
TYPE Original Research
PUBLISHED 18 December 2023
DOI 10.3389/focsu.2023.1253923

OPEN ACCESS

EDITED BY

Enrico Saggioro,
Fundação Oswaldo Cruz (Fiocruz), Brazil

REVIEWED BY

Carlos German Massone,
Pontifical Catholic University of Rio de
Janeiro, Brazil
Keith Weston,
Independent Researcher, Norwich,
United Kingdom

*CORRESPONDENCE

Michelle J. Devlin
michelle.devlin@cefas.gov.uk

RECEIVED 06 July 2023
ACCEPTED 30 October 2023
PUBLISHED 18 December 2023

CITATION

Devlin MJ, Prins TC, Enserink L, Leujak W,
Heyden B, Axe PG, Ruiter H, Blauw A, Bresnan E,
Collingridge K, Devreker D, Fernand L, Gómez
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This paper presents the outcomes of the fourth application of the Common
Procedure for the Identification of the Eutrophication Status of the OSPAR
Maritime Area (the “Common Procedure”), conducted for the period 2015–2020
for the North East Atlantic. Previously, OSPAR has assessed eutrophication based
on national assessment areas and disparate approaches lacking a transparent and
comparable basis. A more harmonized approach has now been achieved through
development of ecologically relevant assessment areas defined by oceanographic
criteria rather than international boundaries, allowing for consistent assessments
across exclusive economic zones and acknowledging that eutrophication is a
transboundary problem. Thresholds that were specific for those harmonized
assessment areas and eutrophication parameters have been derived primarily
from an ensemble modeling approach to determine pre-eutrophic conditions.
Common assessment areas and harmonized thresholds have enabled, for the first
time, an objective and comparable assessment of the eutrophication status of the
whole OSPAR Maritime Area. This establishes a level playing field for managing
eutrophication and a solid basis for deriving OSPAR nutrient reduction targets as
a prerequisite for targeted and successful regional eutrophication management.
This assessment shows that eutrophication problem areas persist, in particular
along the continental coasts from France to Denmark/Sweden and in the Greater
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North Sea and the Bay of Biscay and Iberian coast. The main areas a�ected by
eutrophication are the plumes and adjacent coastal areas in the Greater North
Sea and Bay of Biscay/Iberian Coast, with riverine nutrient inputs remaining the
major source of nutrient pollution. Approximately 6% (152,904 km2) of the OSPAR
Maritime Area is eutrophic, with the impacted area supporting many important
ecosystem services. Fifty-eight percent of river plume areas (eight assessment
areas out of 14), 22% (five of 27) of the coastal areas and 10% (three of 17) of the
shelf areas were classified as problem areas. Application of the current assessment
process to historical data from the previous three OSPAR assessment periods
shows a gradual improvement since 2000. However, the OSPAR 2010 objective
“to combat eutrophication, with the ultimate aim of achieving and maintaining a
healthymarine environmentwhere anthropogenic eutrophication does not occur”
has not yet been fully achieved. Further measures to reduce nutrient loads are
needed to ensure long-term sustainability of our coastal waters.

KEYWORDS

OSPAR, eutrophication, assessment, North East Atlantic, nutrients

1 Introduction

Natural processes regulate the balance between nutrient
availability and the growth of marine plants and animals in
ecosystems. Excess nutrients introduced into the sea by human
activities can disturb this balance, resulting in accelerated growth
of phytoplankton (Devlin and Brodie, 2023). This leads to adverse
effects on water quality and marine ecology such as extensive
micro- and macro-algae blooms (e.g., green tides, with impact on
human health), turbid water and eventually hypoxia, potentially
causing mortality of fish, shellfish and seagrasses (Figure 1) in a
process known as eutrophication (De Jong, 2007; Paerl and Piehler,
2008; Nixon, 2009; Devlin et al., 2011; Ferreira et al., 2011; Große
et al., 2016; Desmit et al., 2018). Eutrophication impacts on water
quality can also act as a stressor on other ecosystem components
such as biodiversity, plankton community structure and food webs
(Cloern, 2001; Heathwaite, 2010; Borja et al., 2016; Clark et al.,
2017; Korpinen et al., 2021; Graves et al., 2023; Holland et al., 2023).

Human activities have resulted in large quantities of nutrients
entering the sea from sources that include agriculture, combustion
processes (road traffic, shipping, power plants), municipal
and industrial wastewater treatment, scattered dwellings and
aquaculture across OSPAR countries (EEA, 2005; Grizzetti et al.,
2008; Erisman et al., 2011). These excess nutrients have been a
key cause of eutrophication issues that have persisted in OSPAR
regions, particularly in estuaries, enclosed areas and coastal
waters (Ulén et al., 2007; Van Beusekom et al., 2019). Sources
of excess nutrients have changed throughout the 20th century,
as urban sewage management improved and the post-war need
for food security and economic growth resulted in agricultural
intensification and the use of vast amounts of mineral fertilizer to
support this growth in agricultural output. The resulting nutrient
discharges to waterways and estuaries led to large-scale marine
eutrophication (Brockmann et al., 1988; Riegman et al., 1992;
Druon et al., 2004; Lenhart et al., 2010; Skogen et al., 2014).

Many social and economic drivers have the potential to
influence the increase in anthropogenic nutrient delivery that can

cause eutrophication. The rapidly increasing global population,
and the infrastructure and resources needed to support it,
stimulate many of the drivers that link to eutrophication, for
example food, trade and movement of goods, materials and
industrial processes; (Selman and Greenhalgh, 2010; Fulweiler
et al., 2012; Khan and Mohammad, 2014; Jennings et al., 2016;
Rees et al., 2022). Population growth leads to increased demand
for food, which in turn can lead to changes affecting diet,
global food chains, regulation, innovation, international trade,
political stability, culture, international collaboration and food
prices. Europe is the third most populous continent behind Asia
and Africa. Its population in 2016 was estimated at 738 million,
which accounts for 11% of the world’s population. The continent
is currently growing at a rate of 0.3% per annum (Wassmann,
2004). Agriculture and aquaculture help to meet the demand for
food security, but are also the predominant source of the nitrogen
discharges to the North East Atlantic waters over the last two
decades (EEA, 2005, 2018; EC, 2018; Schoenmakere et al., 2018),
leading to an increase in eutrophication effects. Increasing demands
for nitrogenous fertilizers for use in agriculture (Erisman et al.,
2011; Lu and Tian, 2017) and particularly urea in recent times, are
largely responsible for the large discharges of nitrogen to themarine
environment (Jickells and Weston, 2011). Agriculture remains the
biggest user of nitrogen in the world (EUNEP, 2015).

However, recent trends point to a reduction in nitrogen
consumption in agriculture in European countries from the early
1990’s, although rates of change have varied significantly between
countries—as a result of reducing applications of fertilizer through
improving agricultural practices (Grizzetti et al., 2008, 2021;
Erisman et al., 2011; Hukari et al., 2016). This resulted in a drop
in fertilizer use during the 1980s, starting to plateau from 1990s
(Grimvall et al., 2000; EU, 2023). The gross balance between
nitrogen added to and removed from agricultural land in the
EU showed an improving trend signifying that the gap between
inputs and outputs was closing and the potential nitrogen surplus
decreasing (Fertilizers_Europe, 2019). This is likely related to
efficiency gains rather than to any reduction in agricultural effort,
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FIGURE 1

Schematic illustration of issues associated with eutrophication and definition of the di�erent type of categories within the OSPAR assessment.
Category 1 indicator are the causative factors of nutrient enrichment with categories II and III covering both direct and indirect e�ects and category
IV including other possible e�ects of nutrient enrichment (reproduced from OSPAR, 2022).

where efficiency gains have likely been achieved through adapted
nitrogen management practices such as changes in fertilizer
application techniques (Eurostat, 2019, 2021) and may have been
driven by the implementation of other specific measures under
the Common Agricultural Policy and European legislation, such
as the Nitrates Directive and the Water Framework Directive
(CEC, 2000). Unfortunately, more recent trends from 2010 indicate
that the nitrogen balance has not improved, i.e., the surplus of
nitrogen from agricultural land has not declined further since
2010. Assessments suggest that, for the EU, the average reference
values for critical nitrogen loads were exceeded, underscoring that
fertilizer applications in agriculture is still a major factor in driving
eutrophication (Fanelli, 2019).

Recognizing the benefits of a regional approach was a
cornerstone for OSPAR when the OSPAR process was initiated
in 1972 with the Oslo Convention against dumping and was
broadened to cover land-based sources of marine pollution and
the offshore industry by the Paris Convention of 1974. OSPAR
is named from these original Oslo and Paris Conventions. These
two conventions were unified, updated and extended with the
Convention for the Protection of the Marine Environment of the

North-East Atlantic (the “OSPAR Convention”) opened at the
Ministerial Meeting of the Oslo and Paris Commissions in Paris on
22 September 1992. The 15 Governments signed onto the OSPAR
convention are Belgium, Denmark, Finland, France, Germany,
Iceland, Ireland, Luxembourg, The Netherlands, Norway, Portugal,
Spain, Sweden, Switzerland and United Kingdom. The European
Union, represented by the European Commission, is also a
signatory. OSPARworks under its Eutrophication Strategy to tackle
eutrophication and to achieve a healthy marine environment (de La
Fayette, 1999) and has recently renewed its commitments in a new
North East Atlantic Environment Strategy (OSPAR, 2021) agreeing
that the Convention will be implemented through OSPAR’s North-
East Atlantic Environment Strategy (NEAES) 2030. International
engagement and cooperation are a key attribute within the OSPAR
strategy supporting partnerships between its member countries,
the European Union, and other Regional Seas conventions, the
UN Environment Programme (UNEP), the International Maritime
Organization (IMO), the International Seabed Authority (ISA),
the Convention on Biological Diversity (CBD), the North-East
Atlantic Fisheries Commission (NEAFC), the Arctic Council, the
International Commission for the Conservation of Atlantic Tunas
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(ICCAT), and the International Council for the Exploration of
the Sea (ICES). Through the NEAES 2030, OSPAR contributes
specifically to SDG 13 on Climate Action, to SDG 14 on Life
Below Water—with a particular focus on reducing pollution of
all kinds (SDG 14.1), restoring degraded habitats (SDG 14.2),
addressing the impacts of ocean acidification (SDG 14.3), and
conserving and protecting biodiversity (SDG 14.5)—and to SDG
17 on Partnerships.

One of the main directions in the OSPAR Eutrophication
Strategy is to set appropriate nutrient reduction targets for problem
areas with regard to eutrophication (OSPAR, 2002, 2008b, 2017;
Skjærseth, 2006; Foden et al., 2010). Quantifying nutrient inputs
from the different sources is fundamental for understanding the
causes of eutrophication and to evaluate the success of measures
taken to reduce nutrient inputs and the impacts of eutrophication
(Grizzetti et al., 2021). In 1988 OSPAR followed the source-
orientated approach and adopted PARCOM recommendation 88/2
and commited to achieve a substantial reduction (of the order of
50%) in inputs of phosphorus and nitrogen between 1985 and
1995. In 2005, six of nine reporting Contracting Parties met the
50% reduction target for phosphorus, but only three Contracting
Parties met the target for nitrogen (OSPAR, 2008a). Phosphorus
reductions have been mainly due to the improvement of municipal
treatment plants and the replacement of phosphorus in detergents
(Emeis et al., 2015). However, reductions in nitrogen input have
not been comparable, leading to imbalances between nitrogen and
phosphorus ratios (OSPAR, 2003b, 2008b; Claussen et al., 2009;
Burson et al., 2016, 2018; Grosse et al., 2017).

Since then, OSPAR recommited in its strategies to set
appropriate nutrient reduction targets for eutrophication problem
areas, but to date this has not been achieved due to a lack
of a common eutrophication assessment based on harmonized
thresholds. The lack of a coherent, regional assessment approach
for eutrophication made it difficult to achieve consensus about the
scale of the problem, or the measures required to address it for the
whole of the OSPAR region.

Assessment of eutrophication typically uses measures of the
drivers (nutrient inputs, nutrient concentrations) and impacts of
increases in anthropogenic nutrients (Paerl, 2006; Paerl and Piehler,
2008). Nutrient inputs can lead to elevated nutrient concentrations
in the marine environment, of which wintertime concentrations of
dissolved inorganic nitrogen and phosphorus are a key parameter
for describing the causative factors for eutrophication (Devlin
et al., 2007; Smith and Schindler, 2009; van Beusekom, 2018;
Greenwood et al., 2019). Nutrient concentrations are determined
by water sample measurements taken in the field and typically
analyzed in a laboratory via spectrophotometers. Elevated levels
of phytoplankton biomass can be a direct effect of nutrient
enrichment and closely linked to a number of other eutrophication
effects such as reduced photic limits, toxic or nuisance algae blooms
and oxygen deficiency near the seafloor (Bricker et al., 1999;
Devlin et al., 2011; Andersen et al., 2019). Furthermore, chlorophyll
concentrations, as a proxy for phytoplankton biomass, can be
determined with high confidence by combining fieldmeasurements
with satellite, numerical models and autonomous measurements
such as ferry-box data (Petersen et al., 2008; Kratzer et al., 2011;
Karlsson et al., 2016; Bean et al., 2017). Undesirable disturbance

from eutrophication also includes depletion of oxygen caused
by decomposition of accumulated organic material produced
by phytoplankton during their growing seasons (Devlin and
Brodie, 2023). Oxygen concentrations are typically determined by
collecting samples at depth and subsequent laboratory analysis by
Winkler method (Greenwood et al., 2010), though autonomous
measurements can also be taken via well-calibrated oxygen optodes.
Oxygen depletion at the seafloor as indicated by low oxygen
concentrations is a key parameter of indirect eutrophication
effects since it determines the conditions for benthic organisms
and thereby benthic habitat quality (Best et al., 2007; Devlin
et al., 2007; Seitz et al., 2009). For this assessment, the relevant
OSPAR common indicators are nutrient inputs, concentrations,
winter nutrients and chlorophyll-a and dissolved oxygen. They
were selected as key parameters describing the cause-and-effect
chain of eutrophication processes (Paerl, 2006; Foden et al., 2010;
OSPAR, 2017) and correspond to primary criteria under the
Marine Strategy Framework Directive (Long, 2011) and the UK
Marine Strategy. These common indicators for eutrophication
provide metrics which are common across OSPAR countries and
eutrophication assessments.

This paper presents a summary of the fourth application of the
OSPARCommon Procedure (hereafter COMP4) for the assessment
of eutrophication, which was conducted for the period 2015–2020.
The first application of the OSPAR Common Procedure (COMP1)
was applied nationally in 2002 with a joint report published in 2003
(OSPAR, 2003a). Subsequent applications resulted in joint reports
in 2008 and 2017 which contributed to the OSPAR Quality Status
Report 2010 and the Intermediate Assessment 2017 (OSPAR, 2005,
2008b, 2017; Heslenfeld and Enserink, 2008; Foden et al., 2010).
With the third application (COMP3), OSPAR’s eutrophication
assessments primarily covered the period from 2006 to 2014
alongside trend assessments based on data from 1990 to 2014. The
fourth application extends this, incorporating data from 2015 to
2020 into the trend assessments. This application of the OSPAR
Common Procedure differs from previous assessments in that
ecologically coherent assessment units and assessment thresholds
have been developed which reflect characteristics of the ecosystem
rather than national boundaries. In addition, remote sensing,
water samples and numerical models have been combined in an
automated assessment tool, ensuring for the first time a “regionally
harmonized” assessment. Areas with eutrophication problems and
where remediation measures are needed are identified without
the premise that eutrophication is constrained by geographical
boundaries, acknowledging that programs of measures require
co-operation across all countries.

2 Methods

2.1 Improving the previous assessments

Assessment units, thresholds and seasons have been revised
prior to each application of the Common Procedure (hereafter
COMP1, COMP2, COMP3, and COMP4) reflecting improvements
in our understanding of eutrophication and its impacts on
the ecosystem and allowing use of the best available scientific
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knowledge for each of the four assessment periods. After COMP3,
it was recognized that the approach used in COMP3 and the
previous two approaches did not go far enough in harmonizing
the assessment across the OSPAR regions, with geographical
boundaries still hindering our understanding of eutrophication
state across coastal and marine waters. Improvements from the
COMP3 to the COMP4 approach were developed through the
Intercessional Group for Eutrophication, an OSPAR working
group which has incorporated outputs from national approaches,
modeling, advances in satellite data and technical discussions
to agree on how to advance and harmonize eutrophication
assessments. This work has resulted in the harmonizing of
assessment areas, integration of common indicators for the
assessment of eutrophication, agreement on harmonized area-
specific assessment levels and integrated data assessment via an
online data tool (COMPEAT; Figure 2).

2.2 Harmonizing assessment areas

COMP4 addressed issues identified in COMP3 (OSPAR, 2017)
where inconsistencies in threshold levels across national marine
borders resulted in abrupt changes in assessment outcomes.
The EU funded JMP-EUNOSAT project (Enserink et al., 2019)
and the OSPAR Intercessional Group for Modeling (ICG-
EMO) initiated a program of work that subdivided areas with
similar ecological functioning to harmonize assessment areas.
Environmental conditions used in defining assessment areas were
physical (depth, salinity, and stratification), chemical (nutrients)
and biological factors (phytoplankton dynamics: biomass and
primary production). This process of characterization was
undertaken to establish ecologically coherent assessment areas such
that forcing an ecological response can be considered uniform
across the assessment unit (Alvera-Azcárate et al., 2021; Lavigne
et al., 2021). The full set of steps to develop harmonized assessment
areas are provided in Supplementary Table 1. The assessment areas
that were developed under this process were presented back to the
OSPAR Contracting Parties, where a consultation process allowed
each country to adjust boundaries based on national expertise
and/or national modeling (Supplementary Table 2).

2.3 Integration of assessment indicators

Three categories of assessment criteria for application in the
Common Procedure were agreed to cover the cause and effects
of eutrophication. Category I relate to causative factors including
nutrient loads and nutrient enrichment. Category II include the
direct effects of nutrient enrichment and Category III includes
the indirect effects of nutrient enrichment (see Figure 1). For each
category, specified assessment criteria have been agreed. Based
on this, a set of harmonized assessment parameters, known as
common indicators, was selected relating to nutrient enrichment
and the direct and indirect effects of nutrient enrichment. These
parameters form the basis for the classification of maritime areas
with regard to eutrophication and together provide the four

common indicators for the assessment of eutrophication within the
COMP4 approach.

2.4 Harmonizing assessment levels

In COMP3, OSPAR Contracting Parties evaluated the
eutrophication status of their national marine waters using
national assessment levels (thresholds) to assess nutrients
and chlorophyll a. In general, assessment levels were based
on reference conditions reflecting non-eutrophic conditions
with boundary between good and moderate derived by
adding a 50% deviation to the reference condition. However,
Contracting Parties used different approaches in establishing
reference conditions to derive these values, leading to variable
assessment levels and different outcomes of the eutrophication
assessment across national borders (OSPAR, 2003b, 2008b,
2017). OSPAR recognized these limitations and requested the
ICG-EMO working group to develop a coherent assessment
framework across Contracting Parties that share assessment
areas (Blauw et al., 2019; Gohin et al., 2019; Stegert et al.,
2021).

The coherence was the development of an ensemble model
approach used to derive pre-eutrophic conditions (Lenhart et al.,
2022; van Leeuwen et al., 2023). Nutrient loads into the NE
Atlantic were estimated from rivers under reference conditions,
using the European model E-HYPE and observations (Stegert et al.,
2021; Lenhart et al., 2022). In the ensemble model approach,
nutrient concentrations in the North-East Atlantic were then
estimated under pre-eutrophic conditions simulating a period
prior to the Haber Bosch process (i.e., no mineral fertilizers)
and including a reasonably modern population density such as
cities like London and Hamburg with sewage infrastructure and
combining the nutrient loads from E-HYPEwith ecosystemmodels
(Stegert et al., 2021; Lenhart et al., 2022; van Leeuwen et al., 2023).
The chlorophyll concentrations were estimated corresponding to
the estimated nutrient concentrations under reference conditions.
Coherent environmental thresholds based on the modeling were
calculated for each assessment area (Figure 3). In order to allow for
natural variability with a “slight disturbance,” and in the absence
of more specific information, the assessment level was defined
as the concentration 50% above the area-specific background
concentration derived from the ensemble model approach (CEC,
2000; Malcolm et al., 2002; OSPAR, 2003a; Borja, 2005). The
harmonized assessment areas (Supplementary Table 1) alongside
these revised environmental thresholds provided the baseline to
agree on common assessment levels and common definitions for
the entire OSPAR region.

This approach was applied to all OSPAR areas, with the
exception of Spain and Portugal, as these waters were insufficiently
covered by the marine ecosystem models. Assessment levels
for nutrients and chlorophyll in the case of Spain were
adopted directly from the levels used in the Marine Strategy
Framework Directive and in the Water Framework Directive,
both coordinated and consistent at country level in all the
national assessment areas. For Portuguese assessment areas,
the assessment levels were calculated as the deviation of area
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FIGURE 2

Description of the improvements between the COMP3 and COMP4 process concerning assessment areas, assessment indicators, assessment levels
and assessment approach.

FIGURE 3

Schematised representation of the workflow used to estimate nutrient and chlorophyll (chl-a) concentrations under reference conditions and
validate with present conditions. Gray boxes indicate validation data used. The full approach is outlined in the ICG-EMO report (Lenhart et al., 2022)
and supporting papers (Van der Zande et al., 2019; Stegert et al., 2021; van Leeuwen et al., 2023).
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FIGURE 4

Catchments monitored by the OSPAR Riverine and Direct Discharges (RID) programme and the respective OSPAR regions. There are no data from
the Russian catchment to Region I, or from Region V.

specific reference conditions and are the same used nationally
in MSFD and WFD. Thresholds for oxygen depletion near the
seafloor are the same in all assessment units and are related
to a biological response threshold and have not been changed
since COMP3.

2.5 Integrated eutrophication assessment

2.5.1 Long term trend in nutrient inputs
OSPAR’s Joint Assessment and Monitoring Programme

(JAMP) collates data on nutrient inputs from diffuse sources and
direct discharges. Contracting Parties annually report their riverine
and direct inputs from individual river mouths and discharge
outfalls, from coastal sub-regions or basins (aggregated into direct
and riverine sources) and at national level (also aggregated).

Riverine sources are classified as river mouths—usually at the
estuarine limit—or as unmonitored areas. Unmonitored areas are
those between monitored river mouths, where water and nutrients
enter the marine environment via small streams only. Direct

discharges to the sea are also reported (Axe et al., 2022). Discharges
from upstream of the riverine measurement point are captured
through the riverine measurements (Figure 4). Atmospheric
nitrogen inputs to the sea are reported by the Co-operative
Programme for Monitoring and Evaluation of the Long-Range
Transmission of Air Pollutants in Europe under the Convention
on Long-range Transboundary Air Pollution (CLRTAP), (Klein
et al., 2020; Gauss et al., 2021). Atmospheric phosphorus inputs are
assumed to be of natural origin and are not assessed (Mahowald
et al., 2008). Atmospheric and waterborne nutrient inputs are
normalized according to the methods documented in HELCOM
(Backer et al., 2010; Svendsen and Gustafsson, 2020).
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FIGURE 5

Conceptual flow of the OSPAR COMP 4 showing the interaction between the assessment, nutrient inputs and final outcomes.

2.5.2 Assessment of common indicators
The assessment of eutrophication status is based on the

degree of nutrient enrichment (Category I), the direct effects
of nutrient enrichment (Category II) and the indirect effects of
nutrient enrichment (Category III). For Category I, the nutrients
common indicator is derived from winter mean concentrations
of dissolved inorganic phosphorus (DIP) and dissolved inorganic
nitrogen (DIN) (Heyden and Leujak, 2022). For Category II, the
Chlorophyll common indicator is derived from growing-season
mean concentrations of chlorophyll (Prins and Enserink, 2022)
where chlorophyll EO and water sample data are combined,
weighted as a function of in-situ confidence. For Category III, the
Dissolved Oxygen common indicator assesses the concentrations of
dissolved oxygen near the seafloor (Devlin et al., 2022). Assessment
criteria and their corresponding area-specific assessment levels as
set and agreed for COMP4 are applied for each given area. The
results obtained are integrated to give the classification for the given
area. The overall result of the assessment depends on the outcome
of the direct and indirect effects (Categories II, III), following the
one-out-all-out principle (OOAO). TheOOAOprinciple originates
from the WFD where the overall result is decided by the outcome
with the worst status thus following the precautionary approach.
However, the degree of nutrient enrichment is not considered in
the overall eutrophication result, though it can identify areas of
higher risk of future eutrophication issues (Figure 5). This allows
an integrated eutrophication assessment of the entire Convention
area as basis for the development of targeted measures (Figure 5).

COMP4 introduced the automated classification tool Common
Procedure Eutrophication Assessment Tool (COMPEAT),
developed by the International Council for the Exploration of the
Sea (ICES). OSPAR eutrophication data are collected through the
JAMP and reported annually to ICES, which is responsible for the

management and storage of the data. The COMPEAT tool extracts
relevant eutrophication data from the ICES databases and assesses
eutrophication criteria against the agreed thresholds in ecologically
relevant assessment units. The assessment results are reported
in terms of an Ecological Quality Ratio (EQR), which allows
the relative distance to non-problem status to be visualized on a
uniform normalized scale for the different indicators as described
in Supplementary Figure 1.

COMPEAT performs three steps in the analysis, (1)
aggregation, (2), integration within indicators, and (3) integration
across indicators (Supplementary Table 3). In the assessment
procedure, elevated levels are determined by calculating parameter
EQRs. The parameter assessment and all subsequent assessment
steps, such as the integration of categorized assessment parameters
and the overall area classification, is carried out on a five-level scale
using EQRs in order to enable an estimate of the distance-to-target
to identify improvements, in particular in those areas that have not
yet achieved a non-problem area status. The five equidistant EQR
ranges are aligned with five classification categories, with those
above moderate (EQR = 0.6) being classified as a non-problem
area and moderate and below (<0.6) classified as a problem area
(Table 1). The three common indicators were integrated into the
overall eutrophication assessment result following the assessment
rules described in Supplementary Table 4.

Data for the assessment was taken from the national programs
of all Contracting Parties with in-situ samples being the primary
data source for the first three COMP assessments and remains
the main data source for COMP4. However, COMP4 is the
first assessment where high-frequency information from remote
sensing are now also included. A new quality controlled, multi
mission and multi algorithm satellite chlorophyll-product was
used to account for differences in optical properties of the
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TABLE 1 EQR values for each of the five category classifications, the

good/moderate boundary marks the separation between achieving good

status and not achieving good status.

EQR range
(normalized)

Classification OSPAR outcome

0.0–0.2 Bad Not achieving good
status= problem area

0.2–0.4 Poor

0.4–0.6 Moderate

0.6–0.8 Good Achieving good status=
non-problem-area

0.8–1.0 High

water column across the OSPAR maritime area (Lavigne et al.,
2021).

In a data-driven confidence assessment conducted with
the COMPEAT tool, temporal and spatial confidence for
each indicator is considered to take account of the frequency
and spatial distribution of monitoring stations that form
the data basis of the assessment. In addition, accuracy
is calculated as an estimate of the probability of correct
classification in relation to the respective thresholds. The
confidence assessment is based on three classifications resulting
from averaging across components of “confidence.” Detailed
confidence class boundaries for temporal, spatial and accuracy
confidence aspects as applied in the assessment procedure of
COMPEAT are described in Supplementary material for temporal
(Supplementary Figure 2), spatial (Supplementary Figure 3),
accuracy (Supplementary Figure 4) and overall integration
(Supplementary Figure 5). In general, the different confidence
aspects are classified either high (100), moderate (50), or low (0).

2.6 Changes in assessments over time

2.6.1 Trends in common indicators
The Mann–Kendall test was applied to the annual mean

time-series for each assessment area to test for significant
monotonic upward or downward trend over time. This non-
parametric method was selected because it is not affected by any
transformation of the annual data values, and it is flexible for
time-series with missing data points (Bedford et al., 2020; Desmit
et al., 2020). Under this method, each value in the time-series is
compared to each of the values preceding it, giving a total of n
(n – 1)/2 pairs of data. If the later time point in each pairwise
comparison is higher than the earlier time point, the comparison
is given a score of 1, and if it is lower it is given a score of −1, with
no difference given a score of 0. These scores are then summed
to calculate Kendall’s S statistic (S; i.e. the number of increases
– the number of decreases). Next, the variance of S is calculated
according to Millard (2013) and used to standardize S in to a
“Z-score.” The Z-score test statistic has an approximate normal
distribution and is used to assign a significance level to the presence
of a trend. High Z-scores indicate clear increasing and decreasing
monotonic trends, respectively, with statistically significant trends
suggesting that the null hypothesis (no monotonic trend) can

FIGURE 6

Overview of ecologically relevant assessment areas based on
duration of stratification, mean surface salinity, depth, suspended
particulate matter and primary production. See Table 3 for full
area names.

be rejected (see description of methodology in Bedford et al.,
2020). Non-parametric trend tests require only that the data be
independent and can tolerate outliers (e.g., resulting from a change
in analytical detection limit) and missing values in the data. The
Mann-Kendall test was applied to each common indicator’s annual
time series from 1990 to 2020, identifying areas where there was
significant change (defined as p < 0.05) in the indicator value
(as concentrations of: mean winter DIN, mean winter DIP, mean
growing season chlorophyll and the 5th percentile for dissolved
oxygen). The rank correlation and direction of change was also
estimated using Kendall-τ (OSPAR, 2022).

2.6.2 Changes in OSPAR assessment outcomes
The OSPAR assessment demonstrates the current state of

the assessment areas, but it is equally important to understand
the direction of change for both common indicators and the
overall assessment. Data used in previous COMP assessments were
submitted into the ICES database and evaluated within COMPEAT
allowing a hindcast analysis of the current COMP approach to
previous COMP datasets. The COMP4 methodology was then
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applied to each earlier COMP period providing outcomes for the
three common indicators (nutrients, chlorophyll and dissolved
oxygen) over the four assessment periods. The outcomes of
previous COMP data, including COMP1, COMP2, COMP3, and
COMP4 were compared using the same approach as developed
under the COMP4.

3 Results

3.1 Improving the previous COMP

Steps to improve the COMP assessment including harmonized
assessment areas and assessment parameters, selection of common
indicators and applied an integrated eutrophication assessment.

3.2 Delineation of assessment areas

The delineation of new assessments in COMP4 resulted in 64
assessment areas within the OSPAR region with 14 areas classified
as plumes, covering 26,797 km2. Out of the remaining areas, 27
are classified as coastal areas (204,434 km2), 17 as shelf areas
(922,589 km2) and six as oceanic/beyond-shelf covering 1,507,733
km2 (Figure 6). A detailed overview listing area ID, area names and
surface area is found in Supplementary Table 5.

3.3 Selection of assessment parameters

OSPAR common indicators were selected as key parameters
that describe the cause-effect chain of eutrophication processes
(Figure 1, Table 2). The OSPAR assessment parameters are the
common indicators of nutrient inputs, nutrient concentrations,
chlorophyll concentrations, and dissolved oxygen concentrations
near the seafloor. Assessment seasons are specific for the different
assessment parameters. Whilst OSPAR regions span a wide and
climatically variable area, agreement was made on a common
assessment season for COMP4 based on the modeling work to
derive thresholds (van Leeuwen et al., 2023).

3.4 Development of assessment levels
(thresholds)

Outcomes of the ensemble model approach used to derive pre-
eutrophic conditions provided the baseline to agree on common
assessment levels that were harmonized across the OSPAR region.
The area-specific assessment parameters agreed for COMP4 are
presented in Supplementary Table 6 harmonizing thresholds for the
64 assessment areas.

3.5 Application of an integrated
eutrophication assessment

3.5.1 Long term trends of nutrient inputs
Pressure from nutrient inputs has decreased significantly, both

since 1990 but also in the last 10 years (decreasing trends with p

values< 0.012 for both nitrogen and phosphorus) for regions of the
North East Atlantic adjacent to the continental landmass including
United Kingdom and Irish waters (Figure 7). This decrease in
nitrogen inputs is predominately due to reductions in atmospheric
nitrogen deposition, which decreased from about 2,000 kt/year
in 1990 to <1,500 kt/yearr in 2019. At the level of the four
OSPAR regions together, there has been no significant decrease in
waterborne nitrogen inputs over the last 10 years.

Waterborne phosphorus inputs to OSPAR Regions as a whole
have more than halved since 1990 and continue to decrease with a
statistically significant trend. Since 1990, phosphorus inputs to the
Greater North Sea have decreased by almost two-thirds, from about
90 kt/year to just over 30 kt/year and a similar, 50% reduction is
visible in the Celtic Seas data and in the total phosphorus loads to
Regions I to IV combined.

Riverine inputs to the Bay of Biscay and Iberian Coast are
strongly affected by regional flood events. Furthermore, the time
series of available data is shorter than for the Greater North
Sea and recent reporting is less complete. However, phosphorus
inputs between 1997 and 1999 were typically about 20 kt/year,
while phosphorus inputs of about 13 kt/year are found in present
day. Analyses show a statistically significant downward trend in
phosphorus inputs to the Bay of Biscay and Iberian Coast, but not
for nitrogen. Waterborne nitrogen inputs have decreased from the
United Kingdom, the Rhine, the Elbe and Denmark compared to
1990–1999, but concurrent increases have occurred via the Loire
and the Seine and also in northern Norway.

The greater success in reducing phosphorus compared to
nitrogen inputs however—particularly in the eastern Bay of
Biscay where nitrogen loads increased while phosphorus loads
decreased—can be expected to cause shifts in nitrogen to
phosphorus ratios in coastal waters which have been associated
with changes in phytoplankton species composition (Greenwood
et al., 2019; Graves et al., 2023). The marked changes in
phosphorus inputs compared to nitrogen are apparent in the ratio
of total nitrogen (TN) to total phosphorus (TP) of the effective
concentrations from individual rivers presented in Figure 8.

3.5.2 Assessment of common indicators
Outcomes from COMP4 indicate that eutrophication

problem areas persist along the continental coasts from
France to Denmark/Sweden and the Greater North Sea
(Region II). Mainly river plumes and coastal areas of the
Greater North Sea and Bay of Biscay/Iberian Coast (Region
IV) were affected by eutrophication, indicating that riverine
nutrient inputs remain the major source of eutrophication
issues (Figure 9).

The areas that have been classified as problem areas are Coastal
French Channel, Scheldt plume, Meuse plume, Rhine plume, Ems
plume, Elbe plume, German Bight Central, Outer coastal DEDK,
Eastern North Sea, and Kattegat Coastal and Kattegat Deep in
the Greater North Sea as well as Adour plume, Gironde plume,
Gulf of Biscay coastal and Gulf of Biscay shelf in the Bay of
Biscay/Iberian Coast. Confidence in the assessments is generally
higher for plumes and coastal areas and lower for shelf and
offshore areas. Low confidence in the large shelf and offshore
waters is driven primarily by the low frequency of nutrient and
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TABLE 2 Description of common indicators that have been applied in the OSPAR COMP4 eutrophication assessment.

Assessment parameter Indicator Units Depth range Assessment season used in COMPEAT

Inorganic nutrients Mean winter nutrients µM 0–10m 1st December−28th February

Chlorophyll-a Mean growing season µg/L 0–10m 1st March−30th September

Dissolved oxygen Deepest sample within 10m of
seabed. 5th percentile calculated at
assessment scale

mg/L Bottom 10m 1st July to 31st October

FIGURE 7

Combined normalized airborne and waterborne nitrogen inputs (A) and normalized waterborne phosphorus inputs (B) to the OSPAR Maritime Area
showing countries of origin. Missing data are replaced by a mean value based on data reported from that country for the period 1990–2019. The
dashed line indicates a statistically significant trend (p < 0.05; calculated with Scipy.Stats.Kendalltau (see methods in Gauss et al., 2021). Atmospheric
deposition for nitrogen is presented as the brown bars above the country inputs. Atmospheric deposition for nitrogen for 1990–1994 represents
actual, not normalized deposition. Deposition of phosphorus from air is not measured.

FIGURE 8

The ratio of total nitrogen to total phosphorus in (A) waterborne inputs and (B) water- and airborne inputs categorized by the input into OSPAR
Regions I–IV.

dissolved oxygen data, whereas confidence in the chlorophyll data
in offshore waters has improved due to the use of satellite data in the
assessment. However, eutrophication risk is lower offshore, away
from terrestrial inputs.

Among the river plumes, 58% (15,555 km2) did not achieve
non-problem area status, while 22% (44,861 km2) of the coastal
areas and 10% (92,488 km2) of the shelf areas did not achieve
this status. By contrast, oceanic areas were not affected by
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FIGURE 9

(a) Outcomes of the OSPAR COMP4 eutrophication assessment and (b) confidence in assessment for each assessment area. Final EQRS values for
each of the assessment areas is presented in detail in Supplementary Table 3.

eutrophication. Altogether, ∼6% (152,904 km2) of the OSPAR
Maritime Area is eutrophic. Coastal waters subject to the EUWater
Framework Directive (WFD) (Anon, 2000; CEC, 2000) and the UK
Water Framework Regulation (WFR) were not assessed by OSPAR.
Coastal waters assessed under the EU WFD and the UK WFR are
an important part of the coastal systems and need to be considered
alongside the OSPAR outcomes.

The individual common indicators were also assessed
separately (Devlin et al., 2022; Heyden and Leujak, 2022; OSPAR,
2022; Prins and Enserink, 2022). Assessment results for winter DIN
concentrations in the COMP4 period are shown in Figure 10a and
for Winter DIP in Figure 10b based on the scaled ecological quality
ratio (EQRS). Outcomes for the winter nutrient concentrations,
considered the causative factor in eutrophication, showed DIN
thresholds were more often exceeded, with 12 assessment areas
not in good status (Figure 10a), compared to DIP thresholds with
4 assessment areas not in good status (Figure 10b). However, in
the south-eastern North Sea (Coastal Waters AC, German Bight
Central, Outer Coastal DEDK), Skagerrak, Kattegat and several
river plumes including Elbe, Ems, Meuse, Rhine, Scheldt 1, and
Shannon plume, DIN concentrations remain above thresholds,
resulting in a moderate or poor status classification for DIN.
In the vast majority of areas, the thresholds for winter DIP

concentrations were not exceeded resulting in good, or high, status
classifications for DIP. Only in the Kattegat (coastal and deep
areas), the Elbe plume and the French coastal channel area, DIP
concentrations were above thresholds contributing to the moderate
status classifications for nutrients.

The main eutrophication effects that lead to classification as
a problem area are elevated chlorophyll-a concentrations as a
proxy for phytoplankton biomass and/or reduced concentrations
of dissolved oxygen (Prins and Enserink, 2022). For chlorophyll,
11 assessment areas, all in OSPAR Region II (Greater North Sea)
were in Moderate, Poor, or Bad status (i.e., concentrations above
the assessment level; Figure 10c). Those areas are river plumes
and coastal waters along the continental coast from France to
Denmark/Sweden (Coastal French Channel, Scheldt plume, Meuse
plume, Rhine plume, Ems plume, Elbe plume, German Bight
Central, Outer Coastal DEDK, and Kattegat Coastal and Kattegat
Deep; Figure 10c).

The second effect indicator assessed for all areas was dissolved
oxygen concentrations near the seafloor (Devlin et al., 2022).
Oxygen depletion (concentrations <6 mg/l) was observed in seven
assessment areas: Adour plume, Gironde plume, Gulf of Biscay
coastal, Gulf of Biscay shelf waters, the Eastern North Sea, and
Kattegat Coastal and Kattegat Deep (Figure 10d).
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FIGURE 10

Top row: Outcome of the COMP4 eutrophication assessment for the OSPAR regions II to IV for the period 2015–2020 for (a) Winter DIN, (b) Winter
DIP, (c) Chl-a, and (d) DO. Bottom panel illustrates confidence in the outcomes of the eutrophication assessment for (a) Winter DIN, (b) Winter DIP,
(c) Chl-a, and (d) DO. Areas shown in dark gray were not assessed, predominantly due to lack of data.

The confidence of the assessment results is also shown in
the lower panels of Figure 10 based on a classification of the
accuracy and temporal and spatial confidence, including the class
boundaries used for the confidence rating [described in more detail
in the Common Procedure (OSPAR, 2022)]. Low confidence for
all common indicators is shown for the oceanic and many of
the shelf area. Coastal and plume areas have increased confidence
reflecting the majority of sampling is carried out near the coast.
Confidence for chlorophyll-a is higher in many of the areas,
with satellite data providing a valuable source of high resolution
spatial and temporal data. However, agreement is needed for a
separate assessment of confidence in offshore areas, previously
only assessed using a screening procedure, because the available
data are not collected in the same way as in the more established
eutrophication-sensitive areas, which are assessed according to the
CEMP Guidelines for coordinated monitoring for eutrophication,
CAMP and RID (OSPAR, 2021).

A summary of the assessment areas which failed at least
one of the common indicators is shown in Table 3. Thirteen
assessment areas were in moderate, poor or bad status for
nutrients based on DIN, DIP or both. Out of these 13, four
waterbodies did not achieve good status for nutrients only, but

the remaining nine had a combination of nutrients, chlorophyll
and DO which results in not achieving good status for the
overall assessment.

3.6 Changes in the COMP4 assessment
over time

Trend assessments for nutrient inputs have already been
presented and are part of the common indicators in the
eutrophication assessments. For the first time, with the long
term historical data extracted from COMP1 to COMP4, the
assessment can also explore changes over time for both the
common indicator value and the changes in eutrophication status.
The long-term data enabled a retrospective assessment to be
made through the re-running of COMP1 (1990–2000), COMP2
(2001–2006) and COMP3 (2006–2014) data, thereby delineating
the history of eutrophication from 1990 until today in OSPAR
Regions II, III, and IV. The trend assessments are made for
COMP4 common indicators and demonstrate changes in each of
the common indicators.

Frontiers inOcean Sustainability 13 frontiersin.org

https://doi.org/10.3389/focsu.2023.1253923
https://www.frontiersin.org/journals/ocean-sustainability
https://www.frontiersin.org


Devlin et al. 10.3389/focsu.2023.1253923

TABLE 3 Summary table of the eutrophication assessment for COMP4, showing only the assessment areas where at least one of the common indicators

did not achieve good status.

Category Assessment
area ID

Assessment area
name

DIN DIP Chlorophyll Dissolved
oxygen

Overall
assessment

Plume ADPM Adour plume Good Moderate Moderate

ELPM Elbe plume Poor Moderate Poor Good Poor

EMPM Ems plume Poor Good Moderate Good Moderate

GDPM Gironde plume High Moderate Moderate

MPM Meuse plume Moderate High Poor Good Poor

RHPM Rhine plume Poor High Moderate Good Moderate

SCHPM1 Scheldt plume 1 Poor High Bad Good Bad

SCHPM2 Scheldt plume 2 Moderate Moderate

SHPM Shannon plume Poor High High Good Good

Coastal CFR Coastal FR channel Good Moderate Moderate High Moderate

CWAC Coastal waters AC (D5) Moderate High High High

GBC German bight central Poor Good Moderate Good Moderate

KC Kattegat coastal Poor Moderate Poor Poor Poor

KD Kattegat deep Moderate Moderate Moderate Moderate Moderate

OC DEDK Outer coastal DEDK Moderate Good Poor Good Poor

Shelf ENS Eastern North Sea High High Good Moderate Moderate

GBCW Gulf of Biscay coastal waters High Moderate Moderate

GBSW Gulf of Biscay shelf waters High Moderate Moderate

SK Skagerrak Moderate High Good Good Good

Gray boxes indicated no data available for that specific common indicator. Overall assessments are taken from the lowest value of either chlorophyll of dissolved oxygen.

3.6.1 Trends in common indicators
Linear regression and trend analysis were applied to the annual

values of the common indicators, including mean winter DIN
and DIP, mean growing season chlorophyll and 5th percentile
DO (Table 4). While winter concentrations of DIN and DIP
have continued to decrease, mainly in coastal and some shelf
areas, this decrease has not resulted in a comparable decline in
chlorophyll-a concentrations. Chlorophyll-a concentrations show
significant decreasing trends in the Coastal French Channel,
Outer Coastal DEDK, German Bight, and Kattegat Coastal and
Kattegat Deep. Nevertheless, there are also some non-problem
areas that show significantly increasing concentrations, including
the Loire plume, the Liverpool Bay plume, and Gulf of Biscay
coastal and shelf waters. The Atlantic region, Norwegian Trench,
Scheldt plume, Meuse plume and Northern North Sea showed
statistically significant decreasing trends and a deterioration of
bottom dissolved oxygen. Dissolved oxygen concentrations in
Kattegat Coastal and Kattegat Deep, while still lower than 6
mg/l, have increased over time, i.e., an improvement in the
environmental status.

3.6.2 Changes in eutrophication status of the
OSPAR areas

Since the first COMP assessment in 2010, the eutrophication
status of the OSPAR Maritime Area has improved. The four

applications of the Common Procedure have revealed a steadily
improving trend in the eutrophication status of OSPAR Regions
II, III and IV (Figure 11). The first assessment covering the period
1990–2000 was characterized by poor conditions in much of the
North Sea and bad conditions in the south-east and Kattegat.
Later assessments show a contraction of eutrophication extending
back toward the continental coasts. Eutrophication persists in the
river plumes and in some coastal areas. Comparison of the four
different COMP periods shows a gradual decrease in the number
and total surface area of assessment areas that do not achieve good
status using the current COMP4 common indicators. A change
in status from problem to non-problem areas has been observed
mainly offshore in the southern part of the North Sea (away from
the coastal plumes), Belgian offshore waters, the former Dutch
Southern Bight area and, partly, in Dutch coastal waters. These
areas are now combined in the new transboundary area of Southern
North Sea.

The number of areas that have been designated as moderate,
poor or bad has decreased for DIN, DIP, and chl-a, but are
increasing in overall area for dissolved oxygen from the COMP1
to the COMP4 period (Figure 12). When considering the surface
area that did not achieve good status, there is a more continuous
decrease for DIN, but the development was different for DIP,
which experienced an increase during the COMP2 and COMP3
periods but a reduction to a much smaller surface area in
not-good status in the recent COMP4 assessment. Since the
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TABLE 4 Outcomes of trend analysis slope: slope from linear fit to timeseries.

mk-τ : tau-value from Mann–Kendall [test. n: number of years (maximum 31: 1990-2020) with at least one observation of given parameter within assessment area. Bold & red: increasing

problem (slope or MK) trend]. Not bold & blue: decreasing problem (slope or MK trend) ∗ and shaded: significant (linear slope with fit r2 > 0.5 or MK p-value < 0.05): MK trends presented for

regions with at least 5 years of data Assessment areas with only chlorophyll data available are excluded. The size of the triangles is scaled to the value of Kendall’s rank coefficient, ranging from

−1 to 1 and quantifying monotonic trend in the timeseries data, where −1 is consistent decrease and +1 is consistent increase. Black circles indicate missing values (insufficient data for trend

analysis). Red upwards-facing triangles indicate trends toward or of increased exceedance of assessment threshold values (increasing concentrations for nutrients and chlorophyll, decreasing

concentrations for oxygen) while blue downwards-facing triangles indicate trends toward reaching assessment thresholds or away from potentially exceeding (decreasing concentrations for

nutrients and chlorophyll, increasing concentrations for oxygen). Triangles with black outlines indicate statistically significant (p < 0.05) trends.

first COMP assessment, the total surface area of assessment
areas where chlorophyll concentrations exceed thresholds has
decreased, notably in coastal and shelf assessment areas. However,
no change has been observed since the period 2006–2014. It

should be noted that the satellite data used for the Chlorophyll
common indicator only became available from 1998 onwards.
The chlorophyll assessment for the COMP1 period was therefore
mainly determined by in situ sample data, which increases the
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FIGURE 11

Outcomes for the four OSPAR assessment periods for overall assessment, Top row: outcomes for (A) COMP1, (B) COMP2 (C), COMP3, and (D)

COMP4. Bottom row: Confidence for (A) COMP1, (B) COMP2 (C), COMP3, and (D) COMP4. Gray shaded areas were not analyzed due to limited data.

uncertainty of the assessment, notably because of low spatial and
temporal confidence in offshore areas such as the northern North
Sea. Changes in the main data source for chlorophyll may, over
time, have driven some of the changes observed in the overall
eutrophication assessment, in particular from COMP1 to COMP2.
The surface area of assessment areas that do not achieve good
status for DO has increased, from COMP1 (16,657 km2) and
COMP2 (98,318 km2) to a maximum in COMP3 of 337,696
km2, reducing to 110,261 km2 in the current COMP4 (Figure 12).
Whilst the increase in shelf waters failing the dissolved oxygen
threshold is concerning, it is also a factor of the limited DO
data in large shelf areas where a small number of values taken
at bottom depth at a few sites can give a low value for the
5th percentile. As the results of DO monitoring are aggregated
to the entire assessment areas, failures at specific sites can be
propagated up to large areas. For example, the bad status recorded
in the Gulf of Biscay in COMP4 is related to 1 year of low DO
values (2016), which was not seen in other years. Increased data
collection and inclusion of bottom water dissolved oxygen values
from biogeochemical models are expected to resolve these issues in
the future.

4 Discussion

Eutrophication can have a substantial impact on the marine
environment, limiting access to ecosystem services by acting as
a pressure on multiple ecosystem components (Best et al., 2007;
Duarte et al., 2008a,b; Paerl and Piehler, 2008; Paerl, 2009; Clark
et al., 2017; Korpinen et al., 2021; Devlin and Brodie, 2023).
Even at low concentrations, increased nutrient loads and changing
proportions of nutrients can result in increasing phytoplankton
biomass and species shifts which can affect trophic levels (Burson
et al., 2016; Grosse et al., 2017; Piroddi et al., 2021; Graves
et al., 2023). Eutrophication can have significant economic impacts,
such as reducing the attractiveness and amenity value of coastal
waters (Belin et al., 1995; Paerl, 2009; Gibson et al., 2012). More
serious eutrophication involves hypoxic events which harm many
organisms but are particularly damaging to sessile benthic fauna,
whose loss again affects the food web and biotic water quality
regulation (Borja, 2005; Borja et al., 2008).

This application of OSPAR Common Procedure identifies
eutrophication problems in river plumes and coastal waters. The
assessment shows that eutrophication is still a problem along the

Frontiers inOcean Sustainability 16 frontiersin.org

https://doi.org/10.3389/focsu.2023.1253923
https://www.frontiersin.org/journals/ocean-sustainability
https://www.frontiersin.org


Devlin et al. 10.3389/focsu.2023.1253923

FIGURE 12

Surface areas of the OSPAR assessment area assessed as moderate,
poor or bad (i.e., failing to achieve good status) was added together
to show the area that did not achieve good status for each indicator
including (A) DIN, (B) DIP, (C) Chl-a, and (D) Dissolved oxygen.
Analysis was on previous COMP1, COMP2 and COMP3 period data
but applying the COMP4 methodology. The areas are classified in
categories of plume, coastal, shelf and oceanic areas. DIN, Winter
Mean of Dissolved Inorganic Nitrogen; DIP, Winter Mean of
Dissolved Inorganic Phosphorus; Chl-a, Mean Growing Season
Chlorophyll-a; DOXY, Bottom 5th Percentile of Dissolved Oxygen.

continental coast of Greater North Sea (Region II) with 67% of
plume areas, 43% of coastal areas and 10% shelf areas in Region II
now classified as problem areas. For the Bay of Biscay (Region IV),
67% of plume areas, 42% of coastal areas and 40% of shelf areas in
Region IV were classified as problem areas and have not achieved
good status for Eutrophication. These waters are under the most
anthropogenic pressure, but also have the highest value to society
in terms of recreation, visual amenity and artistic uses (Thrush
et al., 2013; Martin et al., 2016; Reker et al., 2019). Coastal areas are
relatively productive and therefore important for fish and shellfish
(Duarte et al., 2008b, 2020). These are the shallower areas where
seagrasses and seaweeds would be expected to maintain nursery
areas for fish populations and habitat structure (Stål et al., 2008;
Sheaves et al., 2015). They are also the recipients of land-based
pollution, and the restoration of biotic and abiotic water quality
regulation will be essential if eutrophication is to be addressed and
the ecosystem services protected.

While winter concentrations of DIN and DIP have continued
to decrease, mainly in coastal and some shelf areas, this
decrease has not resulted in a comparable decline in chlorophyll-
a concentrations. This is because phytoplankton biomass is
controlled, not only by nutrients, but also by a complex interplay of
different processes including light limitation and grazing (Skogen
et al., 2007). Currently, eutrophication drivers and effects are
primarily diagnosed by means of elevated dissolved nutrient
concentrations, elevated levels of chlorophyll-a and oxygen
depletion, and to fully substantiate the evidence it is important to
spatially widen the application of additional indicators such as total
nutrient concentration, nutrient ratios and photic limit in future
COMPs (Paerl, 2009; Paerl et al., 2014).

The OSPAR Contracting Parties have made significant efforts
to reduce nutrient losses to the marine environment. These
measures to reduce inputs have since been implemented with
varying degrees of success by environmental directives covering
wastewater treatment, nitrates in agriculture, industrial emissions
and water and marine management with wastewater treatment
and industrial point sources reducing discharges of both nitrogen
and phosphorus significantly. Riverine inputs of phosphorus
have decreased significantly, as have atmospheric nitrogen inputs.
Overall phosphorus inputs have been reduced substantially, due to
better sewage treatment technology. The only major increases in
phosphorus occur along the Norwegian coasts are due to increases
in aquaculture though eutrophication pressures are still higher in
the south than north. The area-specific nitrogen inputs to the Bay
of Biscay and Iberian Coast are about 70% of those to the Greater
North Sea, while the area-specific phosphorus inputs are about
half of those in the Celtic and North Seas. The most dramatic
improvements have come in the form of atmospheric nitrogen
input reductions and a reduction in fertilizer use since 1990.
Atmospheric nitrogen disperses far away from coasts, deposits
directly onto productive surface waters and is completely bio-
available being inorganic oxidized or reduced forms. It accounts for
approximately a third to a half of the nitrogen input to Regions
II–IV. In Region I the atmospheric component is ∼75% of the
total nitrogen input (Axe et al., 2022). It has been reduced as a
result of applying and reviewing the CLRTAPGothenburg Protocol
and incorporating those targets into legally binding EU directives.
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The transition to less combustion for power generation, transport,
heating and cooking has not only improved air quality in towns but
also enabled emissions targets to be met and inputs to the sea to be
reduced. Since 1990, phosphorus inputs to the Greater North Sea
have decreased by almost two-thirds and a similar, 50% reduction
is visible in the Celtic Seas data and in the total phosphorus loads
to Regions I–IV combined, suggesting that collectively the 50%
emission reduction agreed in PARCOM Recommendation 88/2
may have been achieved, at least for phosphorus.

However, nitrogen loading, after many years of reduction, now
shows an increasing trend in several rivers reflecting a concerning
issue around diffuse nitrogen (Axe et al., 2022). Success in the
reduction of nutrient loading is also variable across the OSPAR
areas, where waterborne nitrogen inputs have not decreased as
significantly when looking at the OSPAR maritime area as a whole.
This is important factor for the assessment of eutrophication
in plumes and coastal areas where waterborne inputs dominate.
Long term storage in sediments is also contributing to persistently
high nutrient concentrations. Substantial decreases in inputs from
wastewater treatment and industrial point sources around the
Iberian, Celtic and North Sea coasts are almost balanced by the
increase in waterborne inputs to the Arctic, which have increased
substantially since the 1990s owing to the growing aquaculture
industry. In the Greater North Sea, the proportionally greater
reduction in phosphorus input compared to nitrogen input leads
to an overall change in the relative amounts of molar nitrogen
and phosphorus in the inflowing freshwater. Changes in the molar
ratio can have ecosystem effects such as altering the phytoplankton
community composition. Such changes in nutrient limitation have
been observed in the North Sea (Burson et al., 2016). Program
of measures in almost all OSPAR countries with the exception of
the Kattegat have been successful in reduction of P. The particular
problems measured in the Kattegat is mainly due to increased P-
concentration in the Baltic Sea over the last two decades due to wide
spread anoxia. The reduction in waterborne inputs have been less
successful for diffuse nitrogen, indicating that stronger reductions
of nitrogen inputs are necessary in the future. This would also be
beneficial for a more balanced ratio of nitrogen and phosphorus.

The extent of the growth in aquaculture within the OSPAR
Maritime Areas is striking. Artic Waters were alone in showing
significant increases in waterborne nutrient inputs. Analysis of the
changes in direct discharges to the OSPAR Convention area has
shown that almost all the improvements in industrial discharges
and wastewater treatment have been canceled out by the increases
from marine aquaculture. Moreover, marine aquaculture is not
covered by either the EU Industrial Emissions Directive or its
associated BREF documents. A gap therefore exists concerning the
agreement of minimum environmental standards for aquaculture
across the OSPAR Convention area, but also—since the COMP
analysis did not cover Arctic waters—there is a knowledge gap as
to whether the substantial increase in nutrient inputs is causing
eutrophication in OSPAR Arctic waters.

The COMP4 outcomes show improvements in eutrophication
status, seen by the increase in total area that is now in good or
high status. However, there are still concerning and persistent issues
with high nutrients, particularly DIN in many of the plume and
coastal areas with 9 of the assessment areas failing due to exceeding
thresholds for chlorophyll and dissolved oxygen. Much is being

done, but more is required to ensure that we continue to work
toward a healthy marine system.

The North-East Atlantic Environment Strategy (NEAES) 2030
was adopted on 1 October 2021 (NEAES 2030). This strategy sets
out a process for the implementation of the OSPAR Convention
in the period 2020–2030 and to contribute to the United
Nations Sustainable Development Goals (UN SDGs, in particular
SDG14—to protect life under water). Specific strategic objectives
for eutrophication under Agenda 2030 include “to determine
the maximum inputs of nutrients for relevant assessment areas
which prevent deterioration and enable the achievement of non-
problem area status throughout the North-East Atlantic.” OSPAR’s
eutrophication modeling group (ICG EMO) is determining
maximum nutrient inputs and paving the way for agreement on
the nutrient reduction needs that enable each Contracting Party
to stay at or below the maximum input levels. This needs to give
adequate consideration to transboundary nutrient transports, both
between Contracting Parties and from outside theOSPARMaritime
Area. While deriving nutrient reduction needs is scientifically
challenging and time consuming it is important to concurrently
undertake immediate measures in catchments where nutrient
inputs are increasing, and/or eutrophication effects are increasing.
This includes catchments in OSPARRegions II and IV, as well as the
overall waterborne nutrient inputs in Region I caused by intensive
marine aquaculture.

One of the key successes of the COMP4 assessment is the
development of a harmonized process, allowing all the OSPAR
regions to identify common problems, which will eventually lead
to action on common solutions. Outcomes of the COMP4 approach
reflect the adaptive management of the ecosystem approach (Reker
et al., 2019), incorporating a major revision in assessment areas
and thresholds based on the best available scientific knowledge
and presenting, for the first time, a harmonized assessment
across all OSPAR areas. The automated COMPEAT tool has been
successfully applied for the first time and will be further developed
for COMP5, adding additional indicators and revising the status
and confidence assessment methodology where needed. Using a
common assessment tool also enables the data from previous
applications of the Common Procedure to be re-analyzed with
the new methodology, providing a more reliable indication of
progress in reducing eutrophication than has been possible when
comparing previous assessments with varying threshold levels and
assessment units. The use of COMPEAT, harmonized assessment
areas and assessment levels has led to an objective, transparent
and reproducible status assessment, with a common scientific basis
across the whole of the region. This common and agreed process
can now serve as a basis for deriving nutrient reduction needs as a
shared responsibility across all OSPAR regions.

Temporal trend assessments of individual indicators at
national and regional level will supplement eutrophication status
assessments within the Common Procedure. Trend assessment
is of particular interest as detrimental environmental changes
over the past few decades have had consequences on the
environment in general, including impacts on the eutrophication
process, on living resources, environmental resilience and fisheries
management. Time-series are of importance for studies on the
biological influence of anthropogenic effects and climatic changes,
both in themselves and in providing a baseline and/or reference
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conditions for future investigations. They put (relatively) short
assessment periods into a long-term perspective. As part of the
Common Procedure, temporal trend assessment should allow
tracking of whether key environmental parameters of a problem
area regarding its eutrophication status are moving in the right
direction, indicating that measures taken to combat eutrophication
are taking effect.

Confidence in the eutrophication assessment will continue to
be further strengthened by improving monitoring, particularly
in those areas where the temporal and/or spatial coverage is
currently inadequate (Borja et al., 2019; Fettweis et al., 2023).
Whilst the use of satellite data for chlorophyll in eutrophication
assessments is now embedded in the COMP, future assessments
could benefit from continual improvement of the algorithms
for chlorophyll estimation and exploring satellite and ecosystem
model data at higher resolution in order to obtain better spatially
resolved information on eutrophication problems. Concerning
oxygen concentrations near the seafloor, in situ sample data alone
will not adequately capture the high spatial and temporal variability
of depletion events. The use of automated monitoring devices and
biogeochemical modeling of the spatial extent of depletion events
is already under development and will be used in COMP 5. As an
example, this integration of modeling data was already applied for
the French eutrophication assessment within the MSFD (Lefebvre
and Devreker, 2020).

Whilst this assessment shows improvements across many of
the OSPAR areas, it is clear that further efforts to reduce nutrient
inputs are necessary in order to achieve the strategic objective
of the North-East Atlantic Environment Strategy 2030 (Grizzetti
et al., 2008, 2021; Erisman et al., 2011). As we look toward the
future of eutrophication assessments, we recognize that there are
many additional elements to consider. Climate change is leading
to more frequent and intense floods and droughts which result in
stronger variations in nutrient inputs (Porter et al., 2013; Wetz and
Yoskowitz, 2013) and an overall increase in the loss of nutrient
from agriculture as the uptake of nutrients by the crops will fail in
some years.

This assessment addresses marine areas from 1nm offshore as
estuaries and nearshore coastal areas are assessed and managed
under the Water Framework Directive (WFD). However, as
eutrophication problems are often more severe in these areas—
following the trend seen in the study with decreasing issues moving
away from land—most Contracting Parties are likely to be obliged
to reduce nutrient input to their estuaries and coastal areas in order
to comply with the WFD. This will have a positive effect on many
plumes and coastal areas and the entire North Sea and Kattegat.

Increasing seawater temperature and changes in light
conditions through coastal darkening affecting algal bloom patterns
may require an adjustment of growing season specification (Devlin
et al., 2022). Warming temperatures also impact on marine water’s
capacity to contain dissolved oxygen as higher temperature reduce
solubility of oxygen (Greenwood et al., 2010). Understanding
the ecological effects of these changes and how to adequately
monitor and assess the increase of extreme events needs to be
solved for future eutrophication assessments to allow follow-up
of implemented measures and to further understand the response
of the ecosystem to eutrophication pressures. For example, Große
et al. (2016) defined a so-called Oxygen Deficiency Index (ODI)

from modeling output in order to support the location of possible
oxygen depletion areas in the North Sea for measurements. This
approach was adopted by Piehl et al. (2023) for the Baltic Sea with
their shallow sea oxygen deficiency assessment tool.

Despite large anthropogenic nutrient inputs and high nutrient
concentrations, an areamay exhibit few if any direct and/or indirect
effects. However, the risk that nutrient inputs may be transferred
to adjacent areas where they can cause detrimental environmental
effects should be recognized and countries representing distant
sources may contribute significantly to so-called “transboundary
affected” problem areas with regard to eutrophication outside
their national jurisdiction (OSPAR, 2005, 2022; Claussen et al.,
2009; Bugge, 2015; Lenhart and Große, 2018). The common
identification of eutrophication problem areas and the use of shared
assessment areas in the COMP4 assessment are important steps
toward collaborative solutions to transboundary issues. Thresholds
developed under this approach for reference conditions were
adjusted based on a 50% addition, which assumes a linearity
between nutrient concentration and phytoplankton biomass which
is not realistic in terms of the ecological lags between nutrient input
and biological response (Painting et al., 2005; Duarte et al., 2008a;
Raimonet and Cloern, 2017). Future work needs to reevaluate this
long accepted 50% acceptable deviation, analyzing long term data
to identify values for natural variability that are appropriate and
specific to the different common indicators.

Long term sustainability of our coastal and marine systems
depends on improving resilience, particularly in the face of climate
change and extreme weather (Borja et al., 2020; Chou et al.,
2021; Devlin et al., 2021). Knowledge and action on nutrients
as a key pressure should be considered as part of adaptive
resilience planning for different climate scenarios and over different
timescales. The reduction of nutrient pressures can provide a
more resilient marine environment, to benefit both the natural
environment and those who are reliant upon it whilst supporting
long term sustainability in the North-East Atlantic.

The North-East Atlantic Environment Strategy looks across
the many indicators of ecological health, recognizing the complex
interactions between drivers such as eutrophication and wider
impacts. Future work must look to improve understanding of
how eutrophication affects biodiversity, in particular the quality
of pelagic habitats and food webs (Duarte et al., 2008a,b, 2020).
The linkage between the eutrophication assessment and the OSPAR
pelagic indicators (McQuatters-Gollop et al., 2009, 2019, 2022; Tett
et al., 2013; Batten et al., 2019; Bedford et al., 2020; Graves et al.,
2023; Holland et al., 2023) needs to be better understood and
strengthened in order to achieve ecosystem-based management
across multiple pressures. This can be achieved through the
development of indicators that integrate eutrophication and pelagic
habitats, food-webs and benthic habitats within the COMP4
assessment areas, starting with a thorough analysis of the feedback
loops between eutrophication and biodiversity. As the world
warms, it will become an essential component of any assessment to
acknowledge and include the additive or cumulative impacts from
climate change. For example, climate change leads to increases in
floods and droughts which cause stronger variations in nutrient
inputs. More investigation is needed in order to understand the
ecological effects of this greater variability and how to adequately
monitor and assess such increasingly prevalent events for the
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purposes of future eutrophication assessments. This coherent
assessment has shown us that improvements are happening, but it is
important to keep moving forward with our program of measures.
Continuing to reduce and mitigate the impacts of eutrophication,
alongside the critical issues of climate and biodiversity, will be
a vital part of ensuring a sustainable future for our coastal and
marine ecosystems.
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