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Abstract

Biomarkers are increasingly recognized as essential tools for assessing fish nutrition, stress, health,
and environmental interactions in aquaculture, yet little is known about their awareness, use, and
perceived value among European stakeholders. This study aimed to characterize current knowledge,
applications, barriers, and future needs through a questionnaire-based survey distributed to
researchers, industry professionals, and other aquaculture stakeholders across Europe. The survey,
conducted via Google Forms, gathered responses from 38 participants representing 17 countries and
diverse production systems. Results showed high familiarity with biomarker concepts, particularly
those related to stress and health assessment, and identified blood biochemistry, histology, cortisol,
oxidative stress markers, and gene expression as the most commonly used indicators, mainly in trout,
seabass, and seabream. Although biomarker data occasionally informed decisions—especially
regarding health treatments and feed adjustments—their wider adoption was constrained by high
analytical costs, limited technical capacity, and lack of standardized protocols. Respondents
emphasized the need for training, user-friendly diagnostic tools, funding support, and harmonized
methodologies to enhance implementation. Overall, findings reveal strong interest and clear
potential for expanded biomarker integration in European aquaculture, while highlighting critical
gaps that must be addressed to support evidence-based and sustainable farm management.

Keywords: aquaculture; biomarker; Europe; fish nutrition; fish stress; fish health; environmental
interactions

Key Contribution: This study aimed to characterize current knowledge, applications, barriers, and
future needs through a questionnaire-based survey distributed to researchers, industry professionals,
and other aquaculture stakeholders across Europe. Overall, findings reveal strong interest and clear
potential for expanded biomarker integration in European aquaculture, while highlighting critical
gaps that must be addressed to support evidence-based and sustainable farm management.

1. Introduction

A biomarker is generally defined as any quantifiable parameter that reflects a specific biological
condition, process, or response. The World Health Organization characterizes biomarkers as “almost
any measurement reflecting an interaction between a biological system and an environmental agent,
which may be chemical, physical, or biological.” [1]. Historically, biomarkers have been extensively
applied in diverse research fields, including human health diagnostics, ecotoxicology, and
environmental monitoring [2,3]. Over time, their development and refinement have allowed
increasingly sensitive detection of physiological disturbances, early stress responses, and subclinical
health alterations in organisms [4,5].

In aquaculture, the implementation of biomarkers has expanded considerably in the past two
decades, driven by the need to improve health management, optimize production conditions, and
enhance the sustainability of farming systems. Biomarkers are now routinely employed to assess
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oxidative stress (e.g., antioxidant enzymes, lipid peroxidation markers), immune function (e.g.,
lysozyme activity, cytokine expression), metabolic status (e.g., glucose, lactate, hepatic enzyme
activity), and endocrine responses in cultured fish species [6-8]. They also provide early indicators
of exposure to pollutants, temperature stress, hypoxia, poor water quality, and pathogen challenges,
allowing intervention before clinical disease manifests [9,10]. Additionally, biomarker-based
approaches are integral to evaluating the impacts of nutrition, stocking density, and climate-related
stressors—such as salinity and thermal fluctuations—on fish performance and welfare [11,12].
Consequently, biomarkers have become essential tools for advancing sustainable aquaculture,
enabling more precise health monitoring, supporting selective breeding for resilience, and informing
adaptive farm management practices. In addition, the use of biomarkers in aquaculture represents
an effective approach for assessing the nutritional, immunological, oxidative, physiological, and
overall health status of farmed fish [1]. Biomarker-based evaluations allow the early detection of
potential adverse effects arising from dietary modifications, operational stressors, and pathogenic
challenges [13,14]. By providing timely and objective information, these tools enable producers to
implement targeted management actions, mitigate health risks, and ultimately reduce losses in
production [1].

The application of biomarkers across European aquaculture has evolved from isolated research
assays to integrated, operational tools for nutrition, health surveillance, welfare assessment, and
environmental exposure monitoring. Large multinational initiatives and EU-funded programmes
(e.g, ARRAINA and the AQUAEXCEL series) have developed standardized biomarker panels,
methodological guidance, and data repositories for key species such as Atlantic salmon, rainbow
trout, common carp, European sea bass and gilthead sea bream, thereby facilitating comparability
among laboratories and farms across Mediterranean and Atlantic systems [15,16]. In Norway, the
United Kingdom and other northern-European salmon-producing countries, proteomic and serum-
based biomarker studies have produced candidate early-warning indicators for viral and bacterial
diseases [17-20] —work that supports development of rapid immunoassays and on-farm diagnostics
[21]. In southern Europe (e.g., Spain, Greece, Italy) extensive research on gilthead sea bream and
European sea bass has validated non-lethal biomarkers of nutritional status, oxidative stress and
immune function, and generated physiological reference ranges useful for routine farm monitoring
and feed evaluation [22]. Finally, recent European studies have demonstrated the utility of minimally
invasive matrices (e.g., blood, fin clips), novel oxidative biomarkers (e.g., 8-OHdG), and omics-driven
discovery to operationalize biomarker monitoring in recirculating and open-sea systems—advances
that are enabling more proactive, evidence-based interventions to improve welfare and reduce
production losses across the continent [23]. All these examples highlight the use of biomarkers in
European aquaculture, which is increasingly recognized as an essential approach to monitor fish
nutrition, stress response, and overall health, although no information exist about awareness, current
practices, barriers, and potential for biomarker application among aquaculture professionals across
Europe. Due to that a questionnaire-based survey was conducted in order to collect such data, while
it was expected that the findings would have contributed to the objectives of the CA22160 COST
Action BIOAQUA, fostering knowledge exchange, standardization, and stakeholder engagement.
The objectives of this survey-based research were 1. To assess awareness and understanding of
biomarkers in aquaculture, 2. Identify types of biomarkers currently in use, 3. Evaluate their influence
on management decisions and 4. Explore barriers to adoption and potential support mechanisms

2. Materials and Methods

The used tool for conducting such survey was Google Forms, which was further improved after
testing them with some colleagues and stakeholders (in total 3 of them). The participants were
Management Committee members of the COST Action and related stakeholders (researchers, fish
farm managers, veterinarians, feed manufacturers). They were invited 2 times by through emails
while providing instructions and having appreciations by some of them. The response collection
corresponds to the time period July-August 2025. The survey structure was represented by the
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following sections: Section 1: General information (country, institution, experience, and aquaculture
systems); Section 2: Awareness and understanding; Section 3: Biomarkers in use; Section 4: Influence
on decision-making; Section 5: Barriers and support needs and Section 6: Future potential and follow-

up.

3. Results
3.1. General Description About the Survey Participants

As, it is shown by the graphic of the Figure 1, the online survey included the responses of 38
participants from 17 different countries of Europe, which were represented by Albania, Montenegro,
Serbia, Ukraine, France, (including experienced researcher from Tunisia)) Germany, North
Macedonia, Portugal, Norway, Spain, Italy, Tiirkiye, Bosnia and Herzegovina, Croatia, Czech
Republic and Greece. The most represented countries are represented by Italy (with 10 participants),
followed by Tiirkiye and Albania, with 5 participants, respectively, as shown by the intensity of blue
color in the Figure 1.

Representatives N. [ G_

Spain / -

Powered byBing
© GeoNames, Microsoft, OpenStreetMap, TomTom

Figure 1. Graphical presentation of represented countries in the Google Forms based survey about the
Biomarkers in European aquaculture. The intensity of blue color is proportional to the number of participants

from each country.

The respondents’ institutions (Figure 2a) were dominated by universities (50%) and research in-
stitutes (34.2%), followed by private aquaculture companies (5.3%). Regarding the years of expe-
rience (Figure 2b), the majority had more than 10 years in aquaculture (about 74%), while about 18%
of them had an experience from 6 up to 10 years in aquaculture. It means that more than 90% of the
respondents are experienced in the aquaculture sectors, according to the survey re-sults. The
aquaculture systems used by the survey participants was mainly represented freshwater aquaculture
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systems (73.7%), followed by marine (71.1%) ones, while most of them are using in-tensive
aquaculture systems (39.5%), including RAS systems, as it is shown in Figure 2c.

@ Less than 2 years

@ 2-5 years

® 6-10years

@ More than 10 years

@ My research doesn't focus on
aquaculture per se, but rather on the
maintenance and experimental handling
of aquatic organisms.

@ Research Institute
@ University

@ Private Aquaculture Company
/‘ @ Governmental Authority
= | @ NGO

@ Feed Manufacturer

@ Veterinary or Diagnostic Laboratory

@ if others (please specify beiow)

@ Research institute including a diagnostic
(a) Iaboratory for freshwater aquaculture

(b)

Marine

Freshwater

Brackish water

Intensive

Semi-intensive

Extensive

RAS (Recirculating Aquaculture Systems)

Bivalve molluscs

Aquaponics

Figure 2. Graphical presentation of the community composition of Google Forms based survey respondents, (a)
according to the type of institution, (b) according to the years of experience in aquaculture and (c) the main
aquaculture system used by the survey participants, as percentage of the indicated ones in the multiple choices

question.

3.2. Awareness and Understanding of Biomarkers by Aquaculture Stakeholders

Most respondents were familiar with the concept of biomarkers, as it is shown in Figure 3a,
where it resulting that just about 8% of them were not familiar with this concept applied in
aquaculture. Regarding the questions about the knowledge level about the fish nutrition biomarkers
and other biomarkers used for stress assessment, health and disease, and environmental impact,
below are shown the graphics corresponding to each of the biomarker’s categories.

15

@ Yes
@ Somewhat 10 11 (28.9%)
® No
e 5(13.2%)
4(10.5%)
3(7.9%)
0
1 2 3 4 5
(b)
30 15
2 22 (57.9%) 10

7(18.4%)

3(7.9%)

3(7.9%) 2(5:3%)

Figure 3. Graphical presentation regarding (a) the familiarity of the survey participants with the concept of
biomarkers in aquaculture, (b) the survey respondents rate of knowledge regarding the used biomarkers for fish
nutrition, (c) the respondents rate of knowledge regarding the used biomarkers for stress assessment and (d)

knowledge regarding the used biomarkers for health status and disease detection.
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https://doi.org/10.20944/preprints202511.2041.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 November 2025 d0i:10.20944/preprints202511.2041.v1

5 of 11

As shown in Figure 3b, most of the survey participants knowledge rate about biomarkers used
for fish nutrition corresponds to level 3, which means that the level of knowledge is good, but not
very good or excellent, corresponding to level 4 and 5, respectively. It is interesting to note that about
29% of the survey participants have sufficient knowledge about their use for fish nutrition. Regarding
the other category of biomarkers (Figure 3c), it is observed a decrease in percentage of the participants
who have no knowledge or have sufficient knowledge on biomarkers used for stress assessment. It is
also observed a higher rate in comparison to the previous Figure graphic of the participants who have
good knowledge (about 58%). It is also interesting to note (Figure 3d) that the survey participants
have good (36.8%) and very good knowledge (34.2%) of biomarkers used for health status and disease
detection, while the percentage of those who considered them-selves as experts for all these categories
is about 8%.

Regarding the biomarkers used for environmental impact evaluation (Figure 4a), though most
of the respondents have good knowledge on their use for such purpose, it is observed an increased
percentage of those who consider themselves to have sufficient knowledge (about 21%) regarding
their use for environmental impact evaluation. In addition, most of the survey participants an-swered
negatively to the question “Have you ever used or been involved in a project using bi-omarkers in
aquaculture (Figure 4b; about 45%), though 37% of them declared to have used or been involved in a
project using biomarkers in aquaculture, while others were indirectly aware (18.4%).

20
15 16 (42.1%)

10

8 (21.1%) TS

4 (10.5%
3 (7.9%) (19.5%)

(a)

® Yes
® No

Not directly, but I'm aware of their
use in my organization

(b)

Figure 4. Graphical presentation of the survey respondents’ rate of (a) knowledge regarding the used biomarkers
for environmental impact evaluation and (b) the survey respondent’s reply to the question about the direct use

or involvement in a project using biomarkers in aquaculture.

3.3. General Description About the Survey Participants

In order to know the applications, in the survey (Figure 5a) it was included the multiple choices
question “for which purpose are these biomarkers primarily used in your context?”. It resulted that
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the main purpose was exclusively for research, which is supported by 50% of the survey par-ticipants.
More specifically, they are used primarily for stress monitoring, disease diagnosis, wel-fare
assessment and environmental impact monitoring, while just about 13% of the participants are using
them primarily for feed evaluation and optimization (13.2%).

European seabass

Gilthead seabream
Trout

African sharptooth catfish

- Meagre

Bivalve molluscs/mussels and oysters

Cyprinids
o B )

Lactate
Heat Shock Proteins (HSPs)
Immune markers (e.g., ysozyme. immunogiobuiins)

Oxidative stress markers (e.g,, MDA, anti

Wetallothioneins

Figure 5. Graphical presentation regarding the survey respondents reply to (a) the question about the purposes
these biomarkers were primarily used in the respective context, (b) to the question about the species they use for
applying biomarker analyses and (c) the question “Which biomarkers are you currently using or aware of in

your operations or research?”.

To the question “in which species do you apply biomarker analyses?”, most of the participants
answered (Figure 5b; in a decreasing order), that the species were trout (55.3%), European seabass
(36.8%), gilthead seabream (31.6%), carp (18.4%) and salmon (15.8%), while the remaining ones
mostly declared to apply biomarker analyses on bivalve mollusks and mullet species. Based on the
answers of the survey participants (Figure 5c), it resulted that the most common biomarkers are blood
biochemical parameters and histological parameters, while other common biomarkers are
represented by cortisol, oxidative stress markers and gene expression markers. At a lesser use or
aware in operations or research are those represented by glucose, lactate, heat shock proteins,
immune markers and microbiome profiles.

3.4. Influence on Decision-Making

Based on the survey participants response to the question about the frequency in which bi-
omarkers results influence management or operational decisions (e.g., feed formulation, treatment
plans), it comes out that biomarker results influenced decisions occasionally for health treatments
and feed reformulation (supported by a percentage of about 39.5% of survey respondents), while
none of them selected the “Always” option, as it is shown in Figure 6a. It is also critical to note that
about 21% of the respondents declared that rarely, the biomarkers results influence manage-ment or
operational decisions. The health treatments decisions are mainly influenced by bi-omarkers results
according to the resulting responses in the graphic of Figure 6b, while other im-portant decisions

) 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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under the influence of biomarkers results are represented in a decreasing order by environmental
parameter modifications, feed formulation and stocking density adjustments.

@ Always

@ Often

@ Occasionally
@ Never

@ Not applicable

28.9%

Feed reformulation
Stocking density adjustments

Health treatments (e.g., antibiotics, vaccination)

Frenmental persmeler modicatons

Harvest timing

(o]
Before transfering the fish
In crybiological experiments
| do not know much (b)

Figure 6. Graphical presentation regarding the survey respondents reply to (a) the question “How often do
biomarker results influence management or operational decisions (e.g., feed formulation, treatment plans)?” and
(b) the question on indicating which of the decisions would be influenced by biomarkers results in the respective
practice.

3.5. Barriers, Challenges and Support Needs

Key barriers preventing the wider use of biomarkers in the aquaculture context reported by most
of the survey participants (Figure 7a; more than 50% of respondents) are represented by high cost of
testing/analyses (about 79% of the answers), lack of technical capacity or training (52.6%) and lack of
standardized protocols (55.3%). However other barriers (in a decreasing order of supported
respondents’ percentage) are represented by limited access to specialized laboratories, uncertainty
about practical benefits, time constraints and regulatory complexity.

High cost of testing/analysis Training and capacil buiding

Funding/subsidies for biomarker testing

Lack of technical capacity of training
Lack of standardized protocols

Limited access to specialized labs
s Development of user-friendy tools or kits

Uncertainty about practical benefits

Hammonized standards and protocols
Time constraints

Regulatory complexity
e 4 Improved collaboration between

3
2
Existing differences between species I
Awareness-raising materials
1 do not know much i

(b) _

(a)

Figure 7. Graphical presentation about (a) the encountered barriers preventing the wider use of biomarkers in

aquaculture and (b) the support needed to facilitate wider adoption of biomarkers use in aquaculture.
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As it is shown in Figure 7b, most of the support should be focused on training and capacity
build-ing (according to about 71% of the survey respondents) and development of user-friendly tools
and kits (about 71%), while in the second position are included the funding/subsides for bi-omarker
testing and harmonized standards and protocols (65.8% each of them). It is interesting to note that
improved collaboration between researchers and industry is positioned in the third place (57.9%).

3.6. Future Outlook

Based on the survey’s results shown in the pie chart of Figure 8a, it is evident that there is poten-
tial for greater use of biomarkers in aquaculture in the near future, because the majority of survey
participants (about 82%) see strong potential for wider biomarker use in the near future. In addi-tion,
about 55% of them expressed the will to participate in a follow-up interview or share further insights,
while 28 respondents provided email addresses for further engagement (Figure 8b).

@ Yes @ Yes

® No 44.7% ® No
Maybe

@ Not sure

(a) (b)
Figure 8. Graphical presentation regarding the survey respondents reply to (a) the question “Do you see
potential for greater use of biomarkers in aquaculture in the near future?” and (b) the question “Would you be

willing to participate in a follow-up interview or share further insights?”.

4. Discussion

The survey findings provide a comprehensive overview of the current state of awareness,
application, and perceived value of biomarkers in European aquaculture. The demographic
distribution of respondents (Figures 1 and 2) demonstrates wide geographical participation,
suggesting that interest in biomarker-based approaches extends across multiple regions and
production systems. Such broad engagement aligns with recent European research efforts that have
emphasized the growing relevance of biomarkers for advancing sustainable aquaculture practices
[7,8,24].

Levels of awareness and knowledge among stakeholders (Figures 3 and4) varied substantially,
highlighting a mixture of advanced expertise and limited familiarity. This heterogeneity reflects
broader patterns described in recent reviews, which note that while biomarker research has
developed rapidly, its transfer into routine aquaculture operations remains uneven across countries
and species [1,13,14]. These gaps emphasize the need for improved knowledge dissemination and
training to support effective adoption.

The use of biomarkers in practice (Figures 5) demonstrates that growth, stress response, immune
function, reproduction, and disease resistance constitute the most commonly applied categories. This
aligns with established literature identifying these physiological domains as central targets for
biomarker development in farmed species such as Atlantic salmon, rainbow trout, gilthead sea
bream, and European sea bass [25,26]. Moreover, the apparent emphasis on finfish rather than
shellfish corresponds with the historical concentration of European aquaculture research funding
toward finfish physiology, omics-based biomarker discovery, and disease management [89].
Nevertheless, growing interest in shellfish health indicators suggests that diversification of biomarker
applications is emerging.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.2041.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 November 2025 d0i:10.20944/preprints202511.2041.v1

9 of 11

Figures 6 reveals that biomarker information influences decision-making to varying degrees.
Many respondents reported that biomarker data have informed operational choices such as adjusting
feeds, modifying husbandry practices, and managing disease outbreaks. These observations are
consistent with studies showing that physiological and immunological biomarkers can provide early-
warning indicators that support proactive health management and enhance welfare outcomes [7,10].
Other studies have demonstrated that biomarker-driven evaluations of nutrition and stress can
improve feed formulation and reduce mortality under commercial conditions [25,26].

Despite these benefits, significant barriers to biomarker implementation persist (Figure 7a). Cost
of analyses, limited technical capacity, and absence of standardized protocols were the most
frequently cited obstacles. These challenges mirror longstanding concerns in the literature, where
authors have emphasized the need for harmonized methodologies, validated reference ranges, and
standardized sampling protocols to enable consistent use across laboratories and production systems
[1,13,14]. In addition, the technical demands of certain biomarker assays—particularly omics-based
approaches—remain prohibitive for smaller producers, reinforcing the need for cost-effective
diagnostic tools and shared analytical infrastructures.

The additional reflections from respondents (Figure 7b) further emphasize the sector’s priorities:
expanded training opportunities, financial support for biomarker testing, and the development of
harmonized standards. These needs have been highlighted in multiple European research
assessments, which stress that capacity building and methodological alignment are critical for scaling
biomarker applications across aquaculture systems [7,8]. Figure 8 also show that many respondents
expressed interest in continued engagement, suggesting strong motivation to participate in
collaborative initiatives aimed at improving biomarker use.

Overall, the survey results indicate a positive trajectory in biomarker adoption within European
aquaculture. Awareness is growing, applications are diversifying, and biomarker-derived data are
already contributing to health and management decisions. However, the full potential of these tools
remains limited by financial, technical, and institutional constraints. To address these challenges, the
following priorities emerge from both survey data and scientific literature:

1. Standardization of methodologies, including harmonized protocols for sampling, analysis, and

data interpretation [1,7].

2. Investment in cost-reduction strategies, such as development of rapid assays, simplified

diagnostic kits, and shared laboratory capacities [1,9].

3. Expansion of training and knowledge transfer, to bridge gaps in technical expertise and support

evidence-based use of biomarkers [8,24].

4.  Strengthening research on the operational value of biomarkers, with emphasis on quantifying

economic and welfare benefits in commercial conditions [25,26].

5. Conclusions

In conclusion, this survey results reinforce the growing momentum behind bi-omarker-based
approaches in European aquaculture while clearly identifying the structural and methodological
improvements needed to realize their full benefits. Co-ordinated research, investment, and
standardization efforts will be crucial in enabling biomarkers to transition from experimental tools to
routine components of sustainable aquaculture management.
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