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Marine plankton play a crucial yet understudied economic role, contributing both
positively through ecosystem services (ES) and negatively through ecosystem
disservices (EDS). This study employs a mixed-methods approach to address key
research gaps in plankton valuation and plankton value-based policy
optimization. We (i) conduct a semi-systematic review of marine plankton ES
and EDS and their economic assessments, and (i) develop an expert assessment
tool to evaluate the expected effects of marine policy on plankton ES and EDS
and apply it to a hypothetical fully protected marine area. Our review reveals that
while plankton ES are increasingly recognized and classified, their economic
valuation remains scarce due to their indirect and diffuse economic impacts. In
contrast, plankton EDS, though not previously comprehensively classified as
such, have been more extensively quantified, as their economic costs are
typically localized and more directly attributable. The expert assessment,
conducted with 19 marine scientists (including eight plankton specialists),
highlighted the potential of marine protection to enhance research
opportunities, support plankton’s role in marine food webs and fish larvae
recruitment, and mitigate harmful algal blooms (HABs). However, experts also
noted significant uncertainties, particularly due to the high spatial variability and
mobility of plankton. Our findings underscore the need for comprehensive
assessments of the cumulative social benefits of regulating ES beyond carbon
sequestration to better capture plankton’s economic significance. Additionally,
we advocate for more spatio-temporally flexible conservation approaches to
account for plankton dynamism in marine policy and management.
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How to classify,
measure and preserve
the economic values of
marine plankton?

G

Methods

1. Semi-systematic literature
review: classification and
economic valuation studies
of plankton ES and EDS

Expert assessment of the
effects of a hypothetical fully
protected MPA on plankton
ES and EDS

GRAPHICAL ABSTRACT

1 Introduction

Ecosystems create the necessary conditions for life on earth and
provide a large number of benefits to humans, which for several
decades have been conceptualized as Ecosystem Services (ES) to
highlight their economic importance (Costanza and Daly, 1992;
Costanza et al., 1997). On the other hand, some ecosystem activities
have negative impacts on human wellbeing, and have therefore been
referred to as Ecosystem Disservices (EDS) (Shackleton et al., 2016).
Marine plankton, the innumerable organisms drifting in the ocean -
including plants, animals, bacteria, viruses and fungi - are
associated with both ecosystem services and disservices. These life
forms play a crucial role in supporting marine food webs, regulating
global carbon cycles, climate, and producing oxygen. However, they
can also cause ecological disruptions, such as harmful algal blooms
that deplete oxygen levels and release toxins, negatively impacting
marine life and human activities.

The economic importance of marine plankton is increasingly
being acknowledged, as shown by the recent surge in publications
on plankton ecosystem services (B—Béres et al., 2023; Botterell et al.,
2023; Calbet, 2024; Jean-Louis et al., 2025; Naselli-Flores and
Padisak, 2023; Russo et al, 2025). The use of the ecosystem
services classification underscores that, in addition to its vital
supporting and regulating functions like primary production and
carbon sequestration (Falkowski, 2012), plankton also offers
provisioning services, such as food supplements, medical
applications, and potential biofuel use (Naselli-Flores and
Padisak, 2023), along with cultural services linked to its
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Ecosystem services (ES),
e.g. support of marine food
webs, carbon sequestration,
research

>~
~

Ecosystem disservices
(EDS), e.g. related to
harmful algal and jellyfish
blooms

Policy implications

More comprehensive valuation of
plankton ES needed, in particular
for regulating services other than
carbon sequestration

Potential revealed for marine food web
support, research, mitigation of
harmful algal blooms, but high
plankton mobility creates uncertainties
-> calling for flexible and adaptive
conservation strategies

importance in scientific research and aesthetic values of certain
species (Graham et al., 2014).

Planktonic activities are, however, not always beneficial for
humans. Notably, blooms of toxin-releasing algae and jellyfish,
often driven by anthropogenic stressors, exert negative impacts
on health, economies and marine environments (Grattan et al.,
2016; Landsberg, 2002; Nwankwegu et al., 2019; Sagarminaga et al.,
2024). While a number of assessments of the economic damages
caused by those planktonic activities exist (Carias et al., 2024;
Kennerley et al., 2022; Kouakou and Poder, 2019; Osseni et al.,
2021), they have not yet been classified in a comprehensive way as
EDS. By contrast, plankton ecosystem services have recently been
classified extensively following established guidelines (B—Beéres
et al., 2023; Botterell et al., 2023; Naselli-Flores and Padisak,
2023), but associations of beneficial planktonic ecosystem services
with economic value indicators are comparatively scarce and the
few existing studies focus on subsets of planktonic functions and
value domains (Cavan et al., 2024; Jean-Louis et al., 2025).

The rise of ecosystem-based management entails a growing
focus on ecosystem services for marine policy, including
conservation (Luck et al., 2012; McDonald et al., 2020; Naselli-
Flores and Padisak, 2023). Additionally, the recognition of the
importance of marine plankton for human well-being has sparked
proposals to prioritize plankton in marine policy-making (Tweddle
etal., 2018). Yet, scientific investigation of how marine policies such
as conservation measures impact plankton ecosystem services has
not been undertaken. Open questions concern in particular whether
and how marine policies can achieve synergies in addressing the
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provision of plankton ecosystem services and the mitigation of
disservices, and whether, conversely, there are trade-offs to be
considered (Schaafsma and Bartkowski, 2020).

Expert assessments have proven to be an insightful approach to
evaluating policy outcomes on ES and EDS. A key advantage of
these methods is that they enable the consideration of ES and EDS
bundles deemed important, rather than focusing on a more easily
quantifiable subset that may bias policy prioritization (Eastwood
etal, 2016). Furthermore, they can provide rapid estimations for ES
and EDS changes for which biophysical data approximation is
complex and/or scarce (Pham et al., 2025), which is the case for
plankton ES and EDS (Botterell et al., 2023). While expert
assessments have been used for the evaluation of marine and
coastal zone management regarding expected ES outcomes
(Schernewski et al., 2018), they have not been used for the
explicit assessment of plankton ES and EDS. In this article, we
present an expert assessment tool for evaluating changes in
plankton ES and EDS and demonstrate its application with 19
marine scientists to assess the expected impact of establishing a fully
protected marine area in a European shelf sea.

Thus, building on the recognition of marine plankton’s
significance for human well-being and the increasing use of
ecosystem services in ecosystem-based management approaches
to conservation, this article addresses a critical gap in current
conservation strategies by providing (i) a semi-systematic review
of marine planktonic ES and EDS and their respective economic
measures, and (ii) an expert assessment of changes in ES and EDS
provision assuming the implementation of a fully protected marine
area according to IUCN guidelines (Day et al., 2019).

2 Methods

2.1 Classification and economic values of
marine plankton ecosystem services and
disservices

The Millennium Ecosystem Assessment defines ecosystem
services in the following way: “Ecosystem services are the benefits
people obtain from ecosystems. These include provisioning services
such as food and water; regulating services such as flood and disease
control; cultural services such as spiritual, recreational, and cultural
benefits; and supporting services, such as nutrient cycling, that
maintain the conditions for life on Earth” (MEA, 2005).

We base our classification of plankton ecosystem services on the
MEA framework, primarily due to its simplicity, and its inclusion of
supporting services, which are key components of the ecosystem
services provided by plankton. Supporting services are typically
treated as intermediates, contributing to a final service that can be
valued economically (Morse-Jones et al., 2011). Regarding the
services considered, we mainly rely on recently published reviews
(B—Beres et al., 2023; Botterell et al., 2023; Naselli-Flores and
Padisak, 2023), supplemented with literature from a review based
on search terms listed in Supplementary Tables S1 and S2 of the
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Supplementary Material. We searched the Web of Science and
Google Scholar for all possible combinations of plankton search
terms and ecosystem service search terms, as well as plankton
search terms and economic association search terms, and
combinations of all three search term categories. Additionally, we
considered relevant literature in the reference lists of the papers thus
identified. For generalizability, we provide an alternative
classification of ecosystem services following CICES (Common
International Classification of Ecosystem Services) V5.1 (Haines-
Young and Potschin-Young, 2018) in the Supplementary Material
Table S3, which excludes the category of supporting services and
instead considers them as underpinning provisioning services.

Ecosystem disservices have only recently been systematically
categorized and incorporated into ecosystem service assessments
(Campagne et al,, 2018; Guo et al., 2022). Given that certain
planktonic activities are associated with significant EDS that
should be considered in marine policy, we deem it essential to
include them in this review. There is not yet an agreed upon and
standardized approach to ecosystem disservice classification
(Anderson et al., 2025). Our classification follows the frameworks
proposed by Shackleton et al. (2016) and Campagne et al. (2018).

The literature on plankton ES and EDS is highly heterogeneous
and does not necessarily employ a common terminology, but is often
focused on specific subgroups of plankton and specific ES. We
therefore conducted a semi-systematic literature review (Botterell
et al., 2023), combining different strategies. We selected search terms
for plankton ecosystem services and disservices from previously
published reviews and combined them with search terms for
economic values (Supplementary Material S1 and S2). We included
search terms for marine plankton and different subgroups such as
jellyfish, copepods, diatoms and cyanobacteria that represent
planktonic keystone groups. The literature search was conducted
using Web of Science and Google Scholar for scientific literature, and
Google for grey literature on economic values (see below).

The primary objective is to synthesize methods and outcomes of
marine plankton valuation. This posed differentiated challenges to
us for ES and EDS. Plankton ES valuation is almost completely
absent from the literature, therefore we consulted both scientific
publications as well as grey data and created associations between
economic outcomes and plankton where possible, in a similar
manner to Campagne et al. (2015)’s approach to the valuation of
Posidonia oceanica ecosystem services valuation in the
Mediterranean. Contrastingly, for some plankton EDS, valuation
studies are quite abundant and have been subject to reviews. We do
not give a full account of them here, but provide an overview of the
different methods and outcomes and refer to the respective reviews
for details.

Although the distinction is somewhat coarse (Russo et al,
2025), we distinguish between phyto- and zooplankton in this
article. We make this choice because other recently published
reviews employ these categories (Botterell et al., 2023; Naselli-
Flores and Padisak, 2023), and because they are the most popular
distinction used in policy documents, such as the European Union
Marine Strategy Framework Directive.
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FIGURE 1

BlOcean5D study region and location where the expert assessment was carried out during the 2025 general assembly (Barcelona).
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2.2 Expert assessment of changes in
ecosystem service and disservice provision
assuming the implementation of a fully
protected marine area

The current interest in marine plankton ES and EDS
demonstrates their relevance for marine policy-making. Tweddle
et al. (2018) argue that phytoplankton parameters should be
explicitly considered within conservation objectives, due to their
importance in supporting ecosystem functions and ES, but caution
that a challenge to this approach is the difficulty in assessing
phytoplankton ES such as primary production based on available
data (which is improving with more advanced methods for
including subsurface information to complement satellite data,
but remains costly). Russo et al. (2025) underscore the strong
connection between environmental conditions, plankton
biodiversity and ES, however changes in plankton ES in response
to changes in environmental conditions are very difficult to

Frontiers in Marine Science

pinpoint because of the high number of factors that contribute to
them in an interacting manner (Tagliabue et al., 2021).

The expert assessment aimed to evaluate the potential of area-
based marine protection regarding the provision of plankton ES and
EDS, thereby proposing an additional method for the literature
branch dealing with the plankton ecosystem services case for marine
protection (Jean-Louis et al., 2025). The method is useful to
synthesize different experts’ knowledge and personal experiences
into likely potentials for ES and EDS outcomes. We designed the
methodology of the expert assessment based on previous studies of
expert evaluation of ES/EDS potential of different ecosystems and/
or policy options, notably Schernewski et al. (2018) and Campagne
et al. (2018).

The research project BlOcean5D, in scope of which the work on
this article was conducted, focuses on European marine life and
unites many internationally renowned marine scientists and
notably plankton experts. Therefore, we chose to create a marine
protection scenario set in the BIOcean5D study region (Figure 1)
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TABLE 1 List of plankton ecosystem services (MEA classification), associated quantitative indicators used in the expert assessment, labels used for the

analysis and references that served as basis for the indicators.

MEA ecosystem

service category

Description

Indicator

References

Provisioning services

Food, other materials Zooplankton harvest Potential quantity of zooplankton P1 Raposo et al. (2022);
harvested for human consumption or Edelist et al. (2021)
other uses
Phytoplankton harvest Potential quantity of phytoplankton P2 Gantar and Svircev (2008)
harvested for human consumption or
other uses
Regulating services
Air quality maintenance Photosynthesis Quantity of oxygen produced R1 Falkowski (2012)
by phytoplankton
Climate regulation Phytoplankton as part of the Quantity of CO2 acquired R2 Turner (2015);
biological carbon pump by phytoplankton Cavan et al. (2024)
Zooplankton as part of the Quantity of CO2 sequestered through R3 Turner (2015);
biological carbon pump zooplankton fecal pellets Cavan et al. (2024)
Quantity of CO2 sequestered through R4 Turner (2015);
dead zooplankton Cavan et al. (2024)
Quantity of carbon sequestered through R5 Turner (2015);
the lipid pump Cavan et al. (2024)
Water purification and Zooplankton regulation Quantity of N&P reduction by jellyfish R6 Prakash et al. (2022)
waste treatment of waste and copepods
Biological control Zooplankton role in Quantity of harmful species populations R7 Von Riickert and Giani (2008)
biological control predated by zooplankton
Phytoplankton role in Quantity of harmful phytoplankton R8 Naselli-Flores and
biological control outcompeted by non-harmful populations Barone (2011)
Cultural Services
Education and science Zooplankton and Number of scientific studies based Cl Yuan et al. (2015); Bezares
phytoplankton research on plankton Calderon et al. (2024)
Zooplankton and Number of ecosystem health assessments C2 Boldrocchi et al. (2023)
phytoplankton as biomonitors based on plankton
Recreation and tourism Bioluminescent plankton as Number of tourists engaging with C3 Haddock et al. (2010)
tourist attraction bioluminescent plankton
Supporting Services
Food source for higher Zooplankton as a food source Quantity of zooplankton that serves as S1 Turner (2004); Hofmann and
trophic levels for other species food for pelagic organisms Murphy (2004)
Quantity of zooplankton that serves as S2 Wotton and Malmgqyvist (2001)
food for benthic organisms
Phytoplankton as a food Quantity of phytoplankton that serves as ~ S3 Falkowski (2012)
source for other species food for pelagic organisms
Quantity of phytoplankton that serves as S4 Falkowski (2012)
food for benthic organisms
Larvae recruitment to fisheries Importance of zooplankton for | Number of fish larvae that develop into S5 Lomartire et al. (2021)
larval recruitment to fisheries adult fish
Hosts and refugia for Importance of zooplankton as Number of juvenile animals that find S6 Doyle et al. (2014)

other animals

a host or refugia

refuge in jellyfish
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TABLE 2 List of plankton ecosystem disservices, associated quantitative indicators used in the expert assessment, labels used for the analysis and

references that served as basis for the indicators.

Dimension of

Ecological process

Indicator

References

well-being affected

Harmful algal blooms Economic dimension Share of harmed animals HAB1 Trottet et al. (2022)
in aquaculture
Share of harmed animals in fisheries HAB2 Karlson et al. (2021)
Reduction in tourism potential due to HAB3 Alvarez et al. (2024)
harmful algal blooms
Health dimension Number of people harmed through HAB4 Van Dolah et al. (2001)
direct contact
Number of people harmed through HAB5 Van Dolah et al. (2001)
toxic food intake
Ecological dimension Number of marine organisms harmed = HAB6 Karlson et al. (2021)
Jellyfish blooms Economic dimension Share of harmed animals JB1 Bosch-Belmar et al. (2021)
in aquaculture
Share of harmed animals in fisheries ]B2 Bosch-Belmar et al. (2021)

Reduction in tourism potential due to = JB3

Kennerley et al. (2022)

Albedo effects Phytoplankton reduces ocean

surface albedo

facilitated by jellyfish predation on
grazing zooplankton

Changes in ocean surface layer Al
temperature due to phytoplankton

jellyfish algal blooms
Health dimension Share of people stung JB4 Lakkis et al. (2015)
Ecological dimension Number of toxic algal blooms JB5 Stoltenberg et al. (2021)

Frouin and Tacobellis (2002)

and to be evaluated by BIOcean5D experts. Since the experts are
based in different European countries and some work on different
marine areas, while others do not conduct area-specific research, we
decided to base the scenario in a representative region of the study
site without a more specific localization.

While there is important heterogeneity regarding plankton ES
depending on local conditions (Russo et al., 2025), we were
interested in the general potential of marine protection for ES/
EDS outcomes and refined the scenario by providing a broad
description of environmental conditions and economic activities
in a representative area (see below). The ES/EDS indicators were
based on the literature review that constitutes the first part of this
article. Under consideration of their relevance for our specific area
of interest, we developed 19 quantitative ES and 12 EDS indicators
(Tables 1 and 2). According to the framework by Haines-Young and
Potschin (2010), a cascading relationship exists between the two
ends of a “production chain” of ecosystem services: the ecological
structures and processes, or supply, on the one end and the final
benefits to humans, or demand, on the other. Certain plankton ES,
such as provisioning services depending on extraction, require
active demand, which may be confined to certain geographical
areas. In such cases, we defined the quantitative indicators as the
potential for the provision of the service. The scenario and
indicators were developed with counseling by one of the experts.

The scenario description specified that the evaluation should
consider a representative, currently unprotected sea shelf area

Frontiers in Marine Science

within the BIOcean5D study region, which due to its ecological
or biological characteristics, could be subject to protection. It was
also supposed that economic activities, such as commercial fishing,
aquaculture, tourism, transportation, recreation and scientific
research occur in a way typical for the region. Table 3
summarizes general conditions of European sea shelf waters
regarding plankton ecological conditions, anthropogenic pressures
and socioeconomic context. Plankton primary productivity is
generally moderate to high in coastal areas, with signs of stress
due to eutrophication and warming. Habitat degradation is
prevalent in seagrass beds and benthic communities and fish
biomass is moderate to declining. Anthropogenic pressures
include fishing, aquaculture, coastal development, pollution from
agricultural runoft and maritime transport and localized tourism
impacts. Coastal economies are generally mixed-use, with fisheries,
aquaculture, tourism and port-related activities being the main
sources of ocean-related income.

The change scenario to be evaluated was the introduction of a
marine protected area (MPA) of average size. Most of the European
sea shelf MPAs are smaller than 150 km® (Aminian-Biquet et al.,
2024). The scenario specifies that the MPA would be fully protected
following IUCN definition of category Ia: “Strictly protected areas
set aside to protect biodiversity and also possibly geological/
geomorphological features, where human visitation, use and
impacts are strictly controlled and/or limited to ensure protection
of the conservation values. Such protected areas can serve as

frontiersin.org
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TABLE 3 Baseline of ecological conditions, anthropogenic pressures and socioeconomic context for the representative European sea shelf area

considered in the expert assessment.

Baseline Category

Ecological Baseline

Anthropogenic Pressures

General description

Moderate to high levels of plankton productivity in
coastal and shelf areas, with signs of stress due to
eutrophication and warming trends; habitat degradation
in seagrass beds and benthic communities; moderate to
declining fish biomass.

Presence of artisanal and industrial fishing, aquaculture,
coastal urbanization, moderate pollution loads (mainly
from agricultural runoff and maritime transport), and
localized tourism impacts, recreation, scientific research
and other anthropic activities occur.

Exemplifications

Plankton productivity and eutrophication: Coastal and
shelf areas exhibit moderate to high levels of plankton
productivity. However, this productivity is increasingly
stressed by eutrophication and warming trends. Elevated
nutrient inputs from anthropogenic sources lead to
eutrophication and hypoxic conditions that disrupt
benthic communities, reduce fish biomass and promote
phytoplankton blooms that can disrupt ecosystem balance
(Cermefio et al., 2008; Malone and Newton, 2020).
Simultaneously, rising sea surface temperatures affect
plankton community composition and reduce overall
productivity (OSPAR, 2023).

Habitat degradation in seagrass beds and benthic
ecosystems: Seagrass meadows are declining globally due
to eutrophication, warming waters, and physical
disturbances, which threaten their role in supporting
marine biodiversity (Waycott et al.,, 2009). Together with
benthic habitats play a crucial role in supporting plankton
ecosystems, however due the degradation of these habitats
and factors like coastal development and pollution, can
alter nutrient cycling and light availability, impacting
phytoplankton growth and diversity (Duffy, 2006).

Moderate to declining fish biomass: Overfishing and
habitat degradation have led to declining fish biomass in
many coastal regions, affecting the sustainability of
fisheries and the health of marine ecosystems (Palomares
et al,, 2020). Changes in plankton communities,
particularly reductions in phytoplankton biomass and
shifts toward less nutritious species, have cascading effects
on higher trophic levels. Such alterations can lead to
declines in fish biomass, affecting fisheries and overall
marine biodiversity (OSPAR, 2017).

Artisanal and industrial fishing pressures, including
aquaculture: Both artisanal and industrial fishing contribute
to the depletion of fish stocks and can negatively impact
marine ecosystems through bycatch and habitat destruction
(Coll et al., 2010). Additionally, overfishing alters food web
structures, potentially leading to changes in plankton
predator populations and nutrient cycling, which in turn
influence plankton community composition considering the
top-down effect that fishing activities can have on planktonic
communities (Reid, 2000).

Coastal urbanization, pollution and other anthropic
activities: Urban development along coastlines increases
pollution from sewage, agricultural runoff, and maritime
activities, leading to the degradation of coastal habitats
(Barragan and De Andres, 2015). Climate change and
elevated microplastic concentrations have been shown to
exert the most significant negative effects on copepods and
krill, with cascading consequences for ecosystem services
such as climate regulation, water quality, material
provisioning, scientific research, and recreational activities
(Botterell et al., 2023)

Tourism and recreation impacts: Tourism in coastal areas
can lead to habitat destruction, pollution, and increased
pressure on marine resources, necessitating sustainable
management practices (Mejjad et al., 2022). Increased
nutrient loads from tourism infrastructure can exacerbate
eutrophication, leading to algal blooms and altered
plankton dynamics (Li et al., 2025), causing in turn
negative impacts at the socioeconomic level due to the
increase in harmful algal blooms (Alvarez et al., 2024).
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TABLE 3 Continued

Baseline Category General description

Socioeconomic Context

density with varying dependence on marine resources

across subregions.

Mixed-use coastal economies, with fisheries,
aquaculture, tourism, and port-related activities being
the main sources of income; moderate population

10.3389/fmars.2025.1607996

Exemplifications

Mixed-use coastal economies: Coastal economies often
rely on a mix of fisheries, aquaculture, tourism, and port-
related activities, making them vulnerable to
environmental changes and resource depletion (European
Commission. Directorate General for Maritime Affairs
and Fisheries. & European Commission. Joint Research
Centre, 2021).

Population and dependence on marine resources: The
livelihoods of coastal communities are closely tied to
marine resources, with varying degrees of dependence
influenced by population density and economic activities
(Selig et al., 2019). Communities relying heavily on
fisheries and aquaculture are particularly vulnerable to
changes in plankton ecosystems, which can affect food
security and livelihoods (Chapman et al., 2020).

indispensable reference areas for scientific research and monitoring.”
(Day et al., 2019), meaning that the allowed activities are limited to
sustainable tourism and scientific research. We chose this policy
option to be evaluated because MPAs increasingly have multiple
objectives, including sustaining and/or increasing the provision of
ecosystem services (Arkema et al, 2024). We do not intend to
suggest that full protection is the option that necessarily maximizes
(plankton) ES, but instead aim to create a scenario that is both easily
understandable and includes a significant contrast between the two
comparison points. Rather than limiting the expert assessment tool
to this case, we hope that it can be used to assess other scenarios, for
instance to site MPAs and evaluate different management measures.

It is assumed in the scenario that the MPA would be well-
managed and therefore ensure efficient protection, and that the
evaluation period is long enough so that changes could be detected,
which is generally assumed to be approximately 5 years after
implementation (Brun et al., 2024; Aurellado et al,, 2021; Lenihan
et al., 2021; Marriott et al., 2021; Abesamis et al., 2014). However,
land-based protection is not included in the scenario and thus typical
pressures originating from terrestrial activities would still be present.

The expert assessment took place during a workshop at the
BIOcean5D general assembly in February of 2025. Two study
authors delivered a PowerPoint-supported oral presentation,
followed by a Q&A and short deliberation among scientists to
ensure common understanding of the task and indicators.
Subsequently, the experts received a link to a Qualtrics-based
online survey, where the scenario was once again briefly outlined
and they were asked to individually provide their evaluations of
expected changes in the ES/EDS indicators following the
introduction of the MPA.

We distinguish between two groups of experts, based on their
own declarations: those that are explicitly plankton experts because a
significant part of their work deals with plankton, and other marine
scientists. Additionally, we asked the respondents for details about
their scientific background. The expertise of the self-identified
plankton experts spanned the following domains: plankton
ecology, including phytoplankton and zooplankton dynamics,
HABs, and marine eukaryotic biodiversity; genomic approaches,
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including metagenomics and environmental genomics, with
bioinformatics applied to the study of cyanobacteria,
picophytoplankton, and microalgae; biogeography and system-level
analysis, encompassing phytoplankton and fish; and numerical
modeling, focused on simulating plankton dynamics. The areas of
expertise of the other marine scientists were closely related, included
marine biology and microbial ecology, with a focus on marine
microorganisms, diatom-bacteria interactions, and microbial
diversity in deep-sea sediments; environmental chemistry,
particularly in relation to organic matter dynamics; ecosystem and
food web modeling, with applications to plankton diversity and
phytoplankton biogeochemical roles.

Additional information about the participants and their
scientific backgrounds can be found in the Supplementary
Material (S3).

A total of 19 scientists (8 plankton experts) responded to the
survey. Campagne et al. (2017)’s investigation of panel sizes for
ecosystem service expert capacity matrices suggests that ideally, a
panel should include at least 10 experts.

For the assessment, the experts compared the present state
(unprotected sea shelf area in the target region) to the hypothetical
scenario (the same area as a fully protected MPA). The expected
changes were measured on a 7-point scale ranging from significant
decrease (-3), moderate decrease, slight decrease, no change (0), to
slight increase, moderate increase and significant increase (+3).
Participants were explicitly asked to indicate 0 if they expected no
change, and to leave the score blank if they did not feel like they had
sufficient knowledge to answer. The scale was complemented with
relative quantitative indications, where -3 (+3) was taken to be a >10%
decrease (increase), -2 (+2) a 5-10% decrease (increase) and -1 (+1) a
~5% decrease (increase). Thus, all values are estimated relative
differences between the status quo and the hypothetical scenario.

In addition to the expected changes, experts were asked to
indicate how confident they were in their answers, measured on a
scale from 1 (low confidence) to 5 (high confidence), following the
recommendation of Campagne et al. (2017). They could also
provide comments and explanations of their scores where they
deemed it necessary.
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3 Results

3.1 Classification and economic values of
marine plankton ES and EDS

Figure 2 provides a textual, Figure 3a visual overview of our
findings from the literature review. Plankton ES are categorized
following the MEA framework, distinguishing between zoo- and
phytoplankton. Plankton EDS are categorized following
Shackleton et al. (2016) and Campagne et al. (2018). We indicate
with symbols whether and how economic associations have been
established for the respective ES and EDS. The literature review is
detailed below.

3.1.1 Ecosystem services

Despite the recent emergence of literature on plankton
ecosystem services, explicitly linking them with economic values
is essentially a new practice. The only three economic valuation
studies explicitly addressing plankton ecosystem services are by
Berzaghi et al. (2025); Cavan et al. (2024) and Jean-Louis et al.
(2025). The ecosystem service valued in the former two is carbon
sequestration, considering the entire biological carbon pump
(Berzaghi et al., 2025) and krill carbon sequestration in the
Southern Ocean (Cavan et al., 2024), respectively. In the study by

10.3389/fmars.2025.1607996

Jean-Louis et al. (2025), several attributes related to plankton
biodiversity are valued, which, following our classification,
contain both the provision of ES and the mitigation of EDS.
Different ES categorizations were used in previously published
reviews. Regarding phytoplankton, Naselli-Flores and Padisak
(2023) and B-Beres et al. (2023) use the MEA framework. For
zooplankton ES, Botterell et al. (2023) employed the CICES
(Commin International Classification of Ecosystem Services)
framework, with the addition of supporting services. We use the
MEA framework because of its simplicity and the prospective
inclusion of supporting services.

3.1.1.1 Provisioning services

Marine zooplankton have been associated with an array of
provisioning services. Krill and copepods are used to make oil
supplements that are rich in omega-3 fatty acids, and also contain
proteins, vitamins, minerals and the antioxidant astaxanthin
(Kwantes and Grundmann, 2015; étepén et al., 2021). They are
thus used for human consumption as well as animal feed.
Gelatinous zooplankton, i.e. jellyfish, are also consumed as food,
especially in Asia (Raposo et al., 2022), while other possible markets,
notably in Europe, are being explored (Edelist et al., 2021). Jellyfish
are further used as animal feed, soil fertilizer, and for
pharmaceutical and biotechnological applications, notably due to
their collagen, fatty acids and venom (Duarte et al.,, 2022).

Marine plankton ecosystem services Marine plankton ecosystem disservices
Ecosystem service category Zooplankton Phytoplankton Dimension of
I1-bei Jellyfish bl Harmful algal Albedo eff
Krill and copepod oil Microalgae as food chf 3 Z’"g cllylish bloom bloom edo effects
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FIGURE 2

Plankton ES and EDS identified in the literature. Symbols indicate those for which valuation studies have been conducted (existing valuation) and for

which proxies are proposed in this article (valuation proposed).
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FIGURE 3

Visual representation of marine plankton ES (green) and EDS (red). Created in https://BioRender.com.

Jellyfish are harvested through fishing, but jellyfish aquacultures
also exist, mainly in China (Duarte et al, 2022). The global
production of jellyfish in 2021 amounted to 208,000 t (FAO, 2024)
with a “stable value of around USD 2500/ton” (Raposo et al., 2022,
p- 3), and thus a total value of about USD 520 million.

Krill and copepods are fished, but not produced in aquaculture
(Abate et al., 2015). The global market volume of krill oil in 2021
was estimated at USD 824.17 million (Grand View Research, 2021).

Phytoplankton, such as microalgae and cyanobacteria, are also
consumed as food in several non-Western countries (Gantar and
Svircev, 2008). They are further used as animal feed, soil fertilizer
and their pigments are extracted as natural coloring agents
(Abdulrahman et al., 2023; Pagels et al.,, 2021). Certain
phytoplankton species possess the potential to produce
hydrocarbons which represent a renewable energy source (Djoru
and Gimin, 2020). Microalgae and cyanobacteria are used for the
production of bioplastics (Lopez-Pacheco et al., 2022) and, due to
their capacity to produce toxins, for pharmaceutical applications.
Microalgae are typically cultivated in hatcheries. Additionally,
phytoplankton have been shown to biodegrade plastics, thereby
contributing to waste treatment and the improvement of ocean
health (Schenone et al., 2025). The global microalgae market was
estimated at USD 3.4 billion in 2020 (Loke Show, 2022).
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3.1.1.2 Regulating services

Both marine phyto- and zooplankton contribute to the
biological carbon pump, i.e. the ocean’s biologically driven
sequestration of carbon. Phytoplankton perform photosynthesis,
thereby acquiring CO, (Falkowski, 2012).

Subsequently, they are either consumed by other organisms, or
they die and sink to the ocean floor. Zooplankton further contribute
to carbon sequestration through the sinking of fecal pellets and
carcasses. Additionally, vertically migrating zooplankton enhance
carbon storage through their movement (Turner, 2015). The
physical movement of water masses, particularly vertical mixing,
also adds to the sequestration of carbon (Claustre et al., 2021).

The carbon sequestration potential of open-ocean pelagic
ecosystems, and notably plankton, is vastly under-investigated.
Cavan et al. (2024) conducted an estimation of the amount and
economic value of carbon sequestered by antarctic krill. Using krill
density based on samples, a fecal pellet egestion rate and an ocean
circulation model, they conclude that krill sequester 20MtC per year,
which is a similar amount to the key coastal “blue carbon” habitat
represented by mangroves. Multiplication with a social cost of CO,
(SCCO,) range between USD 51 (SCCO, in the US at the time of the
study) - 640 (global average at the time of the study) per tCO, leads to
an estimated economic value range of USD 3.7 - 46.1 billion per year.
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Nowicki et al. (2022) assimilated satellite and in situ ocean
biogeochemical observations to model the entire biological pump
and quantify global and regional carbon export and sequestration.
They used the Carbon, Acidification, Fisheries, Ecosystems (CAFE)
model for their estimation of net primary production. The total
amount of carbon exported via the biological pump is estimated at
10.2 Pg per year. The study authors do not provide monetary
estimates, but if we use Cavan et al. (2024)’s approach and SCCO,
range, we obtain the following results: with a conversion factor of 3.67
(EPA, 2024), the biological pump export is 37.43 Pg CO, and the total
economic value USD 1.91 - 23.99 trillion per year. More recently,
Berzaghi et al. (2025) also modelled global carbon export attributable
to the biological pump, using the NEMO-PISCES-APECOSM model
which explicitly includes fish and zooplankton vertical migration, and
obtained an estimate of 2.81 Pg of carbon per year. They applied a
CO, offsetting price of USD 90 and subsequently reported a yearly
total value of USD 928 billion for this plankton ES.

The deliberative choice experiment by Jean-Louis et al. (2025)
included an attribute on marginal increases in carbon sequestration
in a proposed MPA. On average, the workshop participants from 5
European countries were willing to pay about 0.30€ (USD 0.32) for
a 1% increase in carbon sequestration by plankton.

Additionally, zooplankton can contribute to water purification
and the regulation of waste, by reducing nitrogen and phosphorus
concentrations (Prakash et al.,, 2022). Zooplankton and
phytoplankton can fulfil functions of biological control, through
predation (Von Riickert and Giani, 2008) and competition (Naselli-
Flores and Barone, 2011) of harmful species.

3.1.1.3 Cultural services

Marine plankton provide ecosystem services related to
education and science, notably by functioning as bioindicators for
the ecological status of marine environments (Boldrocchi et al.,
2023), as well as serving as a foundation for fundamental research
(Yuan et al,, 2015; Bezares Calderon et al., 2024). Recent European
marine research and citizen science projects with a strong focus on
plankton, such as BIOcean5D, Plankt’Eco and Plankton Planet,
have received substantive research funds, demonstrating marine
plankton’s high scientific relevance.

Regarding the cultural service of entertainment, jellyfish are
displayed in aquariums, providing an aesthetic and educational
experience to visitors (Hayward, 2012). Additionally,
bioluminescent phytoplankton has become a tourist attraction
(Haddock et al., 2009).

3.1.1.4 Supporting services

Plankton are among the main providers of oceanic supporting
services. Phytoplankton-based primary production generates vital
biomass and oxygen (Falkowski, 2012). Both zoo- and
phytoplankton are important for the cycling of nutrients, notably
nitrogen and phosphorus (Arrigo, 2005; Karakus et al., 2022). Both
provide food sources for higher trophic levels (Turner, 2004) and
contribute to sediment formation by sinking to the ocean floor
(Bostrom et al., 1974). Fish and crustaceans have an early
developmental stage within the zooplankton (Lomartire et al,
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2021), and thus the recruitment of zooplankton larvae is a
supporting service for fisheries. Jellyfish, moreover, act as refugia
for juvenile fish which they shelter under their bells (Doyle
et al., 2014).

In the deliberative choice experiment by Jean-Louis et al.
(2025), the attribute “stable plankton composition” is described as
essential for enabling/supporting all plankton ecosystem services.
On average, participants were willing to pay at least 50€ (USD 54) to
increase plankton composition stability, making it the highest-
valued attribute.

3.1.2 Ecosystem disservices

Besides the numerous benefits that marine plankton provide for
humans, planktonic activities are also associated with negative
impacts on well-being. In particular, blooms of jellyfish and toxic
algae have been characterized with regard to the damages they cause
to economies, human health and marine environments (Bosch-
Belmar et al., 2021; Carias et al., 2024).

Jellyfish blooms have been characterized by Botterell et al.
(2023) and Graham et al. (2014) along the lines of ecosystem
services categories, i.e. as negative effects on provisioning,
regulating, cultural and supporting ecosystem services. However,
as Shackleton et al. (2016) point out, a characterization of EDS as
the absence or diminishment of ES may be insufficient for a
weighing of policy options, especially because not all dimensions
of EDS may be covered. For instance, classifying effects of jellyfish
stings as a diminishment in a cultural service seems too reductive, as
the effect is not limited to the elimination of a pleasant experience,
but creates an additional negative impact that may cause serious
impairments or even death. Therefore, we propose a classification of
plankton EDS, following the framework by Shackleton et al. (2016)
with modifications inspired by Campagne et al. (2018), which
distinguishes between three dimensions of well-being affected:
economic, health-related and ecological.

3.1.2.1 Jellyfish blooms - economic dimension

Important economic harms of jellyfish blooms affect the
fisheries sector and are linked to damaged catch, i.e. the negative
effects of predation and toxins on commercially valuable fish, and to
damaged or clogged fishing nets (Bosch-Belmar et al., 2021).
Detailed information on the extent of these economic impacts on
the fishing sector is rare and global estimates are not currently
available. Several local estimations using different quantification
methods have been undertaken and shall be briefly reviewed here.

The most comprehensive study focusing on the economic
impact of jellyfish blooms on fisheries was published by Palmieri
et al. (2014) and focused on the Italian northern Adriatic Sea. The
estimation was based on interviews conducted with fishers in 2012
regarding their economic losses which were then extrapolated to the
regional level. Economic losses due to reductions in fish catches
were estimated at USD 8.2 million per year and fuel costs related to
the displacement of fishing activities were estimated at USD
460,000. The Northern Adriatic fleet makes up 30% of the Italian
fleet in terms of size (European Commission, 2022). Fishing volume
in the [talian Adriatic Sea decreased from 88,376 tons in 2012 to
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59,773 tons in 2023 (Eurostat, 2025) in line with the objectives of
the EU Common fisheries policy (CFP), therefore the nominal
losses linked to jellyfish may have decreased as well.

Another study based on self-reported costs to fishers was
conducted by Uye (2011). It focused on damages caused by the
giant Nemopilema jellyfish to set-nets around the Japanese coast.
During bloom periods, clogging can lead to breaking nets, fishing is
suspended and fishermen may be laid off. An important bloom
happened in 2005, which caused economic damages worth USD
380 million to fisheries according to reports made of fishers to the
Japan Sea National Fisheries Research Institute. In 2009, despite an
important bloom, economic losses were reduced to USD 125
million thanks to an improved warning system (Lucas et al., 2014).

Graham et al. (2003) reported an expert assessment conducted
by a member of the Mississippi Department of Marine Resources
regarding the losses to the US shrimp fishery in the Gulf of Mexico
in the year 2000 as a result of the invasive rhizostome Phyllorhiza
punctata. They estimated the direct losses associated with the
clogging of shrimp nets to be about USD 10 million, while
indirect effects related to predation on eggs and larvae could not
be estimated due to a lack of detailed information.

Regarding aquaculture, jellyfish impacts have mainly been linked
to increases in fish mortality and gill damage (Bosch-Belmar et al,
2021). Their full economic extent is difficult to estimate, because
jellyfish involvement in gill pathologies is currently unquantifiable
(Clinton et al.,, 2021). Bosch-Belmar et al. (2021) provide the first
compilation of economic estimations of jellyfish interactions on
aquaculture, based on “grey” literature. According to this data,
economic losses due to a Pelagia noctiluca bloom killed 100,000
salmon in Ireland in 2013, leading to an economic loss of at least USD
1.2 million. The same species caused a loss of USD 1.9 million in
Scotland in 2014, when 300,000 salmon died. In 2018, a bloom of
Aurelia led to the death of an unspecified number of salmon in
Tasmania, causing damages estimated at USD 7.1 million.

Another economic aspect of wellbeing impacted by jellyfish
blooms is the obstruction of cooling water intake for nuclear- and
coal-fired power stations (Lucas et al., 2014). Following increases in
the volume of marine biota, for example due to blooms, the intake
of water can be significantly reduced. Power stations then run at
reduced efficiency or they may even temporarily shut down as a
precautionary measure to prevent overheating of the reactors. The
only available economic assessment we found was conducted in
south-east India in 1995 and 1996 (Masilamoni et al., 2000). It was
found that large numbers of jellyfish appeared on the water intake
screens of the Madras Atomic Power Station in the summer, leading
to head loss worth about USD 2,000 per day. Additionally, the plant
was forced to temporarily shut down because of jellyfish blocking
the cooling water intake, causing losses of USD 100,000 per day.

Jellyfish blooms also negatively impact the highly lucrative
tourism sector. Due to the risk of stings and aesthetic concerns,
tourists tend to avoid jellyfish bloom-prone areas. Stated preference
studies were a preferred way to value this EDS. A study eliciting
hypothetical beach trip frequency conducted in Israel in 2013
(Ghermandi et al., 2015) found that a jellyfish bloom would
reduce the number of beach trips between 3% and 10.5%, which
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corresponds to a monetary loss in the range between 8.9 million ILS
(USD 2.37 million, converted to 2013 USD and adjusted for
purchasing power parity) and 31.1 million ILS (USD 8.29
million). A choice experiment conducted in Spain in 2011 (Nunes
et al, 2015), estimated the potential welfare gains related to a
reduction in jellyfish bloom risk. It was reported that aggregated
wellbeing gains associated with a reduction of jellyfish blooms in
Catalonia would be around 422.60 million Euro annually (USD
503.1 million). In 2018, another choice experiment study was
conducted among international tourists in the island of Mallorca
(Spain) (Ruiz-Frau, 2023), which observed that tourists were on
average willing to pay 33.3 Euro (USD 37.84) to avoid high jellyfish
presence. No population-level extrapolation was made in the study,
but if we consider that 11.7 million international tourists visited
Mallorca in 2018 (https://roadgenius.com/statistics/tourism/spain/
mallorca/), then the total willingness-to-pay (WTP) may be up to
389.61 million Euro (USD 442.74 million).

In the choice experiment study by Jean-Louis et al. (2025), the
risk for jellyfish blooms and for harmful algal blooms was combined
into a single dichotomous attribute. Across all study locations,
bloom avoidance received the lowest WTP of the attributes,
between 12€ and 17€ per year (USD 13-18). However, its
perceived value is likely conflated with that of the supporting
service “stable plankton composition”, as discussed above.

3.1.2.2 Jellyfish blooms - human health dimension

Some species of jellyfish possess stinging cells which produce
harmful toxic effects on humans. Depending on the type of venom,
reactions include skin irritation, pain, nausea, or even cardiac and
respiratory arrest which can be fatal (Lucas et al., 2014). Jellyfish
sting-related deaths are quite rare, but the most frequent
occurrences seem to be in Malaysia and the Philippines, where
about 20 to 50 people die each year as a result of jellyfish stings
(Fenner et al,, 2010). Non-fatal stings are especially frequent in
Australia, where about 10,000 stings each summer are attributed to
Physalia physalis alone (Lucas et al., 2014). We found one study that
specifically investigated jellyfish sting-induced health costs. Based
on hospital admission data from the Salento area (Italy), a study
conducted between 2007 and 2011 estimated that about 40,000
jellyfish stings occurred on Italian coasts during the study period,
causing 2 million Euros per year in cost to the Italian healthcare
system (De Donno et al., 2014).

Finally, human health is affected when subsistence fisheries, i.e.
fishers and their families who consume the fish they catch
themselves, rather than selling them, are threatened by the
massive presence of jellyfish. A recent study ascertained that 52.8
million people engaged in subsistence fishing at some point during
the year in 2016 (Virdin et al, 2023). Jellyfish blooms threaten
subsistence fisher’s vital catches through the direct effects on fishing
described above or through trophic cascades detailed in the next
paragraph (Lloret et al., 2018).

3.1.2.3 Jellyfish blooms - ecological dimension

Jellyfish, as alluded to above, fulfil important functions in
marine trophic webs. They are notably predators of zooplankton
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and can influence the plankton ecosystem structure through trophic
cascades (Wright et al., 2021). With grazing zooplankton
diminished by jellyfish, increases in phytoplankton can be
observed. They also contribute to the biogeochemical cycle
through excretion and sinking carcasses (ibid.). During jellyfish
blooms, the high biomass thus achieved make them a significant
vector for the export of nutrients to the benthos. Because of their
bloom-and-bust dynamic, jellyfish represent unpredictable and
ephemeral biomass (Fernandez-Alias et al., 2024).

3.1.2.4 Harmful algal blooms - economic dimension

Harmful algal blooms (HABs) are associated with some of the
most feared plankton ecosystem disservices, which are closely linked
to anthropogenic pressures such as overfishing and eutrophication
(Berdalet et al., 2016). The fisheries sector is, in turn, economically
susceptible to harmful algal blooms. Shellfish, and also finfish, are
negatively affected by HABs, leading to temporary closing of fisheries,
declines in consumer demand and reduced fish landings (Sanseverino
et al,, 2016). The full extent of economic damages to fisheries related
to HABs is difficult to quantify because of a lack of detection or
reporting as well as intricate relationships between HABs and their
toxicity for fish. For example, blooms of the microalgae Heterosigma
akashiwo may affect fish through the production of reactive oxygen
species, excessive mucus production that impedes oxygen exchange
and/or gill tissue damage, among others (Brown et al., 2020). Despite
the persisting uncertainties, several studies and reviews have been
conducted at different scales.

The most recent and comprehensive literature review on the
valuation of HAB events was compiled by Carias et al. (2024).
Several studies reviewed therein focus explicitly on losses to
fisheries. A notable study was conducted by Park et al. (2013) and
examined the period between 1981 and 2012. By means of
multiplying average fishing revenue and the duration of HAB
related closures, the authors estimate that losses of USD 5.4
million - USD 60 million were incurred by the Korean fishing
sector. Mardones et al. (2020) also applied a price times quantity
approach to estimate HAB-related damages to the shellfish industry
in Chile between 2014 and 2018 and reached a cumulative estimate
of USD 6.9 million. Another study conducted in Scotland focused
on shellfish production between 2009 and 2018 (Martino et al,
2020). Unlike the price*quantity approach, the authors conducted
multivariate time-series analysis using panel data from the Scottish
Shellfish Production Survey to model variation in shellfish
production including, besides HAB abundance, capital, labor and
climate variables. The results suggest that HAB-induced economic
losses of GBP 1.37 million per year in 2015 currency (USD 2.08
million) over a national annual industry turnover of GBP 12 million
(USD 18.18 million) were generated.

Another study focused on salmon production in British
Columbia between 2009 and 2012 (Haigh and Esenkulova, 2014).
Based on survey data collected from aquaculture management, HAB-
related losses were estimated to be CAD 16.135 million (USD 13.17
million, PPP-adjusted average 2009-2012) for the whole period.

Like jellyfish blooms, HAB events are economically detrimental
for the tourism sector. A recent study analyzed revenues from

Frontiers in Marine Science

13

10.3389/fmars.2025.1607996

tourism in Florida (USA) during the 2018 Karenia bloom (Alvarez
et al., 2024). Tourism data was compared to counterfactual data in
the assumed absence of HAB. The total loss to the tourism sector in
Florida in 2018 is estimated to be USD 2.7 billion. A previously
conducted study using the same 2018 data set as well as data from
2005 and 2006 focused on southwest Florida (Bechard, 2020) and
applied a difference-in-difference approach to compare tourism
revenues in HAB-affected counties to unaffected ones. Relative
estimated sales losses are 5-7 percent in the lodging sector and
1.2-2.5 percent in the restaurant sector.

3.1.2.5 Harmful algal blooms - human health dimension

A primary source of health-related EDS caused by HABs is the
consumption of affected shellfish and finfish. Different types of
poisoning, depending on the type of toxin-releasing microalgae and
the consumed species, exist (Grattan et al., 2016). Direct impacts
result from skin contact with contaminated water and/or inhaling
biotoxins in the form of aerosols (Berdalet et al., 2016). The main
categories of resulting illnesses are respiratory and digestive.
Determining the incidence of HAB-related diseases is very
difficult due to lack of reporting and/or misdiagnosing (ibid.). In
the United States, 95 cases of HAB-related illnesses were reported in
2022 (CDC, 2024), though no distinction was made between
freshwater- and saltwater-related cases.

Kouakou and Poder (2019) conducted a systematic review on
global public health costs caused by HAB events. Costs were
calculated per reported case and converted into 2016 USD. Costs
for respiratory illnesses were up to USD 14,600, while costs for
digestive illnesses reached up to USD 12,605.

As with jellyfish, HAB events can threaten the livelihoods of
subsistence fishers. In the United States, Indigenous communities
are especially vulnerable to this threat because of their
comparatively higher reliance on marine resources for subsistence
(Kourantidou et al., 2022).

3.1.2.6 Harmful algal blooms - ecological dimension

Like humans, marine life is typically negatively affected by
HABs either through direct exposure to the biotoxins, or through
transfer through the food chain. As discussed above, HABs can be
harmful for fish in a number of ways. They can lead to mass kills
and diseases, which can spread also to birds that feed on impacted
fish (Landsberg, 2002).

In some cases, phytoplankton blooms can fuel hypoxia (oxygen
depletion), leading to marine “dead zones”, when fish die or migrate
to other, oxygen-richer areas (Altieri and Diaz, 2019).

3.1.2.7 Albedo effects - ecological dimension

Albedo is the fraction of sunlight that is diffusely reflected by a
body. Earth surface albedo ranges from 0.8 for freshly fallen snow
(high albedo) to 0.04 for charcoal (low albedo) and plays a
significant role in climate science (Stephens et al., 2015). Within
the Gaia hypothesis conceptual framework, it was proposed that
phytoplankton-produced sulphur acts as cloud condensation
nuclei, leading to higher cloud albedo (Charlson et al., 1987).
While this hypothesis has been revised and is now considered too
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simplistic (Green and Hatton, 2014), it contributed to opening a
field of research on interrelationships of marine and atmospheric
biogeochemistry. Marine phytoplankton has been suggested to
reduce ocean surface albedo, thereby considerably contributing to
atmospheric warming (Frouin and Tacobellis, 2002). Furthermore,
albedo reductions due to phytoplankton have been linked with
sea-surface temperature rises and evaporation, leading to
atmospheric humidity increases, and thereby also the earth’s
greenhouse effect (Patara et al, 2012). The albedo-reducing
effect of phytoplankton is notably involved in a feedback loop
where warming snow and ice environments are increasingly
inhabited by pigmented microalgae, which in turn enhances
surface melt (Chevrollier et al., 2023). Thus, we consider that in
today’s rapidly warming climate, phytoplankton-induced albedo
reductions may be considered an ecosystem disservice.

3.2 Expert assessment of changes in
ecosystem service and disservice provision
assuming the implementation of a fully
protected marine area

The expected changes in plankton ES and EDS following the
hypothetical implementation of a fully protected marine area of the
19 experts who participated in the assessment are summarized in
Table 4. Plankton experts on average gave more estimations (non-
blanks) than other surveyed marine scientists (22 and 17 out of 31
indicators, respectively). There is some heterogeneity with regard to
the directions of the expected changes. For provisioning services, i.e.
the potential extractive use of plankton for consumption or other
purposes, most respondents indicated a slight to moderate positive
expected change, however a minority expected slight to
strong decreases.

This observation mirrors a brief discussion of the items during
the workshop, where it was discussed that a positive effect was
conditional on the expectation that there would be an export of
exploitable planktonic matter to the exterior of the hypothetically
strongly protected area. Additionally, there may have been
differences regarding the expectation of actual plankton
harvesting activities in Europe, which we tried to circumvent
somewhat with the indicators referring to “potential” (details in
the methods section), but may not have eliminated all differences
in interpretations.

Differences in marine scientists’ expectations regarding the
direction of the effect on ES that are not contingent upon active
demand, ie. regulating and supporting services, persist, but are less
frequent. Cultural services were unanimously evaluated as being
positively impacted or unaffected. Regarding EDS, the plankton
experts unanimously and other marine scientists almost unanimously
expected decreases following increased protection, or no effects.

In order to obtain a more succinct overview of the assessment
results, we provide descriptive statistics in Table 5. Employing the
approach proposed by Schernewski et al. (2018), we use the median
as an indicator of central tendency and calculate relevance and

Frontiers in Marine Science

14

10.3389/fmars.2025.1607996

important scores. Relevance reflects the percentage of experts who
considered the respective ES/EDS indicator as potentially affected
by the scenario, which in our case meant a score that was not zero
(no change expected) or blank (no knowledge). The importance
score was then calculated as the absolute value of the product of the
median and the relevance, divided by 10 to have a more manageable
scale. Additionally, we report minimum and maximum scores.

The highest importance scores are obtained for cultural ES
related to research (Cl1) and plankton biomonitoring (C2). Other ES
that received high ratings are the quantity of zooplankton that
serves as food for pelagic (S1) and benthic (S2) organisms as well as
the number of planktonic fish larvae that develop into adult fish
(S5). A moderate importance was assigned to the regulating ES of
phytoplankton oxygen production (R1). Regarding EDS, all HAB-
related EDS received high to moderate importance scores, with the
share of harmed animals in aquacultures (HAB1) and the number
of people harmed through toxic food intake (HAB6) being the most,
and the number of people harmed through direct contact (HAB4)
the least important. We report the same descriptive statistics when
considering only plankton experts (Supplementary Material,
Supplementary Table S4) and we observe the same tendencies as
for all surveyed scientists, with the exception of plankton experts
assigning considerably higher importance scores and expected
positive changes in regulating services related to water
purification and biological control. Specifically, these include the
reduction of nitrogen and phosphorus by copepods and jellyfish
(R6), the predation of harmful species populations by zooplankton
(R7), and the competitive exclusion of harmful phytoplankton by
non-harmful populations (R8).

A visual representation of expert-assessed potential of a fully
protected MPA for the different categories of ES and EDS is given by
Figure 4. Plankton experts showed slightly higher expectations for
increases in the provision of regulating services and reductions of
HAB and jellyfish-related disservices than other surveyed marine
scientists. Notably, plankton experts who indicated that their work
was directly related to HABs attributed the highest potential of
marine protection to the reduction of HAB-related disservices. As
reported above, the highest potential overall was reported for
cultural and supporting ES (+) and for HAB-related EDS (-).

The proportions of confidence scores for each ES/EDS are
summarized in Figure 5. Following the recommendation by
Campagne et al. (2017), we use the confidence scores as
supporting information, rather than to compute final scores.
Confidence scores for ES were not significantly different from
those for EDS (Mann-Whitney U test, p=0.38), and respondents
were overall moderately confident in their answers, with a median
score of 3 out of 5. However, considering the ES and EDS with the
highest importance scores described above, relatively low median
confidence scores of 2 were assigned to phytoplankton oxygen
production (R1), nitrogen and phosphorus reduction (R6), the
share of harmed animals in aquacultures (HAB1), and the
number of people harmed through toxic food intake (HAB6). We
discuss implications of low confidence scores in the
Discussion section.
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TABLE 4 Expert-assessed expected changes in ES/EDS provision following a hypothetical increase in marine protection from none to full protection.

Plankton experts are highlighted in grey.

ES/EDS label Expertno. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
P1 -1 1 1 2] 1 2.0 1 2.0 12 10
P2 3000 1 -1 1 20 11 2 20 10 2 0
Rl 2 1 1 2 12 0 0 -1 2 1 1 12 1, 0 3 0
R2 -1 1 1 2 2 2,0 0 12 1 111 0] 3 0
R3 1 1 2 0 2 1 1 1 10 2 =2
R4 -1 1 1 2 0o 2 1 1 1 1 10 1 2
RS 2 2 1 2 0 1 1 0o 2
R6 0 2 2 1 2 -1 1 10 -1 0
R7 2 1 2 1 1 3 1 00 -1 0
R8 1 2 2 1 3.0 0 0 0 0 2 -3
C1 303 2 2 3 3 121 3 2 2 3.3 3
c2 32 1 12 1 03] 2 1 3 10 303
c3 0 2 1 10 0 0 2 2.1 o0 2.0
S1 -1 1 2 2 3001 3 1 1 2 23
S2 -1 1 2 2 3 2 1 1 2 23
S3 2 1 2 2 0 2 0 0 3 1 1 2 2 20
S4 2 1 2 2 1 2.1 0 3 1 1 2 2 20
$5 2 3 1 2 13 3 3 1 3 2.0
$6 -1 3 1 2 0 2 30 -1 0o 0
HABI 2 -3 -1 2 3 -1 0 0 1 2 1 =2
HAB2 2 -1 -1 2 3 0 o 1 2 1, =2
HAB3 13 2 2 3 -3 0 -2 12
HAB4 1 -1 2 2 -1 -1 1 2 -1
HAB5 2 0 2 2 -1 -1 0 2.0 -1
HAB6 32 2 2 3 -1 1 1 2| =2

JB1 -3 0 -1 2 -1 0 -2 2

JB2 0 -1 2 -1 0 0 2

JB3 2 -3 0 -1 0 0 0 2

JB4 -3 0 -1 -1 0 10 2

JB5 -3 0 2 -3 0 0

Al 0 -2 0 0 0 2 0 0 2

Explanatory comments added to the scores by the experts were
helpful in interpreting the results, particularly in shedding light on
differences between responses and identifying knowledge gaps. On
average, plankton experts provided 11 explanatory comments, while
other marine scientists added 8. Some overarching themes are
discernible, which we outline here.

Many comments highlighted sources of uncertainty - attributed
to distinct factors. Several scientists mentioned the importance of
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overall ocean biogeochemistry for plankton activity, which for the
most part is independent of marine protection. Additionally, many
factors are specific to localized conditions, such as concrete fishing
activities and the presence of plankton predators. Besides
differentiated local conditions, there is also scientific uncertainty
regarding many issues. For example, a scientist pointed out a lack of
scientific knowledge regarding the relationship between fish
composition and plankton size and composition.
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TABLE 5 Median scores of all scientists for ES and EDS changes,
relevance (% of respondents who indicated neither 0 nor blank for the
respective indicator) and importance (|score|*relevance/10), and min/
max of the change score.

ES/ Exp. Relevance Importance

EDS change

label median

P1 0 57.89 0.00 | [-2.2]
P2 0 57.89 0.00 | [-3.2]
R1 1 73.68 737 | [-23]
R2 1 68.42 6.84 | [-13]
R3 1 52.63 526 | [-2.2]
R4 1 63.16 632 [-2.2]
RS 1 36.84 368 | [-22]
R6 1 42.11 421 [-12]
R7 1 42.11 421 [-13]
R8 05 36.84 184 [-33]
C1 3 78.95 2368 | [13]
c2 2 68.42 13.68 | [0.3]
c3 1 36.84 3.68 | [0.2]
S1 2 63.16 1263 [-13]
s2 2 57.89 1158 [-13]
S3 1 57.89 579 [-23]
S4 1 68.42 6.84 | [-2,3]
S5 2 57.89 1158 [-2.3]
S6 0 36.84 0.00  [-13]
HABI -15 52.63 789 [-3,0]
HAB2 -1 47.37 474 [-3,0]
HAB3 2 47.37 947 | [-3,0]
HAB4 -1 52.63 526 [-2,1]
HAB5 -1 36.84 368 [22]
HAB6 2 52.63 1053 [-3,-1]
JB1 -15 31.58 474 [-3,0]
JB2 -1 21.05 211 | [-2,0]
JB3 -0.5 21.05 105 [-3,0]
JB4 -0.5 26.32 132 [-3-1]
JB5 -1 1579 158 [-3,0]
Al 0 1579 0.00 | [-2,0]

A major challenge in making estimates was the highly dynamic
nature of plankton. Since area-based protection measures may not
(or at least not in a predictable way) affect mobile organisms, this
introduces additional uncertainty. Jellyfish, in particular, which are
a long-lived subgroup of plankton, exhibit high mobility throughout
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PS
3 — Plankton experts
== Other scientists
RS 1.5 A_EDS
cs JF_EDS
ss HAB_EDS
FIGURE 4

Potential of increased marine protection to contribute to plankton ES
and EDS categories as expected by plankton experts and other marine
scientists. Dots represent medians of the pooled ES/EDS scores of the
respective categories (PS, provisioning services; RS, regulating
services; CS, cultural services; SS, supporting services; HAB_EDS,
HAB-related EDS; JF_EDS, jellyfish-related EDS; A_EDS, Albedo-
related EDS).

their life cycle and are therefore potentially less affected by area-
based measures. As one scientist noted, jellyfish born in winter in
Tunisia can be observed along France’s Mediterranean coast in
summer. A significant obstacle that persists in predicting jellyfish
movement lies in accurately assessing their motion relative to the
water velocity (Diamant et al., 2023). This may help to explain why
jellyfish-related ES and EDS were assigned relatively low
relevance scores.

Another challenge for providing estimates was the relative
contribution of “active beneficiaries”. For extractive provisioning
services as well as tourism, it is presupposed that there is some
demand for those services. Even though we tried to somewhat
circumvent this issue by labelling the quantitative indicators using
“potential”, it is difficult to factor out the socio-economic
dependencies. Several scientists voiced their doubts about demand
for plankton extraction, especially in Europe. Another “active
beneficiary” class of ES are those related to research. Here, the
opposite seemed to be the case — many scientists deemed that there
would be a mechanistically induced positive influence on plankton-
related studies and plankton-based ecosystem health assessments, as
MPAs are scientifically monitored and often serve as ecological
baselines. This likely helps to explain why CI and C2 received the
highest estimated positive changes, as well as highest relevance and
high confidence ratings. Nevertheless, one scientist noted that studies
and ecosystem health assessments may not be focused on plankton,
but on other metrics, for example related more to fish populations.

A second theme we identified concerns the observed differences
in expected effects on regulating services, especially on the biological
carbon pump. Most scientists expected null or slightly positive
effects and comments were related to expected increases in primary
production which would quasi-automatically lead to more carbon
acquisition and sequestration. However, three scientists expected
negative effects on at least one of ES related to the role of
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zooplankton in the biological carbon pump. One of them
commented that they expected a larger population of plankton
predators which would increase the share of carbon transferred to
higher trophic levels instead of sequestered by plankton.

Finally, the interactions between protection outcomes and the
different scales of protection were highlighted in the comments.
Coastal macroalgae, which, as opposed to plankton, exist in
geographically fixed areas, were mentioned as effective protection
against HABs. On the other hand, a commenter remarked that the
success of marine-based protection in coastal waters also depended
on land-based protection and that, without a reduction in
agriculture-related nutrient runoff, they would not expect
noticeable effects on HAB-related negative outcomes.

4 Discussion

Marine plankton encompasses a vast diversity of species and
ecological functions, and only recently have they been collectively
considered in terms of their economic significance. As ecosystem
services (ES), ecosystem disservices (EDS), and their economic
values gain importance in marine policy-making, it is essential to
incorporate plankton into these discussions.

Despite the growing acknowledgement of the economic
importance of plankton, our review has shown that economic
valuation of plankton ES in the scientific literature remains
extremely scarce. Extractive uses of planktonic organisms,
including jellyfish, krill, calanus and microalgae, generate
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revenues of several billion USD annually. As these markets are
still emerging and remain underexplored in economic terms,
existing literature focuses primarily on development pathways
and potential rather than formal valuation studies. Regarding
microalgae, Rahman (2020) points out that reliable data and
statistics of market opportunities is very limited, making it
difficult to assess their actual potential. The large-scale economic
viability of microalgae-based lipids and hydrocarbons depends on
the development of lower-cost, energy-efficient production and
processing methods (Nethravathy et al,, 2019; Ruiz et al., 2016;
Rumin et al., 2020). For jellyfish, market potential depends critically
on consumer demand. While the demand in China is well-
established, market opportunities in Western countries are only
beginning to be explored (Edelist et al., 2021). Shifts in consumer
demand and cultural spillovers are increasingly shaping market
dynamics (Bargain, 2024; Cao et al, 2024), so the untapped
potential could be considerable.

The one ecosystem service (ES) that has received explicit
valuation in the scientific literature is carbon sequestration. Cavan
et al. (2024) estimated that carbon sequestered by Antarctic krill
translates into an avoided social cost of carbon of several billion
USD annually. Broader attempts to quantify the value of the
biological carbon pump have produced highly variable results,
with estimates ranging from under one trillion (Berzaghi et al,
2025) to 24 trillion USD per year (estimation by Nowicki et al.,
2022, combined with the carbon prices used by Cavan et al., 2024).
These discrepancies stem from three factors that drive estimate
variability. Intrinsic factors are driven by ecosystem processes
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(Bisson et al.,, 2018) and include temporal and spatial variability in
nutrient supply, phytoplankton growth, predator behavior and
other ecological interactions as well as physical factors such as
upwelling processes, which influence sequestration efficiency
(DeVries et al., 2012). The second source of estimate variability is
extrinsic and concerns sampling, data processing and modelling
variations in biogeochemical and ecosystem models. Carbon export
can, for instance, be measured using sediment traps that collect
sinking particles (Ducklow et al., 2001). More recently, advances in
satellite remote sensing have enabled estimates of carbon export
from ocean surface data (Jonsson et al., 2023). However, these
newer methods face specific challenges, particularly when it comes
to inferring export beyond the euphotic zone (Siegel et al., 2023).
The third source of variability in the estimation of the value of
plankton carbon sequestration comes from differences in carbon
prices. The social cost of carbon, reported in this article, is an
approach that is based on the calculation of the economic damages
associated with emitting one additional ton of CO, into the
atmosphere. To this end, Integrated Assessment Models (IAMs)
are used to link economic activity to climate change and they exist
in a large variety of specifications, ranging from general equilibrium
models to simulations, focusing on the world as a whole or on
individual countries or regions (Stern and Stiglitz, 2021). Another
critical factor of variability within estimations of the social cost of
carbon is the applied discount factor, i.e. the weighting of future
costs and benefits relative to present ones. A considerable body of
scholarly work has been dedicated to the debate on what constitutes
an appropriate discount factor, founded on both epistemic and
ethical grounds (Stern et al., 2006; Nordhaus, 2007). The
aforementioned variations lead to estimated SSCO, that range
from USD-13.36/tCO2 to USD 2386.91/tCO2 (Wang et al,
2019). Besides this huge range within one conceptual approach,
there are other carbon pricing strategies that also lead to varying
estimates. Instead of quantifying cumulated costs of carbon
emissions to societies, the marginal abatement cost approach
focuses on CO, reduction costs to emitters. Traditional economic
theory proposes that the optimal level of abatement occurs where
marginal abatement cost is equal to it marginal benefit, i.e. avoided
SCCO, (Clarkson and Deyes, 2002). Marginal abatement costs are
sector-specific — an average value of 429 EUR/t CO2 (~ USD 485)
has recently been estimated for the hard-to-abate European
chemical sector considering the period 2015-2020 (Rekker et al.,
2023). For the Italian energy sector, it was estimated that CO,
abatement was associated with costs of 165 EUR/t (~USD 230)
when the abatement was realized by shifting energy production to
wind power, and of 1000 EUR/t (~USD 1395) when it was realized
by shifting to solar power, considering the period 2008-2011. Thus,
while the immense value of the plankton-powered biological carbon
pump is increasingly acknowledged, significant uncertainty remains
regarding its economic magnitude.

Jean-Louis et al. (2025) found that surveyed individuals also
stated significant WTP for planktonic carbon sequestration. Many
plankton ES, especially those that can be classified as supporting and
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regulating services, have important but highly diffuse impacts on
economies, and thus their economic use values are difficult to
quantify. The finding by Jean-Louis et al. (2025) that stated
preferences for a bundle of supporting services - subsumed under
the attribute of ‘stable plankton composition” - were the most highly
valued suggests that people recognize and appreciate these values.
Although supporting services are generally excluded from economic
valuation to avoid double counting, regulating services like carbon
sequestration are sometimes assigned a price, as seen with the social
cost of carbon. When considering the full scope of the biological
carbon pump and the social cost of carbon, this results in economic
values of an almost unimaginable scale. Yet, the valuation of
regulating services, as compared to provisioning and cultural
services, poses specific challenges to evaluators. One needs to
assess the capacity, demand and pressure for each regulating ES of
interest (Sutherland et al., 2018), which can often fail due to a lack of
quantifiable metrics, limiting in turn the inclusion of regulating ES in
accounting frameworks and economic valuation. This difficulty is
evident in our review of plankton ES valuation, where we found that
only the regulating service of carbon sequestration has been assessed.
Ecological-economic approaches have also been suggested to address
the social costs of environmental issues such as eutrophication
(Romstad, 2014), and in certain areas, nutrient trading schemes
exist for nitrogen and phosphorus (Eger et al., 2023). Those
emerging markets, combined with assessments of plankton’s
nutrient cycling capacities, could be used in future research to
economically value marine plankton’s water purification services,
in order to more comprehensively account for the economic benefits
that plankton provides. However, not only valuing, but also
translating the economic valuation of plankton into actionable
policies remains a challenge. The complexities of plankton
dynamics, including its high spatial variability and mobility,
complicate the design of policy instruments such as payments for
ecosystem services (PES) or inclusion in blue carbon credit schemes.
Addressing these gaps requires interdisciplinary collaboration
between oceanographers, economists, and policymakers to develop
robust methodologies for assessing and managing plankton ES at
regional and global scales.

While plankton ES mostly contribute to human well-being in a
general, often passive and/or unknown way, plankton EDS typically
affect specific groups of people, such as fishers, beach goers or
seafood consumers, in a more specific and discernible way. Thus,
compared to ES, plankton EDS have been considerably more often
the object of valuation, with a variety of applied methods. The
economic dimensions of HAB and jellyfish bloom effects have been
evaluated by means of survey data of affected industry (Haigh and
Esenkulova, 2014; Palmieri et al., 2014), time-series economic
models (Martino et al., 2020; Park et al., 2013), and stated-
preference studies (Ghermandi et al., 2015; Ruiz-Frau, 2023).
Their health dimensions have been economically valued based on
public health costs (De Donno et al.,, 2014; Kouakou and Poder,
2019). Economic damages of several billion USD in total were
reported in the studies we reviewed.
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Notwithstanding the remaining knowledge gaps about the
economic outcomes of plankton activities, our review has
demonstrated its considerable economic significance. Thus, the
question of how societies can foster its services and mitigate its
disservices is of interest for economic values-based policy-making
(Naselli-Flores and Padisak, 2023). An obvious theme of evaluation
is area-based marine protection as a key tool for conservation and
increasingly also considered for sustaining ecosystem services
(Boulton et al., 2016; Leenhardt et al., 2015; Marcos et al.,, 2021;
McDonald et al,, 2020). In an ecosystem-based approach to MPA
design, taking into account plankton indicators is crucial, as they
form the basis of marine life (Benedetti et al., 2019). We suggest that
including plankton ES and EDS indicators can be especially useful
in view of a social-ecological systems approach, as they highlight the
interconnectedness of the systems and add a new dimension to the
more long-standing economics-based considerations represented
by the fishing and tourism industries.

We developed an expert assessment tool for the evaluation of
policies regarding their impact on plankton ES and EDS. Using this
tool, 19 marine scientists - including 8 explicitly specialized in
plankton - evaluated the anticipated effects of establishing a fully
protected marine area in a previously unprotected European sea
shelf zone. Besides cultural services related to research and
monitoring, the experts saw an important potential of area-based
marine protection to increase supporting services related to
sustaining the marine food web and larvae recruitment for fish.
Additionally, they expected important reductions in economic,
ecological and health-related negative impacts of harmful algal
blooms. Plankton specialists additionally assigned considerable
potential to the services of water purification and biological
control. However, some of the aforementioned ES and EDS
received low median confidence scores, indicating that despite
their possibly important potential for improvements, there is
currently not enough scientific evidence to make reliable
predictions — particular in relation to water purification and the
mitigation of HAB-related EDS. Those results should therefore be
interpreted with particular caution. Given the limited number of
evaluations of plankton indicators in protected areas (Benedetti
et al., 2019), it is not surprising that expert confidence remains
relatively low in our assessment. We acknowledge this limitation
and emphasize that the only durable way to increase confidence is
through further research that systematically incorporates plankton
indicators into protected area evaluations.

We note that experts whose work focuses explicitly on plankton
provided slightly higher estimations for the potential of protection
to increase ES and decrease EDS. In particular, HAB specialists had
high expectations for area-based protection to reduce HAB-related
disservices. This observation corroborates previous findings on the
relationship between the level of expertise on ecosystem services
and expectations regarding protection measures to preserve them
(Peng et al., 2020; Prodanova and Varadzhakova, 2022). These
findings suggest that domain-specific knowledge may shape
perceptions, underscoring the importance of expert diversity in
environmental decision-making processes. While the central
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tendencies do not hint to trade-offs between different ES/EDS, the
directions of the expected changes were in most cases not
unanimous, which indicates scientific uncertainty which at the
very least does not exclude trade-offs.

One possible trade-off is the impact of MPAs on trophic
cascades within the marine food web (Dimitriadis et al., 2021). By
reducing fishing pressure and enhancing predator populations,
MPAs may indirectly affect plankton community structure
through altered grazing pressure. For example, an increase in
filter-feeding fish populations could suppress certain planktonic
species, potentially reducing primary production or disrupting
existing biogeochemical cycles. Conversely, protecting large
predators that control jellyfish populations might mitigate jellyfish
blooms, an EDS that negatively impacts fisheries and tourism.
Given these potential cascading effects, it is essential that future
research evaluates the indirect ecological consequences of MPAs on
planktonic ecosystems to inform holistic, multi-trophic
conservation planning.

The use of expert consultation for ES/EDS assessments is a well-
established practice (Campagne et al., 2017; 2018; Pham et al., 2025;
Schernewski et al., 2018; Zaucha and Kreiner, 2021), appreciated for
its efficiency, accessibility, and adaptability. Jacobs et al. (2015)
suggest that such assessments can enhance collaboration between
natural and social sciences, experts, stakeholders, and decision-
makers. Expert assessments can be used throughout the entire
policy cycle, e.g. for setting agendas, formulating policies,
implementation and evaluation (Edelmann and Albrecht, 2023).
An assessment of plankton ES and EDS, such as the one conducted
in this study for a representative protected area, can help inform
conservation agendas by highlighting these often overlooked values as
policy priorities. It may help to designate areas for protection or
compare different conservation approaches (some examples for
alternatives to static area-based approaches are provided below). The
assessment could furthermore be used to integrate ES/EDS information
into plankton-based indicators for the evaluation of specific MPAs (c.f.
Bryndum-Buchholz et al., 2023; Vassallo et al., 2021).

It should, however, be noted that the small sizes of expert panels
may affect the universality of the results. Campagne et al. (2017)
investigated the effect of expert panel size on ecosystem service
capacity scores and found that standard errors decreased
significantly for panels with more than 10 experts, but that the
mean scores did not stabilize even with a comparatively large expert
panel size of 30. Thus, we acknowledge that while our panel has a
satisfactory size for an expert assessment, it remains a small
absolute panel, which carries the risk of subjectivity in the
assessments. Another limitation of our assessment is the lack of
focus on a specific marine area, which likely introduces
confounding effects. Nonetheless, we believe that the assessment
is useful in drawing attention to the some well-established
relationships between the reduction of acute anthropic pressures
and valued plankton activities, as well as to scientific uncertainties.

One important source of uncertainty regarding protection
outcomes on plankton and its services and disservices, as reported
by the experts, is one of its most defining characteristics — its highly
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dynamic, drifting nature. Furthermore, the focus on area-based
protection implies that only acute stressors like fishing, transport
and other marine-based anthropic activities are removed, while
chronic stressors such as climate change, ocean acidification and
pollution originating from land, which significantly influence
plankton (Botterell et al., 2023), are still present. However, such
localized protection may have limited long-term impacts on
population stability. This underscores the need for integrated
conservation strategies that go beyond static MPAs.

While MPAs serve as key conservation tools, their static nature
presents challenges for protecting highly dynamic and mobile
organisms such as plankton. As plankton populations shift due to
ocean currents, seasonal variations, and climate-driven changes, fixed
MPA boundaries may fail to enhance their full ecological and
economic value (Esteban-Cantillo et al., 2024; Game et al., 2009;
United Nations Global Compact, 2024). The idea of dynamic
protected areas has emerged in the scientific literature in the early
2000s (Agardy et al., 2003). The main idea is to take into account the
natural dynamism of the ocean in area-based management tools by
integrating data on target species or ecosystems and to adapt the
spatial extent and location of protection measures according to their
shifting distributions. Planktonic ecosystems, characterized by their
high mobility and temporal variability, exemplify the need for such
adaptive management but also pose significant data and monitoring
challenges. However, recent technological advances are making this
approach increasingly feasible. Digital tools are already contributing
to marine sustainability in various domains, from decarbonizing the
emission-intensive shipping sector (Xu et al., 2025; Xiao et al., 2025;
Zou et al.,, 2025) to optimizing fishing efforts and reducing bycatch
through predictive habitat modeling (Hazen et al., 2018). One of the
most promising innovations is dynamic ocean management (DOM),
a flexible, data-driven strategy that tailors conservation measures in
response to real-time environmental conditions (McDonnell et al.,
2024). For instance, Australia’s Great Barrier Reef Marine Park
Authority employs adaptive zoning strategies that respond to
ecosystem conditions in near real-time (Vella et al, 2024). The
European Union’s Maritime Spatial Planning Directive has also
facilitated adaptive fisheries management, integrating ecosystem-
based conservation priorities into regulatory frameworks. At an
international scale, the recently adopted Agreement on the
Conservation and Sustainable Use of Marine Biological Diversity of
Areas Beyond National Jurisdiction (BBNJ Agreement) has come to
complement the United Nations Law of the Sea (UNCLOS). While
the BBNJ Agreement does not explicitly mention dynamic protection
measures, it gives way to protected areas with fluid boundaries, as
long as the boundaries are defined at any given point in time (Klerk
et al., 2024; Maxwell et al,, 2020). Additionally, dynamic elements in
the scope of the Agreement, such as the Scientific and Technical Body
and the periodic monitoring and review of area-based management
tools could facilitate the implementation of dynamic MPAs (ibid.).
Applying these principles to plankton conservation could involve the
use of Al-driven satellite monitoring to track plankton blooms,
identify high-value carbon sequestration zones, and implement
spatio-temporally flexible restrictions on industrial activities. Such
adaptive conservation frameworks could enhance the effectiveness of
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marine policies in sustaining plankton ecosystem services while
mitigating ecosystem disservices, such as harmful algal blooms.

Furthermore, complementary policies - such as strengthened
land-based pollution controls and stricter emissions regulations are
also essential to mitigate climate-driven and anthropogenic
stressors that impact plankton communities globally. Future
research should investigate whether adaptive and integrative
conservation strategies can more effectively manage plankton ES
and EDS compared to static MPAs. This could be assessed through
comprehensive evaluations, incorporating expert assessment tools
like the one presented in this article, alongside biophysical analyses
and economic valuation of plankton indicators.
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