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Abstract

Biomarkers are increasingly recognized as sensitive indicators of physiological and ecological responses in marine organ-
isms, offering new perspectives for monitoring and ecosystem status assessment. Traditional indices of species composition and 
biomass, though valuable, often fail to capture early sublethal or functional changes in zooplankton communities. To explore the 
potential of biomarkers as complementary tools for environmental monitoring within the European Marine Strategy Framework 
Directive (MSFD), the EuroMarine workshop BIOZOO gathered European experts to evaluate the use of enzyme activities, oxida-
tive stress markers, fatty acids, and stable isotopes for zooplankton-based assessments. Participants identified methodological pri-
orities, including protocol standardization, inter-laboratory calibration, and baseline development, to ensure comparability across 
regions. This synthesis highlights how integrating biochemical and physiological biomarkers into existing monitoring frameworks 
can improve the detection of ecosystem responses to environmental pressures such as warming, pollution, and eutrophication. 
Strengthening biomarker applications in European Seas represents a step toward a more functional, harmonized, and responsive 
approach to pelagic habitats assessment.
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Introduction

To address anthropogenic pressures—including eu-
trophication, pollution, and underwater noise—the Euro-
pean Union has implemented two key legislative frame-
works. The Water Framework Directive (WFD; 2000/60/
EC) aims to prevent further deterioration and to achieve 
good ecological and chemical status of inland surface wa-
ters, transitional waters, coastal waters, and groundwater. 
Complementing this, the Marine Strategy Framework Di-
rective (MSFD; 2008/56/EC) seeks to protect the marine 
environment across Europe, promoting the sustainable 
use of marine resources while ensuring the maintenance 
or restoration of marine biodiversity. To operationalize 
this goal, the MSFD outlines 11 qualitative Descriptors 
(D1–D11; Table 1) that define Good Environmental Sta-
tus (GES), addressing elements such as biodiversity, food 

web structure, and the presence of contaminants.
Phytoplankton have long been used as indicators of 

nutrient status in aquatic ecosystems (Garmendia et al., 
2013). In contrast, zooplankton have historically been un-
derrepresented in biomonitoring programs. However, the 
systematic development, coordination, and application of 
zooplankton indicators have recently expanded (Caroppo 
et al., 2013), driven largely by the MSFD’s mandate to in-
corporate plankton into GES assessments, particularly for 
descriptors related to biodiversity, food webs, and eutroph-
ication (Gorokhova et al., 2013, 2016; HELCOM, 2018; 
McQuatters-Gollop et al., 2019; Magliozzi et al., 2021).

To enhance marine protection and monitoring efforts, 
scientists have developed index-based methods to assess 
community richness, abundance, and biomass (Des-
rosiers et al., 2013). Biomarkers, however, offer comple-
mentary advantages by providing early-warning signals 
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and long-term data on cellular, molecular, and tissue-lev-
el responses to environmental stressors (Herrera et al., 
2024a). Various biomarkers, either individual or in com-
bination, offer insights into biodiversity shifts, changes in 
food quality and quantity, pollution effects in various taxa 
(e.g., mussels, fish) and species-specific vulnerability to 
environmental stressors, such as heatwaves (Lam, 2009). 
Biomarkers also offer the advantage of enabling site-spe-
cific assessments of ecosystem health.

To ensure the effective application of biomarkers across 
European marine waters, it is essential to establish stand-
ardized quality assurance protocols, including inter-labo-
ratory calibrations and the development of baseline data to 
distinguish natural variability from human-induced stress 
(Desrosiers et al., 2013). In this context, we highlight the 
need to integrate innovative tools, such as biomarkers, 
within the MSFD. Expanding their use in marine moni-
toring will enhance environmental assessments and sig-
nificantly improve our capacity to detect and respond to 
anthropogenic impacts on marine ecosystems.

To explore the integration of biomarkers into MSFD 
monitoring frameworks, the EuroMarine-funded work-
shop BIOZOO was held in November 2022. The prima-
ry aim of the workshop was to evaluate the feasibility, 
standardization, and applicability of biomarker-based 
approaches —such as enzyme activities, oxidative stress 
markers, fatty acid profiles, and stable isotope ratios—
for routine zooplankton monitoring across Europe-
an waters. Here we synthesize the expert perspectives, 
highlight current methodological advances, identify ex-
isting challenges, and propose a roadmap for harmonized 
biomarker implementation within the MSFD. As the third 
MSFD implementation cycle takes off, there is growing 
momentum to incorporate functional, process-based in-
dicators—such as zooplankton biomarkers for holo- and 
meroplankton—to enhance pelagic habitats and food web 
assessments, complementing traditional abundance and 
biomass metrics. 

Historical and current application of biomarkers in ma-
rine environment

The application of biomarkers in environmental as-
sessment originated in pharmacology and medical toxi-
cology before being adapted to marine ecosystem mon-
itoring (McCarty et al., 1993). Biomarker approaches 
applied to zooplankton communities in marine and 
brackish environments serve as valuable tools for evalu-
ating ecotoxicological risks and providing early warnings 
about ecosystem health (Minutoli et al., 2007). Plankton-
ic organisms are particularly suitable for marine ecologi-
cal assessments due to their crucial role in biogeochemi-
cal cycles and ecosystem functioning. They form the base 
of the food web and exhibit rapid responses (abundance 
and/or diversity) to environmental changes or pressures. 
Zooplankton hold significant potential as an indicator of 
environmental changes and stressors (Beaugrand et al., 
2008). Additionally, unlike species affected by fishing ac-
tivities, zooplankton are not commercially harvested in 
Europe (Zervoudaki et al., 2020). As a result, variations 
in their abundance and diversity can be attributed exclu-
sively to environmental factors. 

Biomarkers help shift from taxonomy-based to func-
tionally informative indicators. Α range of biomarkers, 
including those assessing respiratory metabolism (elec-
tron transport system activity, ETS; Packard et al., 1971), 
growth rates (aminoacyl t-RNA synthetases activity, 
AARS; Yebra & Hernández-León, 2004), oxidative stress 
responses (Halliwell & Gutteridge, 2007), stable isotopes 
(Peterson & Fry, 1987), and fatty acids (Dalsgaard et al., 
2003; Parrish, 2013), can be applied to field-collected 
zooplankton with reasonably affordable laboratory prepa-
ration (Table 2). Integrating these approaches enhances 
our understanding of zooplankton ecology, predator-prey 
relationships, and ecosystem dynamics.

In the 1970s, Packard et al. pioneered the use of en-
zyme activities, such as the ETS method, as biomarkers to 

Table 1. Marine Strategy Framework Directive (MSFD) Descriptors: full names and classification as indicators of environmental 
pressure or ecosystem state.

Descriptor Name Type

D1 Marine biodiversity State

D2 Non-indigenous species Pressure

D3 Commercial fish and shellfish Pressure

D4 Food webs State

D5 Eutrophication Pressure

D6 Seabed integrity State

D7 Hydrographical conditions Pressure

D8 Contaminants Pressure

D9 Contaminants in seafood Pressure

D10 Marine litter Pressure

D11 Energy including underwater noise Pressure

Climate change It is not a specific descriptor under the Marine Directive; however, its 
impacts on hydrographical conditions are fully covered by Descriptor 7.

Pressure
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estimate plankton community potential respiration in the 
Pacific and Atlantic Oceans (Packard et al., 1971, 1974). 
In the early 2000s, Koppelmann et al. (2000) applied 
this approach in the Indian Ocean, measuring the poten-
tial oxygen demand of mesozooplankton and estimating 
the organic carbon demand using conversion factors 
from literature; the importance of further research and of 
standardizing the conversion rates currently in use should 
therefore be highlighted. Also, Hernández-León et al. 
(2000) used ETS to assess respiration rates in size-frac-
tionated zooplankton along the Antarctic Peninsula, a 
region known for its high biological variability. Later, 
Yebra & Hernández-León (2004) developed the AARS 
method to estimate field zooplankton growth rates, and 
designed a combined AARS and ETS enzymatic assay 
protocol (Yebra et al., 2004), expanding the application 
of these biomarkers in the subtropical eastern Atlantic 
Ocean (Herrera et al., 2017), Antarctic Ocean (Yebra et 
al., 2009), and western Mediterranean Sea (Yebra et al., 
2017, 2020). Their subsequent research examined the 
impacts of oxygen minimum zones in the Pacific Ocean 
using these biomarkers (Herrera et al., 2019). Similarly, 
McKinnon et al. (2015) applied AARS and ETS to as-
sess the zooplankton pelagic production and food web 

dynamics in Australian waters, while Protopapa et al. 
(2019a, 2025) and Drakopoulou et al. (2024) explored 
their use in the eastern Mediterranean Sea. The latest 
study by Hernández-León et al. (2025) further advances 
this research by applying AARS and ETS combined in 
the subtropical eastern Atlantic Ocean.

The application of stable isotopes to zooplankton 
ecology began in the late 1970s and early 1980s, marking 
a significant advancement in understanding trophic rela-
tionships and energy flow in marine ecosystems. One of 
the earliest and most influential studies was conducted by 
McConnaughey & McRoy (1979), who utilized carbon 
isotopes (δ¹³C) to trace the origins of primary production 
in marine food webs, including zooplankton. Minagawa 
& Wada (1984) demonstrated the utility of nitrogen iso-
topes (δ¹⁵N) in delineating trophic levels, providing an es-
sential framework for studying zooplankton feeding ecol-
ogy. These pioneering studies established stable isotope 
analysis as a robust tool to infer dietary sources, trophic 
position, and habitat use of zooplankton, offering insights 
into their ecological roles that were previously inaccessi-
ble through traditional gut content analysis. Since then, 
the use of stable isotopes in zooplankton research has ex-
panded dramatically, both methodologically and concep-

Table 2. Key biomarkers for zooplankton-based marine ecosystem monitoring and assessment. 

Biomarker Ecological
Indicator

Primary
Application Advantages Limitations Original

description Descriptors

ETS 
(Electron 
Transport 
System) 
activity

Respiratory 
metabolism

Estimates poten-
tial respiration 

rates and  
oxygen  
demand

Sensitive to  
environmental  

stress

Requires freezing  
samples in liquid  

nitrogen

Packard et al., 
1971

D1, D4, D8

AARS 
(Aminoacyl-

tRNA 
synthetases) 

activity

Growth rate Measures pro-
tein synthesis 

rates as a proxy 
for growth

Assessment of 
field zooplankton  

production;  
responsive to 

food  
and temperature

Requires freezing  
samples in liquid  

nitrogen

Yebra &  
Hernán-

dez-León, 
2004

D1, D4, D8

Stable  
Isotopes  

(δ¹³C, δ¹⁵N)

Trophic  
position and 

feeding  
ecology

Traces carbon 
sources and  

quantifies tro-
phic levels

Long-term 
dietary  

integration; 
minimal sample 

preparation

High cost; requires 
specialized  

instrumentation:  
variety in sample  
preparation and  

analytical protocols

McConnaughey 
& McRoy,  

1979

D1, D4

Fatty Acids  
(FA)

Diet quality, 
trophic 

interactions

Identifies food 
sources based on 

lipid  
profiles

Effective for 
trophic transfer 

studies;  
reflects long-term  

feeding habits

Affected by  
preservation method 

and seasonal food 
availability

Graeve et al., 
1994

D1, D4

Oxidative  
Stress  

Markers

Sublethal 
physiological 

stress

Assesses  
cellular  

responses to  
environmental  

stressors

Early-warning  
signals of  

ecosystem health  
deterioration

Lack of standard  
markers and 

baselines; requires 
freezing  

samples in liquid  
nitrogen

Monaghan et al., 
2009

D1, D4, D8
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tually. Through the 1990s and 2000s, studies increasing-
ly incorporated both δ¹³C and δ¹⁵N to investigate spatial 
and temporal variability in zooplankton diets, migratory 
behavior, and trophic interactions within increasingly 
complex food webs (e.g., Koppelmann et al., 2003, 2009; 
Hannides et al., 2014; Protopapa et al., 2019b; Massing 
et al., 2022). Recent advancements in marine zooplank-
ton ecology have integrated stable isotope analysis with 
biochemical and molecular tools to assess environmental 
stressors, food web dynamics under climate change, and 
biogeochemical cycling (Garcia et al., 2024). These stud-
ies provide insights into how anthropogenic influences 
and natural variability affect marine ecosystems.

The use of fatty acids (FA) in zooplankton ecology 
commenced in the early 1970s (Lee et al., 1971), as re-
searchers recognized their value as dietary biomarkers 
and indicators of trophic interactions. One of the early 
influential studies, by Sargent & Henderson (1986), high-
lighted the importance of essential fatty acids, such as 
eicosapentaenoic acid (EPA) and docosahexaenoic acid 
(DHA), in marine food webs and their selective retention 
and transfer by zooplankton. In an experimental study, 
Graeve et al. (1994) clearly showed that the fatty acid 
marker profile of dominant Arctic Calanus species can 
be changed from a diatom signature (major marker FA 
16:1(n-7)) to a flagellate signature (major marker FA 
18:4(n-3)) and vice versa, if fed for several weeks with 
flagellates and diatoms, respectively. The FA troph-
ic marker method has been applied widely in polar re-
search, focusing on lipids of larger calanoid copepods 
and euphausiids (krill), which dominate the zooplank-
ton biomass and are particularly important in upwelling, 
northern temperate and high-latitude pelagic food webs 
(Sargent & Henderson, 1986; Dalsgaard et al., 2003). On 
the contrary, knowledge on zooplankton FA is still scarce 
in the Mediterranean Sea (Najdek et al., 1994; Serrazan-
etti et al., 1994; Mayzaud et al., 1999; Rossi et al., 2006; 
Protopapa et al., 2019b). These applications demon-
strated that fatty acids could serve as trophic markers, 
enabling the reconstruction of feeding relationships and 
energy pathways on a longer-term basis than traditional 
‘snap-shot’ gut content analyses alone.

The concept of oxidative stress was used rather loose-
ly in earlier research until Monaghan et al. (2009) pub-
lished a mini-review that highlighted key knowledge 
gaps and outlined directions for future studies, particu-
larly in relation to life-history trade-offs. Since then, oxi-
dative stress has been increasingly applied to investigate 
the eco-physiological responses of marine organisms to 
environmental change. For example, it has been used to 
examine the effects of ocean warming and acidification 
on copepods and pteropods (Engström-Öst et al., 2019), 
oxidative stress and antioxidant defense mechanisms 
in two copepod species under elevated CO₂ conditions 
(Engström-Öst et al., 2020), and the impact of heatwaves 
on zooplankton communities in mesocosm experiments 
(Zervoudaki et al., 2024). Recent work has studied the 
role of reactive oxygen species during large-scale hypox-
ia (Frederick et al., 2025), the role of diet for the anti-
oxidant response (Gorokhova & El-Shehawy, 2022), and 

pollutants shaping the species life-history during oxida-
tive stress (Soloperto et al., 2022). 

Towards a biomarker-based approach for zooplankton 
monitoring in the MSFD

According to the MSFD, assessments of marine envi-
ronmental status must account for various pressures and 
their impacts on species, habitats, and ecological commu-
nities. These evaluations provide direct insights into the 
ecological condition of a given area, thereby enhancing 
the comprehensiveness of holistic, state-based assess-
ments (Ndah et al., 2022).

Zooplankton-based indices serve as valuable tools for 
identifying specific ecological challenges and detecting 
physico-chemical changes that significantly affect ma-
rine ecosystem health, including climate change. These 
changes are often driven by large-scale human pressures, 
including eutrophication, chemical pollution, contami-
nation, hydrographic modifications due to multiple ma-
rine activities, as well as low-frequency ocean-climatic 
variability and ocean warming, deoxygenation and acid-
ification. Such pressures are relevant to multiple MSFD 
Descriptors (D5–D11, Table 1) and their associated in-
dicators. However, compared to state indices, pressure 
indices remain underdeveloped for quantifying the seven 
GES qualitative pressure indicators outlined in the MSFD 
(Cardoso et al., 2010; Ndah et al., 2022).

Among the aforementioned biomarkers, only ETS 
and AARS have so far been incorporated into routine 
monitoring programs. AARS was applied in 2007–2008 
as part of the Stonehaven zooplankton time series in the 
UK (Cook et al., unpublished data), while ETS has been 
used in the Atlantic Ocean, specifically in the Guadalqui-
vir estuary (Gulf of Cádiz), to assess the metabolic status 
of marine-estuarine species (Herrera et al., 2024b). With-
in the framework of the MSFD, AARS and ETS have 
been tested in Spanish Mediterranean waters since 2010 
(Yebra et al., 2017, 2020), and in Greek waters since 
2018 (Protopapa et al., unpublished data). Moreover, the 
application of ETS and AARS in marine and estuarine 
environments is expected to gain increasing relevance in 
the context of climate change, as extreme weather events 
become more frequent and intense. The resulting anom-
alous inputs of freshwater and sediments are likely to 
further disrupt estuarine, coastal, and transitional waters, 
reinforcing the need for sensitive metabolic indicators to 
assess ecosystem responses.

During the BIOZOO workshop, key challenges and 
limitations of current approaches, along with potential 
solutions for zooplankton monitoring (Fig. 1) were dis-
cussed. Participants highlighted the critical need for data 
consistency, comparability, transparency, and broader 
accessibility, aligning with the FAIR principles (Finda-
bility, Accessibility, Interoperability, and Reusability). 
Additionally, they emphasized the importance of effec-
tively communicating the significance of plankton – not 
only to scientists from diverse fields, such as modelers, 
socio-economists, and policymakers, but also to the gen-
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eral public. Discussions also underscored the growing 
role of artificial intelligence (AI) in taxonomy and ma-
rine species identification, recognizing its rapid advance-
ments as a valuable tool in the field (Chen et al., 2023). 
Furthermore, the increasing demand for empirical data, 
particularly experimental data, was noted as essential for 
modelers to refine and update simulation models (Ndah 
et al., 2022).

The key challenges and limitations of current ap-
proaches, along with potential solutions include: 
Data Collection Frameworks: There is a limited uti-
lization of existing frameworks, such as the MSFD, for 
zooplankton data collection. This underuse, coupled with 
insufficient spatial and temporal data availability, ham-
pers comprehensive assessments. Moreover, older data-
sets predominantly report aggregated measures like total 
abundance or biomass data, posing challenges for trait-
based approaches. Therefore, developing methods to link 
historical data with current biochemical assessments can 
provide new insights into ecophysiology and species dis-
tributions.

Integration of Biomarkers: A key improvement for 
MSFD assessment of food webs involves incorporating 
specific biomarkers applicable to both zooplankton and 
ichthyoplankton. This integration would enable a more 
detailed understanding of pelagic habitat health by com-
plementing traditional data with biochemical informa-

tion.
Data Granularity: Traditional plankton datasets 

stored in global repositories primarily report bulk abun-
dance (counts) or biomass (measured by mass, carbon, 
or nitrogen content). However, they often lack detailed 
trait information or precise taxonomic resolution beyond 
broad categories (e.g., bacteria, phytoplankton, zoo-
plankton). To improve our understanding of biodiversity 
and ecosystem functioning, data collection should also 
include species identification, process rates (e.g., growth, 
respiration, ingestion), stoichiometry, and functional 
traits (e.g., feeding mode, body size, reproduction, rest-
ing stages).

Declining Taxonomic Expertise: Biomarkers can be 
applied, not only to bulk communities, but also at genus 
or even species level. However, the notable decline in 
proficient taxonomists and plankton specialists, due to 
inadequate funding and training opportunities, presents 
a significant challenge. Addressing this gap by foster-
ing taxonomic literacy and supporting integrative mor-
phological and molecular (DNA) analyses, is vital for a 
seamless integration of field observations, laboratory re-
search, data interpretation, and synthesis efforts.

Standardization and Quality Assurance: The appli-
cation of biomarkers on a pan-European scale requires 
standardized protocols and rigorous quality assurance 
(QA). Intercalibration of biomarkers among laboratories 

Fig. 1: (A) Key challenges and limitations of current zooplankton monitoring approaches; and (B) potential solutions to overcome 
these challenges.
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involved in monitoring programs is essential for consist-
ency and reliability. Baseline data are essential for set-
ting-up regular biomarker monitoring; these data can be 
obtained from previous monitoring schemes or from ref-
erence sites, depending on the research questions posed.

Conclusions

The integration of biomarkers into zooplankton moni-
toring provides a functional dimension to the assessment 
of marine ecosystem status, complementing traditional 
structural indicators used within policy frameworks such 
as the Marine Strategy Framework Directive. Biomarkers 
such as ETS and AARS capture short-term metabolic and 
growth dynamics, while stable isotopes and fatty acids 
trace long-term trophic relationships, and oxidative stress 
markers reveal physiological responses to sublethal pres-
sures. Their combined use enhances our understanding of 
ecosystem functioning and resilience.

Further progress requires harmonized protocols, in-
ter-laboratory quality control, and the establishment of 
reference baselines across European regions. By embed-
ding these methods in ongoing monitoring initiatives, 
particularly in the Mediterranean and North Atlantic, sci-
entists can generate comparable datasets that link physi-
ological responses to ecosystem change. This approach 
advances the regional implementation of functional indi-
cators, improves the sensitivity of food web assessments, 
and supports more comprehensive evaluations of Good 
Environmental Status in European marine ecosystems.

Importantly, this synthesis comes at a pivotal time, when 
the need for more sensitive, process-based indicators has 
become increasingly evident. As the third MSFD cy-
cle (2024–2030) began, incorporating biomarker-based 
approaches into marine ecosystem assessment offers a 
timely opportunity to strengthen functional monitoring, 
bridge research and operational practice, and enhance the 
responsiveness of European marine observation systems 
to climate and anthropogenic pressures.
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