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ARTICLE INFO ABSTRACT

Keywords: Changes in plankton have important implications for ecosystem services, including supporting fish stocks, carbon
Continuous plankton recorder sequestration, nutrient cycling, and oxygen production. Standard long-term plankton monitoring relies on light
Automated imaging microscopy to identify and count plankton taxa, with methods fully supported by international standards,
:/i?g}arcodmg providing high quality trusted data. Novel methods, including imaging and molecular, offer means of collecting

select types of plankton data efficiently, filling targeted knowledge gaps left by standard monitoring and
generating a more complete picture of plankton dynamics. Standard and novel monitoring methods present
different advantages and costs, positioning their suitability to address different management needs. Standard
plankton monitoring time-series are unique in providing the long-term temporal coverage, and thus statistical
power, needed to detect and understand climate change impacts. When explored in parallel with standard
monitoring, novel methods open doors to observing our seas from complementary perspectives, but further work
is necessary before data from standard and novel methods can be integrated to address policy needs. Marine
management priorities are shifting, and novel methods are increasingly proposed as possible alternatives to
standard monitoring. However, for a long-term taxonomic perspective it is still essential to retain the specialist
skills and maintain standard monitoring time-series to inform policy assessments of important changes in pelagic
biodiversity. This review aims to inform readers of the value of long-term data, the importance of retaining
taxonomic skills and embracing novel methods for marine plankton monitoring to assess pelagic biodiversity. We
recommend strategies to maintain long-term monitoring whilst incorporating novel methods.

Plankton monitoring
Plankton sampling

1. Introduction biodiversity. Plankton monitoring time-series have long provided a
baseline of information on pelagic biodiversity and have enabled the

Our understanding and management of the natural environment interpretation of changes in ocean nutrient regulation, climate control,
depends on sound monitoring practices to inform assessments of and the food webs that support commercial fish and protected species.
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Plankton monitoring data analysed via microscopy have revealed
important large-scale declines in plankton abundance across much of the
North-East Atlantic (Edwards et al., 2022; Holland et al., 2023; Schmidt
et al., 2020). Here, we introduce the term “standard plankton moni-
toring” to refer specifically to phyto- and zooplankton collection via net,
bottle, bucket, hose, or by underway samplers such as the Continuous
Plankton Recorder, to be subsequently identified and counted by trained
taxonomists using light microscopy. Standard plankton monitoring
time-series have been instrumental for advancing our understanding of
marine life, including detecting and identifying Harmful Algal Blooms
(HAB:s) (e.g., Doucette et al., 2018), revealing the diversity, distribution,
and feeding habits of zooplankton (e.g., Hélaouét et al., 2016), devel-
oping detailed taxonomic classifications for phytoplankton (e.g., Hop-
penrath, 2017), and understanding changes in plankton communities
over time (e.g., Bedford et al., 2020; Holland et al., 2023), providing
valuable information on the impacts of climate change and other
human-induced pressures on the marine environment (OSPAR, 2023).

From a management perspective, the data generated via standard
plankton monitoring time-series are used to inform regional statutory
policy assessments of biodiversity status for OSPAR (the North-East
Atlantic regional seas convention), for the European Union (EU) under
the Marine Strategy Framework Directive (MSFD), and for the UK under
the UK Marine Strategy (UKMS) (McQuatters-Gollop et al., 2019, 2022).
Standard plankton monitoring methods are also used to determine the
diversity and abundance of toxin producing phytoplankton species in
shellfish growing waters as part of the EU Shellfish Hygiene Directive
(European Commission, 2019). The Ocean Biodiversity Information
System (OBIS), the largest scientific knowledge base on the diversity,
distribution and abundance of marine organisms, hosts >150 plankton
datasets and is dependent on taxonomically resolved measurements, like
those obtained from standard monitoring (Estes et al., 2021). The UN
Biodiversity Beyond National Jurisdiction (BBNJ) Agreement, which
countries are currently in the process of signing and ratifying, will also
require states to measure and conserve biodiversity, including pelagic
habitats (Gjerde et al., 2022). This obligation necessitates a compre-
hensive understanding of changes occurring at the base of the marine
food web. While routine marine plankton monitoring is important for
informing policy in many jurisdictions globally, we focus here on the
North-East Atlantic and North-West European shelf region as a diverse
marine ecosystem with well-established plankton monitoring regimes.
This article aims to equip those responsible for disseminating scientific
insights to government with a comprehensive overview on the impor-
tance of maintaining long-term standard monitoring and the associated
taxonomic skills and expertise to inform policy decisions, as well as a set
of recommendations for how novel methods can supplement our existing
monitoring programmes.

The North-East Atlantic and North-West European shelf region is
subject to multiple regulations which obligate countries to routinely
assess the status of “higher” organisms (e.g., Birds and Habitats Directive
(Wils, 2017), Nature Restoration Regulation (Hering et al., 2023)) and
protect human health (e.g., EU Shellfish Hygiene Directive (CEC,
2006)). National governments fund monitoring programmes to provide
the necessary data to conduct these assessments. However, there is less
policy pressure for monitoring and assessing plankton, despite their
foundational role in supporting marine food webs. Where we routinely
assess multiple criteria for higher organisms (e.g., breeding success,
bycatch, abundance, distribution, and habitat quality), there is just one
overarching MSFD criterion (i.e., D1C6; Magliozzi et al., 2021) to
describe the health of pelagic habitats. The lack of attention paid to
pelagic habitats is also highlighted by the limited specificity and late
development of the EU reporting guidelines for this criterion (European
Commission, 2022). The number of legal obligations we have towards
understanding changes in plankton does not reflect their relevance for
the marine ecosystem, especially considering the current and antici-
pated changes in climate and human use of the seas (e.g. wind farms,
marine carbon dioxide removal) which may impact on plankton (e.g.,
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Daewel et al., 2022).

The Continuous Plankton Recorder (CPR) Survey is the most widely
applied standard plankton monitoring time-series, and forms an
important part of the UK and OSPAR biodiversity monitoring networks
(Fig. 1a and b). The CPR Survey is the most geographically extensive
multi-regional-scale plankton time-series, globally. The CPR dataset
now contains over 7 million nautical miles of tows across the North
Atlantic, North Pacific, Australia, and the Southern Ocean over 90+
years, routinely counting 650+ taxa (Batten et al., 2019). The CPR
Survey collects plankton samples in offshore waters using specialised
towed instruments deployed routinely from commercial ships and
ferries as they travel their regular routes. The duration, regularity and
broad spatial coverage of the CPR Survey enable scientists to study and
analyse variation in plankton communities across space and time,
detecting important changes in biodiversity and providing crucial in-
sights into the dynamics of marine ecosystems. In the UK and European
Union, the CPR Survey forms a part of a larger monitoring network
collecting long-term data on plankton communities. This includes reg-
ulatory monitoring programmes that have been collecting data in
inshore and offshore waters to address requirements of the UK envi-
ronmental directives (Devlin et al., 2007; Graves et al., 2023) and
OSPAR (Holland et al., 2023; McQuatters-Gollop et al., 2019).

The International Council for the Exploration of the Sea (ICES) is an
intergovernmental organisation which provides scientific advice for the
sustainable use of marine resources in the North Atlantic and hosts much
of the data used for statutory OSPAR assessments. There are 115 and 124
phyto- and zooplankton fixed-point monitoring stations, respectively,
within ICES jurisdiction (International Group for Marine Ecological
Time Series, 2024); almost all are near-coastal, capturing a diverse range
of aquatic habitats with terrestrial influence and complementing CPR
Survey data (Fig. 1a and b). These stations also monitor a variety of
biological and physico-chemical variables from static platforms or by
research vessels that repeatedly visit and sample the same set of co-
ordinates. The North-East Atlantic contains the greatest concentration of
fixed-point station plankton monitoring time-series globally (O’Brien,
2017), contributing essential data with broad coverage of space and
time (Fig. 1c and d) to support OSPAR as well as to inform other Eu-
ropean national assessments (e.g., MSFD, UKMS).

A major advantage of fixed-point station monitoring is that it facil-
itates a high temporal frequency of sampling, as often as weekly (e.g.,
McEvoy et al., 2023) or even daily (e.g., Wiltshire et al., 2015). Such
high sampling frequencies can support studies of dynamic short-term
processes (e.g., phytoplankton bloom formation; Mieruch et al., 2010).
Many of these sites also have over 30 years of data and therefore
collectively provide an overview of large-scale changes in plankton
dynamics and their drivers (e.g., water temperature; O’Brien et al.,
2012). Such sentinel sites include the UK’s Western Channel Observa-
tory (Plymouth Marine Laboratory; McEvoy et al., 2023) and Scottish
Coastal Observatory (Marine Directorate of the Scottish Government;
Bresnan et al., 2016), the RADIALES programme in Northern Spain
(Spanish Institute of Oceanography; Valdés et al., 2021), the Helgoland
Roads time-series in Germany (Alfred Wegener Institute; Dummermuth
et al., 2023), the French Phytoplankton Observation Network (PhytOBS;
Lemoine and Claquin, 2021), and the Naples long-term ecological
research site, MareChiara (Stazione Zoologica Anton Dohrn; Russo et al.,
2024) (Fig. 2).

Alternate novel approaches for monitoring plankton include imag-
ing, acoustics, and molecular methods. We use the term, “novel” to refer
to these newer techniques, while acknowledging many have been in
existence for over 40 years (e.g., see Bucklin and Kann (1991) for a
molecular method example, or Herman (1992), Gorsky et al. (1992) and
Smith and Baker (1982) for optical imaging examples), but may only
recently been gaining widespread use. At present, novel technologies
have reached a stage of development where the scientific community is
investigating ways to implement them to complement, and in some cases
substitute, standard monitoring of phyto- and zooplankton (Scott et al.,
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Fig. 1. Standard plankton monitoring routes and stations from the UK monitoring network, including the Continuous Plankton Recorder (CPR) Survey (A) and other
fixed-point stations monitored by the European countries within the OSPAR Maritime Area (B). For (A) and (B), points are coloured according to the institution
responsible for sampling. Data from the CPR Survey and fixed-point stations were also pooled and intersected with a 0.5° grid to summarise the number of years of
samples collected (C) and the mean number of samples per year (D) for each cell in the 0.5° grid. Note that the colour scale for (D) has been log-transformed. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

2021; Suter et al., 2021; Vezzulli et al., 2022; Zahir et al., 2024).
Automated imaging uses electro-optic or holographic technology to
image plankton. The hardware technology couples with data analysis
and software systems to collect, discriminate, identify, measure, and
count plankton (Sieracki et al., 2010). Various image analysis systems
are available for analysing plankton across a range of size spectra in both
field- (in situ) and lab-based (ex situ) applications (e.g., Lombard et al.,
2019). Molecular methods use differences within one or more DNA or
RNA markers to identify and/or quantify plankton types, sometimes
down to species level (Suter et al., 2021). Satellite remote sensing is also
a powerful tool for long-term, large-scale observations of phytoplankton
biomass, with improving algorithms to move beyond bulk chlorophyll
indices (Ruddick et al., 2003). Recent advances in multispectral satellite
imaging technology and processing algorithms have improved accuracy
in identifying phytoplankton taxa through applications of machine
learning and artificial intelligence (Zhang et al., 2024), and allow for the
rapid analysis of large datasets and the identification of complex pat-
terns in phytoplankton distribution and dynamics. Satellite remote
sensing is also being explored as a key tool to provide early warnings of

harmful algal bloom events in some regions (Khan et al., 2021). How-
ever, the purpose of this paper is to exclusively discuss and compare the
various physical in situ sampling methods that can provide detailed
taxonomic information, and we refer the reader to recent reviews (e.g.,
Cetini¢ et al., 2024; Khan et al., 2021) for a more in-depth appraisal of
developments in plankton remote sensing.

The information that novel technologies can provide on the dy-
namics of the plankton community, such as termination of phyto-
plankton blooms (Brosnahan et al., 2017), understanding species and
strain delineation within genera (Fraga et al., 2015; Gaonkar et al.,
2020; John et al., 2014), species level identification (Clayton et al.,
2022), toxin production of harmful species (Pearson et al., 2021), as well
as revealing diversity and dynamics of fragile plankton (e.g., gelatinous
zooplankton) that are poorly sampled by standard methods (Hosia et al.,
2017), and the bacterioplankton and viral communities
(McQuatters-Gollop et al., 2024) will be transformative in how we un-
derstand the marine ecosystem. However, with the exception of satellite
remote sensing, there are very few long-term plankton time-series using
novel technologies in this study region. While there are objectives to
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Fig. 2. An example selection of some of the longer European plankton monitoring programmes available for each method. This figure includes monitoring pro-
grammes which continue to the date this article was written, and that collect and process samples at monthly or finer intervals, without large gaps in sampling.
Monitoring programmes are separated into standard monitoring, automated imaging, and molecular methods. Arrows are coloured according to whether they
indicate observations of phyto- or zooplankton. Countries of the institutions responsible for each sampling programme are also indicated by the colour of the text
boxes. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

integrate novel technologies into routine plankton monitoring, there are
currently significant limitations to how data collected via novel tech-
nologies can be used in comparisons between datasets from different
sampling programmes or integrated into existing time-series. As these
technologies are still rapidly developing, they also lack the long-term
consistent record of data required to support assessments of pelagic
habitat biodiversity and to detect and understand climate change im-
pacts (Fig. 2).

We argue that we should continue to explore these novel technolo-
gies, but it is essential that we do so alongside continued support for
standard long-term plankton monitoring programmes and associated
taxonomic skills and expertise, since they provide the baseline for
environmental assessments and remain essential for gauging the state of
the pelagic ecosystem, its biodiversity, and the health of its food web. In
addition, the taxonomic and ecological expertise critical for standard
monitoring needs to be maintained in order to validate novel methods.
To promote their integration into routine monitoring, novel technolo-
gies should be explored in parallel (e.g., simultaneous use intercom-
parison; Ostle and Hélaouét, 2023) with standard monitoring to better
understand how the data they generate compare to the detailed taxo-
nomic data obtained from standard monitoring. Advanced taxonomic
skills need to be developed to derive the classifications generated by
these new methods, and to support the generation of reference image
libraries and genetic sequence data to support automated imaging and
molecular methods, respectively.

2. Standard monitoring

Standard plankton monitoring involves collecting samples directly
from the ocean and subsequently preserving them so they can be later
analysed via light microscopy. Plankton are typically collected with
bottles, buckets, nets or hoses. In the case of the CPR Survey, a me-
chanical device automatically collects and preserves samples on a
continuously rolling silk net-like mesh. Nets of various mesh sizes and
designs are used to collect various fractions of zooplankton, usually
dictated by body size. The size of "holes" in the filter material introduces
biases to the range of organisms retained in the sample (Riccardi, 2010),

requires some extrapolation to define true abundances, and also dam-
ages the individual organisms to a greater or lesser extent (Skjoldal
et al., 2013). Due to their small size, marine phytoplankton are often
collected via bottle or bucket sampling, or using nets with mesh size
<50 pm (McQuatters-Gollop et al., 2015), and subsequently concen-
trated into a smaller volume. For chlorophyll extraction, the sample is
drawn through a glass fiber filter (<1 pm) by a mechanical pump and the
sample is retained by the filter (Qin et al., 2013). For taxonomic analysis,
this concentration step often uses the Utermohl technique (Edler and
Elbrachter, 2010), which uses gravity to allow phytoplankton cells to
settle on the bottom of a counting chamber from a column of water of
known volume (Edler and Elbrachter, 2010). Some instruments, such as
the CPR, can effectively sample both zooplankton as well as larger
phytoplankton, although not without instrument-specific biases, since
the larger mesh size (270 pm) allows many smaller phytoplankton to
escape (McQuatters-Gollop et al., 2015).

Most plankton samples are preserved in formalin or Lugol’s iodine
for storage and later identification, since identification and counting are
time-consuming and often cannot take place in the field. Most sampling
is carried out from static platforms, or research vessels visiting fixed-
point observatory locations (i.e., stations). The latter can be costly to
maintain because they require regular vessel time. By contrast the CPR
Survey, and the more recent FerryBox programme (Petersen et al.,
2007), respectively, use instruments towed behind or mounted on
commercial ships and ferries as they travel their regular routes. In terms
of standard monitoring programmes, the CPR Survey and FerryBox
programme are unusual cases because they do not require dedicated
research vessel time, therefore operational costs can be kept to a much
lower level versus research vessel-based sampling. As mentioned pre-
viously, the data collected via fixed-point sampling and the large-scale
geospatial sampling of the CPR Survey inform different aspects of our
understanding of the marine ecosystem.

In the lab, trained taxonomists identify and count organisms in the
samples under a light microscope, following a set of consistent and
documented methods. Depending on the institute-specific procedure
and density of organisms, processing time can take several hours to days
per sample (First and Drake, 2012; Zohary et al., 2016). This approach
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provides a high level of taxonomic detail, with semi-quantitative to
quantitative categories of taxa abundance (Harris, 2010; Holland et al.,
2023; Lundsgr et al., 2022). The standard approach also allows a very
rapid check for unusual results or new taxa. This highly skilled method
of plankton identification and enumeration is, understandably, labour
intensive.

The high-quality and consistency of data collected in this manner
facilitates comparisons over long (multi-decadal) time periods and
among laboratories. The North-East Atlantic Marine Biological Analyt-
ical Quality Control (NMBAQC) scheme provides a source of external
Quality Assurance (QA) for laboratories engaged in the production of
such plankton data. Through the NMBAQC scheme, European labora-
tories engage in regular (at least biennial) intercomparisons to ensure
the zooplankton data they generate are comparable to other laboratories
and over time. The Canary Islands Harmful Algal Observatory (OCHABs)
from the University of Las Palmas de Gran Canaria (ULPGC; Spain),
supported by the Intergovernmental Oceanographic Commission (I0C)
of UNESCO Centre for Science and Communication of Harmful Algae
(Denmark), operate the International Phytoplankton Intercomparison
each year on the abundance and composition of marine phytoplankton
in water samples. In some instances (e.g., for the identification of
shellfish toxin producing phytoplankton species in Europe), laboratories
working with statutory monitoring for the EU Shellfish Hygiene Direc-
tive have achieved ISO 17025 accreditation for this work (Botana,
2014).

3. Novel methods

Many major funding bodies have shifted towards new research pri-
orities, which has been a key driver for technological advances in marine
monitoring technology and has supported the development of more
efficient, cost-effective and low-carbon methods to gather plankton data
(Borja et al., 2024; Danovaro et al., 2016). For example, the UK
Department for Environment, Food & Rural Affairs (Defra) now requires
marine and fisheries R&D submission to include novel methods, and
their Marine Natural Capital and Ecosystem Assessment (mNCEA) pro-
gramme aims to deliver: "innovation in evidence collection by testing the
potential for earth observation, autonomous vehicles, new modelling tech-
niques and collaboration with non-governmental organisations"
(Department for Environment Food & Rural Affairs, 2022). Currently
there is an array of novel technologies available to identify and/or es-
timate the abundance or biomass of plankton, including automated
imaging (Pitois et al., 2018) and molecular methods (Yates et al., 2019).
These techniques take advantage of the latest imaging, sorting, genetic
sequencing, and instrumentation technologies, and can provide far
greater throughput of samples than could ever be achieved via standard
monitoring methods (Lombard et al., 2019).

3.1. Automated imaging

Automated imaging describes the automatic collection, and storage
of images. These images are usually subsequently processed using ma-
chine learning algorithms which attempt to classify them automatically.
The process of image classification is sometimes referred to as “machine
vision” or “computer vision” (Ciranni et al., 2024). Images can be
collected from a diverse range of instruments (Fig. 3) mounted on
research vessels, such as the Plankton Imager (Pi-10, Plankton Analyt-
ics), or from static (e.g., buoys), towed (e.g., towed vehicles), remotely
operated (e.g., ROVs), or autonomous (e.g., AUVs, ocean gliders) plat-
forms, as described in Lombard et al. (2019). Instruments such as the
Imaging FlowCytobot (IFCB, McLane Labs) combine flow cytometry,
video technology, and artificial intelligence to rapidly analyse phyto-
plankton samples (Olson et al., 2017) and can be deployed on moorings
to provide high frequency (hours/minutes) time-series data, or on ships
for sampling and identifications over wider areas. Automated imaging is
also conducted ex situ from preserved net or bottle samples pumped
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Fig. 3. Four examples of instruments currently used for automated imaging
methods in plankton monitoring. The Plankton Imager (A) (Pi-10; Plankton
Analytics), consists of a high-speed camera that images all passing particles in a
flow of pumped seawater. Images are identified in real-time and uploaded via
satellite. The ZooSCAN (B) (Hydroptic) uses a flatbed scanner with specialised
lighting and a watertight scanning chamber to record high-resolution images of
zooplankton samples. The Imaging FlowCytobot (C) (McLane Labs) is an
automated submersible imaging flow cytometer that captures high-resolution
images of a single-file flow of particles (triggered by fluorescence) in situ.
FlowCam (D) is a flow imaging microscope that captures high-resolution images
of microscopic particles as they pass through a flow chamber.

through flow-through systems, such as the FlowCam (FlowCam, Yoko-
gawa Fluid Imaging Technologies) (Owen et al., 2022), or poured onto
plankton scanners, such as the ZooSCAN (Fig. 3) (ZooSCAN, Hydroptic)
(Grandremy et al., 2023; Grosjean et al., 2004).

Plankton vary in size from the picometre range (i.e., picoplankton)
up to metres for larger gelatinous zooplankton and exhibit extremely
diverse behaviours, such as daily and seasonal vertical migration,
feeding, reproductive, survival and escape strategies. As a result, no
single instrument (either standard or novel) can effectively measure the
entire plankton community. Since imaging instruments do not require
filtration of a physical sample (e.g., unlike bottles or nets), phyto- and
zooplankton are not measured as separate entities, but as a plankton
fraction defined by size range. For example, the Imaging FlowCytobot,
which operates by rapidly capturing images of individual cells as they
flow in single file, is best suited to measuring particles <10-150 pm and
is thus primarily suited for measuring phytoplankton. Other imaging
instruments, like the Pi-10, are designed to accommodate larger parti-
cles within the 200 pm to 3.5 cm size range and are thus much better
suited for measuring zooplankton. Others, such as FlowCam, cover the
size range 2 pm to 1 mm, therefore, bridging both phyto- and
zooplankton.

Automated imaging has received a high level of interest over the past
decade and its use is rapidly shifting from experimental towards routine
use (Kraft et al., 2022). A major advantage of automated imaging in-
struments is their ability to provide rapid and unbiased data that can be
stored digitally and quickly made available for use (Giering et al., 2022),
and without the need for preservatives, since samples can be analysed
live. As access to high processing power is becoming more affordable,
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real-time imaging, including classification and visualisation, is also
becoming a real possibility with Edge computing (Schmid et al., 2023).
Because imaging instruments enumerate delicate or gelatinous organ-
isms which may be damaged or under-represented in nets, they allow
powerful and complementary insights into pelagic food web structure
(Lombard et al., 2019), and crucially, if multiple instruments are used
they can bridge the size span between large protists and small metazoa
that gets missed in the gap between bottle and net sampling (Atkinson
et al., 2021). The ability of imaging instruments to measure size and
other characteristics at very high spatiotemporal resolution also allow
new insights into processes at the interface of ecology and biogeo-
chemistry, and responses to short-term extreme events such as storms
(Riithl and Moller, 2024). Many imaging instruments also have the
advantage that they can operate autonomously from static platforms
(Agarwal et al., 2023) or research vessels (Scott et al., 2021) as they
conduct their regular operations, thus incurring no additional costs for
vessel time. However, the benefits of such novel technologies do not
come without costs. The rapid data collection at high resolution results
in large quantities of images being collected (e.g., one terabyte of image
data acquired from a one-month continuous survey; Scott et al., 2023)
which may involve high performance computing and data storage costs.
Potential cost savings are extremely system-specific and likely to change
quickly in the near future.

While allowing for increased spatial and temporal resolution, auto-
mated imaging methods still rely on human experts to correctly label
image training libraries containing thousands of images per class to
support accurate classifications. These libraries take time to generate
and are often location specific. Further, image classification algorithms
can encounter difficulties in identifying specimens to genus or species
level due to the often-subtle morphological differences between closely
related taxa (Wilson et al., 2015), which in some cases require physical
manipulation by technicians for accurate identification (Skreslet et al.,
2000). During regular operation, classification algorithms will classify
some images with a low confidence score, requiring manual validation
from a trained taxonomic expert. Classification algorithms also still
struggle to accurately enumerate single cells in a chain. However, ca-
pabilities continue to expand as new techniques emerge and the quality
and quantity of training data improve.

3.2. Molecular methods

The development of molecular methods now used to identify
plankton began in the 1970s (Woese and Fox, 1977). The simplest and
oldest method uses the Polymerase Chain Reaction (PCR) to amplify a
DNA marker; typically, the ribosomal DNA (rDNA) gene is used, but the
cytochrome oxidase I (COI) gene is also commonly used for classifying
animal species. COI and a variety of other markers are used for microbial
species (Pawlowski et al., 2012). The PCR generates sequences, which
can be compared against a reference library containing millions of other
related sequences, with differences primarily reflecting the taxonomic
relationships among them. Today there is an array of DNA detection
methods currently available (reviewed by Goodwin et al., 2016); Here
we specifically discuss those that are relevant or useful for marine
plankton monitoring. Next generation metabarcoding or amplicon
sequencing is now commonly used to identify all traces of plankton from
the DNA contained within water or net samples (known as environ-
mental DNA or eDNA). The power of metabarcoding is in its scalability:
millions of DNA “reads” can be converted to amplicon sequence variants
(ASVs), corresponding to specific taxa and improving our ability to
detect historically poorly recorded or challenging species (Govindarajan
etal., 2021; Scorzetti et al., 2009). Quantitative PCR (qPCR), also known
as real-time PCR, can also be used to amplify a DNA sequence target and
provide a concentration measurement for the gene target in a sample.
This technique is used routinely to quantify a selection of target species
(e.g., specific harmful algae taxa) at the species level (Pearson et al.,
2021).
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There is enormous potential in the use of molecular tools for
plankton identification most recently by metabarcoding (Bucklin et al.,
2022; Burki et al., 2021; Vernette et al., 2022) and for water quality
monitoring (Yang et al., 2017). Molecular based surveys using universal
single gene markers, like the 18S rDNA gene, tend to identify a different
set of plankton taxa versus surveys that rely on microscopy based visual
identification. One of the greatest advantages of molecular methods is
that they can discover “hidden” diversity, since they can detect taxa that
are rare, not obviously present (e.g. parasites), or morphologically
identical (Lindeque et al., 2013). Where suitable DNA reference libraries
exist, metabarcode sequencing can be useful for identifying rare,
economically important, or invasive taxa, even at very low abundances.
This is relevant for marine policy and management, because it can serve
as an effective early warning tool for non-indigenous species or harmful
algae (Govindarajan et al., 2021).

DNA-based metabarcoding and qPCR methods, almost universally
used for taxa diversity/abundance surveys, cannot normally detect life
stage or reproductive status. It is also currently not possible to determine
body condition unless tracking a specific expressed gene. In addition,
metabarcoding is not currently capable of quantitative accuracy, owing
to non-linear intrinsic factors and methodological specificities (Yates
et al., 2019). For the moment, molecular methods are better suited for
the provision of presence/absence data. Yet, abundance and biomass
data are much more informative for assessing plankton communities.
Some studies of aquatic plankton have demonstrated promising re-
lationships between abundance and gene copy number, for example,
estimating zooplankton cell biovolume from eDNA (Song and Liang,
2023) and using 18S rDNA gene copy number to estimate biomass of
common microbial eukaryotic taxa (Martin et al., 2022; Pitsch et al.,
2019). Studies relating gene copy numbers to cell abundance and novel
high-throughput methods to directly detect gene copy numbers, even
within individual cells (Yarimizu et al., 2021), hold promise for the
identification and quantification of taxa within plankton samples using
molecular methods.

A central aim for many plankton taxonomists is to create “voucher”
specimens with corresponding image and DNA sequence information to
improve identification of microscopic organisms (Pawlowski et al.,
2012). To achieve this, curated and accurate reference databases,
standardised, accessible methodologies, and online collaborative
computational tools are required, but not yet fully available. Jerney
et al. (2023) estimated the cost of adding all phytoplankton species in
the Baltic Sea to reference libraries to be over €1M. Fortunately, these
issues have been acknowledged by the scientific community and the
standardisation of DNA-based plankton monitoring is now progressing
(Goodwin et al., 2016; Jerney et al., 2023; Medlin and Orozco, 2017; U.
S. Integrated Ocean Observing System, 2017). Some monitoring pro-
grammes, including the CPR Survey, are now reanalysing archival
plankton samples with molecular methods to assess changes in harmful
algae (reviewed in Vezzulli et al., 2022). Several programmes also now
monitor eDNA in parallel with ongoing standard monitoring (Fig. 2) in
an attempt to harmonise methods and increase data diversity and
quality. However, despite many marine monitoring stations now col-
lecting eDNA samples alongside standard monitoring, eDNA-derived
data have not yet been routinely used in assessments to inform marine
policy, mostly due to not fitting current management requirements for
standardised and validated quantitative taxonomic information.

In addition to issues with reference data libraries, the selection of
PCR primer to generate metabarcode datasets can also greatly influence
the level of insight available from molecular data. Unfortunately, there
is no one-size-fits-all solution to molecular plankton monitoring, with
zooplankton DNA metabarcoding lagging behind (Bucklin et al., 2022).
In terms of accuracy, the commonly used rDNA marker performs satis-
factorily across all taxa, but at the expense of species-specific detection.
More specific markers can provide remarkably accurate surveys, but
only for a limited set of taxa. These types or studies are less common due
to the reduced availability of suitable reference libraries. Capabilities
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are continuing to improve as new PacBio (Rhoads and Au, 2015) and
Oxford Nanopore (Lu et al., 2016) sequencing technologies (Fig. 4)
support longer sequences for breadth of taxa at the highest level of
taxonomic detail (Santoferrara, 2019). In the case of metabarcoding
approaches, it is widely recognised that intercomparison studies are
needed (Bucklin et al., 2022). Caution in sample analysis is also
required, including controls for false positives (e.g., detection of
plankton from digested remains, lab-based contaminants), and com-
munity composition ratios.

In most cases molecular methods require the collection of physical
samples prior to laboratory analysis (Song and Liang, 2023; Yates et al.,
2019). However, miniaturised biosensors can detect and quantify a
larger fixed set of species and their relative abundances (Medlin et al.,
2020). These biosensors have been demonstrated from in situ platforms,
such as the Environmental Sample Processor (Scholin et al., 2017),
however, remote operation still requires significant resources. Devel-
opment of automated nucleic acid samplers (e.g., the Robotic Cartridge
Sampling Instrument (RoCSI; McLane Labs), the SEABER YUCO-eDNA
(Aquatic Sensors) or Ascension eDNA sampling device (Ocean Di-
agnostics)) is anticipated to decrease the need for ship-based sampling
(Mowlem et al., 2023). Similar to automated imaging, cost is extremely

S

al’

Nénopore Sequencer
,s(Oxford Nanopore Technologies)

REVIO Long-read Sequencer
(PacBio)

Fig. 4. Four examples of instruments currently used for molecular methods in
plankton monitoring. The Environmental Sample Porcessor (A) (ESP; Monterey
Bay Aquarium Research Institute) autonomously collects and filters water
samples to be preserved or directly analysed with molecular methods in near
real-time. The Robotic Cartridge Sampling Instrument (B) (RoCSI eDNA
Sampler) is an in situ autonomous sampling instrument that collects and pre-
serves water samples for later eDNA analysis. The Revio Long-read Sequencer
(C) (PacBio) generates long, accurate DNA reads by observing the rate at which
fluorescently labeled nucleotides are incorporated into the synthesis of new
DNA strands. The Nanopore Sequencer (D) (Oxford Nanopore Technologies)
enables real-time sequencing of long DNA fragments by measuring the variation
in electrical current as these fragments pass individually through a tiny pore
(2-3 nm).
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system-specific and likely to change quickly in the near future.
4. Standard and novel methods operate at different scales

The different spatial and temporal scales at which standard and
novel methods typically operate means that fundamentally different
areas of science can be explored. Standard monitoring is usually con-
ducted at weekly to monthly temporal resolution, and spatially at single
stations, such as the Scottish Coastal Observatory monitoring sites,
station clusters, such as in the Gulf of Finland (Uusitalo et al., 2013), or
10-nautical mile transects in the case of the CPR Survey (Richardson
et al., 2006). Automated imaging approaches are operated at meters
vertically and horizontally, or over minutes to hours, providing the fine
resolution needed to address questions related to fine scale processes,
such as plankton patchiness and distribution in the water column.
However, most novel technologies have not been in routine use for long
enough to build time-series with sufficient statistical power to resolve
change at climate change-relevant scales (Ratnarajah et al., 2023).
Moreover, the difference in scale at which standard and novel technol-
ogies operate makes intercalibration highly challenging. This fine level
of spatial-temporal resolution is also generally not necessary for
addressing current policy needs, though policy will likely shift in
response to the level of detail available from future monitoring
programmes.

Standard monitoring, automated imaging, and molecular methods
differ in terms of spatial and temporal resolution, taxonomic specificity,
and scalability. To maintain costs at reasonable levels, standard moni-
toring is typically restricted to routine sampling of large water volumes
at a limited number of stations, or integrated over large distances (e.g.,
10 nautical miles for the CPR Survey; Richardson et al., 2006). Costs also
limit the frequency with which a site can be sampled, with most station
time-series collecting samples at weekly or monthly resolution, although
there are some exceptions (e.g., Helgoland Roads time-series; Dum-
mermuth et al., 2023). The level of detail available from standard
monitoring to resolve variation across short distances or time scales is
therefore often limited. Molecular methods are subject to many of these
same limitations, since molecular methods usually involve physical
sample collection and subsequent land-based laboratory analysis. By
contrast, probably the greatest fundamental advantage of automated
imaging is the ability to rapidly collect large amounts of quantitative
data that are highly resolved in both space and time (MacNeil et al.,
2021).

With the exception of morphologically identical taxa, taxonomic
specificity in standard monitoring is mainly limited by the quality of the
preserved sample, the skills of the technicians responsible for processing
samples and the time available for processing. Standard monitoring
relies solely on morphological differences to differentiate related taxa,
however, unlike other methods samples can often be physically
manipulated by the technician to more clearly observe key identifying
features (Skreslet et al., 2000). Physical manipulation is not typically
available from automated imaging, and image classification algorithms
still lag behind the best taxonomic technicians. Acquiring the skills to
accurately classify samples often involves years of supervised training
(Clayton et al., 2022). Taxonomic specificity of automated imaging is
likely to improve with the development of more extensive image li-
braries and advancement of classification algorithms, considering the
exponential pace of development in data analytics and artificial intel-
ligence. Molecular methods can also deliver a very high taxonomic
specificity, although this is dependent on the quality of available
reference libraries.

In terms of initiating and scaling a plankton monitoring programme,
automated methods requiring limited human intervention are likely to
become more popular in the future (Borja et al., 2024; Danovaro et al.,
2016), as technologies and methods are further refined. Instruments and
technologies that can process and analyse samples in situ (e.g., FerryBox,
ESP) or collect samples for downstream land-based processing (e.g., CPR
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Survey, RoCSI), can offer significant cost-savings over dedicated
ship-based surveys. In some cases, imaging and molecular instruments
can be deployed without the need for experts on board. The initial cost of
instruments and ongoing materials costs make novel methods less
scalable than standard monitoring in their current form. This is likely to
change in future as uptake increases and costs come down. At present,
deployment of automated imaging systems may have a reduced carbon
footprint compared to manned research vessel based surveys, but there
is a downstream carbon footprint from data storage and real-time de-
livery to users — these aspects are likely to be part of ongoing discussions
aimed at moving marine research towards net zero.

5. The risks associated with losing standard plankton
monitoring time-series

As highlighted, standard and novel monitoring approaches present
different advantages and costs, which positions their suitability to
addressing different management needs (Fig. 5). One approach cannot
replace the other. The higher capacity and finer scales of identifying
and/or enumerating plankton associated with novel methods make
them powerful tools for assessing biodiversity knowledge gaps and for
understanding short-term responses to longer-term processes. This in-
formation complements standard monitoring methods and serves to
improve our ability to understand biological responses to anthropogenic
pressures and helps with planning mitigation actions. However, there
are significant hurdles involved with operationalising any novel method
into long-term practical routine monitoring with validation effort and
investment being significant. These challenges need to be overcome
before novel methods can demonstrate the consistent high-quality and
comparable results of the standard monitoring methods which have
been in use for the past century. Standard monitoring also remains the
most accessible globally due to the relatively lower startup costs and
training to start a monitoring programme and so remains the only option
in many countries. Capacity development (training and technology it-
self) in the case of developing countries is a much bigger challenge for
novel and often expensive technologies which will also delay their
adoption. Novel methods operate on hardware and software technolo-
gies that will continue to be upgraded as improvements are made (e.g.,
faster processing, more efficient image capture, more accurate identifi-
cations). Upgrades in novel methods pose a challenge for maintaining a
consistency of methods in long-term monitoring. These are aspects that
need to be considered as novel methods become integrated into moni-
toring practices. Currently, most automated imaging and molecular
methods have high initial outlays and maintenance costs, with signifi-
cant resource and skills required to perform proper validation, which in
some instances may take years. However, this is compensated for by a
higher throughput of samples, albeit currently with a much higher cost
for consumables.
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One of the biggest challenges of long-term environmental research is
maintaining adequate funding to continue operating (Vucetich et al.,
2020). During the 1980s, 40% of the long-term oceanographic moni-
toring programmes initiated after World War II globally were termi-
nated because administrators mistook them for poor science (Duarte and
Cebrian, 1992; Richardson et al., 2006). In the 1980s the CPR Survey
was almost lost due to funding constraints at a time when the North Sea
was undergoing a regime shift that was first detected in the plankton
(Beaugrand, 2009; Reid et al., 2016). Several CPR routes off the US east
coast were also suspended. In the 2010s, again due to funding cuts,
several CPR routes in the North-East Atlantic were cut, and around 25%
of CPR taxonomists were lost in a restructure. Similarly in the US,
funding was lost for two CPR routes, and the US CPR program was
effectively shut down after many decades. Recent funding by the US has
allowed these routes to restart. If the CPR Survey had not been saved,
our current understanding of climate change and its impacts on marine
biodiversity would be severely hampered (Beaugrand et al., 2019;
Holland et al., 2023; McQuatters-Gollop et al., 2019). Several CPR
routes have been temporarily reinstated through the UK Marine Natural
Capital and Ecosystem Assessment (mNCEA) programme, however,
future funding remains uncertain.

Multiple fixed-point stations are currently also in a precarious status.
This includes all long-term zooplankton monitoring sites in the UK,
through funding reductions or loss of taxonomic expertise; and an un-
certain future for the time-series in the Dutch EEZ that were reported to
OSPAR for the 2023 Quality Status Report (OSPAR, 2023). The Dutch
time-series was established as part of OSPAR’s eutrophication assess-
ment concerning harmful algae blooms, which has now been dis-
continued as part of the suite of OSPAR eutrophication indicators.
Currently, monitoring is limited to three Dutch coastal sites. While
standard plankton monitoring in Dutch waters has been eroded, signif-
icant funding has been made available for exploration of novel tech-
niques in the “Nature Strengthening and Species Protection Monitoring
Survey” (MONS) programme under the Dutch North Sea Agreement
(Overlegorgaan Fysieke Leefomgeving, 2020).

Many of the current plankton monitoring programmes throughout
the North-East Atlantic and North-West European shelf waters have
been ongoing since the 1970s to early 2000s, with the CPR commencing
much earlier in 1931 (Stern et al., 2018). Similar to the international
practice of standardising methods across fish trawl surveys conducted by
different nations, the international plankton monitoring community also
recognises the importance of intra-survey consistency in methods. Most
programmes have employed the same sampling equipment and methods
since they were initiated to maintain comparability along their
time-series. Due to the highly variable and patchy distribution of
plankton in both space and time, long-term monitoring is mandatory for
detecting important changes. Hydrological processes, such as the
Atlantic Multidecadal Oscillation (AMO) (Edwards et al., 2013) and

Standard methods (microscopy)

Better insights into
biodiversity status

Al-classification
from moorings, plankton
samples, flow-through systems
or autonomous vehicles

Rapid, informs short time-scale variability,
size structure, delicate plankton

Short time-series,
difficult to obtain species 1D

Microscope analysis of
net/bottle/bucket/hose/CPR samples

Long time-series, consistent method, good taxonomic resolution
Funding reductions, loss of taxonomic expertise, time-consuming

Greatest insights into
biodiversity status

Untenable - needs development,
and taxonomic expertise

Better insights into
biodiversity status
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Fig. 5. Venn diagram summarising the scientific advantages (blue text) and limitations (red text) of the three methods described in this paper. Intersections describe
the current issues and potential insights that can be gained through combinations of these methods. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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North Atlantic Oscillation (NAO) (Zhai et al., 2013) and associated
changes to the sub-polar gyre index (Johnson et al., 2013), generate
pressures on plankton communities lasting several decades. Changes in
plankton communities resulting from direct human impacts can often be
overshadowed by the variability attributed to these natural cyclical
processes (Harris et al., 2014). Thus, long-term continuous data are
necessary for detecting the effects of climate change, such as ocean
acidification, shifting circulation patterns, and rising sea levels, to sup-
port sustainable use of marine resources. We also need to continuously
maintain long-term time-series to understand ecological change since
we can only detect change by comparing current conditions to previous
conditions. Therefore, the value of a time-series for addressing ecolog-
ical questions is inextricably linked to its consistency and duration
(Edwards et al., 2010).

Research funding follows technological advances in automation and
digitalisation, so funding is increasingly allocated to exploring novel and
innovative methods and technologies, whilst there are decreasing routes
to fund long-term initiatives (Vucetich et al., 2020). During the early
2000s, US National Science Foundation (NSF) funding for short-term
ecological research increased by around 70%, while their funding for
long-term research was reduced by approximately 60% (Vucetich et al.,
2020). The UK Natural Environment Research Council (NERC) has
declared a priority to reduce net emissions from climate-related science,
including ocean observing, to help meet net zero goals (National
Oceanography Centre, 2021; UK Research and Innovation, 2023). One
of the ways they aim to achieve this is through promoting the use of
uncrewed surface vehicles, which can monitor the ocean autonomously
(Parker, 2021). The NERC Digital Strategy 2021-2030 prioritises the use
of data from new technologies, including autonomous platforms, geno-
mics, and eDNA incorporated into sensors; benthic crawlers; and animal
borne sensors (National Oceanography Centre, 2023). Novel methods
and associated monitoring datasets may also seem a preferred option to
standard monitoring programmes due to limited funding, however,
there are also significant hidden costs associated with the implementa-
tion, validation, and maintenance of novel methodology, as well as with
the long-term storage and delivery of data acquired with novel methods.

The erosion of monitoring programme funding has also contributed
to reducing taxonomic and ecological capability within the plankton
research community (Rogers et al., 2022; Science and Technology
Committee, 2008). With the current inability to recruit junior taxono-
mists, often driven by a lack of resources, those who remain have little
time to develop their skill set to focus on emerging species of concern.
Critical skills are also lost when experienced taxonomists leave their
work area or retire (see McQuatters-Gollop et al., 2017). Although
recent definitive data on the age of taxonomists are lacking, in the UK
taxonomic experts are retiring and are not being replaced (Science and
Technology Committee, 2008). Research roles of the future including
those driving the development of novel techniques will require taxo-
nomic skills just as much as previously; for example, to train artificial
intelligence classification models, validate and interpret genetic data-
bases, and perform validation between standard and novel methods.
There needs to be a stronger recognition of the essential role that
long-term time-series and taxonomic skills play in the development and
incorporation of new technologies into biodiversity assessments. Main-
taining standard long-term monitoring programmes will provide op-
portunities and incentives to promote training in taxonomy and will
foster accelerated development of novel technology.

6. How novel technologies can complement standard
monitoring

While imaging (Ostle and Hélaouét, 2023) and molecular (Suter
et al., 2021) technologies lack the duration of use (Fig. 2) compared to
standard plankton monitoring (Stern et al., 2018), some parallel data-
sets, such as Plymouth Marine Laboratory’s Western Channel Observa-
tory flow cytometry time-series, commencing in 2007, and eDNA time
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series starting in 2012 (McEvoy et al., 2023) are significantly longer, and
can now support meaningful comparative and harmonisation efforts to
complement standard approaches (Lombard et al., 2019; Ratnarajah
et al., 2023). However, due to plankton’s diverse range of sizes and
patterns of distribution, there is no single universal method that can
effectively sample the full plankton community, leading researchers to
select the most appropriate method to fulfil particular research or policy
aims (McQuatters-Gollop et al., 2024; Owens et al., 2013; Skjoldal et al.,
2013; Suter et al., 2021). In some cases, novel technologies can provide
efficient alternatives for addressing questions related to plankton dis-
tribution in space and time (Scott et al., 2021), targeted detection of
harmful algal bloom species (Medlin and Orozco, 2017), new migrants
or alien species (Creach et al., 2021), and identification of cryptic spe-
cies which cannot be readily identified via standard methods (Goetze,
2003). Automated imaging also holds potential for sampling the
currently under-surveyed large open ocean areas outside of national
jurisdictions due to their ability to operate continuously from autono-
mous platforms (e.g., ocean gliders, buoys) (Ratnarajah et al., 2023).
However, standard methods and associated skills remain critical to
obtaining a detailed taxonomic accounting of the plankton community
and validating novel methods. Most importantly, only standard methods
have decades of associated historical data required to detect long-term
ecological changes.

It is essential that we continue to optimise existing monitoring pro-
grammes, and this may mean pairing novel methods while maintaining
the value of historical data and ensuring the continuity of valuable long-
term time-series and retention of taxonomic skills (Benway et al., 2019).
To achieve this, we make five recommendations (Fig. 6).

1. Gradual integration and intercalibration: We need to conduct
parallel studies which apply novel methods alongside standard
plankton monitoring to calibrate, align and verify novel data types
against standard microscopy methods to ensure compatibility, con-
sistency, and reliability. These studies need taxonomic experts at
their core. Additionally, we need to prioritise combined studies that
take advantage of the specific benefits of both standard (e.g., long-
term perspective) and novel (e.g., higher temporal- or taxonomic
resolution) data types.

2. Rethink how we value and employ taxonomists: The need for
skilled taxonomists is increasing, rather than declining, since their
skills underpin an expanding suite of sampling methods. We need a
much wider realisation of this taxonomic need, at all levels spanning
from funder to that of individual institutes. Much more resource is
needed to invest in training current researchers in both taxonomy
and in operating and interpreting data from novel methods and
recognition of the value of their skillsets. This will help bridge the
gap between traditional taxonomic skills and digital skills to improve
the continuity of long-term monitoring.

3. Incentivise open data practices: Make data from both standard and
novel methods more readily available for public use. The provision of
such data needs to be better rewarded, for instance through
improved data citation cultures and reward structures that are
currently cantered on users rather than producers of data. This
should incentivise rather than stipulate that data producers adopt
FAIR (Findable, Accessible, Interoperable, Reusable; Wilkinson et al.,
2016) principles. Address issues around reproducibility (e.g.,
container platforms; Perkel, 2019) and use of sensitive data.

4. Improve communication: Long-term research is increasingly
underfunded and can be forced into competition with funding for
new technology. The message that long-term time-series are valuable
for climate change research is still not getting through, and we need
to better communicate the value of long-term science to policy-
makers, funders and the public, as well as establishing a better un-
derstanding of the true costs and benefits involved with the various
standard and novel methods.
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Fig. 6. Schematic outlining current threats to ongoing plankton time-series and our understanding of ocean health, as well as a set of recommendations elaborated in
this paper on how to encourage greater adoption of novel methods into monitoring and better integration of these methods with long-term standard monitoring

time-series.

5. Streamline/reprioritise standardised methods: We need to
establish standardised data collection and analysis protocols that
integrate standard and novel methods to ensure time-series remain
comparable across sites and over time. Communication between
laboratories can provide practical efficiency savings at both sample
collection and analysis stages. Standardised methods will improve
the comparability of novel datasets. This requires international
cooperation and cost-benefit analysis to establish a set of best-
practices.

In summary, we should continue to embrace novel technology, while
also ensuring the continuity of standard monitoring time-series. We
cannot simply switch from standard to novel methods since the conti-
nuity of long time-series remains critical to supporting biodiversity as-
sessments (McQuatters-Gollop et al., 2019, 2022); however, it is
imperative that pathways to incorporate these innovative techniques are
soon established. This will require adequate funding, and a recognition
of the time and resources needed for a proper validation of these tech-
niques to integrate them into routine monitoring. Not only can novel
methods complement conventional monitoring, but conventional
monitoring and associated taxonomic expertise remain critical for
informing and validating these methods. As technology continues to
improve, it is possible in the decades to come that standard plankton
monitoring will become less important (Giering et al., 2022), however,
until this occurs, we must find ways to apply standard long-term and
novel methods in a complementary manner to maintain taxonomic
skills, facilitate ongoing scientific progress and inform decision making.
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