
BioScience , 2025, 75 , 706–721 

https://doi.org/10.1093/biosci/biaf049
Advance access publication date: 24 June 2025 

Forum 

The immeasurable value of plankton to humanity 

Maria Grigoratou , Susanne Menden-Deuer , Abigail McQuatters-Gollop , George Arhonditsis , Luis Felipe Artigas , 
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Abstract 

Plankton, a diverse group of aquatic organisms, make Earth livable, regulate aquatic life, and provide benefits to human societies such as 
access to clean water, food security, and well-being. They also support economies and inspire biotechnological innovations. This article 
aims to raise awareness of the value of plankton to humanity and serves as an informative guide for aquatic professionals, policymakers, 
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and anyone interested in plankton. We present the value of plankton across six themes of human interest: biogeochemistry; ecology; 
climate; the evolution of science; economy; and culture, recreation, and well-being. Guided by the 2022 Intergovernmental Science- 
Policy Platform on Biodiversity and Ecosystem Services values assessment, we introduce the six themes under the Life Framework of 
Values to offer a comprehensive summary of the significance of plankton to humanity. In addition, we provide examples of plankton 
variables used in policy frameworks and recommendations for enhancing understanding of their value through long-term sustainable 
research and monitoring.

Keywords: biodiversity, climate, ecology, policy, biogeochemistry 
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lankton consist of diverse communities suspended in aquatic
nvironments, including thousands of species from all kingdoms
de Vargas et al. 2015 , Ruggiero et al. 2015 ). They exhibit a wide
rray of shapes and colors, with lifespans of a few hours to more
han 5 years (e.g., krill; Nicol 2006 ). Plankton produce oxygen,
tore atmospheric carbon, and affect water quality. They support
he aquatic ecosystems humans rely on for livelihood and food
Suthers et al. 2019 ) and are identified as Essential Ocean and
limate Variables (Miloslavich et al. 2018 , GCOS 2022 ). Plank-
on have a high adaptive capacity that can help buffer against
limate-driven changes and external disturbances. However,
heir distribution, biomass, and traits remain vulnerable to
limate change, pollution, and human pressures, potentially
ffecting ecosystems. Beyond their ecological and biogeochemi-
al importance, plankton research has influenced fields such as
edicine, engineering, art, and cultural heritage. Unfortunately,

he significant ecological and societal benefits of plankton are
ften overlooked because of the relative visibility, familiarity, and
harisma of larger organisms to the general public and, to some
xtent, because of the focus on economic losses and restrictions
n human aquatic activities caused by some harmful plankton
looms. This can lead to an underappreciation of the essential
ole of plankton in aquatic ecosystems and life on Earth. 
The term plankton comes from the ancient Greek word

λαγ κτόν, meaning “drifter,” which references their difficulty in
ontrolling their horizontal movement against currents. Being
uch a diverse group, planktonic organisms can obtain their en-
rgy from the sun and/or consumption of other organisms, from
heir host’s metabolic processes, and even from inorganic matter
box 1 ). Plankton have a vast size spectrum (figure 1 ), from mi-
roscopic 0.02-micrometer viruses to some of the world’s longest
reatures such as the 35-meter-long jellyfish Cyanea capillata and
0-meter colonial siphonophore Praya dubia (Sardet 2015 ). How-
ver, most plankton are less than a millimeter in size and are in-
isible to the unaided human eye (figure 1 ). Despite their small
ize, plankton exhibit complex behaviors for growth and survival.
ome can expand their size or volume (e.g., the freshwater cili-
te Lacrymaria olor ), whereas others release toxins (e.g., the fresh-
ater cyanobacteria Planktothrix agardhii , marine dinoflagelates
f the Alexandrium genus ) or build shells and spines (e.g., ma-
ine radiolarians and planktonic foraminifera; Vaughn and Allen
010 , Flaum and Prakash 2024 ). Some have lightning-quick re-
ctions to chemical changes and predators (e.g., dinoflagellates
nd copepods), and many undertake daily or seasonal vertical
igrations (e.g., freshwater and marine copepods, euphausiids,
haetognaths; Takenaka et al. 2017 , Bandara et al. 2021 , Timsit
t al. 2021 ). Zooplankton vertical migrations span from a few to
 thousand meters and are likely the largest animal migrations
n Earth in terms of biomass (Hays 2003 ). A few species can en-
er a dormancy phase via diapause (e.g., arctic marine copepods
f the genera Calanus and Neocalanus ) or the production of rest-
ng cysts (e.g., marine diatoms Thalassiosira ) and eggs (e.g., fresh-
ater and marine cladocerans such as Daphnia and Podon ; box 1 ).
Dormancy helps them to persist through unfavorable conditions
(e.g., low temperatures, a lack of sunlight and food in polar regions
during winter, starvation, eutrophication, pollution, evaporation
in deserts) and recolonize ecosystems once conditions improve
(Alekseev and Pinel-Alloul 2019 ). Many taxa remain planktonic
throughout their entire lives (holoplankton), whereas a few others
such as fish, sea stars, shellfish, corals, squids, and octopuses have
a planktonic stage for only a portion of their lives (meroplankton;
box 1 , figure 2 ). Because humans tend to relate to organisms that
they can directly observe, hear, taste, smell, or touch, it can be
hard to perceive the magnitude and impact of plankton diversity
in space and time. 

This Viewpoint aims to raise awareness and provide a compre-
hensive understanding of the value of plankton to humanity. It
covers all aquatic environments and plankton groups with an em-
phasis on marine phytoplankton, mixoplankton, and zooplankton
(box 1 ). We highlight the value of plankton in the context of six
broad themes of human interest: biogeochemistry; ecology; cli-
mate; the evolution of science; economy; and culture, recreation,
and well-being. We provide examples of plankton variables used
in national and international policy frameworks and propose key
priorities for enhancing plankton research to advance our un-
derstanding of the mechanisms and functionality of plankton.
Guided by the 2022 Intergovernmental Science-Policy Platform on
Biodiversity and Ecosystem Services’ (IPBES) values assessment,
we introduce the six themes of the value of plankton under the
Life Framework of Values (living with, from, in, and as nature;
figure 3 ) by which we aim to offer a comprehensive view of the
human–nature interactions, addressing coexistence, resource use,
and interconnectedness (O’Neill 1992 , O’Connor and Kenter 2019 ).
This article is intended for aquatic ecosystem professionals, pol-
icymakers, plankton enthusiasts, and anyone curious about this
extraordinary realm of life. 

The value of plankton 

1. Plankton and ecology 
Plankton have a vital role in sustaining and regulating life in
aquatic environments by influencing nutrition, food webs, organ-
ism dispersal, and bioinvasion. Fueled by the sun in sunlit ecosys-
tems, phytoplankton transfer energy throughout the water col-
umn and sediments via sinking and to higher predators via the
food web (figure 4 ; Siegel et al. 2023 ). Planktonic primary produc-
ers can also synthesize de novo n-3 polyunsaturated fatty acids,
which can be critical for maintaining high growth, survival, and
reproductive rates and for realizing high food conversion efficien-
cies for a wide range of freshwater and marine organisms (Perhar
et al. 2012 ). 

Plankton species play a vital role in nutrient transfer through
bioaccumulation, supporting ecosystems by moving essential nu-
trients through the food web. However, they can also absorb and
pass harmful substances, such as pollutants and toxins, which
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Box 1. Glossary of plankton terminologies mentioned in the article.

Detritivores: Organisms that consume detritus or decomposing organic matter. 

Diapause: A physiological state of low metabolic activity that allows some plankton species to survive during seasonal unfavorable 
environmental conditions (e.g., low temperature, nutrient depletion) at the cost of suspended development and reproduction. 

Eukaryotes: Organisms with a nucleus and other membrane-bound organelles in their cells. 

Holoplankton: Organisms that spend their entire life cycle as plankton. 

Meroplankton: Organisms that have a planktonic stage in their life cycle. 

Metazoans (planktonic): multicellular zooplankton (as opposed to protozoans, single-cell zooplankton). 

Microplankton: Planktonic organisms between 20 and 200 μm in size. 

Mixoplankton: Planktonic organisms that can obtain their energy using a mixture of phagotrophy and photosynthesis. 

Phagotrophy: feeding mechanism by which an organism can consume other organisms or particles by ingesting and internalizing 
them within its cells 

Phytoplankton: traditionally, photosynthetic planktonic organisms (microalgae and cyanobacteria). Nowadays it is considered that 
many of these species are actually mixoplankton. 

Plankton vertical migration: the upward and downward active movement of plankton in the water column. This daily or seasonal 
movement is influenced by environmental factors (e.g., light, nutrient availability, predation) and plays a significant role in biogeo- 
chemical cycles. 

Plankton: a diverse group of aquatic organisms (thousands of species from all kingdoms) that live suspended in the water column, 
whose horizontal distribution is mostly dictated by water currents. 

Prokaryotes: Single-celled organisms that lack a nucleus and membrane-bound organelles. 

Resting cysts or eggs: The planktonic resting cysts and eggs have thick outer layers that allow them to persist in sediments during 
harsh environmental conditions or seasonal changes. They can stay in a dormant stage for weeks to decades. They hatch when the 
environmental conditions become favorable for the organism to resume growth and reproduction. 

Zooplankton: Planktonic heterotrophic organisms that gain energy and nutrients through the consumption of other organisms or 
organic sources (e.g., detritus, decomposing organic matter). 
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ay affect the health and lifespan of species that consume them
Ravera 2001 ).
Many aquatic animals begin their life cycles as meroplankton

box 1 ), preying on their fellow plankton for growth while un-
ergoing remarkable transformations (figure 2 ). Even nonplank-
onic species (e.g., sharks, mammals, reptiles) depend on plank-
on directly or indirectly for their prey. For example, planktivo-
ous fishes (e.g., sardines, hilsa) are key prey for larger predators
uch as fish (e.g., trout, bass, salmon, tuna, marlin, which repre-
ent an important source of food for humans), birds (e.g., puffins),
nd mammals (e.g., whales; Carpenter et al. 2001 , Kotterba et al.
024 ). Plankton blooms in surface waters serve as important feed-
ng hotspots for migratory and nonmigratory species and con-
ribute to the overall productivity and biodiversity in both marine
nd freshwater ecosystems (Behrenfeld and Boss 2014 , Huisman
t al. 2018 ). However, some plankton blooms, particularly exces-
ive ones, can have negative effects on the environment, leading
o toxic blooms, mass mortality events, and, in some cases, de-
xygenation, all of which can occur before the blooms collapse.
García-Mendoza et al. 2018 ). Bottom-living organisms such as
orals and mussels also benefit from the consumption of living
lankton and sinking planktonic material. Conversely, excessive
lankton concentrations can negatively affect shallow habitats,
uch as seagrass meadows and coral reefs, by increasing water
urbidity and reducing light penetration vital for their survival
Toro-Farmer et al. 2016 ). 
In deep-water habitats where sunlight is absent and photosyn-

hetic plankton are scarce, plankton still influence trophic dynam-
cs and diversity. Through buoyancy and swimming, plankton can
djust their vertical position, facilitating daily or seasonal vertical
igrations that span several meters in lakes to thousands of me-
ers in marine environments (Bandara et al. 2021 ). The vertical
igration of living plankton and the passive sinking of marine
now (box 2 ) transport stored carbon and nutrients from the sur-
ace to deeper waters, providing energy for deep-water organisms
figure 4 ; Turner 2015 ). These migrations also contribute to the
ong-term carbon sequestration in the sediments for decades to
illennia, helping to mitigate climate change. 
Planktonic life stages are also critical for dispersal, enabling or-

anisms to travel long distances via ocean currents, colonize new
abitats, and maintain genetic diversity within populations. Hu-
an activities such as aquaculture, shipping, and the release of
allast water also transfer plankton species to new environments.
his bioinvasion can disrupt food webs when nonnative species
utcompete native plankton because of faster growth rates, a
ack of natural predators, or other competitive advantages (e.g.,
ollens et al. 2002 ). Over the past six decades, planktonic invasions
ave resulted in an estimated global economic impact of approx-
mately US$5.8 billion, largely driven by the spread of viruses and
nvasive zooplankton (Macêdo et al. 2022 ). Therefore, understand-
ng and monitoring plankton ecology is essential to anticipate
otential impacts on biodiversity, human health, and welfare. 

. Plankton and biogeochemistry 
hotosynthesis, the process of converting light energy to chemical
nergy, is a fundamentally important chemical reaction to life
s it has evolved on Earth. It powers much of Earth’s life and
roduces the oxygen that is critical for the survival of many
pecies on Earth. In aquatic ecosystems, photosynthesis provides
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Figure 1. A showcase of plankton size and species diversity, 
accompanied by fascinating facts highlighting their significance in 
research and impact on Earth and humanity. 
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Figure 2. Morphological transformations that occur in holoplanktonic 
and meroplanktonic organisms during their development from juvenile 
to adult forms. 
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he energetic basis to produce organic matter in most food webs
hat sustains aquatic organisms, from microbes to top-level
redators. As photosynthesis is light dependent, it is restricted to
unlit surface waters where a myriad of mostly microbial photo-
ynthetic pro- and eukaryotic species, or phytoplankton (box 1 ),
se diverse pigments and physiological pathways to generate
rganic matter that feeds higher trophic levels (Falkowski 2002 ).
ote that although thousands of phytoplankton species have
een described, the discovery of new species continues (de Vargas
t al. 2015 ).
The amount and flow of energy in marine ecosystems from

iny photosynthetic plankton to top predators is the key to many
lobal processes, including fisheries production and cycles of car-
on, nitrogen, phosphorous, silica and other, often limiting, ele-
ents. Plankton have an immense biogeochemical footprint be-
ause of their roles as producers, consumers, and recyclers in wa-
ers globally. Most, if not all, global elemental cycles are facilitated
in key steps by microbes, including plankton (Falkowski et al.
2008 ). Plankton transform and use elements in specific ratios that
reflect requirements for building carbohydrates, lipids, proteins,
and other building blocks of life (Moreno and Martiny 2018 ). Nu-
trients can be limiting in ways that affect global patterns of plank-
ton biodiversity. Some species thrive in the low-latitude Atlantic
Ocean because the deposition of Saharan dust delivers iron that
would otherwise limit photosynthesis (Mills et al. 2004 ), whereas
requirements by other plankton result in the Great Calcite Belt of
the Southern Ocean (Balch et al. 2016 ). The global biogeochemical
footprint of plankton also extends to the atmosphere. Plankton
produce dimethyl sulfide that enters the atmosphere and affects
cloud formation and climate regulation. Fossilized diatoms from
paleolakes drift as airborne particles during massive Saharan dust
storms, and are carried over from Africa to South America thanks
to the trade winds, fertilizing the Amazon rainforests and the
equatorial Atlantic Ocean with iron minerals (Barkley et al. 2021 ).
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Figure 3. An illustrative overview of the significance of plankton to 
humanity, contextualised within the Life Framework of Values. The 
value of plankton is presented across six broad themes of human 
interest: biogeochemistry; ecology; culture, recreation, and well-being; 
the evolution of science; economy; and climate. 
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Figure 4. A graphical illustration highlighting the essential role of 
plankton as the foundation of aquatic food webs. 
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Global elemental cycles are linked through planktonic
etabolism and ecological interactions that move nutrients

hrough the biosphere; that is, elements are moved by the pro-
esses that make up life and death (Steinberg and Landry 2017 ,
anioka et al. 2022 ). Atmospheric concentrations of major ele-
ents are regulated by surface ocean production and subsequent
xport of organic matter to ocean depths. A vertical gradient in
ajor elements is maintained via biologically mediated and
nhanced transport through vertical migration, sinking, egestion,
nd excretion of organic matter, a process collectively called the
iological pump (figure 5 , box 2 ; Siegel et al. 2023 ). Over time, a
cientific consensus has emerged that resolves discrepancies
n fossil fuel-derived carbon dioxide emissions by identifying
he ocean as a significant absorber of the excess carbon dioxide
eleased into the atmosphere. By some estimates, current at-
ospheric carbon dioxide concentrations could be up twice as
igh without this flux mediated by plankton (Friedlingstein et al.
022 ). The biological pump is but one example of how important
icroscopic plankton are in mediating global biogeochemical
rocesses. Therefore, plankton clearly have a remarkable role in
aking Earth habitable for humans. Their ecology and diversity,
et to be fully understood, are as complex and fascinating as
xamples from the macroscopic world. 

. Plankton and climate 
lankton have been recognized as an Essential Climate Variable
GCOS 2022 ) because of their short lifespan, strong reliance on the
hysical properties of their habitats, and critical role in the global
arbon cycle and other biogeochemical processes (for more de-
ails, see the “Plankton and biogeochemistry” section; Hays et al.
005 ). Over geological timescales, plankton play a significant role
n climate regulation through carbon capture via photosynthesis
nd export via the biological pump (box 2 ), ultimately leading to
ong-term carbon sequestration in ocean sediments (Siegel et al.
023 ). Modern and fossilized species, including resting cysts and
ggs (box 1 ), allow scientists to reconstruct Earth’s climate his-
ory and evaluate the effects of climate change on ecosystems
hrough time (Gray et al. 2012 , Trubovitz et al. 2020 , Benedetti
t al. 2021 ). 
Temperature is one of the main climate factors that influences

arious aspects of plankton life, including metabolism, growth,
eproduction, morphology, and survival rates (Zohary et al. 2021 ,
atnarajah et al. 2023 ). Warming can also affect plankton indi-
ectly via changes in the water cycle because ocean circulation,
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Box 2. Glossary of terminologies related to aquatic ecosystems mentioned in the article.

Acidification: The process of becoming more acidic which can occur in all aquatic ecosystems. Acidification is often used in refer- 
ence to a decline in the pH of the ocean owing to the absorption of excess atmospheric carbon dioxide, which can impact marine 
life, especially calcifying organisms. 

Bioaccumulation: The accumulation of substances, such as toxins or pollutants, within an organism over time. 

Biological pump: A set of interconnected processes that result in the net transport of atmospheric carbon from surface waters to 
the ocean interior/sediments. It is driven by the activities of marine organisms, and includes the fixation of carbon by aquatic plants, 
phytoplankton and mixoplankton through photosynthesis, the release of carbon dioxide via respiration, the storage of carbon by 
animals via prey consumption, and the vertical grantient of organic matter from sunlit to deeper layers of the water colum through 
vertical migration, sinking, egestion, and excretion. The biological carbon pump has a critical role in regulating Earth’s climate, 
maintaining ocean chemistry, and supporting the productivity and resilience of marine Ecosystems. 

Bioluminescence: The emission of light by living organisms, such as some planktonic species, through a series of chemical reactions, 
often used for communication, prey attraction, or predator defence. 

Brownification: The darkening of surface aquatic waters, usually lakes, fjords and coastal areas due to the increased input of 
terrestrial organic matter. 

Calcification: The formation of calcite or aragonite shells and/or spines in many aquatic species, including plankton (e.g., coccol- 
ithophores, planktonic foraminifera). 

Eutrophication: A perturbation process of some aquatic ecosystems that includes a rapid growth of planktonic autotrophs, fu- 
elled by an increased availability nitrogen and phosphorus, along with high temperatures. This process can occur naturally or be 
caused/accelerated by human activities, such as agricultural runoff and global warming. When nutrient levels become excessive, 
eutrophication can degrade water quality, leading to hypoxia (oxygen depletion) and the death of various aquatic species. 

Marine snow: A continuous shower of organic and inorganic material (e.g., CaCO3, opal), including dead and decaying plankton, 
faecal pellets, and other debris, that sinks from sunlit to deeper waters. Marine snow ends up as food for different organisms (while 
it sinks through the water column) or it reaches the seafloor where it may remain ‘sequestered’ for thousands of years. 
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recipitation patterns, sea ice dynamics, and water column strat-
fication lead to changes in nutrient and light availability needed
or plankton growth (figure 6 ; Winder and Sommer 2012 , Wool-
ay et al. 2020 ). For example, drought conditions can reduce wa-
er availability and habitat connectivity in freshwater and estu-
rine ecosystem-fragmenting plankton populations and limiting
ispersal (Rojo et al. 2012 , Campos et al. 2022 ). On the other hand,
ainfall and runoff may increase terrestrial input and nutrient
oncentrations and contribute to a brownification effect in lakes
nd coastal regions (box 2 ). This phenomenon may provide zoo-
lankton with protection against ultraviolet radiation (Wolf and
euschele 2018 ) and visual predators such as fish (Jönsson et al.
011 ) but also may cause shifts in phytoplankton composition,
oncentration, and blooms (Opdal et al. 2019 ). Reduced ice cover-
ge in polar habitats influences light penetration and nutrient cy-
ling, affecting the phenology (i.e., life-cycle timing), functionality,
nd the blooms of various plankton species (Deppeler and David-
on 2017 , Ardyna and Arrigo 2020 ). Aquatic acidification (box 2 )
hallenges the ability of calcifying plankton such as foraminifera,
occolithophores, pteropods, and the larvae of echinoderms and
ollusks to form and maintain shells, potentially affecting their

ole in carbon cycling and marine food webs (Tyrrell 2008 ,
artins Medeiros and Souza 2023 ). Observations and modeling
tudies have shown that ongoing climate change has altered
he distribution of plankton in aquatic ecosystems. For example,
0 years of satellite data have recorded a color change in the
cean with equatorial regions becoming noticeably greener be-
ause of the distribution shifts of photosynthetic plankton species
figure 6 ; Cael et al. 2023 ). 
Field observations have also demonstrated changes in the

istribution of marine plankton populations including poleward
hifts (Poloczanska et al. 2013 ). These trends are expected to con-
inue, with models predicting additional distribution changes and
plankton biomass declines by 2100 (Benedetti et al. 2021 , Cooley et
al. 2022 , Heneghan et al. 2024 ). Warming and stratification caused
by climate change are also connected to plankton population
changes in freshwater alpine, temperate and tropical lakes (Shi-
moda et al. 2011 , Michelutti et al. 2015 , Ogutu-Ohwayo et al. 2016 ).

The consequences of climate-driven changes in plankton com-
munities extend far beyond the plankton themselves. They can
significantly affect both marine and terrestrial ecosystems, affect-
ing key processes such as nutrient cycling, carbon sequestration,
and food web dynamics (Hays et al. 2005 ). Therefore, studying the
plankton responses to climate change is critical in understand-
ing, predicting, and addressing the broader implications of climate
change on Earth and the well-being of our societies.

4. Plankton and the evolution of science 
From the intricate structures and astonishing colors to the re-
markable adaptations of single-celled organisms and the complex
life cycles of planktonic metazoans (box 1 ), human curiosity and
amusement have been fueled by plankton. Repeatedly, knowledge
gained by studying plankton has been applied to many other or-
ganisms and ecosystems in water and on land. Plankton research
has advanced ecological concepts such as the paradox of plank-
ton (Hutchinson 1961 ) and competition theory (Tilman 1982 ), with
plankton-driven models enhancing ecosystem understanding, hy-
pothesis testing, and experimental design. Plankton data inspired
the hypothesis of equal biomass distribution in logarithmic size
classes, forming the basis of size-spectrum theory (Platt and Den-
man 1977 ), validated across diverse organisms (Hatton et al. 2022 ).
Studying plankton continues to yield insights into allometry and
scaling relationships between size and biological traits. 

Our understanding of the diversity and limits of life is broad-
ened by plankton. Extremophilic plankton thriving in harsh
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Figure 5. A schematic diagram illustrating the intricate influence of plankton on carbon cycling within aquatic ecosystems. 
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nvironments (e.g., deep-sea hydrothermal vents, polar regions)
rovide insights into adaptability, evolution, and extraterrestrial
abitability (Calbet 2024 ). Fossilized plankton have advanced
aleoceanography and the reconstruction of Earth’s history,
evealing climate changes and life evolution (Rigby and Mil-
om 2000 , Falkowski et al. 2004 ). Plankton colonies (e.g., Volvox ,
hoanoflagellates, siphonophores) enhance our understanding of
ulticellularity and individuality in nature (Miller 2010 ), and the
hordate bodies of salps and larvaceans help us study vertebrate
nd human evolutionary processes. 
Fields beyond biological sciences, such as physics, mathemat-

cs, medicine, socioeconomics, forensics, engineering, and citizen
cience have been inspired by planktonic organisms. The compet-
tive exclusion principle derived from plankton has applications
n socioeconomics (Gause 1934 ), and plankton species have been
sed as model organisms to study nonlocal reaction–diffusion
quations in mathematics (e.g., Du and Hsu 2010 ). Plankton-
nspired research has developed theories and tools for under-
tanding concepts such as buoyancy and gravity underwater
Kiørboe et al. 2018 , Krishnamurthy et al. 2019 ). Mixoplankton en-
bles research in phagotrophy (box 1 ) and endosymbiotic plastid
cquisition (Millette et al. 2023 ) with potential implications for or-
an transplants. The notable discoveries of anaphylaxis from the
ortuguese man o’ war ( Physalia physalis ), the telomeres from the
reshwater ciliate Tetrahymena thermophila , and the green fluores-
ent protein from the jellyfish Aequorea victoria have revolution-
zed allergology, ageing, and cancer research, earning Nobel Prizes
n medicine (1913, 2009) and chemistry (2008; Blackburn 2010 ,
otterell et al. 2023 ). Freshwater plankton species such as rotifers
nd cladocerans (e.g., Moina macrocopa , Daphnia magna ) are used as
ole models in biomedical and ecotoxicological research (Dahms
t al. 2011 , Siciliano et al. 2015 ). In forensic science, diatoms are
sed as diagnostic tools for determining deaths by drowning (Saini
nd Rohilla 2020 ). 
Phytoplankton communities are so dense in the sunlit waters

hat they can be seen from space. The launch of the Coastal Zone
olor Scanner by NASA in 1979 proved the concept that phyto-
lankton biomass can be estimated from space by measuring an
mportant trait of these organisms: color. This advancement in
pace-based plankton observation has greatly influenced ecology
nd led to the development of numerous satellite and airborne
ensors from space agencies worldwide. The new generation of
atellite sensors will be able to measure even more colors to help
s better understand the diversity of phytoplankton functional
roups in aquatic systems. Moreover, plankton-inspired frugal
cience aims to develop low-cost, high-quality tools to democra-
ize science access (de Vargas et al. 2022 ). Frugal science has al-
eady led to groundbreaking discoveries related to the rapid ex-
ansion of plankton size for survival, including cellular origami
echniques (Flaum and Prakash 2024 ) and hydrodynamic trigger
aves (Mathijssen et al. 2019 ). Citizen science and outreach activ-

ties provide unique opportunities for individuals of all ages to en-
age in scientific research, enhance their knowledge of plankton
nd aquatic ecosystems, and inspire future generations of scien-
ists ( supplemental table S1; Kirby et al. 2021 ).

. Plankton and the economy 
lankton are an often underestimated part of various economic
ectors, including food supply, access to water, tourism, energy
upply, and biotechnology. Plankton fisheries harvest jellyfish,

https://academic.oup.com/bioscience/article-lookup/doi/10.1093/biosci/biaf049#supplementary-data
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Figure 6. A map with local, regional, and global examples where 
temperature-driven climate phenomena, such as monsoons, oceanic 
oscillations, stratification, drought, and hypersalination, have affected 
plankton communities across various aquatic systems, including lakes, 
estuaries, and coastal and open ocean environments. 
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rill, and copepods. The most common cultured plankton organ-
sms are the cyanobacterium Spirulina , the shrimp Artemia , and
otifers of the genus Brachionus (Suthers et al. 2019 , Araujo et al.
022 ). Harvested and farmed plankton are used as food and sup-
lements for species cultured for both commercial and recre-
tional aquaculture, such as fish, shellfish, and shrimp, as well
s for humans (e.g., krill quesadillas, Calanus soups, jelly dishes,
pirulina powder, plankton oils, polyunsaturated fatty acids). As
he regulator of aquatic life, plankton also affect the populations
nd distributions of many organisms with socioeconomic impor-
ance. Upwelling systems worldwide, such as those off the coasts
of Peru, West Africa, Western North America, and Venezuela,
demonstrate the economic significance of plankton. The Peruvian
upwelling system, for instance, is an example of how nutrient-rich
waters from ocean depths fuel high productivity and plankton
growth which in turn sustains nearly 10% of the global fish catch
(Chavez et al. 2008 ). Some countries, however, might see economic
losses when environmental conditions trigger blooms of harm-
ful algae or jellyfish (Richardson et al. 2009 , Griffith and Gobler
2020 ). As an example, the 2017–2019 Red Tide event in Southwest
Florida resulted in over US$184 million in local monetary losses
and nearly 3000 job-years lost (Court et al. 2021 ). Open and con-
trolled aquacultures can also be affected by unregulated plankton
blooms, which may deplete oxygen levels and elevate concentra-
tions of toxins and parasites, thereby threatening the health of
cultured species and posing risks to their consumers. 

Plankton support economic sectors beyond food supply. By act-
ing as natural biofilters, some plankton contribute to the removal
of excess nutrients and pollutants from water bodies. This con-
tributes to clean water provision and benefits sectors related to
human water consumption and use, agriculture, and industrial
manufacturing and cooling. Plankton populations also help main-
tain diverse aquatic habitats, promoting recreational activities
that generate substantial revenue for industry and employment
opportunities in communities close to water.

In addition to these benefits, plankton also have a broader
economic impact through their exploitation in various sectors
such as medicine, cosmetics, construction, and energy supply. For
example, the freshwater mixoplankton Haematococcus pluvialis is
farmed for its astaxanthin, which is widely used in pharmaceu-
ticals, cosmetics, and food colorants (e.g., salmon, Régnier et al.
2015 ). Plankton-derived bioactive compounds, such as biolumi-
nescent proteins and toxins, are increasingly used in medicine
and the pharmaceutical industry. Applications include nonpol-
luting fluorescent markers and products with therapeutic poten-
tial, such as antibiotics, antivirals, anticancer agents, and im-
munomodulatory drugs (Abida et al. 2013 , Riccio and Lauritano
2019 ). Estimates indicate that marine bacteria may account for
up to 64% of the US$563 billion to US$5.69 trillion market value
in undiscovered marine-derived anticancer drugs (Erwin et al.
2010 ). Researchers have also explored the use of selected plank-
ton algae as more environmentally friendly alternatives to pesti-
cides for controlling the planktonic stages of vectorial mosquitoes
through toxicity or indigestibility (Marten 2007 ). Calcite shells of
certain plankton species (e.g., foraminifera, coccolithophores) are
part of limestone, a material used in the steel industry and for
the production of chalk, construction materials, agricultural lime,
and toothpaste. Fossil oil and natural gas include thousands on
thousands of dead plankton organisms that were buried on the
sea floor millions of years ago (Suthers et al. 2019 ), whereas plank-
tonic microalgae such as Dunaliella are used for biodiesel and
bioethanol production (Amoozegar et al. 2019 , Calbet 2024 ). In-
novative marine carbon dioxide removal strategies, such as ocean
alkalinity enhancement and artificial upwelling, are being devel-
oped to use plankton in actions toward net-zero emissions by 2050
(Zhang et al. 2022 ). For successful implementation, these strate-
gies must provide evidence of minimal negative impacts on ocean
ecosystems and biodiversity (GESAMP 2019 , Zhang et al. 2022 ). 

6. Plankton, human culture, recreation, and 

well-being 

Human culture, recreation, and well-being are being supported by
plankton in various ways. Communities close to water bodies use
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Figure 7. Examples of how plankton organisms have been used as an inspiration in human art and culture. 
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lankton as a food source both indirectly, by supporting smaller
sh species that contribute to their cultural practices and diets,
nd directly. For example, in China and Japan, jellyfish feature
rominently in traditional dishes as a high nutrition—low calo-
ie culinary delicacy with various health benefits such as aiding
igestion and treatment of high blood pressure and bone pain
Leone et al. 2015 ). The freshwater cyanobacterium Spirulina has
een part of traditional diets in African communities such as the
anembu around Lake Chad and Central American communities
uch as the Aztecs, and its popularity continues to expand glob-
lly as a health food supplement. 
As key indicators of water quality, plankton modulate access to

ecreational experiences in aquatic environments such as swim-
ing, surfing, recreational fishing, and underwater exploration.
or instance, in high latitudes, recreational activities such as fish-
ng and whale watching are closely tied to the timing of plank-
on blooms. These blooms create hotspots for marine life and
ttract migratory and charismatic species that follow them. Au-
horities and local communities often use plankton blooms to in-
orm decisions about whether or not to engage in aquatic recre-
tional activities or enter aquatic areas. Bioluminescent marine
inoflagellates create stunning displays of light, enhancing night-
ime aquatic experiences. They are part of cultural events (e.g.,
he Redhan lun, “Sea of Stars” phenomenon on Vaadhoo Island in
he Maldives) and tourist attractions for many countries. Records
f bioluminescent plankton can be found in documentaries, the
lm The Beach , and in many videos and photos online. Fossilized
lankton create the chalk landscapes that have attracted people
or recreation (e.g., the White Cliffs of Dover, in the United King-
om) and the creation of huge works of art in the landscape, such
s the Uffington White Horse in the United Kingdom. 
Throughout history, plankton-derived materials have influ-

nced human societies and cultural heritage. The silica-rich skele-
ons of diatoms and radiolarians have provided valuable re-
ources, such as flint for tools and weapons during the Stone Age
nd opal for use in jewelry and religious symbols from civiliza-
ions, such as the Mesoamericans, the Arabs, the Romans, and
he Greeks (Eckert 1997 , Suthers et al. 2019 ). Today, the structural
roperties of plankton inspire advancements in architecture, en-
ineering, and biomimetics (Jungck et al. 2019 ). Architects have
een inspired by planktonic forms to design iconic buildings, such
s Milan’s Galleria Vittorio Emmanuele and the former Monumen-
al Gate (Porte Binet) of Paris. In addition, they have influenced the
esign of systems for renewable energy technologies such as wind
urbines, solar panels, and lightweight cars (Pohl and Nachtigall
015 , Sharma et al. 2021 ). 
The intricate forms and vibrant colors of plankton have in-

pired artists across media, from paintings and sculptures to mu-
ic, photography, choreography, fashion, and animation (figure 7 ,
upplemental table S2). The detailed plankton illustrations of the
ineteenth-century scientist and artist Ernst Haeckel are a re-
arkable example. The drawings not only introduced the beauty
f plankton to a wider audience, they also have inspired many
rtists over time. Plankton-influenced artworks are displayed in

https://academic.oup.com/bioscience/article-lookup/doi/10.1093/biosci/biaf049#supplementary-data
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Figure 8. 10 examples showcasing the use of common plankton 
variables (chlorophyll a, primary production, community composition, 
abundance, biomass, and traits) in scientific research, policy, and 
environmental management. 
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useums, universities, and exhibitions (e.g., 2017 “Wildlife and La
er” at the Philadelphia Airport), offering an engaging platform

or natural history education (Jungck et al. 2019 ). Plankton have
een commemorated on postage stamps globally, with countries
aising awareness of their diversity and ecological importance.
hey have also made their way into popular culture, with charac-
ers such as the antihero Sheldon J (a copepod restaurateur) from
he children’s show Spongebob Squarepants . Although this cartoon
as helped raise awareness of plankton and although an antihero
s not always a negative element in pop culture, its portrayal of
lankton as a villain can contribute to a negative perception of
lankton among some audiences. 

lankton and policy 

ecent policy initiatives, such as the United Nations Sustain-
ble Development Goal 14 (Life Below Water) and the Kunming–
ontreal Global Biodiversity Framework, take a holistic approach

o biodiversity management, considering all ecosystem service-
upporting species and habitats (Scharlemann et al. 2020 ). Be-
ause of their fundamental role in aquatic ecosystems, plankton
iomass and diversity have been identified as Essential Ocean and
limate Variables to be monitored locally in a way that data can be
ggregated to evaluate regional and global changes (Miloslavich
t al. 2018 ). Still, despite existing efforts from many nations to
onitor plankton communities as indicators of ecosystem health

 supplemental table S3), their relevance for ecosystem dynam-
cs and functioning is oftentimes still neither monitored nor as-
essed. The underrepresentation of plankton in policy mecha-
isms, discussions on biodiversity loss, and conservation efforts
ersists, highlighting opportunities to integrate plankton into ini-
iatives such as the Aichi Biodiversity Targets and the Kunming–
ontreal Global Biodiversity Framework (Chiba et al. 2018 ). 
The purpose of this policy section is to briefly introduce how the
ost common plankton variables are used in policy frameworks,
ith examples from Africa, the Americas, Australia, Europe, and

apan ( table S3). Chlorophyll a (a variable that reflects phytoplank-
on biomass) is the most frequently measured variable, followed
y primary productivity, community composition (often based on
axonomy and detailed phytoplankton pigment analyses), abun-
ance, and biomass. Some policy frameworks also include moni-
oring the presence of invasive species (e.g., the International Con-
ention for the Control and Management of Ships’ Ballast Water
nd Sediments requires the measurement of viable phytoplank-
on and Vibrio cholera in ballast waters) or traits such as size (e.g.,
he EU Marine Strategy Framework Directive) and toxins (e.g., Aus-
ralia’s Water Quality Improvement Plans). 
Plankton variables serve a wide range of users across leg-

slative mandates (figure 8 ). They enable government agencies
o monitor environmental status and water quality (e.g., micro-
ial pathogens, harmful algae, eutrophication, pollution) and es-
ablish protective measures for aquatic ecosystems such as wa-
er quality standards (e.g., the Programa de Vigilancia de Playas
el Rio, the Periodic Beach Surveillance Programme, of the River
ruguay Administrative Commission; the South African Water
uality Guidelines for Domestic Water Use; the European Water
ramework Directive), and marine protected areas (e.g., Canada’s
cean Act, Canada 1996; Japan’s Marine Biodiversity Conservation
trategy, Nature Conservation Bureau 2011). Public and private
ectors also use plankton variables to monitor the environmen-
al conditions and impacts of their operations (e.g., aquaculture,
ctivities related to tourism), to develop sustainable practices, and
o make informed decisions for accessing aquatic ecosystems on
the basis of their overall health and quality. Moreover, they are
used for monitoring and projecting habitat suitability for the pop-
ulation of fish and charismatic species, ultimately contributing
to decisions about sustainable fishing yields. This includes the
management of commercially important planktonic species, such
as krill (Convention on the Conservation and of Antarctic Ma-
rine Living Resources 2023 ) and the copepod Calanus finmarchicus
(Nærings og fiskeridepartementet, commercial copepod trawling
licenses with total allowable catch). 

Despite the use of common plankton variables by various
nations, the discrepancies in data collection, analysis, and ac-
cessibility both within and among countries pose challenges to
the successful implementation of policy frameworks. Establish-
ing a transnational consensus on measurement and analysis
standardization, as well as the development of robust methods
to compare patterns of change across programs with different

https://academic.oup.com/bioscience/article-lookup/doi/10.1093/biosci/biaf049#supplementary-data
https://academic.oup.com/bioscience/article-lookup/doi/10.1093/biosci/biaf049#supplementary-data
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ampling methods, would enable more effective data use and
acilitate the compilation of information for further research
nd analysis. In addition, including more ecologically and func-
ionally relevant plankton variables in policy frameworks, such
s Essential Biological Variables (Brummitt et al. 2017 ), would
nhance effective ecosystem-based monitoring and forecasting
pproaches for well-informed decisions on the basis of causality
s opposed to just correlational interpretations. This is impor-
ant, especially when considering disruptive local impacts (e.g.,
ollution) and climate change on ecosystem stability and the
rucial role of plankton in numerous carbon dioxide removal
nitiatives under development. The creation of an international
lankton policy working group has the potential to enhance
lobal awareness and integration of plankton-related issues in
igh-level policies while still acknowledging that regional policies
re important to address specific local needs. 

ssential actions for enhancing our 
nderstanding of the value of plankton 

ven if plankton have fascinated observers for centuries, it was
ot until 1887 that Hensen introduced the definition of plankton
nd that the rise of organized plankton research started (Dolan
021 ). Since then, scientists have developed a plethora of tools and
ethods to study plankton from space, in water, in the laboratory,
nd with mathematical models (Lombard et al. 2019 ). In this sec-
ion, we suggest four key actions to advance and sustain plankton
esearch needed for understanding the values of plankton to hu-
anity and our planet. 

. Expanded sustained plankton research 

espite the vital role of plankton observations in ecological
tudies and policy frameworks, many observing and monitor-
ng programs suffer from underfunding and data accessibility
imitations that jeopardize their vital contributions to recording
nvironmental status and understanding aquatic ecosystems
Batten et al. 2019 , Ratnarajah et al. 2023 ). Sustained plank-
on research requires investments in long-term observing or
onitoring programs that measure various plankton groups
imultaneously by using different tools (e.g., bottles, nets, omics,
maging, continuous recording systems, optical bulk and single-
ell or organism sensors) and can be integrated with satellite and
odeling methods (Pierella Karlusich et al. 2022 , Ratnarajah et al.
023 ). The development of low-cost, high-quality observing tools
e.g., PlanktoScope) and advancements in remote sensing (e.g.,
atellites, underwater gliders, moorings) can democratize science
nd expand global data coverage, particularly in undersampled
egions across different aquatic environments (Spanbauer et al.
020 ). For example, automated technical sensors can be applied
n most research vessels, as well of ships of opportunity (e.g.,
he Continuous Plankton Recorder, FerryBox, GoShip), whereas
neArgo and moorings with imagining tools can collect impor-
ant information about the biogeography and characteristics of
pecies (Spanbauer et al. 2020 , Picheral et al. 2022 ). Laboratory
xperiments and mesocosm studies are crucial for understanding
lankton ecophysiology. Models consolidate our conceptual un-
erstanding and interpolate in time, space, and ecology, making
hem powerful tools for facilitating hypothesis testing, advancing
nowledge, and informing observing systems about critical data
eeds (Skogen et al. 2021 , 2024 ). For example, plankton digital
wins, akin to weather forecasts, can provide projections related
o human actions and policy decisions (Flynn et al. 2022 ). Despite
ngoing technological advancements, the continuous investment
n educating and supporting plankton experts is vital for sustain-
ng research and enhancing our understanding of the value of
lankton to humanity and Earth. 

. Harmoniz ed, standardiz ed, and accessible data 

ustainable plankton research can only be guaranteed if observa-
ional and modeling data are accessible in almost real time and in
 format that can be employed by various users. Ensuring compli-
nce with FAIR (Findable, Accessible, Interoperable, and Reusable)
nd CARE (Collective Benefit, Authority to Control, Responsibility,
nd Ethics; Carroll et al. 2021 ) data principles, along with imple-
enting data standardization protocols such as Darwin Core, sig-
ificantly enhances interoperability and facilitates seamless data
haring across various platforms (e.g., OBIS, GBIF, COPEPOD). Mod-
ling and forecasting not only synthesize existing data but also
enerate new data that is important for enhancing our ecological
nd ecosystem knowledge. Therefore, a standardization of model
utputs is needed for increasing their utility. Harmonized data ag-
regation is key for ensuring accessibility to humans and com-
utational agents that retrieve and integrate diverse data sources
or downstream investigations (Wilkinson et al. 2016 ) and support
arge-scale research and conservation efforts aligned with inter-
ational agreements and the UN Sustainable Development Goals.

. Enhancing multidisciplinary collaborations 
ultidisciplinary collaborations are crucial for understanding
lankton and their ecosystem services. Enhancing cooperation
mong data providers, scientists, model developers and users is
ecessary for the optimal use of observational and modeling ap-
roaches to forecast plankton as effectively as weather (Lombard
t al. 2019 , Flynn et al. 2022 ). Including empiricists in the modeling
rocess from the outset not only enhances model evaluation and
alibration but also introduces fresh insights, contextual knowl-
dge, and critical feedback that can refine conceptual models and
ssumptions. Model developers can offer important directions
n field and experimental observational data needs. Effective
ollaboration ensures that modeling and data collection occur in
andem, leading to more accurate interpretations and practical
ecommendations that better reflect real-world conditions. In
ddition, because plankton is part of many social interests (e.g.,
ee the “Plankton and ecology” and “Plankton, human culture,
ecreation, and well-being” sections), collaborations with experts
n socioeconomics, communication, marketing, law, policy, and
epresentatives from Indigenous communities are essential for
cience-based solutions and conservation efforts, especially in
reas at critical risk to anthropogenic activities. 

. Advocacy for science education and plankton 

iteracy 
y fostering an appreciation for plankton’s importance, diversity,
nd beauty via science education and plankton literacy, we can in-
pire future generations to sustain planktonic and aquatic ecosys-
ems. Joined actions with artists, citizen scientists, and educators
ntroduce different perspectives and ways of providing observa-
ions, communicating, and educating the public (e.g., Garcia-Soto
t al. 2017 , Garcia et al. 2022 ). Citizen science and community-
riven initiatives offer valuable data and raise awareness. At the
ame time, outreach efforts that consider local needs and values
an deepen community appreciation for plankton and nature, fos-
ering locally tailored sustainable actions (Varanasi et al. 2021 ). 
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lankton in the Life Framework of Values 

he Life Framework of Values (living from, with, in, and as nature)
onceptualizes the importance of nature and the ethical responsi-
ilities toward it (figure 3 ; O’Neill 1992 , O’Connor and Kenter 2019 ).
he Intergovernmental Science-Policy Platform on Biodiversity
nd Ecosystem Services (IPBES) adopts this framework to holisti-
ally evaluate the value of nature and help inform policymaking
or the sustainable management of biodiversity and ecosystem
ervices (IPBES 2022 , Pascual et al. 2023 ). In the present article,
e present how the six themes outlining the value of plankton
re integrated within the Life Framework of Values to offer a
omprehensive summary of plankton’s significance to humanity
figure 3 ). 
Living from nature focuses on the capacity of nature to pro-

ide resources. Plankton support the biogeochemical stability
f aquatic ecosystems, particularly of oxygen, carbon, nitrogen,
nd phosphorus. By absorbing and storing carbon, plankton con-
ributes to Earth’s climate regulation in geological time scales
hundreds to thousands of years). They have a vital role in main-
aining aquatic life and high water quality, thereby ensuring global
ood security and access to water. Plankton deposits are mined for
nergy (oil, gas, biofuel, flint), agriculture (lime, phosphate), and
onstruction (chalk). Their physiology and ecology contribute to
dvancements in science including medicine, biotechnology and
iomimetics.
Living with nature centers on a more harmonious relationship,
here humans live in coexistence with nature, respecting its pro-
esses and limits including the right of organisms to exist inde-
endently of human needs and presence. The myriad of plank-
onic organisms make Earth livable and diverse by supporting the
cological stability of aquatic ecosystems as well as many terres-
rial organisms, and ensuring the continuous link of populations
ver time and space. A vast number of plankton species’ charac-
eristics, life cycles, and interactions have not yet been described,
hich puts the focus on this amazing and mysterious realm of life.
Living in nature emphasizes the vital role of nature in humans’

dentity, lifestyles, and culture. By sustaining healthy and diverse
quatic ecosystems, plankton have a profound impact on culture
nd recreational activities, especially for communities near wa-
er. In addition, plankton inspire creativity in art, literature, and
esign which fosters a deeper appreciation for these organisms
nd can promote public awareness about their importance and
onservation. 
Finally, living as nature highlights our physical, mental, and

piritual interconnectedness with the natural world. Recognizing
he intrinsic value of plankton not solely as a resource but as
n essential part of the Earth’s status is pivotal. Cultivating a
eep respect for plankton and embracing sustainable practices
hat ensure their continued abundance and diversity serves as a
estament to our commitment to coexist harmoniously with the
atural world. 
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rine Pollution Monitoring Program. BB was funded by the National
Sciences and Engineering Council of Canada under grant no.
06844. BC was funded by the Leverhulme Trust, through grant no.
RPG-2020–389. JDE was funded by the Australian Research Council
Discovery through grants no. DP190102293 and no. DP230102359.
TG was funded by the Long-Term Ecological Research Program
Brazilian semiarid coast—PELD CSB (grant no. 442337/2020–5). RG
was funded by the European Union’s Next Generation through
the Spanish Ministry of Universities (María Zambrano program).
TG-H was funded by the Israel Science Foundation through grant
no. 1655/21. SH was funded by the Strategic Science Investment
Funding to NIWA by the Ministry of Business, Innovation, and
Employment. RH was supported by the Ministry of Fisheries and
Marine Resources, Namibia. CL received funding from the Horizon
Europe Framework project C-BLUES (project no. 101137844) and
the FRIPRO project PELAGIC (project no. 334996) funded by the
Norwegian Research Council. MM was funded by the David and
Lucile Packard Foundation. EM was funded through the Marine
Biodiversity Observation Network (MBON) and the MBON Pole to
Pole of the Americas with grants from NASA (no. 80NSSC18K0318,
no. 80NSSC23K0047, and no. 80NSSC23K1779). This work was
also supported by the NOAA award no. NA23NOS4780271 as
part of the Florida Regional Ecosystems Stressors Collaborative
Assessment project. FM-K was supported through the Marine
Biodiversity Observation Network grants from NASA (grants no.
NNX14AP62A, no. 80NSSC20K0017, and no. 80NSSC22K1779),
NOAA IOOS (grant no. NA19NOS0120199), NOAA Climate Pro-
gram Office (grant no. NA22OAR4310561), and the Gulf of Mexico
Coastal Ocean Observing System (GCOOS/IOOS cooperative
agreement no. NA16NOS0120018). AP was supported by the EU
Horizon Europe projects BioEcoOcean (grant no. 101136748) and
SEA-Quester (grant no. 101136480). AJP was funded by the EU
Horizon OceanICU project (grant no. 101083922) and UK Research
and Innovation under the UK government’s Horizon Europe
funding guarantee (grant no. 10054454). JFS was supported by
projects no. PIBAA-CONICET 28720210100721CO and no. PIN1-
UNCo 04/P007. RS was supported by Defra, Environment Agency,
in the United Kingdom. SV was supported by Trond Mohn Starting
Grand no. TMS2018REK02. 

Author contributions 

Maria Grigoratou (Conceptualization, Funding acquisition, Project
administration, Visualization, Writing - original draft, Writing -



718 | BioScience, 2025, Vol. 75, No. 9

r  

W  

M  

W  

&  

D  

(  

&  

D  

q  

E  

-  

i  

J  

G  

t  

e  

H  

-  

i  

d  

i  

i  

(  

v  

O  

v  

F  

(  

&  

-  

&  

e  

S  

v  

V  

&  

r

S
S

R
A  

 

A  

A  

 

A  

A  

B  

 

B  

 

B  

 

 

 

 

B  

B  

 

B  

 

B  

B  

 

B  

 

B  

 

 

C  

 

C  

C  

 

C
C  

 

 

C  

 

C  

 

 

C  

 

 

C  

 

 

C  

 

 

 

 

C  

 

D
ow

nloaded from
 https://academ

ic.oup.com
/bioscience/article/75/9/706/8172382 by U

niversity of Bergen Library user on 26 Septem
ber 2025
eview & editing), Susanne Menden-Deuer (Conceptualization,
riting - original draft, Writing - review & editing), Abigail
cQuatters-Gollop (Conceptualization, Writing - original draft,
riting - review & editing), George Arhonditsis (Writing - review
 editing), Luis Felipe Artigas (Writing - review & editing), Sakina-
orothée Ayata (Writing - review & editing), Dalida Bedikoğlu
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