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Abstract

of marine ecosystems and human health.

The availability of many microplastic analysis methods is challenging for researchers and policy makers when tasked
with choosing optimal methods for their research question and a given budget. In this study, a cost-effectiveness
analysis of methods for microplastic analysis in seawater was performed using survey data acquired from experts.
Total analysis cost per method was determined accounting for labour and equipment costs, while method effective-
ness was scored based on their ability to confirm the plastic nature of particles, their minimum detectable particle
size, and other parameters. Results were validated and discussed during two workshops with scientists and policy
makers. The resulting predictive tools allow to identify the most cost-effective methods for specific scenarios,

and their associated cost. They mark an important step towards a more effective and informed approach to moni-
toring and managing microplastic pollution in the marine environment, ultimately contributing to the protection

Keywords Microplastics, Cost-effectiveness analysis, Predictive tools, Marine environment, Monitoring, Analysis costs

*Correspondence:

Nelle Meyers

nelle.meyers@ilvo.vlaanderen.be

! Flanders Marine Institute (VLIZ), InnovOcean Campus, Jacobsenstraat 1,
8400 Ostend, Belgium

2 Flanders Research Institute for Agriculture, Fisheries and Food (ILVO),
Animal Sciences Unit - Aquatic Environment and Quality, InnovOcean
Campus, Jacobsenstraat 1, 8400 Ostend, Belgium

3 Laboratory of Environmental Toxicology and Aquatic Ecology, Faculty
of Bioscience Engineering, Ghent University, 9000 Ghent, Belgium

“# SFI Research Centre for Energy, Climate and Marine Research

and Innovation (MaREl), Beaufort Building, Environmental Research
Institute, University College Cork, Ringaskiddy, Co. Cork P43 C573, Ireland
° Department of Marine Systems, Tallinn University of Technology,

12618 Tallinn, Estonia

5 Department of Marine Sciences, University of Gothenburg, Kristineberg
Marine Research Station, 451 78 Fiskebackskil, Sweden

7 |AEA Marine Environment Laboratories, 4a Quai Antoine Ter,

98000 Monaco, Principality of Monaco

8 Blue Growth Research Lab, Ghent University, Bluebridge,
Wetenschapspark 1, Ostend 8400, Belgium

@ Springer Open

Introduction

Plastic contamination is recognised as a global threat,
with the potential to cause detrimental effects on organ-
isms in various environmental matrices, such as air,
water, soil, sediment, including humans [7, 11, 23, 44, 66,
72]. Microplastics, defined as plastic particles between
1 pm and 5 mm in size [5, 25], are a major component
of plastic pollution in the oceans. Monitoring microplas-
tics larger than 300 um in surface waters has become a
common practice in the EU due to the regulations of the
European Union (EU) Marine Strategy Framework Direc-
tive (MSFD) [17]. Currently, nets with mesh sizes around
300 um are the predominant devices for microplastic
surface water sampling, especially for seawater in large
basins [14]. When used in isolation it is clear that only
floating particles are considered, and microplastics larger
than the net mesh size are sampled and considered in the
evaluation. Because of this, pumps are frequently used to
sample particles below 300 pm in size. Despite some pos-
sible disadvantages such as inefficient replicate sampling,
approximation of sample volumes, and the need for
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calm weather conditions to function properly [45], nets
are useful devices because they allow fast collection of
microplastics from large volumes of water covering vast
areas [50]. They are also relatively inexpensive, and they
do not require electricity nor specialised expertise.

Significant advancements have been made in the
identification and characterisation of microplastics in
marine matrices during the past few decades. To address
the needs of different monitoring and research goals,
a myriad of microplastic analysis methods have been
developed. These approaches range from simple light
microscopy and particle-by-particle spectroscopy or
imaging spectroscopy to thermal degradation methods
[39] and various statistical algorithms and image analy-
sis tool packages. As each method has its advantages
and limitations, the choice of method depends on the
research question and the matrix being analysed, as well
as the financial means available [1]. The rapid develop-
ment and use of these different analytical methods has
resulted in a lack of comparability of results obtained in
these studies, potentially hindering regulatory frame-
work development due to differing estimates of micro-
plastic abundance and size distribution. In addition,
the availability of many methods for similar sampling
and analysis objectives are a challenge for researchers
when tasked with choosing an optimal method for their
research question and matrix within a given budget.
Moreover, many microplastic analysis methods used
remain rather expensive and labour-intensive, limiting
their use in regions with limited resources. This may
result in a bias towards preferred approaches in some
regions with limited research funds, thus affecting the
objective assessment of global microplastic pollution
levels. Key questions about microplastic pollution and
its impacts persist, underscoring the need for standard-
ised, cost-effective, and reliable analysis methods to sup-
port regulatory action and enhance our understanding
of critical thresholds.

To compare relative costs and outcomes of two or more
courses of action, a cost-effectiveness analysis (CEA) is
often performed. This is frequently done in healthcare
to evaluate costs and benefits of different interventions,
treatments and programs [15, 21]. Performing a CEA of
different microplastic analysis techniques involves com-
paring major costs related to equipment and labour with
their effectiveness in terms of their ability to confirm the
plastic nature of particles, their limit of detection (LOD),
their ability to identify polymer type, or any other param-
eter of interest. The outcome of such analyses provides
decision-makers with objective information that can be
used to allocate financial resources efficiently and make
informed decisions about which technique provides the
most reliable result at the lowest cost [12].
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In this study, performed within the JPI Oceans’
Andromeda project (https://www.andromedaproject.
net), we provide concrete and useful recommendations
on the selection of microplastic analysis techniques in
terms of their cost-effectivity. The aim of these recom-
mendations is to support researchers, policy makers and
other stakeholders when having to choose between dif-
ferent microplastic workflows. Data from an online sur-
vey of the knowledge and experiences of experts in the
microplastic field was used to develop predictive tools
[42] that allows users to identify the most cost-effective
methods for specific scenarios, and to calculate the total
analysis cost of each method. Results were discussed with
scientific experts and policy makers during two work-
shops. With these results, the study sought to provide
practical recommendations on which microplastic work-
flows offer the best value for money.

Materials & methods

Survey

To investigate the cost-effectiveness of commonly used
microplastic detection and quantification techniques
in seawater, an online survey was performed, compliant
with the General Data Protection Regulation (GDPR).
The survey was written in English and the survey data
was collected through QuestionPro (www.questionpro.
com) (see Appendix A). The survey was sent to various
(European) microplastics expert groups (e.g. JPI Oceans
sister projects focusing on microlitter and ICES Work-
ing Group on Marine Litter (WGML)), professional
networks of the authors, and was distributed via social
media (X, previously known as Twitter). Informed con-
sent was obtained before the start of the survey, and data
was collected from September to November 2022. In
total, 56 persons initiated the questionnaire, where 31
persons provided answers to all questions. Nevertheless,
after removing unrealistic data (see 2.2 Data analysis), all
answers per question were used, regardless of whether
the respondent completed the questionnaire or not.

The survey comprised two sections: 1) inquiries about
the respondents demography, and 2) a theoretical,
detailed microplastic sample acquisition scenario fol-
lowed by questions on the respondents’ analysis work-
flow to process and analyse such samples. The first
section of the survey aimed to determine the socio-eco-
nomic characteristics of the respondents (employment
country, sector, position, and others). Within the second
section of the survey, a detailed, theoretical scenario was
developed where we described a situation in which five
seawater samples were collected with a manta net tar-
geting > 300 um microplastics. This scenario was used
to obtain information on microplastic analysis labour
and equipment costs of the survey respondents through
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specific questions, if they were to perform the exact same
analysis in their laboratories.

In the theoretical scenario, for each of the five seawa-
ter samples, here called a batch of samples, the inside of
the manta net was rinsed with 1 L of Milli-Q water which
was then collected in a glass bottle using a metal funnel.
Each of the five acquired seawater samples contained 50
microplastics of various polymer types and shapes within
the size range of 300 - 1000 pum, and a suspended particu-
late matter (SPM) content of 25 mg/L [46]. Respondents
were asked not to take into account negative and posi-
tive control samples. Here, details of the respondents’
microplastic analysis workflow were investigated, focus-
ing on the sample acquisition, sample processing (pre-
paring the sample for microplastic analysis), and sample
analysis step (analysis of the actual microplastic content).
This section of the survey aimed to determine two types
of costs; the equipment costs, and labour costs. To do
so, questions targeted the types of equipment partici-
pants used to analyse one batch of seawater samples as
defined above, as well as the equipment purchase prices
(excluding VAT)/renting costs, the man hours (work-
ing hours) needed for each step within the workflow as
well as the contract types of the people performing the
analysis steps, the median gross annual salary of 1) sen-
ior researchers and 2) lab technicians with ten years of
work experience in the country of employment of the
respondent, and the most expensive consumable used
for the analysis of the seawater sample batch along with
its cost. Lastly, analogous questions were asked about the
type of sampling equipment (e.g. manta net) the respond-
ents would use to acquire these exact same samples (see
Appendix A. Survey questionnaire). Within the survey,
responses either had to be chosen from a list of options
with the possibility of adding their own option (single-
choice and multiple-choice depending on the question),
or a slider bar response scale system was used where par-
ticipants could indicate costs.

Data analysis

Unrealistic data, which were excluded from further anal-
yses, were defined as: 1) median gross annual salaries
higher than double and lower than half the mean wage of
the respondents’ country of employment [18]; 2) sample
processing working hours over five times lower or higher
than the obtained median processing working hours; 3)
sample analysis working hours over six times lower or
higher than the obtained median analysis working hours;
4) sample processing equipment costs over or lower than
eight times the obtained median cost; and sample analy-
sis equipment costs over four times lower or higher than
the obtained median cost. Following this, all standard-
ised data was classified into different analysis technique
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categories based on the most expensive type of analysis
equipment used by a respondent.

a) Labour and equipment cost calculations

To calculate the total cost associated with the analysis
of one batch of five seawater samples based on equipment
usage intensity, sample processing labour and equipment
costs as well as sample analysis labour and equipment
costs were considered. This was done using the following
formulas:

median man hours * gross annual salary
Labour cost = —

man hours per year

(1)
median equipment purchase price
. _ equipment depreciation time — salvage value
Equipment cost = number of analysed batches (2)

year

Total cost = sample processing labour cost
+ sample processing equipment cost
+ sample analysis labour cost
+ sample analysis equipment cost

3)

Labour (1) and equipment (2) costs were calculated for
the sample processing and the analysis part of each of
the six major analysis technique categories in the coun-
try of employment of the respondents (see Table S1 and
S2), to determine the total cost (3). For the labour costs,
median man hours needed to perform each of the two
workflow steps were calculated for each of the six major
analysis techniques categories based on 1634 working
hours per year (for calculation details, see Methods Sup-
plement: Labour and equipment cost calculations). Three
different simulations were performed based on the gross
national income per capita (GNI p.c.) of the countries
of employment of the respondents, which is a country’s
final income in a year divided by the midyear popula-
tion. To do so, GNI p.c. data from the World Bank were
used [73]. Wage data of respondents employed in Esto-
nia, Poland, Portugal, Spain and Romania were grouped
within the lower wage (LW) European countries category
(GNI p.c. below 29,620 EUR, calculated at exchange
rate of 1 USD=0.82 EUR on 1/01/2021 through www.
xe.com); wage data of respondents employed in Bel-
gium, Finland, France, Germany, Italy, Sweden and UK
were grouped within the middle wage (MW) European
countries category (GNI p.c. between 29,620 and 52,681
EUR); and finally wage data of respondents employed in
Denmark, Ireland and Norway were grouped within the
higher wage (HW) European countries category (GNI
p.c. above 52,681 EUR). As the majority of respondents
indicated that sampling did not come with additional
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equipment purchase costs, and since ship time costs can
vary considerably depending on government coverage, it
was decided not to incorporate sampling costs into the
equation.

b) Total sample analysis cost as a function of equip-
ment usage intensity

The depreciated cost of used equipment was deter-
mined, which is the equipment value after reducing its
value when it was new by the total amount of deprecia-
tion. The yearly decrease in monetary value of equip-
ment due to use, wear and tear, or obsolescence was
calculated at a 20% depreciation rate, which equalled
a total use of five years, and this for both sample pro-
cessing and sample analysis equipment. For the esti-
mated equipment book value after the depreciation is
completed, a salvage value of 0 EUR was used [47]. The
depreciated equipment cost was calculated by subtract-
ing its salvage value (i.e. 0 EUR) from the purchase cost,
and dividing it by the number of years of useful life (i.e.
five years). To determine the depreciated equipment
cost as a function of equipment usage intensity, the total
depreciated equipment cost was divided by the number
of analysed sample batches/year, as defined earlier. Cal-
culations were done for a range of 10 to 200 batch analy-
ses/year. Total microplastic analysis cost, i.e. the sum
of all labour and equipment costs, was then plotted as
a function of equipment usage intensity for each of the
six analysis technique categories, and this for each of the
three income groups. Between 10 and 50 batches/year
is indicated as low, between 50 and 100 as medium and
100-200 as high equipment usage intensity.

¢) Workshops

Two iterative workshops were designed to present,
discuss, and build a consensus around cost-effective
microplastic analysis methodologies for seawater sam-
pling. Both workshops were held online using Zoom
and applied the same workshop structure and partici-
patory method, which are detailed in the associated
workshop reports [31, 32]. A guided conversation was
adapted and applied for both workshops, in which a
series of questions were presented to workshop par-
ticipants to encourage reflection on the presented work
and to make recommendations that support informed
decision making and consider cost-effectiveness of
sampling, processing, and analysis of microplastic sea-
water samples. Workshop 1 was implemented with
researchers and scientists working in the same field
with the aim to validate preliminary analysis outcomes
with scientific experts, to discuss the potential applica-
bility of our cost-effectiveness analysis for research and
make recommendations concerning future research.
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Ten researchers and scientists representing eleven
organisations from across eight European countries
participated.

ANDROMEDA partners from MaREI at University
College Cork (Ireland), VLIZ—the Flanders Marine
Institute (Belgium) and ILVO—the Flanders Research
Institute for Agriculture, Fisheries and Food (Belgium)
identified potential participant organisations for work-
shop 2 based on the remit of organisations and entities,
while being mindful to invite representatives of organi-
sations that could provide complementary perspectives.
The team was primarily looking to engage representa-
tives of entities that are responsible for informing or
implementing coastal and marine policy, are tasked
with monitoring the marine environment, or pro-
vide research funding for coastal and marine research.
Invited participants represented organisations rang-
ing from pan-European entities to National agencies.
Workshop 2 was undertaken with eight policy experts
and decision makers representing OSPAR, the JPI
Oceans secretariat, the Joint Research Centre (JRC),
the Royal Belgian Institute of Natural Sciences (RBINS),
the Belgian Federal Science Policy Office (BELSPO),
the Flanders Marine Institute (VLIZ), the Marine Insti-
tute in Ireland (MI), the Marine Environment Division
of the Department of Housing, Local Government and
Heritage in Ireland and the UK Centre for Environment,
Fisheries and Aquaculture Science (CEFAS). Work-
shop 2 included a summary presentation of Workshop
1 recommendations to allow for further reflection and
discussion and aimed to make recommendations on
the potential applicability of our CEA in environmental
monitoring and in relation to environmental policy and
regulations.

d) Method effectiveness scoring

Following suggestions made by policy experts and deci-
sion makers during workshop 2, a method-effectiveness
scoring system was established to determine the effec-
tiveness of each of the six analysis technique categories
(Table 1). The criteria were selected based on received
suggestions and on previously used analytical method
assessment criteria [24, 39, 53, 54], and were based on
the abilities/characteristics of the six identified method
categories. The criteria used were the following: 1. Con-
firmative plastic/non-plastic; 2. Physical characterisation
of microplastics (number/size/shape); 3. Microplastic
mass determination; 4. Polymer identification; 5. Limit
of Detection (LOD)>300 um (0),>50 pm (1) or<50 pm
(2); 6. Characterisation of particles that are challenging
to detect, such as tire wear particles (TWP); 7. Whether
or not the method is destructive for the analysed sample,
and 8. Identification of chemical additives.
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The scoring system used was based on [26]. Scores
ranged from O to 2, where 0 indicated that the method
does not have this ability, 2 indicated that all methods
within this category have this ability, while 1 indicated
that only some methods have this ability. For criterion
5, a method with LOD>300 um,>50 pm or<50 pm
was given a score of 0, 1 or 2, respectively. For crite-
rion 7, a score of 2 or 0 was given to non-destructive
or destructive methods, respectively. Finally, with
regard to criterion 8, methods that could identify at
least one type of chemical additive received a score of
2, whereas methods that could not provide any infor-
mation on chemical additives were assigned a score of
0. Once each criterion was scored, an overall effective-
ness score was calculated as the product of all criteria
scores, resulting in a maximum theoretically obtaina-
ble score of 16, indicating a high method-effectiveness.

Results

The survey was completed by respondents from 15
different European countries, and the UK. The major-
ity of the participants were senior scientists and PhD
students (Fig. S2 and S3). Based on the standardised
data, the most popular microplastic sampling equip-
ment was manta nets (45%), followed by pump and
sieve systems (21%), neuston nets (14%) and niskin
bottles (14%). Plankton and bongo nets were less fre-
quently chosen (both 3%) (Fig. 1A). In accordance with
the standardised data, six different analysis technique
categories were created (Fig. 1B and Table S1): 1. (fluo-
rescence) (stereo)microscopy, comprising all purely
microscopy-based techniques; 2. (stereo)microscopy
combined with ATR-FTIR; 3. (stereo)microscopy com-
bined with p-FTIR; 4. fluorescence (stereo)micros-
copy combined with p-FTIR; 5. (stereo)microscopy
combined with p-Raman; and 6. all GC-MS-based

B Manta net
B Pump and sieve system
m Neuston net

Niskin bottle

Bongo net

® Plankton net
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techniques. For details on labour hours/costs and
equipment costs, see Figs. S4 and S5, and Table S2.

Total sample analysis cost as a function of equipment
usage intensity

To simulate total sample analysis cost, i.e. the sum of all
labour and equipment costs, as a function of the inten-
sity with which the equipment is being used, three
graphs per wage category are presented (see Fig. 2 for
MW European countries, Fig. S6 and Fig. S7 for LW
and HW European countries, and Annex A for the pre-
dictive tools). As can be seen in Fig. 2, at an equipment
usage intensity of 10 batches/year for MW countries,
analysis costs vary greatly depending on the method
used. For this scenario, the most expensive method
is over 10 times more expensive than the most eco-
nomic method: the highest total cost was obtained for
GC-MS-based techniques (8433 EUR), followed by
fluorescence (stereo)microscopy+ p-FTIR (4073 EUR),
(stereo)microscopy+p-Raman (3810 EUR), (stereo)
microscopy+ p-FTIR (3485 EUR), (stereo)micros-
copy+ATR-FTIR (1431 EUR) and purely microscopy-
based techniques (792 EUR). When equipment usage
intensity increases to 50 batches/year for MW European
countries, this difference in total cost decreases. Meth-
ods with a high equipment purchase cost show a steep
decline in costs. For example, for methods based on GC—
MS and on fluorescence (stereo)microscopy+ p-FTIR,
total cost per batch is reduced to 1987 EUR (-76%) and
1233 EUR (-70%), respectively, while for purely micros-
copy-based techniques, total cost decreases to 443
EUR (-44%). (Stereo)microscopy+pu-FTIR becomes
more expensive (1270 EUR) than (stereo)micros-
copy+p-Raman (1262 EUR) from an equipment usage
intensity over 30 batches/year onwards. At an equip-
ment usage intensity of 65 batches/year, methods utilis-
ing fluorescence (stereo)microscopy+p-FTIR become

m Fluorescence (stereo)microscopy + u-FTIR

m (Fluorescence) (Stereo)microscopy
(Stereo)microscopy + p-FTIR

B GC-MS-based techniques
(Stereo)microscopy + ATR-FTIR

M (Stereo)microscopy + p-Raman

Fig. 1 A and B Microplastic sampling and analysis techniques. A According to the obtained data, the most popular sampling equipment
to acquire microplastic samples was manta nets (45%), followed by pump and sieve systems (21%), neuston nets (14%), niskin bottles (14%),
and plankton and bongo nets (both 3%). B Based on the standardised data, six different analysis technique categories were created. Of all
respondents, 30% used techniques based on (stereo)microscopy + U-FTIR, 22% on fluorescence (stereo)microscopy + p-FTIR, 15% on (stereo)
microscopy +ATR-FTIR, 15% on GC-MS, 11% on (fluorescence)(stereo)microscopy, and 7% on (stereo)microscopy + p-Raman
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Fig.2 A, B and CTotal sample cost as a function of the equipment usage intensity for middle wage European countries. Total sample analysis cost

can be deduced as a function of the number of analysed batches of five

seawater samples per year (equipment usage intensity), and this for each

of the six method categories. On the graph in A, total cost for a low equipment usage intensity of 10-50 batches/year is shown, on the graph in B
total cost for a middle equipment usage intensity of 50-100 batches/year, and for the graph in C total cost for a high equipment usage intensity
of 100-200 batches/year. These graphs represent costs for European countries with a gross national income per capita (GNI p.c.) between 29,620

EUR and 52,681 EUR, as defined by the World Bank

more economically appealing (1069 EUR) compared to
those based on (stereo)microscopy+ pu-FTIR (1075 EUR).
With intensive equipment usage (200 batches/year), all
methods range between 693 and 780 EUR in total cost,
except for purely microscopy-based methods (378 EUR).
At this intensity, (stereo)microscopy+ pu-FTIR becomes
the most expensive method (780 EUR), marginally sur-
passing GC—MS-based methods (778 EUR), while meth-
ods based on fluorescence (stereo)microscopy+ p-FTIR
(701 EUR) as well as on (stereo)microscopy+ p-Raman

(671 EUR) outperform methods based on (stereo)
microscopy+ ATR-FTIR (778 EUR). Besides higher or
lower total costs due to varying labour costs (e.g. 3885
EUR; 4290 EUR; and 4073 EUR for fluorescence (stereo)
microscopy + H-FTIR-based methods at an equipment
usage intensity of 10 batches/year for LW, HW and MW
countries, respectively), location-dependent differences
in cost-effectiveness become visible when comparing the
results for MW countries to those for LW (Fig. S6) and
HW countries (Fig. S7). For instance, for HW countries,
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(stereo)microscopy + p-Raman becomes more economi-
cal than (stereo)microscopy+ p-FTIR from an equip-
ment usage intensity of 25 batches/year onwards. For
LW countries, this only happens at an equipment usage
intensity of 60 batches/year onwards. Similarly, fluores-
cence (stereo)microscopy+p-FTIR become more eco-
nomically interesting than (stereo)microscopy+ p-FTIR
already from an equipment usage intensity of 45 batches/
year onwards for HW countries, while for LW countries
this happens from an equipment usage intensity of 100
batches/year onwards. Moreover, in HW countries, from
an equipment usage intensity of 145-155 batches/year
onwards, GC-MS-based methods become more eco-
nomically appealing than both methods based on (stereo)
microscopy+ p-FTIR and on (stereo)microscopy+ ATR-
FTIR. GC-MS-based methods become the most eco-
nomical method available that is confirmative for plastic
at an equipment usage intensity of 220-225 batches/
year (see Annex A), because of the relatively low work-
ing time, and consequently labour costs. In contrast,
this method remains the most expensive method for LW
countries until an equipment usage intensity as high as
310 batches/year, where it surpasses (stereo)micros-
copy + p-FTIR-based methods. Compared to HW coun-
tries, the impact of labour costs on the total cost is less
pronounced here.

Method effectiveness

Effectiveness scores were given to each of the six analy-
sis categories based on the abilities of each of these
techniques, with scores theoretically ranging between
0 and 16 (Table 1). Compared to all other methods,
GC-MS-based methods obtained the highest score
of 13. This is mainly due to their ability to identify tire
wear particles [22, 43, 57], unlike other methods. How-
ever, physical characterisation of microplastics cannot
be performed with a technique solely based on GC-MS
analysis, therefore information on microplastic num-
ber, size and shape can only be obtained when an addi-
tional p-FTIR analysis of a (sub)sample of microplastics
is performed. Effectiveness scores for (stereo)micros-
copy+ p-Raman ranged between 11 and 12. The major
difference between both categories is the use of a ster-
eomicroscope with LOD >50 pum, and microscope with
LOD <50 pm, respectively. The analysis categories (ste-
reo)microscopy+ p-FTIR and fluorescence (stereo)
microscopy+ p-FTIR also received effectiveness scores
ranging between 11 and 12, again depending on what
type of microscope is being used. Contrary to the previ-
ous category, techniques within these categories do give
information on physical characterisation of microplas-
tics, but mass determination cannot be performed with
these methods without adding an additional weighing
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step to the analysis. Furthermore, TWP characterisa-
tion with these techniques is not straightforward [20].
(Stereo)microscopy+ ATR-FTIR received a score of
10. The major difference of this category with (stereo)
microscopy+ p-FTIR is its LOD, which received a score
of 0 as ATR-FTIR cannot accurately analyse particles
below 300 pm in size [70]. Lastly, (fluorescence) (stereo)
microscopy received an effectiveness score of 6—8, which
is lower than all earlier mentioned scores. One of the
factors causing this lower score is the inability of these
techniques to be confirmative for the plastic nature of a
particle, as well as their inability in most cases to identify
microplastic polymer type. Lastly, as with all of the afore-
mentioned microscopy-based techniques, LOD depends
on the microscope type.

Workshops

Participants of both ANDROMEDA workshops con-
cluded that the presented preliminary results should be
published to allow for repetition and adaptation of the
approach. Adaptation of the approach was discussed in
relation to adding additional criteria and context, such
as accounting for different microplastic size classes,
incorporating environmental criteria and policy related
fields. Discussions at both workshops highlighted the
relevance of the approach to environmental monitoring
programmes and the need to build on systems that are in
place. However, monitoring featured more prominently
in the discussions with the policy and decision makers,
while the scientists and researchers focused more on the
financial context in which the preliminary results were
presented [31, 32]. The specific recommendations from
both workshops are summarised in Table 2.

Discussion

Because of the diverse nature of microplastics in terms of
their polymer composition and related densities, shape,
size range, the additives present, and their ageing condi-
tion, identification of an appropriate microplastic analy-
sis method is challenging [29]. The choice of method
depends on the research objectives, and the matrix type
considered, but is also influenced by the financial means
available.

Equipment costs and working hours

Total cost for microplastic analysis is strongly deter-
mined by equipment and labour cost for both sam-
ple processing and analysis. For sample processing, a
combination of filtration devices and pumps was most
frequently applied by survey respondents. To ensure
accurate reflections of these equipment cost calcula-
tions, the median of the total sample processing equip-
ment cost was calculated for each of the six analysis
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Table 2 Workshop recommendations. ANDROMEDA workshop recommendations summarised per participant group, which were
scientists and researchers in Workshop 1 and policy and decision makers in Workshop 2

Scientist & Researcher

Policy & Decision Maker

Limitations of the research and data should be clearly stated to show
that the work focuses on cost-effectiveness only, and that the quality

of the method is not included in the survey. Additionally, the calculations
are not general but pertain to a specific size of microplastics.

There needs to be a clear distinction between assessing methodologies
and approaches focused on research and for monitoring when considering
cost-effectiveness.

Monitoring

Scientists need to actively engage with policy and decision-makers
concerning the definition of what to measure for the purposes of govern-
ment monitoring programmes, ensuring that the data being collected

is put into perspective.

Itis important to feed approaches on cost-efficiency into monitoring
programmes that are comparable across the EU and what is used at a wider
international level, so that an accepted and feasible approach for micro-
plastics monitoring can emerge. Considerations should be given to what

is currently being done. It will be necessary to determine the easiest way

to examine trends.

Financial Context

Affordability and cost-effectiveness should be considered in the context
of gross national income (GNI) and gross domestic product (GDP).

Cost-effectiveness is of great importance in a monitoring framework
and developed approaches must be accessible to and feasible for all Mem-
ber States and contracting parties.

Future Research

Should incorporate environmental factors, such as seasonal disruption
and the organic matter content of samples, to obtain a more detailed
picture of costs that occur for different size classes.

Should consider costs based on the findings of inter-collaboration studies
between institutes that apply different methodologies and techniques
but get comparable results.

Include calculations that use less expensive equipment or protocols
and adjust for different batch level sizes.

Should incorporate other criteria that are important for monitoring
and environmental parameters that are mandatory and link to source emis-
sions for microplastics.

Should consider a repetition of a similar survey that includes a wider stake-
holder community with focus on policy needs, harmonisation, and what
is feasible for all.

Should reflect on how to develop approaches that can support the Euro-
pean Commission’s Zero Pollution Ambition and associated environmental
monitoring requirements.

techniques individually. Sample analysis equipment
is in general more expensive than equipment used for
sample processing, and can be a significant investment
for research laboratories. For example, the use of GC-
MS-based techniques requires purchasing equipment
that can cost over 500,000 EUR, while 16,000 EUR
can be sufficient to buy the equipment for (fluores-
cence) (stereo)microscopy-based techniques (Table S2).
Within an analysis technique category, equipment pur-
chase costs can also vary greatly, e.g. when buying new
vs. second-hand equipment. Furthermore, laborato-
ries may opt to invest in a more versatile and advanced
model of a specific instrument, which has additional
capabilities beyond the requirements for microplas-
tic analysis. Despite higher costs, this decision allows
equipment to serve multiple research purposes, accom-
modating the needs of various research groups includ-
ing those that are not focused on microplastics.

Not all costs associated with the different techniques
were incorporated in the calculations. An example is
equipment maintenance costs, which can vary between
methods (e.g. microscopes vs. GC-MS). Furthermore,
microplastic analysis faces challenges in estimating con-
sumable costs due to variations in required materials
depending on specific techniques and experimental con-
ditions. The diversity of the most expensive consumable

used per technique, such as filters, solvents, and reagents
(Fig. S8), makes it difficult to generalise cost estimates
across all methods.

Sample processing time varies between and within
different technique categories depending on the analy-
sis equipment and its sample preparation requirements.
In most cases, if organic material is present in the sam-
ples, regardless of the method used, an alkaline, oxida-
tive or enzymatic digestion is performed before filtration
[28, 37, 51]. The duration of this cleaning step depends
on the type, intensity and number of consecutive treat-
ments, which in turn is determined by the amount of
organic material present as well as the analysis equip-
ment requirements of a specific method. For instance,
for certain methods effective removal of organic material
present may be more crucial than for others, therefore a
double digestion step may be favoured over a single step.
In the case of e.g. (fluorescence) (stereo)microscopy-
based methods, this helps prevent co-staining of organic
residue and consequently overestimation of the micro-
plastic content [3, 74]. Seawater samples often contain
SPM which can interfere with microplastic analysis.
The degree of interference determines the necessity for
a sediment removal step before filtration, as well as the
thoroughness of the removal step. In most cases a den-
sity separation is performed to extract microplastics [67],
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where the number of times this procedure is repeated
determines processing time, as well as the microplastic
recovery of a sample.

For all techniques, the number of working hours
needed for sample analysis were larger than that for
sample processing. Sample analysis working hours var-
ied greatly between analysis methods as well as within
method categories. An important factor influencing this
is the degree of automation of such a method. The results
of the survey and the workshop discussions clearly
demonstrated the benefits of automation for micros-
copy- based techniques (e.g. for fluorescence (stereo)
microscopy + p-FTIR) in reducing the analysis time for
the operator, and hence the labour costs. Manual count-
ing and sorting of microplastics and additional polymer
identification are time-consuming processes. Moreover,
such methods are prone to human error. Researchers
have attempted to lower microplastic characterisation
costs and remove human bias by automating (parts of)
microplastic analysis. Purely microscopy-based tech-
niques have been automated for microplastic analysis
purposes in various studies (e.g. [41, 52]), with a shown
reduction in analysis time. Spectroscopic techniques,
such as FTIR spectroscopy are one of the most widely
applied techniques for the identification of microplastics.
Traditional FTIR-analysis where samples are first visually
screened for microplastics using a microscope, followed
by spectroscopic analysis of each particle individually is
very labour-intensive. For example, for ATR-FTIR ((ste-
reo)microscopy + ATR-FTIR), even though microplastic
analysis itself is quite straightforward with no extensive
sample preparation, fixing the ATR-crystal on the par-
ticles surface to obtain IR data is time-consuming when
many particles need to be analysed. An FTIR or Raman
spectrometer used in conjunction with an optical micro-
scope are referred to as pu-FTIR (fluorescence (stereo)
microscopy+ (-FTIR and (stereo)microscopy+ p-FTIR)
or p-Raman ((stereo)microscopy+ p-Raman). Both
methods are particle-based methods that can be carried
out either through imaging or particle measurements.
Automation here can save operator time by creating a
high-throughput, programmed screening step which
requires only to set up an area to scan or image, apply a
threshold and start the automated analysis. Increasing
the number of particles analysed here will require higher
cost equipment and longer instrument running times,
providing more results with reduced operator man hours
and consequently labour costs.

Processing and evaluating the resulting spectra is
another laborious analysis step, especially when dealing
with large datasets and high particle variability, which
can be expedited through automation. Machine learn-
ing processes such as auto-encoding neural networks
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can effectively process a broad variety of spectral types
and at the same time minimise operator bias. How-
ever, although this approach is efficient, such networks
need to be trained first and a correct match is not guar-
anteed. Development of reference libraries is often
required, resulting in longer working hours and hence
higher labour expenditure. Commercial libraries can be
used instead, but these are often only available through
paid subscriptions, which can be an expensive commit-
ment [13]. Moreover, these methods are still being devel-
oped and currently not fully established or proven to be
fully cost- and time-efficient. In the case of Focal Plane
Array (FPA) p-FTIR [55], for instance, it has been shown
that automating the analysis process can still be time-
consuming, which highlights the difficulties in attaining
faster automated analysis. To address this issue, paralleli-
sation of the process could be implemented by executing
macros and scripts concurrently on multiple computers.

Likewise, data processing of GC-MS analysis results is
a time-consuming step often done manually. Accelerat-
ing this process through automation is one of the chal-
lenges facing this technique nowadays [59]. However, in
contrast to spectroscopy-based techniques, GC-MS-
based techniques provide plastic polymer information of
a sample in a single analytical run, which speeds up the
analysis process. Here, particles do not need to be han-
dled one by one, and enrichment of microplastic particles
is only necessary if the mass content is below the LOD
[8]. It should be stressed, nonetheless, that automation of
any method workflow does not necessarily equal a cost-
effective workflow [54].

Cost-effectiveness of microplastic analysis techniques

as a function of equipment usage intensity

The cost-effectiveness of microplastic analysis methods
for seawater samples is influenced by multiple factors,
including the research questions, the equipment used
and associated maintenance costs, the intensity at which
the equipment is being used as well as its depreciation
time, the degree of automation, the position and seniority
of the executing employees as well as the required skills
and potential additional training, the country of employ-
ment, and the consumables needed. Generally, the more
frequently and intensively the equipment is used, the
lower the cost per analysis. For laboratories conducting
exploratory research on microplastics, the equipment
usage intensity may be low. For instance, a batch of 5
samples every two weeks or every month would result
in an equipment usage intensity of 12—-26 batches/year.
Here, equipment costs weigh in more on the total cost
compared to labour costs. On the other hand, commer-
cial labs that offer services to e.g. customers from indus-
trial sectors or governmental/regulatory agencies often
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perform routine analyses. In scenarios where 20 seawater
samples per week need to be analysed for microplastics
year-round using a GC—MS-based technique, the equip-
ment usage intensity is 209 batches/year ((20 samples
per week)/(5 samples per batch)*52.14 weeks). For such
routine analyses, investment in high-cost equipment is
quickly earned back, with costs at a higher equipment
usage intensity mainly determined by the labour costs
and hence the man hours needed.

When evaluating the cost-effectiveness and afford-
ability of different methods, the gross domestic product
(GDP) context, which represents the value of all final
goods and services a country produces over a period of
1 year, as well as potential disparities across countries
should be taken into consideration when developing
transnational monitoring schemes. In HW European
countries, labour costs have a larger influence on the
total cost compared to that in LW European countries,
especially at a high equipment usage intensity (see ‘3.
Results, Table S2, and Annex A). As a consequence, dif-
ferences in labour costs across countries will impact
the cost-effectiveness of a method at a given equipment
usage intensity. In this context, it is important to note
that cost-effectiveness in relation to national income
and GDP was a strong focus in Workshop 1 discussions
with researchers and scientists. Workshop 1 participants
specifically highlighted that initial investment may be
required to allow for a change of methods or equipment
towards more cost-effective approaches and that further
study considering national income and GDP would be
useful [31]. These discussions resulted in a specific rec-
ommendation on affordability and cost-effectiveness
noted in Table 2 in the results section.

Method effectiveness

When selecting the most suitable microplastic analysis
method, a comprehensive approach that encompasses
not only costs but also method effectiveness is crucial.
A first important reason to do so is the limited budgets
research and monitoring programs often have. Allocating
resources efficiently ensures that other important aspects
of the study can also be adequately addressed without
losing valuable information. Another vital reason is scal-
ability. A cost-effective method allows for the analysis
of a larger number of samples, encompassing various
sample types, locations, and timeframes, and leading to
more robust conclusions and recommendations. A third
consideration is the quality and reliability of the data
obtained. By selecting an effective method, researchers
can ensure its sensitivity for the reliable detection and
quantification of environmentally relevant microplas-
tic concentrations, which is needed to draw meaning-
ful conclusions on microplastic contamination levels.
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Furthermore, cost-effective methods can contribute to
the development of accurate and affordable, standard-
ised protocols, which in turn enables data harmonisa-
tion, facilitates collaborations, allows for comparison of
results across different studies, and strengthens the over-
all scientific knowledge base. Lastly, excessively expen-
sive methods may not be viable for routine monitoring or
continuous assessment of microplastic pollution levels.
By choosing a cost-effective method, researchers can pro-
mote the long-term sustainability of their work, thereby
ensuring that monitoring efforts can be maintained over
extended periods of time.

Depending on the objectives of the research, method
requirements differ. The effectiveness of a method is
therefore highly dependent on the aim of the research
performed. For instance, research can be focused on
mapping microplastic pollution, source identification,
fate assessment or ecotoxicological evaluations, all with
different requirements regarding microplastic character-
isation and quantification. This can be in terms of their
LOD and their ability to identify polymer types, their
ability to provide information on microplastic size, shape
and colour; and the units in which results are expressed,
e.g. mass vs. count [64]. Many research questions can be
addressed using microplastic count, such as identifying
microplastic hotspots, assessing the efficiency of water
treatment systems, performing microplastic risk assess-
ments, and so on [6, 30]. On the other hand, microlitter
indicator values for microplastic monitoring in the upper
water layer are often reported in ‘number of particles per
m® but also in ‘g per m? [40, 65]. The effectiveness of a
method is therefore inherent to the research goal.

a) Microscopy-based techniques

In the realm of microplastic analysis techniques, (flu-
orescence) (stereo)microscopy-based techniques, while
economical, show a low effectiveness. Their primary
drawback lies in their inability to confirm the plastic
nature of a particle, which can lead to potential under-
estimation or overestimation of microplastic presence
in samples. Such inaccuracies can skew assessments of
microplastic pollution, either by downplaying its sever-
ity or by prompting unnecessary regulatory measures.
Identification relying solely on colour and morphol-
ogy may result in error rates up to 70%, especially for
smaller particles, undermining the accuracy of assess-
ments [27, 33, 36]. Although certain microscopy meth-
ods can categorise microplastics into polymer classes
[41], most of the techniques in this category do not
have to ability to do so. As a consequence, the broader
understanding of plastic types polluting specific areas
as well as their sources remains elusive using this
method.
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Furthermore, the choice of microscope type is pivotal:
while stereomicroscopes can detect microplastics down
to around 50 pm, crucial particles under 20 um which
pose ecological risks ([9, 62], elude detection. Micro-
scopes have a LOD below 50 um, but require a longer
working time due to their substantially smaller field of
view compared to stereomicroscopes. Tire wear particles
(TWP), generated through mechanical abrasion of tire
materials, have been causing concern in recent times due
to their prevalence in the environment, their persistence
as well as their toxicity [34, 68]. Light microscopes offer a
tentative quantification method for TWP based on physi-
cal and morphological properties [49], while fluorescence
microscopy fails in this regard [16].

b) Microscopy combined with spectroscopy

(Fluorescence) (stereo)microscopy-based analyses
are often complemented with vibrational spectroscopic
methods such as IR absorption and Raman scatter-
ing, as these methods can confirm the plastic nature of
a particle as well as its polymer type: (stereo)micros-
copy+ATR-FTIR, (stereo)microscopy+p-FTIR, fluo-
rescence (stereo)microscopy+p-FTIR and (stereo)
microscopy + p-Raman. These methods allow for report-
ing the number of particles and to identify the degree of
weathering. Moreover, they facilitate non-destructive
analysis, preserving valuable samples, a crucial advan-
tage when dealing with limited samples [2, 10, 58].

A drawback of ATR-FTIR-based methods is their large
minimum detectable particle size (LOD). Particles should
be at least 200—500 pm in size for proper identification
and to avoid damaging the ATR-instrumentation due to
analysis of inorganic particles resembling microplastics
[29]. By focusing on just the larger particles, insights
on microplastics of ecotoxicological relevant sizes are
lost. u-FTIR-based methods have a LOD of 10—20 pm,
which is determined by their spatial resolution in infra-
red imaging [4, 53]. FTIR-based methods can provide
information on microplastic size, shape and morphol-
ogy, which is vital for understanding their impacts on
marine life [56, 60]. Moreover, by characterising the
size and shape of microplastics, researchers can iden-
tify their likely sources, information that is essential for
targeted interventions and regulatory measures against
plastic pollution. Stereomicroscopy aids visual micro-
plastics identification but may introduce visual bias.
Fluorescent staining with the fluorescent dye Nile red
[38], combined with fluorescence microscopy, enhances
microplastic detection, although caution should be
taken as co-staining of undigested organic material
may happen and microplastic content may be overesti-
mated [63]. The simplified identification of fluorescently
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stained microplastics reduces time and effort required
for manual microscopic analysis prior to spectroscopic
analysis, which may explain the lower working time
(Fig. 2). Moreover, automating the analysis procedure
using image analysis softwares like Image] [69] allows
for a high-throughput screening with subsequent (auto-
mated) chemical analysis, which further streamlines the
analysis process, thereby providing a more efficient and
cost-effective solution. TWP analysis using FTIR-based
methods is however intricate [35] due to the similarity in
composition of their components, as well as the necessity
to prepare particles in a form suitable for FTIR-analysis
[57]. Lastly, mass determination cannot be performed
with FTIR-based methods without an additional weigh-
ing step. For small particles, this parameter can only be
approximately calculated by processing analysis data in
programs like siMPle [55].

Raman spectroscopy, while able to reliably detect and
identify microplastics down to 1 pm, faces challenges
with fluorescence interference, both intrinsic to the par-
ticle or following staining with a dye like Nile red [4].
Prescreening of particles without selective fluorescent
staining may consequently slow down the analysis of
environmental samples containing a lot of non-plastic
materials. Moreover, Raman spectroscopy is unsuitable
for the analysis of black TWP as they do not provide a
specific spectrum [71].

¢) GC-MS-based techniques

GC-MS-based techniques are able to detect micro-
plastics and are capable of determining the polymer
types present in a sample. Unlike all previously men-
tioned methods, GC-MS is adept at quantifying TWP,
MP-associated additives, and microplastic degradation
byproducts as a consequence of environmental weather-
ing, of which some were found to be toxic, carcinogenic,
or disrupting of the endocrine system [19, 61]. Data pro-
duced by these techniques is consequently valuable for
assessing microplastic risks in marine ecosystems and
for human health. Unlike spectroscopy, GC-MS is not
influenced by physical characteristics, offering a distinct
advantage. The technique provides precise mass-based
concentrations, typically down to 0.008—0.22 pg/mg,
without size limitations [8, 29, 48]. However, a major
disadvantage is the lack in ability to physically character-
ize microplastics and report particle numbers, which is
essential for comprehensive risk assessments. To obtain
information on physical attributes, complementary spec-
troscopy-based analyses are needed. However, as GC—
MS-based techniques are destructive with complete loss
of sample as a result, subsequent particle analysis of that
same sample is impossible.
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Survey limitations

While the survey has its strengths in providing compa-
rable results and highlighting positive aspects, there are
certain limitations that need to be acknowledged. One
such limitation is the use of a fixed number of sam-
ples and microplastic content for analysis, which, while
ensuring method comparability and result consistency,
restricts exploration of lower size limits in certain tech-
niques. Additional costs, e.g. for consumables and main-
tenance, were also not included, as it is very challenging
to generalise these costs across all methods. Furthermore,
the presence of quality assessment criteria, like positive
and negative controls, could have offered additional valu-
able insights on the different methods used. Besides this,
the survey does not directly assess method performance
or reproducibility, but integrating the survey into a ring
test or comparative study could address this in the future.
Lastly, the survey primarily engaged microplastic experts
employed in European countries, reflecting a specific
regional context. The absence of perspectives from
researchers employed in other non-European countries
represents a restriction of this study. In future research,
a more diverse participant pool with variable socioeco-
nomic backgrounds could offer a broader perspective on
the cost-effectiveness of microplastic analysis methods
by considering varying contexts as well as resource avail-
abilities. Despite these constraints, the survey offers valu-
able insights and comparisons, emphasising its positive
aspects.

Workshop recommendations

The predictive tools (see Annex A) developed in this
study may have significant implications for monitoring
efforts and the implementation of the Marine Strategy
Framework Directive (MSFD), which was recognised
by participants in both ANDROMEDA workshops and
resulted in specific recommendations concerning envi-
ronmental monitoring programmes outlined in Table 2.
Table 2 highlights that cost-effectiveness is a significant
consideration in environmental monitoring programmes
(see monitoring and financial context section in Table 2),
which featured greatly in discussion with the policy and
decision makers in Workshop 2 [32].

Our CEA tool allows for the prediction of microplas-
tic analysis techniques cost-effectiveness in the marine
environment, providing valuable information for moni-
toring programs. Workshop discussion with scien-
tists and researchers highlighted that it is important
to apply approaches such as our CEA tool to the moni-
toring systems that are already in place to help identify
where and how to adapt and improve existing systems
[31], which was reinforced by policy and decision mak-
ers in Workshop 2, emphasising the importance to align
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development of our approach with OSPAR activities and
MSEFD requirements [32].

Furthermore, the tools can be used to allow for more
informed decision-making regarding policy and manage-
ment. The MSFD requires EU member states to achieve
or maintain good environmental status in their marine
waters by 2020, including a reduction in marine litter,
including microplastics. The predictive tools can help
member states to assess progress towards this goal by
providing a more comprehensive understanding of the
costs and techniques used to evaluate distribution of
microplastic pollution. Policy and decision makers [32],
emphasised that the developed tools could help to inform
changes in monitoring that may need to be applied to a
European-wide scale. Participants suggested the devel-
opment of a knowledge base using the predictive tools
to help evaluate different available technologies and
methodologies according to cost and what needs to be
detected, to inform the selection of appropriate and feasi-
ble technologies and methodologies [32].

Policy and decision makers made a number of sug-
gestions how our CEA tools could be used and adapted
in a policy and monitoring context, which relate to the
reproducibility of the methodology, strengths and limi-
tations related to microplastic detection, links to source
emission measures, size limitation needed for monitor-
ing, availability of technology in commercial labs, harmo-
nisation of existing monitoring programmes within and
outside of the EU, usability for other matrices (wastewa-
ter, industrial emissions, etc.) and contribution to filling
current knowledge gaps, e.g. in relation to nanoplastics
or risks [32]. Overall, the predictive tool developed in this
study represents an important step towards a more effec-
tive and informed approach to monitoring and managing
microplastic pollution in the marine environment, sup-
porting the implementation of the MSFD and ultimately
contributing to the protection of marine ecosystems and
human health.

The potential for future application of an adapted CEA
tool featured prominently in both ANDROMEDA work-
shop discussions, where participants emphasised the
importance of the developed approach and made practi-
cal suggestions of areas that they would like to see fur-
ther explored [31, 32], some of which have been outlined
in the above discussion paragraph focused on links to
environmental monitoring programmes and the MSEFD.
Other areas explored in workshop participants’ discus-
sion include adaptation of the CEA approach to reuse of
available data, to other matrices such as sediment or fish
[32], and to varying concentrations of organic material
present.

Based on the explorative workshop discussions, par-
ticipants made recommendations for future research
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that should be considered to allow for informed and
useful adaptations of the tool, which are outlined
in Table 2. In this context, it is important to note the
Workshop 2 participants’ general recommendation to
clearly distinguish between cost-effectiveness assess-
ment of approaches that are research focused and
approaches for monitoring requirements, which also
needs to be considered in terms of future research aim
and purpose. Overall, future research recommendations
made by both workshop participant groups emphasise
that the developed tool can and should be adapted,
with both groups recommending the development and
implementation of more surveys that are adapted to
include additional criteria. Furthermore, scientist and
researcher participants’ general recommendations in
Workshop 1 (see Table 2) also include specific empha-
sises on clearly stating the limitation of the presented
research, data and approach.

Conclusion

The multitude of available microplastic analysis methods
for comparable objectives makes it difficult for research-
ers to select the best method for their research question
and a particular budget. In this study, survey data gath-
ered from microplastic experts was used to conduct a
cost-effectiveness analysis of methodologies for micro-
plastic analysis in seawater. The overall analysis cost for
each approach was determined including estimates of
labour and equipment costs, while method features were
used to estimate effectiveness using set criteria. This
evaluation was then presented at two iterative workshops
with researchers and scientists, and policy experts and
decision makers, to validate the obtained results, and to
share insights, perspectives and ideas related to the per-
formed analysis.

Based on the GNI p.c. of the respondents’ countries of
employment, predictive tools were produced that allow
the identification of the most cost-effective methods for
specific scenarios, and to calculate the total analysis cost
of each method. This indicated differences in the cost-
effectiveness of the discussed methods depending on a
variety of factors, including the country of employment.
The workshops resulted in specific recommendations
concerning environmental monitoring programmes, and
highlighted that cost-effectiveness is a significant con-
sideration. The developed and validated tools mark an
important step toward a more effective and informed
approach to monitoring microplastic pollution in the
marine environment, and decision-making regarding
policy and management. In this way, they support the
implementation of the MSFD, and eventually help safe-
guard the marine environment and public health. Rec-
ommendations given by workshop participants for future
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research included flexibility of the predictive tool for
the reuse of existing data, flexibility to assess methods
used for additional marine matrices with varying con-
centrations of organic material, and flexibility through
the implementation of more surveys. This would allow
a detailed grasp of the costs and effectiveness of meth-
ods related to evaluating microplastic contamination
throughout the marine ecosystems.
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