 2024) are efficient techniques for providing quantitative information on single targeted species, while DNA
metabarcoding and metagenome studies allow for profiling communities across a wide range of taxonomic
groups and provide information about relative taxon abundances (Adams, Jeunen et al., 2023). When reviewing
existing and emerging methods for eDNA analysis, it is crucial to account for the different steps and methods
encompassed by this term. This involves determining strategies and methodologies for sampling, followed by
the chosen approach for biodiversity analysis, and finally, the specific taxonomic groups or target organisms to
be covered (Fonseca et al., 2023, 2018). In marine biodiversity studies focused on pelagic species, eDNA is
typically obtained by filtering water samples collected using a variety of containers (from buckets to self-closing
Niskin bottles mounted on rosettes), with filtration normally done on board using peristaltic pumps. More recent
developments involve automation of eDNA sampling to enable sampling in remote areas, or with high spatial
and temporal coverage onboard ships or at fixed stations. Automated eDNA samplers offer the possibility to
filter the water in situ as it is being collected (instead of after a period of storage) coupled with DNA preservation
strategies such as the use of RNAlater (a concentrated solution of ammonium and csium sulfates) or liquid
nitrogen (Truelove et al. 2022). Passive eDNA samplers, such as metaprobe (Maiello et al. 2020), allow capturing
DNA in the water without filtration; these can be added to a trawling net or other devices to capture eDNA from
larger areas. For community studies, third-generation sequencing technologies offer the possibility of
sequencing long genomic regions in a compact and portable device (e.g. Minion-Oxford Nanopore technologies),

thus allowing DNA sequencing on board, provided that a suitable laboratory is available.

Table 14: Techniques and sensors used by eDNA methods. TRL: Technology Readiness Level.

T t Level of
Technique Sensor name arge_ Sampling Volume TRL evelo . Platform
organisms automation
- Ships of
eDNA sampler | Any, depending Opportunity
(Dartmouth on - ROV/AUV
Variabl 9 Fully aut ted
In situ Ocean primers/probe anable Wy alfomate - Floats, fixed
autonomous Technologies) used. autonomous
oceanographic stations
sampler ﬁ:y, depending - Ships of
AUTOFIM . 0.5 -5 liter 6 Fully automated | Opportunity,
primers/probe . .
used fixed stations
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remote s | ST e
Sampler . 48 x 500 ml 9 Fully automated !
primers/probe autonomous
(McLane) .
used. stations
Robotic . - Ships of
Any, d d
Cartridge O:y’ epending Flexible, depending Opportunity
S li . filtration time, as it - ROV/AUV
ampiing primers/probe .on piration time, as| 9 Fully automated / }
Instrument used is a flow through - Floats, fixed
(RoCSl) ’ filtration autonomous
(McLane) stations
Not yet fully
automated.
Flexible depending on Requires
MIC (qPCR) (Bio Any, depending | the sampling automated o_r .
on approach used to manual solutions | Ships of
PCR Molecular . 9 . .
primer/probes | collect eDNA samples for sampling of Opportunity
systems) .
used for subsequent eDNA, extraction
analyses of DNA and set
up of analyses
procedures
Depends on the target
species but for
macrofauna and in Requires
this case fish the d assistance for
Minion (Oxford | Any, depending . (Hatfie . .
Portable . minimum to allow for sampling, DNA Ships of
Nanopore on primers . Id et . .
sequencer . any degree of reliable extraction and Opportunity
Technologies) used. o al., .
detection is >5L for 2020) library
micro and meiofauna preparation
between 500ml up to
2L should suffice
Envi -
nvironmental Any, depending Fixed
Sample on
. 9 autonomous
Processor primers/probe stations
(MBARI) used.

2.4.2. Applications

Molecular methods can be used to characterize and monitor biodiversity, including temporal and spatial

variations (community composition through DNA metabarcoding, e.g., Canals et al., 2021).

It is possible to address species distribution and mapping, including NIS detection and tracking (species-specific

through q/dPCR, e.g. Jerde et al. 2011). The presence of endangered/elusive species as well as species

abundance/fish biomass estimates can be obtained from eDNA analysis (in relative terms through DNA

metabarcoding, e.g., Fraija-Fernandez et al., 2020; in absolute terms through q/dPCR e.g. Urban et al., 2023).

2.4.3. Level of biodiversity information (EBV/EQV)

EBVs

Table 15: EBVs that can be addressed by eDNA methods, as defined by the GEOBON (https://geobon.org/ebvs/what-are-

ebvs/).

EBV class

EBV name

Genetic composition

Genetic diversity
Genetic differentiation (number of genetic units and
genetic distance)
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Inbreeding

Species populations

Species distributions
Species abundances

Species traits

Physiology

Community composition

Community abundance
Taxonomic/phylogenetic diversity
Interaction diversity

Ecosystem functioning

Ecosystem disturbances

Ecosystem structure

Live cover fraction
Ecosystem distribution

EOVs

Table 16: EOVs that can be addressed by eDNA methods. Sub-variables: Components of the EOV that may be measured,
derived or inferred from other elements of the observing system and used to estimate the desired EOV. Derived products:
Outputs calculated from the EOV and other relevant information, in response to user needs. For each EQV, a specification

sheet can be downloaded from https://goosocean.org/what-we-do/framework/essential-ocean-variables/.

EOV name Sub-variables

Derived products

- Phylogenetic diversity
- Genomic diversity

Phytoplankton
biomass and diversity

- Phytoplankton composition

- Harmful taxa or beneficial blooms
- Spatial and temporal distribution
- Information on the physiological
potential

- Phylogenetic diversity
- Genomic diversity
- Gut content composition

Zooplankton biomass
and diversity

- Zooplankton composition

- Spatial and temporal distribution
- Trophic interactions

- Information on the physiological
potential

- Phylogenetic diversity
- Genomic diversity
- Gut content composition

Fish distribution

- Fish community composition

- Spatial and temporal distribution
- Information on the physiological
potential

- Trophic interactions

- Spatial and temporal distribution

Marine turtles,
mammals
distribution

- Phylogenetic diversity
- Genomic diversity
- Gut content composition

- Trophic interactions

- Species composition

- Information on the physiological
potential

Microbial biomass
and diversity

- Phylogenetic diversity
- Genomic diversity

- Spatial and temporal distribution
- Species composition
- Information on the physiological

potential

2.4.4. SWOT analysis

Table 17: SWOT analysis of eDNA methods for pelagic biodiversity monitoring.

Strengths

Weaknesses

- Non-invasive sampling: eDNA methods are less
disruptive to ecosystems, as they do not necessarily
require the capture of individuals. This minimizes
the impact on species and habitats, making it more

- Inability to distinguish DNA sources: eDNA cannot
differentiate between DNA from live and dead
individuals, leading to potential misinterpretation of
presence or activity levels of species.
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environmentally friendly and far less invasive than
traditional sampling methods.

- Higher detection rates: eDNA provides a greater
potential for detecting rare, cryptic, and less
abundant species compared to traditional methods,
leading to more comprehensive biodiversity
assessments.

- Remote sampling: Allows for easier sampling and
exploration of remote environments such as deep-
sea habitats.

- Access to functional insights: Enhances the
possibility to access functional capability,
adaptability, and physiology of organisms through
gene expression analysis on the entire community,
specific species, or individual cells.

- Cost-effective sampling: For large-scale studies
involving numerous samples, eDNA methods can be
more cost-effective than traditional approaches.

- Technology is increasingly affordable, and an
extensive range of suppliers exist.

- eDNA approaches provides high data throughput.

- Primer bias in DNA metabarcoding: The use of
specific primers in DNA metabarcoding can result in
the selective amplification of certain species,
causing underrepresentation or even omission of
other species. This bias can skew the assessment of
relative abundances.

- Complexities in quantitative measurements
(gPCR/dPCR): The relationship between DNA
abundance and organisms’ biomass is not always
straightforward. It depends on several factors such
as number of gene copies per individual and DNA
shedding rates in the environment, which can differ
among species, due to activity (feeding, mating, etc.)
or developmental stage (adult, larvae, etc.) as well
as degradation rate and transport with currents.

- Dependency on well-curated reference databases:
Accurate taxonomic assignment in DNA
metabarcoding and the development of species-
specific probes for qPCR/dPCR require well-
maintained reference databases. Similarly, poorly-
curated references can lead to misidentification and
inaccurate data interpretation.

Opportunities

Threats

- eDNA provides a novel source material to monitor
biodiversity at a taxonomical and functional level.

- eDNA can provide information about the spatial
distribution and temporal variability of the species,
particularly in remote locations.

- Makes possible to conduct comprehensive
ecosystem studies.

- Automation of both sample collection and DNA
extraction (i.e. ESP or RocSi) allows these new
generation devices to be deployed in moorings,
fixed stations and/or connected to inflow chambers
connected to FerryBoxes.

- Can be appropriate for citizen science (e.g. Ocean
Sampling Day).

- Permanently under development, providing new
applications

- Lack of standardised methodologies despite
current interoperable exercices and discussions.

- If reference databasesare not regularly updated,
samples may only be assigned to higher taxonomic
levels.

- Under constant development, both technically and
analytically, making it difficult to compare results
from long-time series.

- Automated samplers are expensive.

- Some analyses require more careful sample
preservation (RNA-based metatranscriptomics)
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2.5. Acoustics

2.5.1. General overview
Acoustic methods used in fisheries include a spectrum of instruments which are based on the concept that a
pulse of sound is emitted from a transducer and the returning echo contains information on objects in the water-
column. Most used in marine research are echosounders, which collect high resolution backscatter information.
It is therefore unrivalled in its ability to monitor organisms in the (whole) water-column at high vertical (cm) and
horizontal (m) resolution over 100s of kilometres. When calibrated, echosounders can provide quantitative
information on the organisms in the water column, which is why fisheries acoustic methods are the primary tool
used for fisheries independent monitoring of small pelagic fish species worldwide: The aggregative (schooling)
behaviour and patchy distribution of small pelagic fish requires the high sampling resolution achieved by
fisheries acoustics to representatively capture their distribution and abundance. Information on other
organisms, such as plankton, can also be obtained although the application of this in routine monitoring
exercises, although such attempts are still relatively limited. The variable measured is the nautical area scattering
coefficient (NASC), which is proportional to the abundance of each species. The data comprise raw files
generated by the transceivers, intermediate files produced by processing the raw files through hydroacoustic
data processing software, and tables containing the numeric outputs of the echo integration, a fundamental
principle of (fish) abundance estimation (Simmonds & MacLennan, 2005). Echosounders can operate at different
frequencies, depending on the target organism. Their range is inversely related to frequency, with lower
frequencies propagating further than high frequencies. The main disadvantage is its limited ability to distinguish
between different species; while the use of multiple frequencies (and particularly recent commercially available
broadband systems) can help in distinguishing between “echotypes” based on the frequency response, the
vertical distribution and the shape of the echoes, alternative data sources (e.g., direct observation after fishing
the detected schools with pelagic trawl or purse seine) are often required to validate the marks seen on the
echosounder. Likewise, the use of broadband systems can provide estimates of individuals' sizes in the detected

fish schools, but it requires calibration by catch and manual measurement.

Acoustic methods are also particularly relevant to marine mammals. Marine mammals produce sound to
communicate, to maintain group structure, and to sense their surroundings. Vocalisations include characteristic
whistles, with some species also using echolocation to navigate, and to detect objects and prey by emitting short
pulses of sound (clicks) and listening for the echoes. Passive Acoustic Monitoring (PAM) systems use
hydrophones (underwater microphones) to detect marine mammal vocalisations. PAM systems consist of a
variety of platforms including bottom mounted acoustic recorders, moored recording buoys, towed hydrophone
arrays, autonomous underwater or surface vehicles, or profile drifters (Van Parijs et al., 2021). There are two
broad types of static (or fixed) PAM that are widely used to detect/monitor cetaceans: (i) sound recorders (e.g.,
LS1/LS1X, Loggerhead Instruments) and (ii) click detectors (e.g., C-PODS, F-PODS) (Embling et al., 2014). Sound
recorders are designed to record a wide frequency range to capture sounds produced by a wide variety of

sources (geological, biological and human produced). Recording either on a duty cycle (a % of the time) or
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continuously, these acoustic recorders are limited by their data storage and battery life capacity. Click detectors,
on the other hand, are specifically designed to use real-time processing to select clicks that may have come from
cetaceans (dolphins, porpoises and other toothed whales) and many other sources such as acoustic fish tags.
Click detectors record compact summaries of each click; therefore, the data typically occupies much less storage
than a PAM system that is recording continuously over a wide frequency range. However, click detectors are
only appropriate for detecting and monitoring species that vocalise frequently, such as dolphins (i.e., bottlenose
dolphins) and porpoises (i.e., harbour porpoises), and are less effective for those with low vocalisation rates,
such as baleen whales and seals (Embling et al., 2014). Importantly, PAM efforts complement visual surveys
(aerial, boat based and land surveys) in order to provide a more accurate record of species presence and
abundance, as they can record at night and during inclement weather conditions when visual surveys are not
possible. Furthermore, PAM can provide valuable information on species behaviour in the absence of human

presence from a survey vessel (Michel et al., 2024).

Beyond mammals, progress in ocean acoustics during the early 1980s allowed for the estimation of relative
distribution patterns and biomass of zooplankton and micronekton using echosounders and acoustic Doppler
current profilers (ADCPs). The sound transmitted is scattered by particles in the water column, and the change
in frequency between the transmitted and reflected sound — the Doppler shift — is dependent upon the motion
of the reflecting particles. In many instances (e.g., in oligotrophic waters) the predominant particles reflecting
sound and causing the Doppler shift are planktonic. In addition to measuring Doppler shift, ADCPs are also able
to determine the intensity of received echoes. If these particles are zooplankton, then the magnitude of the
returned echo intensity is proportional to zooplankton biomass. The instruments can be vessel-mounted,
bottom-mounted, or fixed on moorings or towed vehicles (Aparna et al., 2022 and references therein).
Interestingly, in some cases, there is a relationship between the backscatter signal and the biomass of organisms
of smaller size than expected at the frequency used, which has been attributed to predator-prey relationships
(Aparna et al., 2022 and references therein). Using a combination of different frequencies and examining the
difference of mean volume backscattering strength between frequencies, it is possible to distinguish certain

groups of zooplankton (Sakinan et al., 2019 and references therein).

Table 18: Techniques and sensors used by acoustic methods. TRL: Technology Readiness Level. ** Many options are
available for acoustic recorders and PAM systems (too many to list) so selected examples are provided. See also Seiche,
RTsys (i.e., RESEA, SYLENCE-LP, TRIPOD)

. Target Variables Detection Level of
Technique | Sensor name . . . TRL . Platform
organisms | measured (units) | limit/range automation
Dependent on
Fisheries Echosounder | Pelagic NASC (sa) in . _p . . Moorings
. ) N Limit: millimetersto| 9 |Semi-automated .
acoustics (EK80) fish m2nmi-2 etc, Ships of
meters and range: Obportunit
centimeters to 100s i ¥
meters
Zooplankt Echosounder | Meso & NASC (sa) in Dependent on . ROV, AUV,
on N frequency, Power 9 | Semi-automated .
. (EK80) or Macro m2nmi-2 . Moorings
acoustics and pulse duration
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ADCPs (e.g., |zooplankt Limit: millimeters to etc, Ships of
Teledyne RDI) | on meters and range: Opportunity
centimeters to 100s
meters
The Chelonia Click snippets _ Maximum detec.tlon .
C-POD recorded (audio), | range for porpoises Fully automated | Moorings,
(click Marine Statistics is approximately (just needs to be | floats, Ships
detector) mammals | including positive | 400 metres. programmed of
detection hours | Dolphins may be initially) Opportunity
(PDH) detected at >1 km
Click snippets Maximum detection
The Chelonia recorded (audio), | range for porpoises Fully automated | Moorings,
F-POD Marine Statistics is approximately (just needs to be | floats, Ships
(click mammals | including positive | 400 metres. programmed of
detector) detection hours | Dolphins may be initially) Opportunity
(PDH) detected at >1 km.
Detection range
Mammal L51/1S1X Marine Record.s audio depen(_is on the Fully automated | Moorings,

. Loggerhead (.wav files) that acoustic . .
acoustics mammals, . (just needs to be | floats, Ships
£ Instruments . can be processed | propagation and

Pelagic . . programmed of
(sound fish to understand ambient noise at initially) Obportunit
recorder) received dB levels | the time of v PP ¥
recording.
SoundTraps
Ocean
Instruments Detection range
(sound Marine Record.s audio depem_:ls on the Fully automated | Moorings,
recorder and (.wav files) that acoustic . .
. mammals, . (just needs to be | floats, Ships
click . can be processed | propagation and
. Pelagic . . programmed of
detection) fish to understand ambient noise at initially) Obportunit
[Latest model received dB levels | the time of v PP ¥
—ST600 for recording
long-term

deployments]

2.5.2. Applications

For fisheries acoustics, the main application is monitoring small pelagic fish during annual fisheries independent

surveys. These surveys provide information on the distribution of target species, and trends in acoustic-derived

annual biomass estimates can be used as indices in stock assessments. The use of increasing number of

frequencies and the commercialization of broadband systems (e.g., Simrad EK80) have led to an increased ability

to extract quantitative information on other organisms such as plankton and gelatinous organisms. An example

of consistent use of acoustics for monitoring of plankton abundance and distribution is work on Antarctic krill

(Valdez et al., 2022).

For mammals, PAM can serve as an alternative to, or complement of, real-time visual observations and surveys

of marine mammals. It can support the estimation of various individual-level ecological metrics (i.e., species

presence, abundance and density, behaviour, and population viability and structure) as well as community-level

metrics including species composition and richness (Fleishman et al., 2023). PAM is also often required as a

mitigation tool to reduce the risk of potential impact of anthropogenic noise generating activities on marine

mammals, notably pile driving, seismic and geophysical surveys. PAM may be required to supplement the visual

surveys undertaken by marine mammal observers, and it has been increasingly used for monitoring marine
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mammals in poor visibility conditions and during night, especially during winter months when daylight hours are

reduced (JNCC, 2017). The role of the PAM operative is to advise a delay in the commencement of the activity if

an animal is detected within the mitigation zone.

The main application of zooplankton acoustics is to monitor the relative spatiotemporal changes in zooplankton

biomass including aggregations and vertical migration (Aparna et al., 2022 and references therein). In some

cases, the intensity of the backscattered sound is used in conjunction with net samples to estimate zooplankton

biomass (Yang et al., 2019 and references there in). When using multiple frequencies, it is also possible to

discriminate certain groups of zooplankton (e.g., copepods and krill) from fish and other zooplankton (Sakinan

et al., 2019 and references therein).

2.5.3. Level of biodiversity information (EBV/EQV)

EBVs

Table 19: EBVs that can be addressed by acoustic methods, as defined by the GEOBON (https://geobon.org/ebvs/what-are-
ebvs/).

EBV class

EBV name

Species populations

Species distribution
Species Abundance

Species traits

Movement

EOVs

Table 20: EOVs that can be addressed by acoustic methods. Sub-variables: Components of the EOV that may be measured,
derived or inferred from other elements of the observing system and used to estimate the desired EOV. Derived products:
Outputs calculated from the EOV and other relevant information, in response to user needs. For each EOV, a specification

sheet can be downloaded from https://goosocean.org/what-we-do/framework/essential-ocean-variables/.

EOV name

Sub-variables

Derived products

Fish abundance and
distribution

- Number, biomass or abundance index of

fish of different taxa per unit volume or

area of water in a specific regio
population, and measured by a
or known protocol

n, stock or
standard

- Numbers or biomass of fish by

size/age/stage

- Fish abundance indices

Marine turtle, bird,
mammals abundance
and distribution

- Species presence/absence,

- Count data,
- Repeated individual presence
(tracking/resights)

- Density

- Hotspots

- Home range

- Utilization distribution (relative
occupation of home range)

- Movement patterns

- Migration pathways

- Habitat maps

- Population status (increasing,
decreasing, or stable)
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Zooplankton Biomass
and Diversity

Overall biomass; biomass or abundance
(or presence/absence) by taxon,
functional group or size class

- Geographical distributions by taxon
or functional group

- Life history timing

- Community size structure

2.5.4. SWOT analysis

Table 21: SWOT analysis of acoustic technologies for pelagic biodiversity monitoring (fisheries, mammals and zooplankton).

Strengths

Weaknesses

- Acoustic methods are passive and, therefore, non
invasive. They can be deployed from a range of
different platforms and operate relatively
autonomously.

- Advantages of fisheries acoustics include large-
scale, high resolution data collection. Fisheries
acoustic methods can operate relatively
autonomously and cheaply.

- PAM systems can be used to monitor marine
mammal over large marine areas, as well as over
long time periods (Michel et al., 2024). When
collecting duty-cycled data (Van Parijs et al., 2021),
they can record for over a year before download is
required, providing long time series of data (Embling
et al,, 2014).

- Zooplankton acoustics allow monitoring of changes
in zooplankton biomass at small spatial (patches)
and temporal scales (hourly, thus permitting the
monitoring of vertical migration). This is particularly
important for studying populations of large
individuals (macrozooplankton), which are
underestimated with the usual net sampling (200
pm mesh size and speed <1 m s-1) due to their
patchy distribution and net avoidance behavior
(Sakinan et al., 2019 and references therein).

- Fisheries acoustics suffers from several limitations:
e Taxonomic identification of species is limited.
e Purchase costs can be significant.

e Power supplies can be significant depending on
system used.

e The number of frequencies required can be
high.

e The raw data recorded requires specialist
processing software which can be expensive
and/or requires a high threshold of scientific
understanding.

e The signal/noise ratio of higher frequencies is
highly dependent on the physical properties of
the water column on-site.

- Sound recorders are limited by the size of the
memory of the equipment in terms of the amount of
data that can be recorded as well as battery
capacity, however, in recent years this has
exponentially increased with smaller batteries and
larger integrated hard drives and SD cards becoming
available.

- For zooplankton acoustics, in addition to the
limitations mentioned for fisheries acoustics, the
relationship between recorded signals and
zooplankton biomass may be site, period or
instrument specific. Discrimination between
zooplankton groups is also limited.

Opportunities

Threats

- The possibility of transmitting the acoustic data
provides an opportunity to obtain zooplankton stock
data in real time.

- For mammal acoustics one of the greatest benefits
of PAM is the capability to record information about
animals during times that human presence is
impossible, dangerous, or difficult (e.g., at night,
during inclement weather and in remote areas such
as further offshore or polar regions).

- Algorithms to process large data sets and to
automatedly classify habitats and species are under
study.

- Acoustic instruments can be expensive
- The number of experts is limited

- One obvious limitations with PAM is that animals
may go undetected: The systems only work when
marine mammals are vocalising.

- Effective use of PAM requires an understanding of
the acoustic behaviour of the animals (frequency
range and calling rate) to train automated detectors.

- There can also be challenges associated with the
deployment and retrieval of PAM systems,
particularly in offshore environments where good
weather windows are required.
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- There is always the risk that devices will get lost or
trawled, and data can also be lost through battery or
equipment failure.
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2.6.Biologging

2.6.1. General overview
Biologging is a technique whereby an electronic instrument (hereafter ‘tag’ or ‘electronic tag’) is attached to a
living organism to log the environmental and biological conditions that the organism experiences. In some cases,
tags also measure the physiological status of the host organism. The basic concept of biologging was established
in the 1960s by Kooyman (1966), who designed a mechanical logging device based on a timer, a pressure sensor
and a recording mechanism, and attached it to Weddell seals in the Arctic to measure the depth and duration
of their dives. Miniaturisation of biologgers for use in a wide range of circumstances did not occur until solid-
state electronics became available in the 1980s, and since then there has been a considerable diversification in
the sensors that can be used, and the ways in which data from the sensors are recorded and relayed back to the
user. In many cases, loggers need to be physically retrieved to download the data that they have stored (see
Metcalfe & Arnold, 1997 for the first example using fish species), but tags that transmit stored data to low earth
orbiting satellite systems are increasingly popular, as are tags that transmit measurements via acoustic pulses
to listening stations deployed on coasts, in the ocean, or on a vessel that is tracking the tagged organism (Hussey
et al., 2015). These transmission methods overcome the limitations of physical data recovery, albeit at a cost:
Satellite transmitting tags are very expensive compared to simple data loggers, while the limited listening range
of acoustic arrays requires that very large numbers of tagged organisms and listening stations are required. For
tags that log data, the length or resolution of the time-series depends on several factors, the most important
being the memory available onboard the tag, but also the length of time that the tag is attached to the host
organism. Short-study periods enable the logging of very high-resolution time-series (e.g., acceleration, which is
often measured at 30-60Hz), but even when logging periods are intended to be lengthy, premature detachment
of tags or capture of the host organism can cut them short. The trade-offs between cost, attachment method,
impact on the host etc. all need to be considered when designing studies — some methods are more suitable
than others depending on the purpose or question being addressed. However, the number and diversity of
biologging studies attests to the flexibility and adaptability of the technique: The range of organisms and sizes
to which tags have been attached to, and the range of scenarios in which they have been deployed, is large and
is only limited by the organism: tag size ratio. As such, tags have been attached to a wide range of fish species,

marine turtles, marine mammals, seabirds and even jellyfish.

Most tags deployed in marine studies measure pressure and temperature, with light intensity also commonly
included. Sensors to measure other oceanographic variables such as fluorescence, salinity, oxygen, sound and
magnetism are also available in various forms (Harcourt et al, 2019; Watanabe & Papastamatiou, 2019).
However, it is important to remember that the purpose of biologging is typically to develop knowledge and
understanding of the host organism and its ecology, meaning that sensors that measure compass direction,
acceleration or movement, geographic position, heart rate, blood chemistry and, in some cases, field of view
through still photos or video are also available and can be valuable (Hussey et al., 2015 ; Harcourt et al., 2019).

Data from these sensors are integrated with the measurements of the physical environment so that they can be
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used alone or integrated with oceanographic information. Furthermore, measurements from tags are often used
to derive metrics that describe aspects of the host’s activity, movement or behaviour. For example, acceleration
data can be used to measure tailbeat frequency or energy expenditure, or as a measure of activity. Alternatively,

the data can be used to infer posture and behaviour type.

A critical element that influences or limits how biologging data can be used or interpreted is the extent to which
the geographic location of the tag can be deduced, and how often. This is because GPS cannot be used to
measure position unless the target organism spends enough time at the surface and can be tagged in a way that
a GPS antenna will be able to collect or send a signal (Harcourt et al., 2019). This solution applies to many marine
mammal or turtle studies but is not generally applicable to non-air breathers. For these species, assuming that
the study period is longer than a few hours or days, methods to determine or estimate geographic location from
logged and transmitted data have been developed based on light (Harcourt et al.,, 2019; Watanabe &
Papastamatiou, 2023). The uncertainty associated with light-based estimates can be large, generally on the
magnitude of tens of km, and in some cases hundreds of km. State-space modelling approaches are often used
to overcome these limitations (Harcourt et al., 2019). The problem of estimating position is negligible if acoustic
tags are being used, since the detection of a signal from a tag at a listening station defines the approximate
location (within a few hundred metres) of the organism. Sophisticated 3D acoustic positioning systems are

available for studies where fine-scale resolution is required (Hussey et al., 2015).

Table 22: Techniques and sensors used by biologging methods. The potential for developing derived indices that measure
aspects of behaviour or ecology is not included but is arguably more diverse than the parameters measured. TRL:
Technology Readiness Level.

. Target Variables Detection Level of
Technique Sensor name X . . TRL . Platform
organisms | measured (units) | limit/range automation
I diat
Pressure Any Decibar (dBar) mme ate 9 Fully Automated | NA
vicinity
. | diat
Temperature | Any Centigrade (°C) mme ate 9 Fully Automated | NA
vicinity
Light Any Eng_meerlng ur_uts, ”.“f“?d'ate 9 Fully Automated | NA
varies per device vicinity
Conductivit | diat
Salinity Any on UC_IVI y mme ate 9 Fully Automated | NA
(mS.cm1) vicinity
Fenia (A.U.) (see Immediate
Fluorescence | Any section on optical vicinit 9 Fully Automated | NA
. . methods) ¥
Biologging Immediate
Acceleration | Any Gravity (g) - 9 Fully Automated | NA
vicinity
. | diat
Magnetism Any Tesla (T) mme ate 9 Fully Automated | NA
vicinity
Flow rate Any ms ”.“f“?d'ate 9 Fully Automated | NA
vicinity
Location Any Degr.ees latitude or "T‘T“_Ed'ate 9 Fully Automated | NA
longitude vicinity
Images (see Immediate
Video Any section onimaging | . . . 9 Fully Automated | NA
vicinity
methods)
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2.6.2. Applications
The main application of biologging is to determine the position, migrations and behaviour of pelagic organisms
in relation to their environment, and thereby define habitat occupation (Hussey et al., 2015; Harcourt et al.,
2019; Watanabe and Papastamiatiou., 2019). By combining the results from multiple individuals, species, or
studies, it is possible to assess preferred habitat, changes in the suitability of habitat or the drivers of habitat
selection. Given the focus on the measurement of environmental variables at the level of the individual
organism, it is also possible to understand aspects of movement and behaviour at a range of time-scales and,
depending on the number and types of tag used, social or predator-prey interactions. Collecting data from many
individuals using biologging techniques can identify important regions/habitats or ‘hotspots’. Furthermore, by
integrating biologging and animal spatial data with data from other sources, e.g., fishing effort, the extent and
risks to populations or habitats can be identified. A good example of this type of work is the interaction between

pelagic sharks and the global long-line fishing fleet (Quieroz et al., 2016).

A developing application of biologging is the use of animal-collected data for oceanographic measurements
(March et al., 2019), in particular because animals often visit or exploit areas that are ecologically important
(e.g., frontal systems) or because animals can sample the water column in places or in ways that oceanographic
instruments cannot (e.g., under ice; Fedak, 2004) due to their ability to navigate difficult environments.
However, the ethics of using animals as platforms of opportunity for oceanographic studies need to be

considered, as attachment of biologging devices can have impacts on the host animal (Fedak, 2004).

2.6.3. Level of biodiversity information (EBV/EQV)

EBVs

Table 23: EBVs that can be addressed by biologging methods, as defined by the GEOBON (https://geobon.org/ebvs/what-
are-ebvs/).

EBV class EBV name

Species distribution
Species abundance
Physiology

Phenology

Movement
Reproduction
Ecosystem phenology
Ecosystem disturbances

Species populations

Species traits

Ecosystem functioning

EOVs

Table 24: EOVs that can be addressed by biologging methods. Sub-variables: Components of the EOV that may be
measured, derived or inferred from other elements of the observing system and used to estimate the desired EOV. Derived
products: Outputs calculated from the EOV and other relevant information, in response to user needs. For each EOV, a
specification sheet can be downloaded from https://goosocean.org/what-we-do/framework/essential-ocean-variables/.

EOV name Sub-variables Derived products
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Fish abundance and

- Abundance index of fish of different taxa
per unit volume or area of water in a
specific region, stock or population, and

- Fish abundance indices

distribution measured by a standard or known protocol | - Fish habitat
- Numbers or biomass of fish by
size/age/stage
- Density
- Hotspots
- Home range

Marine turtle, bird, and
mammal abundance and

distribution (tracking/resights)

- Species presence/absence
- Repeated individual presence

- Utilisation distribution (relative
occupation of home range)

- Movement patterns

- Migration pathways

- Habitat maps

2.6.4. SWOT analysis

Table 25: SWOT analysis of biologging technologies for pelagic biodiversity monitoring.

Strengths

Weaknesses

- Different types of data can be collected from host
animals that move at will in the marine
environment, often providing data and information
at times of the year or in geographic locations that
would otherwise be impossible or expensive to
collect.

- The wide range of sensors and form factors
available means that there are many applications of
biologging, suited to different species, environments
and timescales, both for studying animal behaviour
and the distribution of their prey (when
fluorometers and/or imaging sensors are included).

- Advancements in tagging technology enhance data
accuracy, battery life, and the range of measurable
parameters.

- Tags can only be used on organisms that are
relatively large (e.g., tens of cm in size).

- Tagged devices might disturb swimming and
potentially modify animal’s behaviour.

- Colourful loggers may alter interaction dynamics
with conspecifics/heterospecifics.

- Information can only be collected from a limited
number of individuals at a time due to the logistical
or ethical challenges of deploying large numbers of
tags, but also because (a) physical recovery of tags is
sometimes required to recover the information they
collect, and (b) tags that communicate by satellite
are expensive, thereby limiting tag numbers by cost.

- The ability to estimate the locations of tagged
animals can be limited by their behaviour and the
accuracy of geolocation models, or by the scale or
location of the listening arrays used in acoustic tag
studies.

The loss of tags can be non-negligible.

Opportunities

Threats

- Since it is generally possible to integrate biologging
data with other forms of environmental data (e.g.,
from satellites or synoptic survey programmes), an
integrated and holistic view of species ecology can
be obtained.

- Furthermore, it enables decisions on the
deployment of large and expensive tracking or
observational infrastructure to be targeted more
efficiently.

- Animal welfare, legal and ethical concerns.
- Limited available training for the tagging process

- Limited experts.
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- Qutreach initiatives based on biologging can raise
public awareness about marine ecology and
conservation issues.

2.6.5. References

Fedak, M. (2004). Marine animals as platforms for oceanographic sampling: a" win/win" situation for biology
and operational oceanography. Memoirs of National Institute of Polar Research. Special issue, 58, 133-
147.

Harcourt, R., Sequeira, A. M., Zhang, X., Roquet, F., Komatsu, K., Heupel, M., ... & Fedak, M. A. (2019). Animal-
borne telemetry: an integral component of the ocean observing toolkit. Frontiers in Marine Science, 6,
326. https://doi.org/10.3389/fmars.2019.00326

Hussey, N. E., Kessel, S. T., Aarestrup, K., Cooke, S. J., Cowley, P. D., Fisk, A. T., ... & Whoriskey, F. G. (2015).
Aquatic animal telemetry: a panoramic window into the underwater world. Science, 348(6240),
1255642. doi: 10.1126/science.1255642

Kooyman, G. L. (1966). Maximum diving capacities of the Weddell seal, Leptonychotes weddelli. Science,
151(3717), 1553-1554.

March, D., Boehme, L., Tintoré, J., Vélez-Belchi, P. J., & Godley, B. J. (2020). Towards the integration of animal-
borne instruments into global ocean observing systems. Global change biology, 26(2), 586-596.
https://doi.org/10.1111/gcb.14902

Metcalfe, J. & Arnold, G. (1997) Tracking fish with electronic tags. Nature, 387(6634), 665-666.

Queiroz, N., Humphries, N. E., Mucientes, G., Hammerschlag, N., Lima, F. P., Scales, K. L., ... & Sims, D. W. (2016).
Ocean-wide tracking of pelagic sharks reveals extent of overlap with longline fishing hotspots.
Proceedings of the National Academy of Sciences, 113(6), 1582-1587.
https://doi.org/10.1073/pnas.1510090113

Watanabe, Y. Y., & Papastamatiou, Y. P. (2023). Biologging and biotelemetry: tools for understanding the lives
and environments of marine animals. Annual Review of Animal Biosciences, 11, 247-267.

https://doi.org/10.1146/annurev-animal-050322-073657

2.7.Remote sensing

2.7.1. General overview
The potential of remote sensing for marine pelagic biodiversity includes the direct detection of the presence of
some biodiversity groups (e.g. phytoplankton groups, macroalgae or marine mammals and bird colonies) and
their spatial and temporal distribution, and the remote estimation of biophysical properties (temperature,
salinity, turbidity, etc.) and features (fronts, seascapes, etc.) that can determine the distribution and abundance
of species in different habitats (Kavanaugh et al., 2021). Remote sensing (RS) systems can be divided into passive

and active. Passive RS record reflected electromagnetic energy in the visible, Near-Infrared (NIR), and Shortwave
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used, for instance, for optical earth observation (ocean colour in aquatic environments) or surface temperature.
Active RS systems (e.g., microwave systems) measure, after emission, the backscattering radiation from
different objects on the Earth. Active remote sensing is typically used to measure the sea surface height. The
spectral resolution of the sensors (i.e., the width, wavelength, and number of spectral bands) will determine the
aquatic parameters that can be retrieved. Although turbidity and suspended particulate concentration can be
retrieved with a single band in the red or NIR, chlorophyll a requires at least two bands in blue and green regions
in oceanic waters and even more in optically complex waters. Finally, retrieval of phytoplankton groups is the
most exigent in term of spectral resolution. In addition to the spectral characteristics, the spatial and temporal
resolutions provided by the platforms are crucial to define the applicability of RS observations to different
research objectives. For ocean colour applications, water bodies require short revisit period with high (coastal

and inland waters) to moderate (ocean) spatial resolution.

Satellite ocean colour missions are the most used RS systems for marine pelagic research. Ocean colour
instruments measure ultraviolet, visible, and near infrared light at the top of Earth’s atmosphere, and
atmospheric correction algorithms are applied to obtain remote-sensing reflectances (Rrs), a measure of the
colour of Earth’s surface. Rrs are then related to biogeochemical quantities (i.e. chlorophyll a, turbidity,
particulates, etc.) of interest using statistics or descriptive algorithms. Although the technique of ocean colour
satellite remote sensing was demonstrated in 1978 with the successful launch of NASA’s Coastal Zone Color
Scanner (CZCS), it was not until the launch of SeaWiFS in 1997 that the method started to be used regularily
within research, with a continuously growing field supported by new research missions with a spatial resolution
between 300m-1 km, such as MODIS-Aqua, MODIS-Terra, MERIS-ENVISAT and VIIRS-SNPP. Other commercial
higher resolution (60—-100 m) missions such as Landsat-TM have also been applied. With the long-term
commitment from the European Space Agency and the Copernicus programme including the Sentinel satellites
since 2015, the Sentinel-3 satellite constellation can now provide ocean colour data with 1-2 days revisiting
time, making it possible to monitor fast changes in the marine environment. The OLCI sensors onboard Sentinel-
3 are a typical ocean colour sensors based on the MERIS heritage, whereas the MSI sensor on Sentinel-2 is
primarily dedicated to land monitoring, but with an additional band in the blue, making it also applicable to
ocean colour applications. This is likewise the case for the OLI sensor onboard Landsat-8 and landat-9. Those
sensors provide a lower spectral resolution but higher spatial resolution (10-60 m) for a 5-10 day revisit time.
New hyperspectral satellites are currently being developed with applications for pelagic habitats and biodiversity
mapping, the latest of which, PACE, was launched in early 2024. The use of drones equipped with multi-spectral
or hyper spectral sensors are also becoming more common but uses are so far limited to restricted localities and

largely for research applications.

Table 26: Description of the main aquatic optical sensors for potential use in OBAMA-NEXT.

Platform

Sensor name

Period
covered

Coverage

Spatial
resolution

Temporal
resolution

Spectra
ranges (nm)

Number of
bands
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. Sentinel 3 Since Sept. | Global, polar
Satellite ! -
OLCI A/B 2016 orbiting 300 m Every day 400-1020 21
. Since Sept. | Global, polar | 1km, 500
Satellite ! ¢ -14.
MODIS 2002 orbiting m, 250 m Every day 405-14.385 36
satellite | VIIRS Since 2011 | Slobalb polar | 750m,375 | by | 415-1200 22
orbiting m
. Sentinel 2 Since June Global, polar
Satellite MSI A/B 2015 orbiting 10to 60 m Every 5 days | 443-2202 12
. Landsat 8 - Since Feb. Global, polar Every 16
Satellite oLl 2013 orbiting 100 m days 440 -1370 9
. Landsat 9 - Since Sept. | Global, polar Every 16
Satellite oL 2021 orbiting 30m days 440 -1370 9
. From Global, polar
Satellite PACE spring 2024 | orbiting 1.2 km Every 2 days | 315-895 119
Piers, TRIOS / Fixed Every 20 Every 1 nm
ferries, Since 2020 ‘ NA ery 400-1000 Y
HYPSTAR stations minutes to 2.5 nm
boats
RGB,
multispectral Restricted Centimetre | One
Drones or areas where s to meter measureme | variable variable
hyperspectral applied scale nt
cameras
Table 27: Water parameters retrieval feasibility as a function of sensor and optical water type.
MODIS, VIIRS Landsat 8/ Piers,
Parameter & 53 OLCl S2 MSI Landsat 9 PACE Drones ferries
boats
Potentially
feasible for all Feasible in )
S Potentially
water types case-1 waterst | Only feasible in .
Chlorophyll a . . feasible for all
but complexin | and eutrophic case-1 waters!
. water types
very high waters
CDOM waters
Turbidity Feasible Feasible Feasible Feasible
SPM Feasible Feasible Feasible Feasible
Rrs Feasible Feasible Feasible Feasible
Feasible in . Depends on the spectral
. case-1 waters Feasible in . .
. Potentially Potentially resolution (see text for
Light feasible for all and case-2 case-1 waters feasible for all i i
attenuation, Kd water tvpes turbid and and turbid water tvpes discussion and
P eutrophic case-2 waters! P examples).
waters?
Feasible in
. case-1 waters Feasible in .
. Potentially Potentially
Particulate feasible for all and case-2 case-1 waters feasible for all
backscatter turbid and and turbid
water types . water types
eutrophic case-2 waters!
waters?
;:ESC::A tion Potentially Very complex Very complex Potentially
.p_ feasible for all without a band | without a band | feasible for all
coefficient at
443nm water types at412 nm at 412 nm water types

1 Case-1 waters are typically oceanic waters with Phytoplankton (Chl a) as the main contribution to the Rrs and Case-2 waters are typically

coastal, lakes and waters affected by land, also called complex waters, containing Chl @, CDOM and SPM.
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Cvanobacteria Potentially Very complex Potentially
b?/oom feasible for all without a band | Not feasible feasible for all

water types at 620 nm water types

Feasible for Feasible for
Net Primar case-1 waters case-1 waters

. v and more Not feasible Not feasible and more

Production

complex for complex for

case-2 waters! case-2 waters!

Feasible for Feasible for

Very complex

case-1 waters case-1 waters
Phytoplankton due to the .

and more L Not feasible and more
groups limited spectral

complex for . complex for

resolution

case-2 waters! case-2 waters!
Floating
vegetation Feasible Feasible Feasible Feasible
detection

2.7.2. Applications
There has been considerable success in retrieving accurate chlorophyll a estimates from water reflectance with
blue/green-ratio algorithms in oceanic Case-1 waters'. In contrast, the optical complexity of coastal waters
makes it difficult to accurately retrieve biogeochemical parameters using satellite remote sensing (Lee and Hu,
2006; Dierssen, 2010). Chlorophyll a retrieval by blue/green band-ratio algorithms tends to fail when applied to
coastal waters where optical properties may be strongly influenced by non-covarying concentrations of
suspended particulate matter (SPM) and coloured dissolved organic matter (CDOM) or where the chlorophyll a
can reach extremely high values (Gower et al., 2005; Smith et al., 2018). In Case-2 waters?, a large variety of
regional algorithms have been developed to improve chlorophyll a estimates from water reflectance in these
types of waters (see Odermatt et al., 2012 for a review). However, in general, there is no clear definition of when
an algorithm will give reliable output nor which algorithm will perform best for each image pixel. This lack of
knowledge has been handled by, e.g., Lavigne et al. (2021), where the authors proposed a methodology based
on water reflectance only to determine when three complementary algorithms can be used with limited error.
This work allows for an automatic processing of different types without a priori knowledge on water properties.

However, it does not allow for the processing of all kinds of waters.

Ocean colour remote sensing has become increasingly important in studying phytoplankton phenology. It allows
for the collection of long-term, continuous data at large spatial scales, contributing to significant advances in
phenology analysis (e.g., Friedland et al., 2018; Sagarminaga et al., 2024). Most studies cover regional scales and
typically focus on the spring bloom, specifically the timing of its initiation, duration and peak, indicated by the
maximum chlorophyll a concentration. There are fewer addressing indicators on the number, timing, and
patterns of secondary and/or episodic blooms. Although daily resolution is optimal for bloom phenology
applications, most studies use fortnightly or monthly composites to avoid gaps. However, using a temporal
resolution coarser than one day may be insufficient to accurately assess changes in bloom phenology in areas
where bloom-inducing conditions change rapidly. As climate change threatens to alter bloom phenology

worldwide, it is crucial to fill these knowledge gaps, particularly as different regions may be affected differently.
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New algorithms and processing methods are continuously being proposed to provide improved products for the
identification of HAB risk areas. For instance, a web alert system to track the development, magnitude and
spread of HABs (Karenia mikimotoi, Phaeocystis globosa, Pseudo-nitzschia spp.) in the French-English Channel
with satellite data has been developed within the INTERREG-VA FCE project S-3 EUROHAB

(https://www.s3eurohab.eu/) and in the in the HELCOM region of the Baltic Sea for the cyanobacterial bloom

index (HELCOM, 2018). Similar studies using satellite data for HAB risk identifications have been proposed

for many other species in many other regions, and the applications are many.

Cyanobacterial blooms are a familiar sight in freshwater and brackish water bodies near centres of human
activity, posing health and economic threats. This can sometimes be problematic in the Baltic Sea, where
cyanobacterial blooms occur every summer. Although these blooms are naturally occurring, they have been
intensified due to human pressures. The methods for identification of cyanobacterial blooms rely on algorithms
targeting the pigment phycocyanin, with a broad absorption spectrum at ~620 nm. The algorithms used can
either target the phycocyanin spectral absorption (Kutser, 2009) or make use of the changes in the spectral
shape between 665, 681, and 709 nm (e.g., Matthews et al. 2012). Hence, the RS sensors used to detect
cyanobacteria blooms need to have a high and specific spectral resolution. Despite advances in development of
both semi-analytical phycocyanin targeting methods and spectral shape methods, remote-sensing methods for
detection of cyanobacterial HABs are still limited. For this objective, Sentinel 3 OLCI, and potentially the

upcoming PACE hyperspectral sensor, represent the best adapted sensors.

To improve our understanding of the role of phytoplankton for marine ecosystems and global biogeochemical
cycles, information on the global distribution of major phytoplankton groups is essential. Although algorithms
have been developed to assess phytoplankton diversity from space for over two decades, so far, the application
of these data sets has been limited. Ocean colour algorithms to assess phytoplankton diversity make use of
information originating from phytoplankton abundance, cell size, bio-optical properties, and environmental
features to differentiate phytoplankton groups (Phytoplankton Functional Types — PFTs). The abundance-based
approaches of, e.g., Hirata et al. (2011) use satellite chlorophyll a as an input to derive phytoplankton size group
or phytoplankton types based on empirical relationships linking in situ marker pigments to chlorophyll a which
are determined using high precision liquid chromatography (HPLC). Abundance-based approaches use satellite
chlorophyll a as an input and by that they exploit the largest signal in water, leaving radiance to extract variability
due to phytoplankton groups (out of chlorophyll a). This is then a simple calculation and can be applied easily to
chlorophyll a outputs from different sensors. However, they cannot predict atypical associations are not adapted
to optically complex waters. Another class of algorithms relies on spectral features in reflectance, absorption,
and/or backscattering spectra caused by the variation in phytoplankton structure and pigment composition.
Spectral-based approaches exploit as much of the backscattered spectrum observed by satellite as necessary to
extract the signatures of specific phytoplankton group to ocean colour to retrieve main phytoplankton groups
(Alvain et al., 2008; Bracher et al., 2009; Sadeghi et al., 2012; Xi et al., 2020). For instance, PhytoDOAS (Bracher

et al., 2009; Sadeghi et al., 2012) retrieves the imprints of absorption characteristics of specific phytoplankton
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groups among all other atmospheric and oceanic absorbers from data from the top of the atmosphere from the
hyperspectral satellite sensor SCIAMACHY (Scanning Imaging Absorption Spectrometers for Atmospheric
Chartography). Another approach incorporates various environmental parameters to predict phytoplankton
groups based on their ecological preferences (Raitsos et al., 2008). This method uses artificial neural networks
to link different biological and physical data sets and allowed for the development of a regional algorithm in

optically complex waters, where a main phytoplankton groups retrieval algorithm did not apply.

Applications involving direct identification of pelagic wildlife like large whales, resting seals, and bird colonies
need very high resolution (VHR) satellites with submeter spatial resolution. A review of different projects
applying VHR satellite missions for whale detection was provided by Cubaynes et al. (2019) and for monitoring
cetaceans mass strandings by Clarke et al. (2021). These VHR systems are also being used to make censuses of
southern elephant seals (Fudala and Bialik, 2022) Weddell seals in Antarctica (LaRue et al., 2021), emperor
penguins (Fretwell and Trathan, 2021), and albatross colonies on inaccessible islands (Fretwell et al., 2017).
Increasing interest, combined with the advancements in VHR satellite resolution and revisit rates with the
launches of new optical satellites in the coming years, drone technology, machine learning, and cloud computing
provides the momentum needed for the creation of a rapid management tool for the detection of marine

mammals (Rodofili et al., 2022; Khan et al., 2023).

A more common approach in many of the studies using remote-sensing data to assess marine wildlife
biodiversity is to correlate information collected in situ on species numbers and diversity with certain variables
detectable in RS data (e.g. sea surface temperature, chlorophyll a, turbidity, surface roughness, etc). Good
correlations between species representations and certain variables have been found by many authors (Kuenzer
et al., 2014). They use this as an argument supporting the high value of remote-sensing data for biodiversity
assessments and habitat suitability products that can act as a proxy for species occurrence or richness (Kuenzer

et al, 2014).

A review of RS applications for fisheries oceanography can be found in Santos (2000). Although fish schools
cannot (at least with the sensors presently available on non-commercial satellites) be seen directly from
satellites, RS systems have been used to identify and/or predict potential favourable zones of fish aggregation
(e.g., ocean fronts) or support studies on the development and survival of eggs and larvae, as well as the
distribution, aggregation, migration and schooling behaviour of juvenile and adults of several fish stocks.
However, some initiatives on direct identification of schools of juvenile anchovies, jack mackerel, skipjack tuna,
southern bluefin tuna, dolphins and mixed schools of tuna and dolphins and have been successful using airborne
active sensors like Light Detection And Ranging (LIDAR) (Churnside and Hunter, 1996) and Side-Looking Airborne
Radar (SLAR) (Griffiths et al., 1989).

Remotely sensed parameters have been used for aquaculture site selection of fish, shellfish and macroalgae. RS
images in Geographic Information Systems (GIS) are used for spatial multi-criteria evaluation methodologies to
resolve complex environmental and socioeconomic constraints. Besides site-selection and planning, aquaculture

could also benefit from EO for water quality monitoring, notably in the case of HAB detection, assessment of
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fish farming environmental impact, and modelling of species invasion associated with aquaculture (Gernez et

al., 2021).

2.7.3. Level of biodiversity information (EBV/EOQV)

EBVs
Table 28: EBVs that can be addressed by remote sensing methods, as defined by the GEOBON
(https://geobon.org/ebvs/what-are-ebvs/).
EBV class EBV Names

Species populations

Species distributions
Species abundances

Species traits

Phenology
Movement

Community composition

Community abundance
Trait diversity

Ecosystem function

Primary productivity
Ecosystem phenology
Ecosystem disturbances

Ecosystem structure

Ecosystem distribution

EOVs

Table 29: EOVs that can be addressed by remote sensing methods. Sub-variables: Components of the EOV that may be
measured, derived or inferred from other elements of the observing system and used to estimate the desired EOV. Derived
products: Outputs calculated from the EOV and other relevant information, in response to user needs. For each EOV, a
specification sheet can be downloaded from https://goosocean.org/what-we-do/framework/essential-ocean-variables/.

EOV name Sub-variables

Derived products

Biology and
ecosystems

- Phytoplankton biomass and diversity

- Chlorophyll a concentration

- Phytoplankton functional Types
- Phytoplankton Size Class

- Harmful algal bloom

- Cyanobacteria bloom

- Eutrophication

distribution

- Fish abundance and distribution
- Marine turtles, mammals abundance and

- Species presence/absence
- Repeated individual presence
(tracking/resights)

Cross disciplinary - Ocean colour

- All

2.7.4. SWOT analysis

Strengths

Weaknesses

- Ocean colour satellite observations offer many

The main one is global coverage and temporal
revisits, which allows to capture all features of
spatial and temporal variability as soon as these
features are of sufficient scale. Satellite data also
ensure a regular revisit time ranging from 1 day for

advantages for ecosystem and biodiversity mapping.

- Ocean colour observations are limited by cloud and
ice cover, especially in high latitudes with frequent
cloud cover and during the winter when the sun
angle is too low for acquisitions.

- As all satellite remote sensing products are based
upon a signal reaching a sensor, i.e., the radiance at
the top of atmosphere, in which the water leaving
radiance (Rrs) represents only 1% to 10% of the
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Sentinel-3A/B, to 3-5 days with Sentinel-2, and 8
days for LANDSATS8/9.

- Satellite acquisitions are very reliable and cannot
be cancelled by a ‘bad’ weather forecast, instrument
disruption or human issues.

- Satellites data represents a low-cost source of
information as, e.g., NASA and ESA generally deliver
data as well as different products for free. Only very
high-resolution images (meter-scale) like the
Pléiades or Planetscope constellations are ordered
on request and so can be expensive.

- The developments, maintenance and calibration of
the sensors and data from the large space agencies
ensure the consistency of a QA dataset over its full
period of activity which can reach several decades
and the inter-operability of different sensors like,
e.g., Sentinel-3 A and B. This also permits climatic
studies to be performed using remote sensing
observations.

- With appropriate atmospheric corrections and
algorithms, and appropriate sensors (e.g.
hyperspectral), it is possible to derive proxies for
phytoplankton biomass from suspended detrital
matter and phytoplankton functional types (Alvain
et al., 2004).

signal, correct inversion algorithms and removing of
the atmospheric signal is crucial.

Although atmospheric corrections are less
complicated over clear waters and works well, it is
always based on assumptions and extrapolations
which can propagate to errors, especially in the blue
part of the spectrum. Therefore, the application of
atmospheric corrections in complex waters usually
requires specific selections and adaptations to
minimize errors.

Ensuring the validity of the atmospheric correction is
therefore important to consider when using ocean
colour RS data.

- Many algorithms exist for each parameter, and the
difficulty is to know which algorithm is valid for the
study area, which requires expertise knowledge and
understanding of the optical properties and their
effects on the data.

- Other efforts are made to provide algorithms
adapted to different optical water types that can be
used in different regions without a priori knowledge.
These algorithms are either based on machine
learning or use a switching approach which includes
existing algorithms.

- Inexperienced end-users of RS data usually need
inputs and guidance from experts to understand the
uncertainties and the validity of the data

Opportunities

Threats

- Global coverage largely helps to improve spatial
understanding of ecosystems mapping and can be
used in complement of specific in situ data which
generally only provide information on scattered
stations and can easily miss the position of oceanic
fronts, for instance.

- Repeatable large-scale global monitoring.

- Different satellites and/or associated sensors
provide upscaling/downscaling spatial resolution
and different temporal resolutions.

- Advances in sensor technology that could improve
pelagic diversity mapping.

- Cloud processing.

- Combining satellites with other sensors such as
drones and AUVs, or automated underway sub-
surface recording and measurements with optical,
automated flow cytometry and/or automated
imaging devices to improve mapping.

- New capabilities using Al to improve classification
and sensor development.

- Mixed classification between spectrally similar
species groups - this often requires expertise in
marine ecology/taxonomy, which could then end up
being costly.

- Data load and computational requirements may
create bottlenecks or require large resources.

- The decrease of in situ data for validation

- The availability of images from providers
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3. Citizen Science

Citizen Science (CS) usually labels research activities conducted by citizens, and citizens doing research are called
citizen scientists. In this section, we present the findings of a Scopus literature review carried out to elucidate
the state of the art of CS in marine biology for biodiversity (MBB) and extrapolate further insights and knowledge
about the use of technologies and levels of engagement in CS practices aimed at collecting scientific data with
an emphasis on pelagic (and benthic) observations. We briefly introduce different forms of CS and outline
current scholarly discussions and research themes on CS, including summarising recent debates regarding CS in
MBB as addressed by illustrative review articles. In our following Scopus literature review, the applied
methodology and findings on trends and patterns concerning (self-declared) CS practices in MBB are explored
and explained. Similarly, we expand on technological tools used by citizen scientists for pelagic observations.
The literature review also informed a review of existing and emerging technologies for benthic observations

presented in Forsblom et al. (2024).

3.1. What is Citizen science?
Although a clear definition is still lacking, Citizen Science (CS) typically refers to research activities conducted by
citizens or engaging citizens at different levels and to a different degree (as data collectors, co-analysts, co-
researchers, policy co-developers, or co-disseminators) to deliver scientific knowledge. CS is originally inspired
by the principles of co-creation, co-operation, sustainability and/or social impact (Strasser et al., 2019;
Kasperowski and Kullenberg 2019; Kasperowski et al., 2019; Jaeger et al., 2023). CS is a response to increasing
pressure on universities to open their research processes and scientific activities to explain the benefits of their
results to citizens (e.g., via public communication or outreach activities) or to justify public spending on them

(Heckers et al., 2018; Vohland et al., 2021).

CS has used as an ‘umbrella’ term to describe a variety of ways in which citizens can participate to scientific
activities leading to scientific knowledge production. The CS concept is related to other notions such as
participatory science, post-normal science, civic science, crowd science or open science (Kullenberg and
Kasperowski 2016; Kieslinger et al., 2018). However, the main peculiarities of CS distinguishing it from other
concepts are: (1) Citizens are actively involved in research, in partnership or collaboration with scientists or
academic professionals; and (2) there is a specific outcome such as new scientific knowledge, conservation
action or policy changes. An international community of researchers and practitioners — led by the European
Citizen Science Association (ECSA) — has characterized CS and established the standards for good CS practices in
several disciplines (Robinson et al., 2018; Haklay et al., 2020, 2021). These efforts gave origin to a framework of
ten principles (10 Principles of Citizen Science — ECSA 2015), which is available in several languages, wherein the

CS community established a set of distinctive characteristics for “good” CS practices.

The debate on CS has evolved from more broad concerns regarding democratization of research and the role of

citizens in research (Bonney 1996; Irwin 1995) to identify instead, which projects, activities or initiatives
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constitute CS, so that CS can easily be distinguished by other forms of participatory research. This novel approach
to CS covers research activities to verify if projects are misconceived or mislabelled as CS by its initiators or
participants since examples of overuse of the term CS are frequent (Zambon et al., 2023). It responds to pleas
for the democratization of science and knowledge production that are common also in later CS studies (Jaeger
et al. 2023). While recent research attempts to create a general, comprehensive definition of CS, including
specific scientific practices belonging to it (Heigi et al., 2019), this task is made difficult by the broad,
interdisciplinary endeavour, and its placement at the intersection of several scientific fields. In this light, we
argue that there might be a need for more discipline- or context-specific definitions able to receive broad
consensus by practitioners and affiliated scientific communities, and to describe the common features of what
scientists expect from CS activities in particular fields. We will attempt this undertaking by focusing on CS in MBB
for (benthic and) pelagic observations. Precisely, by an exploration of existing literature — self-labelled as CS —

in this field and to observe/highlight which specific patterns CS in this area assumes.

When the ideal of CS has been discussed in relation to specific disciplines and research areas, slightly different
ways to conceive CS emerge. Yet, boosting transparency and accountability of research processes delivering
policy-relevant knowledge in the broad sense of “science democratization” and active “lay citizens’
participation/public involvement” are regularly seen as necessary elements and leading criteria to brand science
and scientific activities as CS; particularly relevant is the level of non-expert citizen engagement in higher-level
scientific tasks (Haklay et al., 2020; Haklay et al., 2021). Following Goulombic et al. (2017), three fundamental
aspects of CS are: a) Inclusion (i.e., how researchers deal with activities built for public participation); b)
contribution (i.e., how a project contributes to science, and at the same time, how it impacts the public) and, c)
reciprocity (i.e., what citizens and researchers can do for each other in the context of knowledge elicitation and
dissemination). Similarly, existing scales to evaluate CS projects by Bonney (2009a, 2009b, 2016) point to the
degree of citizen contribution to research results and so, CS studies are defined either merely as contributory
(i.e., research questions and/or protocols are established by powerful researchers, institutional promoters and
the like with little or no inputs by citizens) or genuinely collaborative (i.e., the citizen involvement in the creation
of the project and its protocols is significant and established via genuine collaborations amongst citizens and
researchers institutional promoters). In the same line, Haklay at al. (2013a, 2013b) offer a four-level scale of
citizen involvement where CS implies voluntary participation at all levels: From the level one (Crowdsourcing:
citizens act mainly as sensors) moving up to level two (Distributed Intelligence: citizens act as basic interpreters)
and level three (Participatory Science: citizens participate in the problem/aims definition and/or data collection)
until the fourth level (Extreme CS: where the research processes are controlled by citizens, and scientists merely
facilitate and help out) that is rather difficult to achieve, since it entails that citizens manage collaborative science
practices in which all tasks from previous levels (1-2-3) take place almost simultaneously. Haklay et al. (2021)
also come up with a set of further specification for classifying CS projects. The most important ones are: 1) the
level of cognitive engagement of participants (beyond data collection and gathering), 2) the expertise and
training required for participants, and 3) the conditions for data sharing. Evidently, leading conceptions of CS,

so as its principles, scales and desiderata imply a wide-ranging participatory science ideal and indeed,
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classifications are mainly made according to the extent of participation of lay people, non-expert citizens in

scientific research and knowledge production.

In targeting CS in MBB, a central challenge is thus to figure out if and to what extent this participatory ideal is
fulfilled by (self-defined) CS studies, due to obvious limitations that non-expert citizens can encounter to actively

participate in research and observational tasks in the (benthic and) pelagic environments.

In general, CS is considered a valuable practice in situations where data are lacking or temporally and spatially
insufficient or funding is sparse (Andrews et al. 2019, Garcia-Soto et al., 2021). Citizens can make observations
at several locations simultaneously and collect data that may not otherwise be possible to obtain (Matear et al.
2019). Yet, uses of CS in MBB have been limited to estimating specific species’ distributions, while neglecting the
aspects of biodiversity more broadly, e.g., valuing the ecosystem services these species deliver (Chandler et al.,
2017; Turbé et al., 2019; Embling et al., 2015; Wege et al., 2020). Furthermore, there is a lack of “marine CS”
projects compared to the terrestrial environment and current marine CS largely confines itself to specific
approaches (Fulton et al., 2019; Dalby et al., 2021; Garcia-Soto et al., 2021). Citizens involved have variously
been depicted as motivated by social engagement, level of enjoyment, the feeling of contributing to something,
and participating in a project with minimal effort (Dalby et al., 2021). Still, little work on CS in MBB is done on
the more subjective and personal aspects of citizen scientists’ motivations and barriers to participation, and the
inclusivity of CS projects. Existing research tends to focus on data collection/data output (Dalby et al. 2021), and
we suggest that more research could be done focusing on the determinants and conditions of citizen scientist
engagement. A way to enclose these concerns could be allowing citizens to contribute to the project with the
potential to discover the interesting or unexpected, and not just as a tool for data collection (Lukyanenko et al.,
2016). In our systematic SCOPUS review (next section), we have used these remarks as a starting point and to
frame the search on recent CS studies in MBB to narrow down and further map methods and tools/technologies
used in observational tasks in the (benthic and) pelagic environments. Our findings on CS for pelagic observations
is presented in this report. Findings on CS used to study benthic environments are presented in the WP3 review

on existing and emerging techniques for benthic habitats (Forsblom et al. 2024).

3.2. Methodology

Following the specific requirements of this report and its focus on technological tools for pelagic observations,
we define the main research question that guided our literature review in SCOPUS:

RQ: What are the technologies employed in MBB pelagic studies that exploit CS in their research?

Other repositories such as ACM Digital Library and Google Scholar were tested but were not used in our analysis
as their findings frequently lacked relevance. SCOPUS was thus selected as the repository of reference for our

study due to its performance when considering our interest in technologies for CS research in MBB.

The search was structured in four and five blocks:
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Table: SCOPUS search strategy for literature on CS in MBB.

Block Search string Justification
1: Citizen science (LIMIT-TO ( EXACTKEYWORD , | We wanted articles that had CS as a
"Citizen Science" ) central focus, and exclude those that only

mention CS.

2: in Marine biology "Marine Biodiversity" This was found to be the best way to find
articles within the topic of OBAMA-
NEXT

3: for pelagic or "Benthic" OR "Pelagic" We decided to find papers for both pelagic

benthic observations and benthic observations and later
manually separate them.

4: Published in the PUBYEAR > 2012 AND Publications from the latest 10 years

period 2013 to 2023 PUBYEAR <2024 seemed appropriate as we were not

(10 years) interested in obsolete technologies.

5: With a focus on “Automatic” OR “Automated” We added this fifth block to ensure a

automatization focus on automation.

The SCOPUS review was conducted in the last half of September 2023. The PRISMA 2000 guidelines were
followed for paper selection and screening. More than 1000 articles were found when we only searched on CS
as a keyword. Adding the additional three blocks gave 103 total articles. This, together with 13 additional papers
from the OBAMA-NEXT application, gave 116 papers meeting our criteria. We then screened papers for
references to specific CS tools/technologies and and a focus on automation (block 5). This lowered the total to

112 papers.

To be included in this study, articles needed to explicitly refer to CS initiatives and introduce the tools as either
employed in CS projects or as providing data to “citizen scientists” (due to the peculiarity of the research settings,
here the term is understood broadly to include non-academic experts as well, e.g., scuba divers). During this

process a further five articles were not retrievable and so were excluded.

After an additional screening phase, ten more papers were excluded as they failed to provide enough
information to assess whether the related research/projects could fit the dominant CS definitions. Moreover,
eight articles were removed from this study since they did not report who took part in the project, making it
impossible to assess the features of the participants and their degree of involvement in some undefined tasks

(vital CS criteria). This last screening left 89 papers.

Next, we manually categorized the papers according to whether the reported technologies were used for pelagic
observations, benthic observations, both benthic and pelagic observations, or were difficult to classify. Louise
Forsblom assisted us in the task. 42 papers reported on technologies used for benthic observations, 21 papers
for pelagic observations, and 13 papers for both benthic and pelagic observations. The remaining 13 papers

could not be classified. Thus, 76 papers were relevant for further analysis.

The 76 selected papers were used in the subsequent categorization phase. Each of the papers was thoroughly
reviewed to assess the papers relevance to our research aims manually (by quickly reading all papers’ abstracts

and conclusions) and further classified based on predetermined criteria, including year of publication (YEAR),
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tools used for data gathering (TOOL), geographical area of interest of the research (AREA), species the research

is focusing on (SPECIES).

3.3.Findings

In reporting the findings, we mainly focus on CS publication trends in MBB and further highlight the technologies
used by “citizen scientists” (citizens, non-academic experts) for pelagic observations. We also briefly report on

the geographical areas of the identified studies and the species targeted by the CS papers.

Figure 1 shows that, overall, there is a steady growth in the number of articles published per year addressing CS
in MBB (both pelagic and benthic). The number of identified articles seems to stagnate in 2023, but this is
because the search was conducted in the last half of September 2023. Additional articles have most likely been
published in the last quarter of 2023 resulting in continued increase in publications regarding CS in MBB. This
might underscore a beginning enthusiasm within the scientific community of MBB for collaborative and
community-driven research endeavours. As the years has progressed, this positive trend not only seems to
reflect an increasing recognition of the value of CS in MBB research but also may signify a significant shift towards
more inclusive, participatory approaches to scientific inquiry and scientific knowledge production. This upsurge
of published works dedicated to exploring marine ecosystems with the engagement of citizen scientists might
demonstrate a collective commitment to harnessing diverse perspectives and expertise in addressing complex

ecological challenges.
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Figure 2: Publication trends for CS in MBB.
Furthermore, these results indicate that collaboration between (ordinary) scientists and citizens for advancing
our understanding of marine environments and fostering sustainable stewardship practices is increasingly taking
place. In it, this increase in academic publications on CS likely documents both its progress, but also, its ability

to foster critical discourse and knowledge exchange in non-academic scientific circles (enhancing science
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dissemination and outreach). In our view, our dataset/review can be taken as an example and repository of
practices, methodological innovations, and empirical findings enriching the collective understanding of CS in

MBB, including its caveats and potential limits.

There are typically more CS studies published on benthic data than on pelagic data. One possible explanation is
that non-academic experts, such as scuba divers, are often involved in CS in MBB, which may explain why there

are more CS publications for studies of benthic habitats.

3.3.1. Technologies for CS in MBB for pelagic observations
In the following section, we report on the characteristics of the 34 articles related to pelagic observations (21

articles) and to both pelagic and benthic observations (13 articles).

As shown in Figure 2, the most frequently represented technologies used for pelagic observations are cameras
(10), followed by online tools (7), tools for doing surveys (6), custom and standard toolkits (4), laboratory

technologies (3), satellite (2), and sampling technologies (2).

Tools used in pelagic citizen scientific studies
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Figure 3. Technologies used in CS for pelagic observations.

A smaller portion of projects focus on data storage and data analysis (re-using existing data — not collection of
new data) to accumulate and produce new knowledge. If any camera (different models and types) were used
with the intent of producing a picture, we report the general “camera” term for later analysis. Increasing levels
of automation are also observed in later studies. These are the categories of most relevance for citizen scientists
contributing to the OBAMA-NEXT project, since the project aims to not only identify new methods, technologies
for MBB and benthic/pelagic observations, but also to provide new data/knowledge from established learning
sites (LSs). For instance, in the EU-consortium Marco-Bolo (marcobolo-project.eu), where new data are not

collected, storage platforms or similar biodiversity repositories would be more relevant CS technologies.
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The survey suggests that the technologies used for different observational tasks in benthic and pelagic settings
are very similar. Yet, while for benthic observations primacy is given to cameras (likely due to the characteristics
of the setting, CS practices involve scuba diving), in pelagic observations seasonal surveys and metadata

repositories were particularly important.

The contours of different archetypal CS projects also emerge across the review: one type of project is based on
collections of photos taken by citizens, and sometimes also by researchers, employees of public monitoring
institutions, as well as other professionals like scuba divers or fishers. Photos may also be collected on social
media (such as Facebook) or other digital platforms (such as http://www.digitalglobe.com). Sometimes photos
are uploaded to a digital platform (such as http://www.seawatchers.org or www.redmap.org.au) or in other
databases (such as https://data.npolar.no/sighting/). These publications do not include details about the

camaras used to obtain the photos.

Another archetypal CS project engages observers (often trained) to collect data for a specific project. Here data
can be photos, samples and/or written observations. Photos, samples and/or written observations are
registered in apps (e.g., MedusApp), platforms or surveys. The latter requires species identification skills among

citizen scientists.

An example of a CS project conducted within the OBAMA-NEXT project is carried out by the Finnish Environment
Institute (SYKE), who is collecting data on algal blooms using the Jarvi-Meriwiki (page in Finnish:
https://www.jarviwiki.fi/wiki/Sinilev%C3%A4tilanne. The name can be translated as “lake-sea wiki”). Citizens
can either use the app to submit single observations, or they can create an observation point if they want to
submit observations throughout the year (this is intended for, e.g., people who spend their summers at their
summer cottage by the sea and want to send more or less regular observations from same place). In the summer
months the regional authorities regular give alerts concerning possibly harmful algal blooms in the sea and lakes,
and these data are used to supplement the monitoring done by the authorities. From a CS point of view, this is

primarily an activity belonging to the crowdsourcing of data acquisition type.

3.3.2. Location and species
In terms of location, most of the 34 articles were centred in Europe (12), Oceania (7), and North America (4).
Most identified articles use CS to observe one type of species (29) — different types of fish including sharks (12),
mammals including whales (8), turtles (2), and other species (7). Only a few articles report on data on a wider

biodiversity spectrum.

3.4.Discussion of survey findings
Our findings indicate a growing interest in CS in MBB. Yet, the papers in our review frequently do not provide
enough information for the reader to assess the nature and scope of CS, and moreover, if the participatory
ECSA’s principles of CS are fulfilled and to what extent. Likewise, activities involving “citizen scientists” beyond

data collection are poorly described or not described at all. Thus, according to Haklay’s (2013a, 2013b) taxonomy
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to evaluate CS projects/studies the status of CS in MBB partly, belongs to CS Level 1-3 (citizens are mainly data

collectors/data gatherers).

Even though technological advancements apparently facilitate greater connectivity and accessibility, the barriers
to participation in CS initiatives appear difficult to navigate. Our survey also shows that there is a lack of
information provided by authors on the definition of CS adopted to frame the studies. Descriptions of citizen
scientists, who use the tools mainly for data collection and data gathering processes, are frequently missing in
the papers. Existing MBB studies seem to struggle to include non-expert citizens in their activities. For instance,
participants are often “expert” divers, fishers, or even retired scientists, which is somewhat expected
considering the necessity of specific expertise to access the pelagic environments or to performs certain task
(e.g., eDNA sampling). Even so, we wish to stress the need for a more detailed description of participants in (self-
labelled) CS projects/studies to allow the readers to understand or further evaluate which principles of CS are
fulfilled by actual scientific practices in the field of MBB, or similarly, how such adherence to them can be
improve (and CS be promoted accordingly). In its current state, CS in pelagic studies is mainly carried out by non-

academic experts and largely does not rely on non-expert citizens (a typical requirement for CS in other fields).

Differently from CS in other fields, and likely depending on the specific conditions of tasks involved, there seems
to be greatest focus on specific technologies for observations as directly associated to CS (something that is not
common to CS in other fields). We argue that this can be taken as a peculiarity of CS and CS practices in the MBB
field, and thus, this finding can indicate that redefining the ideal of CS specific for MB and related fields might
be fundamental to properly embrace the reality of actual scientific practices and individuate viable paths to
advance CS accordingly. While redefining the CS ideal for MBB is an endeavour that cannot be done properly in
this brief research report due to its complexity, it seems essential that any new account should give central
attention to the technologies used when doing CS in benthic/pelagic environments. As our survey clearly
demonstrate, and further informal discussions across the OBAMA-NEXT project work packages (mainly, WP2,
WP3 and WP6) indicate, it is a clear trend in MBB and related disciplines to associate specific technologies to CS

tasks.

To conclude, our literature review has shown that what is usually intended as “democratization” of science and
CS principles and desiderata in terms of active participation of lay citizens in higher order scientific tasks (Haklay
et al., 2021) still seem difficult to fulfil completely in MBB, likely due to the nature of tasks and tools/techniques
required to carry out specific scientific activities in the benthic/pelagic environments. In reference to Haklay’s
taxonomy (2013a, 2013b), CS in MBB seems to belong partly to the activities described at CS Levels 1-3 (mainly,
crowdsourcing and data collection), but the papers in the review do not provide enough precise information or
envision further levels of engagement for citizen scientists or their participation to higher-level tasks (e.g.,
definition of research goals or data analysis). Namely, authors self-define their practices as CS but the extent to
which the CS ideal is fulfilled remains unclear, since participants (expertise, their role) and their tasks in CS
projects are not explained in sufficient detail. Some notable exceptions can be found in recent studies in MBB

that are not included in the literature survey presented here, as they were published after September 2023 (e.g.,
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Brodie et al.,, 2023; Vazquez-Delfin et al.,, 2024), which are more precise about the characteristics of the
participants. Nonetheless, the extensive agreement within the scientific community of reference (i.e., marine
biologists) on what constitutes CS and CS tasks, as well as the impressive similarity of tools/technologies used in
rather different contexts (i.e, similarities across Oceania, Europe, etc.), seems (to us) a good reason to re-thinking
the ideal of CS in MBB and related fields. That is, to tailor definitions of CS to the reality of current scientific
practices in the field but also, to promote further viable CS advancements. Primarily, by giving central
importance not only to the extent of involvement of citizen scientists (here broadly understood to include non-
academic experts as well) but also, to devote greater attention to technologies for observations (automated and
non-automated) used by citizen scientists in different undertakings. Evidently, such an ambitious endeavour

exceeds the scope of this report.
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4. General conclusion

The different methodologies, techniques and analytical approaches described in this study, deployed together
with abiotic environmental sensors in different platforms with varying degrees of autonomy, provide the
opportunity to comprehensively study biodiversity at multiple levels, from the smallest microbes to marine
mammals. They facilitate the collection of data on the effects of climate change and on the effectiveness of
biodiversity conservation measures over time. They help to manage proliferation and potentially harmful events
at different timescales and spatial resolutions, in response to a variety of pressures (including extreme short-
term events). Given the uneven distribution and dynamics of species in marine systems and the vast size,
variability and complexity of marine environments, extensive sampling is necessary for accurate biodiversity
assessments. Relying solely on research vessels and discrete cruises, while essential for the most comprehensive
and integrated ecosystem studies of biodiversity, is insufficient. Therefore, the widespread use of innovative
emerging technologies on moorings, fixed automated platforms and commercial vessels such as ferries,
merchant ships and cruise ships for automated sampling and in vivo measurements is essential. It is also
important to maintain long-term reference monitoring, which will increasingly be complemented by some
relevant innovative measurements. This collaborative approach will allow for more comprehensive data
collection on marine biodiversity, improving our understanding and ability to effectively protect marine

ecosystems.
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