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Abstract: The first quantitative and comprehensive assessment of the eutrophication status from
coastal to offshore French waters was performed within the Marine Strategy Framework Directive
(MSFD descriptor 5) for the English Channel, the southern bight of the North Sea, the Celtic Seas, the
Bay of Biscay and the Western Mediterranean Sea. Based on a combination of different data sources
(in situ, satellite, and modeling products), a fully-integrated dataset was generated over the period
2010–2016. Using the best available knowledge on the eutrophication process and definition, the
assessment procedure was implemented considering nutrient pressures, and direct and indirect effects
of excessive inputs. The different steps of the assessment were: (i) Establishment of assessment levels
and thresholds, (ii) development of methodology for aggregation and integration of data, and (iii)
qualification of the Environmental Status. We investigated how reliable this assessment procedure
was when considering other complementary information. Results highlighted that, despite efforts in
recent decades to reduced nutrient inputs, the pressure on coastal marine ecosystems was still high.
We discuss options for improving the coherence between MSFD and other similar approaches and
associated monitoring programs. This study identifies areas where an increased monitoring effort is
needed to improve the assessment and where environmental management actions are of priority.

Keywords: eutrophication; assessment; Marine Strategy Framework Directive (MSFD);
Water Framework Directive (WFD); Oslo and Paris Convention (OSPAR); English Channel; Celtic Seas;
Bay of Biscay; Mediterranean Sea; nutrients; chlorophyll; oxygen; turbidity; phytoplankton;
macro-algae

1. Introduction

Eutrophication was recently referred to as “a new wine in an old bottle” in the context of a new
wave of eutrophication issues linked to diffuse nitrogen and phosphorus pollution, with consequences
similar to the historic ones (i.e., the “old bottle”) and because this diffuse context forces new processes to
be addressed (i.e., the “new wine”) [1]. Therefore, the new definition of anthropogenic eutrophication
was expressed as “an aquatic ecosystem syndrome (i.e., set of symptoms representative of the
multitude of biogeochemical and biological responses generated by nutrient inputs) associated
with the overproduction of organic matter induced by anthropogenic inputs of phosphorus and
nitrogen” [1]. Eutrophication is one of the most extended and investigated processes, but whereas
qualitative interactions between elements involved in the eutrophication process are considered to
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be well-known [2], the quantification of these interactions remains poorly informed, and is generally
done only by considering a limited number of parameters and interactions. Eutrophication studies are
driven by the background knowledge of the expert who coordinate the research project (i.e., biology,
biogeochemistry, benthic, or pelagic compartments), or by current concerns (e.g., biodiversity, climatic
change) leading to shortcuts in prioritized research areas or in methodological assessment development.
In areas where eutrophication is a problem or a potential problem, there is a requirement for regular
assessments, including quantification of nutrient budgets and concentrations, and direct and indirect
effects of nutrient discharges. These assessments are of primary importance for environmental
management purposes.

In the European Union (EU), environmental directives exist for community action in the
field of environmental and water policies. These include the Nitrates Directive [3], the Urban
Wastewater Treatment Directive [4], the Water Framework Directive (WFD) [5], and more recently,
the Marine Strategy Framework Directive (MSFD) [6]. Eutrophication is also addressed by Regional Sea
Conventions (RSC) such as the Oslo and Paris Convention for the Protection of the Northeast Atlantic
(OSPAR) [7], the Helsinki Convention (HELCOM, 2007) for the Protection of the Baltic Sea [2,8], and the
Barcelona convention (MEDPOL) for the Mediterranean Sea [9], although they have only limited
enforcement powers, if any. Whilst each directive or process is different in terms of scope, assessment
areas, and integration rules, there is a set of common indicators across all assessment procedures:
Nutrients, phytoplankton biomass (chlorophyll-a), oxygen concentration. Other indicators linked
to water transparency, microalgae, Harmful Algal Blooms (HAB), macrophytes, and macrofaunal
communities of benthic habitats are also considered.

For EU marine waters, the MSFD established a community framework in which member states
must act to reduce the impacts of human activities on marine ecosystems so as to maintain or reach a
Good Environmental Status (GES). The directive has been transposed into French legislation. For each
marine sub-region, a Marine Action Plan was developed and implemented. This action plan comprises
5 elements: An initial assessment, determination of a set of characteristics for GES status, establishment
of environmental targets and associated indicators, a monitoring program, and a program of measures.
This marine action plan must be renewed every 6 years. MSFD is now at the end of its second cycle
of implementation. At the European scale, marine action plans, developed by member states and
spatially delimited by their Exclusive Economic Zone (EEZ, from baseline to 200 nm), must be coherent
with each other across marine regions and sub-regions, and in which different regional and European
sea conventions and directives apply.

The definition of GES and the means to reach it are described by eleven descriptors, delivering an
ecosystemic (holistic functional) approach of the problem. This MSFD approach is more integrative
than the WFD. Borja et al. [10] characterized the WFD as a “deconstructing structural approach”
in which “there is no holistic eutrophication assessment model that takes into account pelagic and
benthic components, since the WFD evaluates subsets of these as individual quality elements”.
The eleven MSFD descriptors are divided into 42 primary (that must be assessed in every situation) and
secondary (that must be assessed when pertinent) criteria. Among these descriptors, MSFD descriptor
5—eutrophication (defined by 8 criteria, see below in section “Criteria/indicators for eutrophication
assessment” for details) requires that “Human-induced eutrophication is minimized, especially adverse
effects thereof, such as losses in biodiversity, ecosystem degradation, harmful algal blooms, and oxygen
deficiency in bottom waters”. The challenge is to reduce complex information on eutrophication issues
to conclude if the assessed areas reach GES or not.

Under previous WFD coastal assessments, but also under OSPAR assessments (which should
include all water masses under sovereignty and jurisdiction of member states), determination of
the French eutrophication status was only based on a 1 nautical mile (nm) narrow coastal area,
and showed issues related to eutrophication processes, such as opportunistic macroalgae blooms in
Brittany and high levels of phytoplanktonic biomass (i.e., chlorophyll-a concentration) in the Eastern
English Channel. The existence of vulnerable areas to nitrate inputs, as identified under the Nitrates
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Directive and sensitive areas as shaped under the Urban Wastewater Treatment directive, lead to the
identification of eutrophication problems areas in other French coastal waters. However, the assessment
of a eutrophication status for French waters, i.e., beyond the 1 nautical mile baseline, is still missing.
Even within the last OSPAR assessment in 2016 (including all French marine waters of the English
Channel, the Celtic Seas, and Atlantic), the assessment was restrained to WFD’s 1 nm coastal waters
due to a lack of methodologies and/or offshore data. Consequently, offshore assessments were made by
expert judgment, and all waters beyond 1 nm were considered as non-problem or potential problem
areas with regard to the eutrophication status. The working hypothesis was that eutrophication was
only critical in proximate coastal waters.

Various methods have been proposed by OSPAR and MSFD working groups to assess
eutrophication. Most of the time, these methods are based on studies for territorial waters or a
part thereof (i.e., with a specific set of pressures, impacts leading to specific environmental conditions
which cannot be generalized) with a given monitoring program (being well-suited to local environmental
conditions). Consequently, when considering a whole marine region shared by numerous member
states, many assessment outcomes appear inconsistent, discontinuous when dealing with neighboring
countries. This situation is detrimental when environmental management action plans are to be
developed. Indeed, given scientific inconsistency or uncertainty, this created an opportunity for some
stakeholders or the society at large not to take action against eutrophication. Furthermore, too many
working groups have been created, leading to an even greater amount of information, almost impossible
to synthesize.

The purpose of this study was to share with the scientific community and with environmental
managers the French MSFD Eutrophication Assessment Procedure as an example of a purely numerical
procedure, followed by an expert-based revision that accurately represents the eutrophication status
at the French EEZ scale. Our study reports the first quantitative assessment of the eutrophication
status in the English Channel, the Celtic Seas, the Bay of Biscay and the Western Mediterranean Sea
for the whole French EEZ over the period 2010–2016 using a combination of in situ, remote sensing,
and modeling data to generate a fully-integrated dataset. We investigated how reliable this MSFD
Eutrophication assessment procedure was, when considering other complementary information
(published or gray data, expert judgments). We also opened the discussion for new perspectives
focusing on how to improve WFD/MSFD/OSPAR coherence. Indeed, this study should help to
identify areas where an increased monitoring effort is needed to improve the assessment and where
environmental management actions are useful, if not a priority. This study should contribute to advance
knowledge on eutrophication at the regional and trans-national boundary scales and to strategic river
basin management plans.

2. Materials and Methods

2.1. Assessment Areas

French marine waters (371,048 km2) are part of the North East Atlantic Ocean and of the
Mediterranean Sea ecoregions characterized by MSFD. To take into account ecological differences
within areas, but also to allow environmental managers carrying out appropriate and coordinated
measures from regional to local scales, French marine waters were sub-divided into four sub-marine
regions (SMR): The English Channel and the southern bight of the North Sea (ECNS) (28,348 km2),
the Celtic Seas (CS) (43,464 km2), the Bay of Biscay (BB) (188,124 km2), and the Western
Mediterranean Sea (WMS) (111,050 km2) (Figure 1). The main objectives of MSFD are to analyze the
characteristics and environmental status of these waters within a DPSIR frame [6,11], following the
ecosystem-based approach.
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Figure 1. The French Marine Strategy Framework Directive (MSFD) Marine Regions and their
corresponding Reporting Marine Units (RMU) and Geographical Assessment Units (GAU): Coastal area
(0–1 nm), intermediate area (1–12 nm), and offshore marine area (12–200 nm). The Water Framework
Directive (WFD) ecotypes for coastal marine water (CWM) are highlighted for each RMU.

Existing OSPAR and WFD assessments for France deal with coastal water bodies and estuaries.
Considering the WFD seaward limit definition as “a distance of one nautical mile on the seaward
side from the nearest point of the baseline from which the breadth of terrestrial waters is measured”,
most coastal assessment areas miss the largest part of offshore eutrophic river plumes. Indeed,
even if nutrient inputs are high in some areas, turbidity is often too high to allow aquatic plant
growth. Nevertheless, productive phytoplankton communities with high biomass concentration may
increase in offshore nutrient-enriched waters, where turbidity is lower, leading to direct and indirect
effects. In addition, the aim of our methodological approach was to include considerations of both
environmental characteristics and the human dimension so as to divide a large water body into suitable
managements units, and then SMR are split into sub-areas: Coastal waters up to 1 nm, intermediate
waters from 1 to 12 nm, and offshore waters beyond 12 nm (Figure 1). These sub-areas correspond
to Reporting Marine Units (RMUs), i.e., the smallest assessment areas available for the European
Commission reporting processes.

In France, these different RMUs are then divided into Geographical Assessment Units (GAU);
these are the smallest geographical units in which the indicators have to be calculated. In the coastal
areas, GAU are WFD water masses (without transitional waters), in accordance with Commission
Decision 2017/848. There are 24 GAU for ECNS, 15 for CS, 34 for BB, and 46 for WMS (Figure 1).

In the intermediate water masses, geographical assessment units are 1/20◦ (approximately,
20 km2)-width cell size, whereas offshore waters are divided into 1/4◦ (approximately, 500 km2)-width
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cell size (Figure 1). This breakdown using a gridded approach takes into account the decreasing
gradient of eutrophication importance from coastal to marine waters.

2.2. Criteria/Indicators for Eutrophication Assessment

The eight criteria defining MSFD descriptor 5 are: (D5C1) nutrients in the water column
(primary criteria), (D5C2) chlorophyll-a (chl-a) in the water column (primary criterion), (D5C3)
harmful algal blooms in the water column (secondary criterion), (D5C4) photic limit (transparency)
of the water column (secondary criterion), (D5C5) dissolved oxygen in the bottom of the water
column (primary criterion), (D5C6) opportunistic macroalgae of benthic habitats (secondary criterion),
(D5C7) macrophyte communities of benthic habitats (secondary criterion), and (D5C8) macrofaunal
communities of benthic habitats (secondary criterion). According to the MSFD guidelines, “Primary
criteria should be used to ensure consistency across the Union, flexibility should be granted with
regard to secondary criteria. The use of a secondary criterion should be decided by Member States,
where necessary, to complement a primary criterion or when, for a particular criterion, the marine
environment is at risk of not achieving or not maintaining good environmental status”. Each criterion
was linked to one or more indicators. Indicators of the same criteria, and criteria among them, have to
be integrated at a regional scale to assess descriptor 5. Main characteristics of each dataset and relative
criterion are summarized in Tables 1 and 2. For turbidity, WFD ecotypes 1 and 3 are, respectively,
rocky areas and Mediterranean coast, and sandy and muddy areas and mouths of the main rivers.
An ecotype is the reference to which a water body is attached during the ecological assessment.
For chlorophyll-a, North East Atlantic (NEA) WFD ecotypes 1/26a and 1/26b correspond to the Eastern
English Channel, and Western English Channel–Celtic Seas–Bay of Biscay, respectively.

Table 1. Surface area of each Reporting Marine Unit (RMU, in km2) (coastal marine water (CMW),
intermediate (Inter.), and offshore waters) and number of data points used to assess each criterion
(D5C1 Nutrients, D5C2 Chlorophyll-a (Chl-a), D5C4 Turbidity, and D5C5 Oxygen) in the different
French assessment areas: Southern bight of the North Sea (ECNS), the Celtic Seas (CS), the Bay of
Biscay (BB), and the Western Mediterranean Sea (WMS).

Data Quantity

Marine Regions RMU Area (km2) Nutrients Chl-a Turbidity Oxygen

ECNS
CMW 2417 382 934 886 304
Inter. 11,886 453,306 16,934,060 16,924,128 459,330

Offshore 14,045 534,576 20,045,685 20,033,928 541,680

CS
CMW 4,873 225 428 473 85
Inter. 6705 250,432 9,321,235 9,315,768 253,760

Offshore 31,886 1,031,828 44,272,030 44,246,064 1,045,540

BB
CMW 8132 469 948 953 332
Inter. 14,135 506,282 19,031,210 19,020,048 513,010

Offshore 165,857 4,899,678 220,713,955 220,584,504 4,964,790

WMS
CMW 4 631 NA 741 655 3
Inter. 19,757 33,300 36,810,735 24,743,784 33,300

Offshore 86,668 150,780 165,758,580 111,421,152 150,780

2.3. Datasets

For coastal areas, data related to criteria D5C1 to D5C5 mainly came from the well-established
Phytoplankton Monitoring Program [12,13] (Table 1). Data for the benthic compartment (D5C6,
D5C7) came from the WFD-specific monitoring program [14,15]. All of these data were considered as
conventional (based on standardized practices for in situ sampling then analysis), and as low spatial
and temporal resolution data.

In intermediate and offshore areas, conventional in situ and low-resolution data were too scarce to
provide an assessment result for each geographical assessment unit. Consequently, spatially gridded
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(1.2 km resolution), monthly averaged (from daily images) chlorophyll-a (Chl-a) concentrations and
turbidity were derived from the merging of SeaWiFS, MERIS, MODIS/AQUA, and VIIRS remote-sensing
reflectance, processed by the coastal OC5 algorithm with Look-Up-Tables dedicated to each sensor [16,17]
(Table 1). The OC5 algorithm was specifically designed for waters where suspended sediment may
hamper the application of the classical OCx algorithms as used for the open ocean [18,19].

Data for nutrients and bottom-dissolved oxygen concentration were provided by hydrodynamical–
biogeochemical models: ECOMARS-3D (16 km resolution; daily dataset; 2012–2016 period) for the
ECNS, CS and BB marine regions [20], and 3DVAR-OGSTM-BFM/Med-Currents [21] (36 km resolution;
monthly dataset; 2010–2014 period) for the WMS marine region (Table 2).

2.4. Data Quality, Quantity, and Confidence

In situ coastal data were subject to a validation and qualification procedure [22] as applied for
the WFD assessment. Only data with a quality control flag “good” (all QC test passed) were used.
Validation of satellite- and modeling- derived products were done using classical methodologies
(comparison between satellite products and in situ datasets using specific statistics as relative bias,
correlation coefficients, Relative Standard Deviation, Root Mean Square Error, Taylor Diagrams) [17].

Table 2. Characteristics of the data, metrics, and indicators used for the assessment of descriptor 5
eutrophication (2A: Primary Criteria; 2B: Secondary Criteria) in the different Reporting Marine Units
(RMU) (CA: Coastal area, IA: Intermediate area, OA: Offshore marine area) and French sub-marine
regions (The English Channel and the southern bight of the North Sea (ECNS), the Celtic Seas (CS),
the Bay of Biscay (BB), and the Western Mediterranean Sea (WMS)). ECNS, CS, and BB sub-marine
regions (SMRs) together correspond to the Atlantic Area (Atl.) (na: Not assessed; DIN33: Nutrient
concentration normalized for salinity 33 to compensate for differences at the various locations and
during the various years).

Criteria D5C1
Nutrients in the Water Column

D5C2
Chlorophyll-a in the

Water Column

D5C5
Dissolved Oxygen in the Bottom

of the Water Column

Indicators [DIN] [DIP] [Chlorophyll-a] [Oxygen]

Metrics CA: DIN33
IA and OA: Median [NO3

−]
CA: na

IA et OA: Median [PO4
3−]

Percentile 90 of
[Chlorophyll-a] Percentile 10 of [Oxygen]

Elements Used
(Parameters)

CA: surf. NO3
−, NO2

−, NH4
+

IA and OA: surface NO3
−

CA: na
IA et OA: surface PO4

3− Surface chlorophyll-a WMS (IA and OA): Surface oxygen
Others: Bottom oxygen

Metric Units µmol.l−1 µmol·L−1 µg·L−1 mg·L−1

RMU All (excepted WMS CW) IA an OA All All

Marine Regions All All All All

Assessment Years
CA: 2010–2015

IA and OA: 2012–2016 (Atl.),
2010–2014 (WMS)

CA: 2010–2015
IA and OA: 2010–2016

CA: 2010–2015
IA and OA: 2012–2016 (Atl.), 2010–2014

(WMS)

Data Aquisition
Frequency

CA: twice a month
IA and OA: daily (Atl.), monthly mean (WMS)

CA: twice a month
IA and OA: daily

CA: twice a month
IA and OA: daily (Atl.), monthly mean

(WMS)

Assessment
Periods

Atl.: November to February
Med: every months

Atl.: March to October
WMS: every months June to September

Data Sources
CA: REPHY

IA and OA: ECO-MARS3D model (Atl.),
3DVAR-OGSTM-BFM model (WMS)

CA: REPHY
IA and OA: remote

sensing (MODIS-OC5Me)

CA: REPHY
IA and OA: ECO-MARS3D model (Atl.),

3DVAR-OGSTM-BFM model (WMS)

Assessment
Thresholds

Atl.:
CA: 29 µmol/L

IA: 24.65 µmol/L
OA: 20.03 µmol/L

WMS:
IA: 20.3 µmol/L
OA: 8.7 µmol/L

Atl.:
IA and OA: 0.8 µmol/l

WMS:
IA: 0.56 µmol/L
OA: 0.24 µmol/l

Atl.:
CA NEA 1/26a: 10 µg·L-1
CA NEA 1/26b: 15 µg·L-1
IA NEA 1/26a: 5 µg·L-1

IA NEA 1/26b: 7.5 µg·L−1

OA NEA 1/26a: 4 µg·L−1

OA NEA 1/26b: 6 µg·L−1

WMS:
CA Ecotype 1: 10 µg·L−1

CA Ecotype 2A: 3.6 µg·L−1

CA Ecotype 3W: 1.8 µg·L−1

CA Ecotype W: 1.22 µg·L−1

IA: 2 µg·L−1

OA: 1.44 µg·L−1

3 mg·L−1

(2A)
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Table 2. Cont.

Criteria
D5C4

Photic Limit (Transparency)
of the Water Column

D5C6
Opportunistic Macroalgae of

Benthic Habitats

D5C7
Macrophyte Communities (Perennial Seaweeds and

Seagrasses) of Benthic Habitats

Indicators Turbidity CW-OGA
(WFD indicator)

CCO
(WFD indicator)

QiSubMac
(WFD indicator)

SBQ
(WFD indicator) CARLIT (WFD indicator) NDSM PREI (WFD

indicator)

Metrics Percentile 90 of turbidity EQR EQR EQR EQR EQR EQR

Elements used
(parameters) Surface turbidity

Opportunistic species of genus Ulva,
Falkengergia, Cladophora, Enteromorpha,

Solieria et Pylaiella

Perennial macroalgae
communities of

intertidal rocky shore

Perennial macroalgae
communities of

subtial rocky shore

Zostera marina and
Zostera noltei

eelgrass

Perennial macroalgae
communities of medio- and

upper infralittoral shores

Posidonia oceanica
eelgrass

Metric units NTU no unit no unit no unit no unit no unit no unit

RMU All CA CA CA CA CA CA

Marine regions All ECNS, CS and BB ECNS, CS and BB ECNS, CS and BB ECNS, CS and BB WMS WMS

Assessment years CA: 2010–2015
IA and OA: 2010–2016 2010–2015 2010–2015 2010–2015 2010–2015 2010–2015 2010–2015

Data aquisition
frequency

CA: twice a month
IA and OA: daily Monthly Once every 3 years

once a year
(once avery 6 years
for surface survey)

Once every 6 years Once every 3 years

Assessment
periods March to October May, July and September Between March and July Between August

and September Between April and June During spring

Data sources
CA: REPHY

IA and OA: remote sensing
(MODIS-OC5Me)

Aerial overflights data of the CEVA
geo-database «REBENT-DCE» data

Assessment
thresholds

Atl.:
CA Ecotype 1: 10 NTU
CA Ecotype 3: 45 NTU

IA: 7 NTU
OA: 3 NTU

WMS:
CA Ecotype 1: 10 NTU
CA Ecotype 3: 45 NTU

IA: 5 NTU
OA: 2 NTU

0.6 0.6 0.65 0.6 0.6 0.55

(2B)
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For D5C1 (nutrients), D5C2 (Chlorophyll-a), D5C4 (turbidity), and D5C5 (oxygen), confidence was
provided as a probability of belonging to a given status class. Confidence intervals and probabilities
were obtained by applying the bootstrap resampling method [23], using the month as a stratifying
element to take into account the seasonality of the processes involved in eutrophication.

Finally, an index was provided about the robustness of the integration process, i.e., the ratio of
the number of criteria actually used for the assessment to the maximal number of relevant criteria in
the considered geographical area. For intermediate and offshore marine water datasets, confidence in
data quantity was not an issue, since we used mainly satellite and modeling products (no missing
data). For coastal waters, confidence in the data quantity was considered as medium to good by
expert-judgment, as they were extracted from optimized monitoring program devoted to WFD.

2.5. Methodologies, Threshold and Assessment Procedure

The main characteristics of criteria/indicators, metrics, parameters, assessment period, sampling
frequencies, data sources, and assessment threshold are summarized in Tables 1 and 2.

D5C3 and D5C8 were not used for the assessment. For D5C3, we endorsed the OSPAR Commission
(2008) position, considering that the link between nutrient enrichment and toxin-producing algal
blooms was neither sufficiently robust nor demonstrated for all water types to be used in the
eutrophication assessment, and so research was needed to justify it as an indicator of eutrophication.
Moreover, the available threshold for HAB in France was based more on public health aspects than on
ecological reality. D5C8 (no agreed methodology) has not been assessed, and so we used D5C5 instead,
as recommended by MSFD.

For coastal areas, WFD metrics and thresholds were used (Table 2). For assessment, the One Out
All Out (OOAO) principle was not used (see section below on aggregation and integration).

For Dissolved Inorganic Phosphorus, as no WFD threshold was available, pristine concentration + 50%
deviation was considered as the threshold for ECNS, CS, and BB. For WMS, this threshold was applied
with a reduction factor, since this ecosystem is oligotrophic.

Definition of assessment thresholds for intermediate and offshore waters was based on reduction
factors applied to WFD thresholds (winter* Dissolved Inorganic Nitrogen (DIN): 29.0 µmol·L−1; winter*
Dissolved Inorganic Phosphorus (DIP): 0.8 µmol.L−1; Chlorophyll-a**: 10.0, 15.0, and 1.9 µg.L−1 for
ecotype 1/26a, 1/26b, and 2A, respectively; Turbidity: 10.0 NTU) (*winter defined as the period from
November to February; **data from the productive period, i.e., from March to October) and using new
data sources data from satellite and modeling products. This reduction factor was calculated as the
expected reduction (in %) of the monthly average concentration (period 2010–2016 and during the
biological productive period, i.e., March to October) along coastal–offshore transects located in the
different reporting marine unit.

For DIN, reduction factors (and the associated thresholds) were respectively 15% (24.7 µmol·L−1)
and 30% (20.3 µmol·L−1) for intermediate and offshore ECNS, CS, BB areas. They were 30%
(20.3 µmol·L−1) and 70% (8.7 µmol·L−1) for intermediate and offshore WMS areas, respectively.

For DIP, pristine concentration of 0.5 µmol·L−1 + 50% deviations, i.e., a 0.8 µmol·L−1 threshold,
was considered for ECNS, CS, BB areas. For the WMS area, a reduction factor of 30% and 70% was
applied to this threshold.

For turbidity, reduction factors (and associated threshold) were 30% (7 NTU) and 70% (3 NTU),
respectively, for intermediate and offshore ECNS, CS, BB areas. They were 50% (5 NTU) and 80%
(2 NTU) for the intermediate and offshore WMS area.

For oxygen, the WFD threshold of 3 mg·L−1 was used for all areas.
For chlorophyll-a, application of a reduction factor of 50% to the WFD threshold for the intermediate

area adjacent to ecotypes NEA 1/26b and 1/26a resulted respectively in a threshold of 7.5 and 5 µg·L−1.
For offshore areas, a reduction factor of 60% (chlorophyll-a threshold 6 and 4 µg.l−1 for the offshore
areas adjacent to ecotypes NEA 1/26b and 1/26a, respectively) was applied. In WMS, reduction
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factors (and the associated thresholds) were respectively of 30% (2.0 µg·L−1) and 60% (1.44 µg·L−1) for
intermediate and offshore areas.

2.6. Data Integration and Aggregation Scoring System

As the ultimate goal was to provide a GES or a non-GES status for each reporting marine unit,
an aggregation and integration procedure (Figure 2) has been developed through interpretation of
guidelines made available by EU working groups [24]. The procedure was also based on the existing
methods developed within OSPAR [7]. As a first step, data sets for each criterion were analyzed to
establish whether indicators were found at levels exceeding the corresponding assessment threshold,
entailing scoring as “+”, or below the threshold as “−“ (Table 3). As a second step, integration was
conducted at the level of each geographical assessment unit, merging the scores of the different criteria
according to a weighting grid (Table 3). When D5C1, D5C2, and D5C5 were above threshold (“+”)
a score of 2 was given, since they are causative and direct effects of eutrophication. When D5C4,
D5C7 were above threshold (“+”) a score of 1 was given, because they are secondary criteria and not
directly specific to eutrophication processes. When a criterion was below the threshold, a score of 0
was given. Once aggregated, the highest the score was, the more likely a non-GES status was expected.
For the coastal area, the sum of criteria must not exceed 5, which corresponds to about half of the
highest achievable score of 9 for the 6 criteria evaluated, for a geographical assessment unit to be in
GES. Note the exception for D5C6, which, if in poor condition, automatically gave a lower grade to the
coastal water body (non-GES status). In intermediate and offshore areas, where fewer criteria were
assessed, the sum of the criteria for a given GEU were not to exceed 2 to be in GES. If both phosphorus
and nitrate were assessed in the same geographical assessment unit, then criterion D5C1 was given
a “+” as soon as one of the two elements was above the threshold. If, within a single geographical
assessment unit, the assessment was shaped by several criteria (D5C1 and D5C7), the status was
determined by the most low grading indicator (Figure 2).

Once the criteria were integrated at the level of the geographical assessment units, aggregation
was carried out directly by calculating the percentage of the area for the considered reporting marine
unit that have reached or not reached the GES.
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integrate MSFD D5 eutrophication indicators/criteria to assess Good Ecological Status (GES) for French
coastal to marine waters.
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Table 3. Scoring system derived from the Oslo and Paris Convention for the Protection of the Northeast
Atlantic (OSPAR) eutrophication assessment procedure to define Good Ecological Status (GES) or
non-GES status for MSFD D5 eutrophication for French coastal to marine waters at the Geographical
Assessment Units scale (nr: Not relevant to use the criterion for the considered area).

D5C1 D5C2 D5C5 D5C4 D5C7 D5C6 Scores State

+ + +
+ + − 8 Non GES

Coastal area

1 criterion “+” − 7 Non GES
− − − 6 Non GES

2 criteria “+”
+ + − 6 Non GES
1 criterion “+” − 5 Non GES
− − − 4 GES

1 criterion “+”
+ + − 4 GES
1 criterion “+” − 3 GES
− − − 2 GES

− − −

+ + − 2 GES
1 criterion “+” − 1 GES
− − − 0 GES

−/+ −/+ −/+ −/+ −/+ + nr Non GES

+ + +
+ nr nr 7 Non GES

Intermediate and
offshore areas

− nr nr 6 Non GES

2 criteria “+”
+ nr nr 5 Non GES
− nr nr 4 Non GES

1 criterion “+”
+ nr nr 3 Non GES
− nr nr 2 GES

− − −
+ nr nr 1 GES
− nr nr 0 GES

3. Results

3.1. Nutrients (D5C1)

DIN concentrations resulted in a low grading of GES in the region of fresh water influence from
the bay of Seine to the northern part of the Eastern English Channel (Dover Strait) (1076 km2, i.e., 45% of
ECNS coastal zone in non-GES status), and within the intermediate area (3308 km2, i.e., 28% of the
surface area in non-GES status) (Table A1 in Appendix A). They were below the threshold for all
ECSN offshore waters (100% GES). DIP (D5C1) concentrations were not assessed in coastal waters
(no available threshold) (Table A2 in Appendix A). At the whole ECNS level, 4384 km2 (16%) and
2085 km2 (7%) were in non-GES status, respectively, for DIN and PID.

In CS, all offshore and intermediate waters were in GES status for DIN and DIP (Tables A1 and A2).
Four WFD coastal waters (812 km2, i.e., 17%) were in non-GES status for DIN.

In BB, all offshore waters were in GES status for DIN and DIP. For DIN, 325 km2 (4% of the coastal
zone) and 955 km2 (7% of the intermediate area near the Gironde, the Loire, and the Sèvre Niortaise
river plumes) were in non-GES status (Table A1). For DIP, 2367 km2 (17%) of the intermediate area
were in non-GES status (Table A2).

In WMS, coastal waters were not assessed for DIN and DIP. Only one intermediate area (36 km2)
offshore the Rhone river plume was not in GES for DIN. All intermediate and offshore WMS waters
were in GES for DIN and DIP (Tables A1 and A2).

3.2. Chlorophyll-a Concentration (D5C2)

Chlorophyll-a concentration exceeded the threshold in the ECNS (2 coastal waters, 267 km2) and
the BB (1 coastal water, 152 km2). Intermediate waters within the ECNS region of fresh water influence
(1700 km2) and in the bay of Seine (902 km2) were in non-GES status (Table A3 in Appendix A).
All waters masses were in GES in the CS. Only 32 km2 were in non-GES status in the intermediate area
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of the WMS. In BB, non-GES status was assessed north of the Gironde estuary and in front of the Loire
river (168 km2).

3.3. Turbidity (D5C4)

Non-GES status for turbidity was of concern in the intermediate areas in ECNS (bay of Seine,
50 km2, i.e., <1%), in BB (in front of the Gironde river, 251 km2, i.e., <2%), and in WMS (in front of the
Rhone river, 58 km2, i.e., <1%) (Table A4 in Appendix A).

3.4. Oxygen Concentration (D5C5)

All waters masses in ECNS, CS, and WMS sub-marine regions were in GES when considering the
oxygen criteria. Results highlighted 912 km2 (i.e., 6% of the intermediate surface area) of non-GES waters
offshore the Arcachon basin in BB SMR (Table A5 in Appendix A). Results for oxygen concentration
have to be considered with extreme caution, as the model is not highly reliable for this parameter in
the BB area.

3.5. Abundance of Opportunistic Macroalgae (D5C6)

This criterion was only assessed in coastal waters. It was not relevant for WMS SMR. The main
non-GES status areas were localized in three WFD coastal waters in the bay of Seine (117 km2, i.e., 5% of
the coastal area in ECNS SMR), in four WFD coastal waters in CS (982 km2, i.e., 20% of the coastal area
of this SMR), and in three WFD coastal waters in BB (260 km2, i.e., 3% of the coastal area).

3.6. Abundance of Perennial Seaweeds and Seagrasses (D5C7)

This criterion was also only assessed in coastal waters. It was not relevant for the southern part
of the Gironde area in BB. The non-GES status WFD coastal waters were: Seven in ECNS (871 km2,
i.e., 36% of the coastal area), one in CS (Lannion bay, 38 km2, i.e., <1% of the coastal area), five in BB
(1490 km2, i.e., 18% of the coastal area), and thirteen in WMS (694 km2, i.e., 15% of the coastal area).

3.7. Overall Eutrophication Assessment

The eutrophication assessment procedure, largely inspired by MSFD, OSPAR, and WFD guidelines
and combining in situ, satellite, and modeling products, allowed for an assessment covering 99% of
the French coastal to marine waters surface area.

In the offshore marine area (>12 nm), all criteria reached GES, and so no eutrophication problems
have been identified (Table 4). This was no longer the case in the coastal (<1 nm) and intermediate
(>1 and <12 nm) areas.

Table 4. Absolute (km2) and relative (%) surface area in Good Environmental Status (GES) with regard
to eutrophication descriptor D5 for each sub-marine region (SMR) in the English Channel and the
southern bight of the North Sea (ECNS), the Celtic Seas (CS), the Bay of Biscay (BB), and the Western
Mediterranean Sea (WMS) (NA: Not Assessed).

SMR Surface Area
Coastal Area Intermediate Area Offshore Area All SMR

GES No GES NA GES no GES NA GES No GES NA GES no GES NA

SMR ECNS
surface (km2) 2117 117 183 10,703 1183 0 14,045 0 0 26,865 1300 183

% 88 5 8 90 10 0 100 0 0 95 5 1

SMR CS
surface (km2) 3518 982 373 6705 0 0 31,886 0 0 42,109 982 373

% 72 20 8 100 0 0 100 0 0 97 2 1

SMR BB
surface (km2) 6078 261 1793 13,866 509 0 165,857 0 0 185,801 770 1793

% 75 3 22 96 4 0 100 0 0 99 0 1

SMR WMS
surface (km2) 3766 0 865 19,806 13 0 86 662 0 0 110,234 13 865

% 81 0 19 100 0 0 100 0 0 99 0 1

All SMR
surface (km2) 15,479 1360 3214 51,080 1705 0 298,450 0 0 365,009 3065 3214

% 77 7 16 97 3 0 100 0 0 98 1 1
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In ECNS (Figure 3), it appeared that the eutrophication problem was mostly the result of the
combined action of high nutrient (DIN from the D5C1) and high chlorophyll-a (D5C2) concentrations
in the bay of Seine and the Eastern English Channel (under the main influence of the Somme, Canche,
and Authie rivers). In the bay of Seine, too high opportunistic macroalgae abundance (D5C6) caused a
lower grading in three WFD areas.J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 5 of 26 

 

 

Figure 3. Overall MSFD assessment for descriptor D5 on eutrophication in the English Channel and 

the southern bight of the North Sea (ECNS) sub-marine region (SMR) (In green: Good Ecological 

Status (GES); in red: Non-GES status; in gray: Area not assessed). Main criteria which caused a low 

grading are highlighted for each non-GES area (white box). 

 

Figure 4. Overall MSFD assessment for descriptor D5 on eutrophication in the Celtic Seas (CS) sub-

marine region (SMR) (In green: Good Ecological Status (GES); in red: Non-GES status; in gray: Area 

not assessed). Main criteria which caused a low grading are highlighted for each non-GES area (white 

box). 

Figure 3. Overall MSFD assessment for descriptor D5 on eutrophication in the English Channel and
the southern bight of the North Sea (ECNS) sub-marine region (SMR) (In green: Good Ecological Status
(GES); in red: Non-GES status; in gray: Area not assessed). Main criteria which caused a low grading
are highlighted for each non-GES area (white box).

In CS (Figure 4), non-GES status was mainly due to high opportunistic macroalgae abundance
(D5C6) in four WFD water masses, whereas nutrients (DIN) were not causing a low grading. Only one
WFD area exceeded the D5C7 criterion (abundance of perennial seaweeds and seagrasses).

In BB (Figure 5), only three WFD areas were considered not to be able to reach GES, mainly
because of green macroalgae blooms. Two intermediate areas of 58 and 230 km2, respectively, under the
influence of the Loire and the Gironde rivers, did not reach GES because of nutrients, chlorophyll-a
concentrations and/or turbidity (especially for the Gironde river).

In WMS (Figure 6), only a 13 km2 area in front of the Rhone river plume was assessed with a non-GES
status because of the combined negative effects of high nutrient and chlorophyll-a concentrations,
and high turbidity.



J. Mar. Sci. Eng. 2020, 8, 561 13 of 24

J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 5 of 26 

 

 

Figure 3. Overall MSFD assessment for descriptor D5 on eutrophication in the English Channel and 

the southern bight of the North Sea (ECNS) sub-marine region (SMR) (In green: Good Ecological 

Status (GES); in red: Non-GES status; in gray: Area not assessed). Main criteria which caused a low 

grading are highlighted for each non-GES area (white box). 

 

Figure 4. Overall MSFD assessment for descriptor D5 on eutrophication in the Celtic Seas (CS) sub-

marine region (SMR) (In green: Good Ecological Status (GES); in red: Non-GES status; in gray: Area 

not assessed). Main criteria which caused a low grading are highlighted for each non-GES area (white 

box). 

Figure 4. Overall MSFD assessment for descriptor D5 on eutrophication in the Celtic Seas (CS)
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Figure 5. Overall MSFD assessment for descriptor D5 on eutrophication in the Bay of Biscay (BB)
sub-marine region (SMR) (In green: Good Ecological Status (GES); in red: Non-GES status; in gray:
Area not assessed). Main criteria which caused a low grading are highlighted for each non-GES area
(white box).
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Figure 6. Overall MSFD assessment for descriptor D5 on eutrophication in the Western Mediterranean
Sea (WMS) sub-marine region (SMR) (In green: Good Ecological Status (GES); in red: Non-GES status;
in gray: Area not assessed).

3.8. Confidence on Assessment

While almost all of the sub-marine regions (99%) were assessed against descriptor 5 (Table 4),
not all areas were evaluated with the same confidence level. The mapping of the confidence level,
based on the number of criteria used in relation to the number of relevant criteria per GAU (data not
shown), shows that this level was particularly high in intermediate and offshore areas (between 0.75
and 1), but was more variable in coastal areas. Indeed, all primary criteria could be assessed in the
intermediate and offshore areas for almost all geographical assessment units (due to the high resolution
and spatial coverage of the modeling and satellite image products), as well as the relevant secondary
criteria (i.e., turbidity). In these areas, only the algal toxicity criterion (D5C3) could not be assessed
(no data). Moreover, the criteria D5C6 (opportunistic macroalgae) and D5C7 (macrophytes) were not
relevant outside coastal waters. For the coastal area (WFD-like methodology), the number of criteria
evaluated for each geographical assessment unit was much more variable, since it only depends on
in situ data, so it relies on meteorological conditions to schedule cruises at sea, on human resource
availability. DIP was not assessed for any of the water bodies. Moreover, since WFD sampling locations
were identified using the WFD ecotype, no data were available for some water masses and we rejected
the idea of using data from one ecotype for another.

Whereas the confidence levels for criteria 1 to 5 in the coastal areas were high, some exceptions
remained: For D5C2, in ECNS and BB, where the probability was of the order of 75% or even 55% for
some GAU (near the bay of Seine, the bay of Somme, and the Vilaine and the Loire rivers).

After this initial classification, results were submitted to local experts and stakeholders in order
to validate results from this numerical approach, and then to consider possible discrepancies in
coastal waters between MSFD and WFD assessment, since integration/aggregation steps were different.
Out of twenty-four coastal water bodies in ECNS, seven were reclassified as they needed further
investigation to confirm GES status (5 in the Eastern English Channel and 2 near the bay of Seine).
They were consequently highlighted as potential problem areas when considering eutrophication.
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This uncertainty about the real GES status in ECNS concerns 25.4% of the coastal water surface. In the
CS area, out of fifteen coastal water bodies, three needed to be considered as potential problem areas
(15.7% of the coastal water surface). In the BB area, among the thirty-four coastal water bodies,
three were reclassified as potential problem areas (10.0% of the coastal water surface). In the WMS area,
eleven coastal water bodies out of 46 were mainly reclassified (14.7% of the coastal water surface).

4. Discussion

Following the endorsement of the EU Marine Strategy Framework Directive (MSFD) in 2008
and the implementation of the Good Environmental Status (GES) assessment procedure in 2018,
discussions are still ongoing to develop guidance for the eleven quality descriptors that form the
basis for evaluating ecosystem function, then GES. Existing guidance still proposes general pattern for
eutrophication assessment, and since such guidances want to encapsulate the ecosystem variability,
they may be interpreted differently, leading to non-harmonized, heterogeneous assessments for a given
(sub-) marine region and between EU members. This makes it particularly difficult to integrate with
other criteria to move forward a real ecosystem approach. Moreover, uncertainty and inconsistency in
results prevent stakeholders and policymakers from endorsing environmental management decisions
for maximum effectiveness to reduce non-GES status.

Based on French developments undertaken to prepare the 2018 MSFD D5 (eutrophication
descriptor) assessment, the present study proposes the first comprehensive quantitative assessment of
the eutrophication status, from coastal to marine French waters in the English Channel, the Celtic Sea,
the Bay of Biscay, and the Mediterranean Sea. Our main objective was to propose an overview of the
eutrophication status from French coastal (<1 nm) to offshore waters based on (i) a combination of in
situ, remote sensing, and modeling data and (ii) a two-step approach with a numerical assessment
leading to an initial classification, then a final classification based on expert judgment.

4.1. Improvement of Eutrophication Assessment

Whereas eutrophication status was assessed by OSPAR on a regular basis since 1985, France was
not able to provide a full assessment from inshore to offshore waters even during the last exercise
for the period 2006–2014. On the basis of a very coastal (<1 nm) assessment of the ecological status
within the EU Water Framework Directive (WFD), the eutrophication monitoring program set up for
MSFD second cycle (2012–2018), as well as specific methodological developments, have enabled us to
assess the eutrophication status (MSFD descriptor 5) over nearly 99% of the surface area of French
marine waters (371 288 km2). The previous WFD and OSPAR evaluations represented only 5.4%
of MSFD marine regions surface. The combination of in situ data, satellite, and modeling products
from a variety of sources has made this possible by bridging the information gap in offshore waters
(>1 nm, up to the Exclusive Economic Zone). The eutrophication assessment was planned to be carried
out in two stages: A pure numerical assessment at the French national scale, leading to an initial
classification, then a revision of the assessment by local experts (at the watershed and coastal water
scales) leading to a final classification. Differences between initial and final classification were of
concern only for 24 coastal water bodies for a total of 119 reporting marine units. The eutrophication
assessment, as proposed in this manuscript, is the first quantitative one from coastal to offshore French
marine waters. This eutrophication assessment is only part of the ecosystem approach as defined by
Borja et al. [25], but a good evaluation for each MSFD descriptor is a first step towards a good overall
ecosystem assessment.

Whereas guidelines were available to theoretically help member states to implement MSFD [26–28],
they remained too conceptual, and did not provide an operational approach when the experts in
charge of the assessment needed to import data, to compute metrics, and to integrate or to aggregate
data/assessment results in order to provide the final outcome: GES or not? The choice of criteria
and aggregation rules were the responsibility of member states. The “only” constraint was to ensure
coherence of frameworks within the different marine regions or sub-regions and across the community.
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Given the short time allowed to experts to make this assessment, it comes as no surprise that the
level of harmonization of methodologies used by the different member states is not enough to match
MSFD needs.

Despite variety of existing methods for assigning relevant assessment areas (based on salinity
gradient, eco-hydrodynamic characteristics), our approach was rather simple, dividing each reporting
marine unit in grids of different sizes, from the coastal to the offshore areas. This approach made it
possible to clearly visualize the pressure gradients from land to sea. Moreover, such a division also
made it possible to better position the sampling points for the monitoring program, and seems well
adapted to apply existing methodologies dealing with confidence rating [29]. Such grids are also useful
for stakeholders to direct back to programs of measures and river basin management plans. Indeed,
such a fine spatial scale in coastal areas is essential to link local pressures from the watershed to marine
downstream state and impacts. Intermediate and offshore bigger grids made it possible to assess
the extent of the eutrophication problem, and thus to put in place better-dimensioned remediation
actions. All MSFD regions were first split into more manageable areas. The choice has been made
to propose three reporting marine units (coastal, intermediate, and offshore). Each reporting marine
unit was then divided into geographical assessment units; these are the smallest geographical units in
which the indicators were calculated. In the intermediate water masses, geographical assessment units
were 1/20◦ width cell size, whereas offshore waters were divided into 1/4◦ width cell size. Of course,
this breakdown implies the proposition of an evaluation for each cell, or the experts have to define
criteria to use the same data for neighboring grids having the same environmental characteristics.
Moreover, this approach arbitrarily separate waters at the boundary between member states, despite
water masses continuities and exchanges. This is the reason why MSFD work for descriptor 7
(Hydrological Conditions) were based on marine landscape characterized by their hydrodynamic
characteristics [30]. Meanwhile, the EU project Joint Monitoring Programme of the Eutrophication
of the North Sea with Satellite Data (JMP EUNOSAT) [31,32] aims at providing coherent reference
conditions and thresholds of chlorophyll-a and primary production against nutrient concentrations
that trigger eutrophication in the North Sea. With this project, satellite data made it possible to define
assessment areas (i.e., geographical assessment units-like areas). The environmental conditions used
in shaping assessment areas were physical, chemical, and biological factors. Combined with French
MSFD D7 products, these marine landscapes should be the new OSPAR assessment areas (OSPAR Task
Group COMP ongoing works). It is likely that these new assessment areas will be used in the next
MSFD D5 assessment. Nevertheless, we should also use our 2018 grid in parallel to take advantage of
the added value of such a gridded approach for local environmental managers, and also to compare
assessment results.

The indicators used to carry out the present assessment for coastal waters are the ones
developed and implemented by France within the framework of WFD. They, nevertheless, required
some adaptations to best meet the needs of MSFD for coastal, and mainly for offshore waters.
Most of the development concerned D5C1 (Nutrients), D5C2 (Chlorophyll-a), and D5C4 (Water
Transparency) criteria, because they are of concern for coastal to offshore areas. For D5C5 (Oxygen),
D5C6 (Opportunistic Macroalgae) and D5C7 (Macrophytes Communities), WFD metrics were used,
as these criteria were mainly relevant in coastal waters. The only differences were aggregation and
integration steps in order to provide an overall coastal-to-offshore assessment without discontinuity
at the 1 nm edge because of methodological differences. Assessment with D5C4 (Harmful Algal
Bloom) was not provided as the relationship between eutrophication and harmful algal bloom needs
to be confirmed. Moreover, the available threshold was related to a public health issue (accumulation
of phycotoxins in shellfish) rather than ecological status. D5C8 (Macrofaunal Community) was not
implemented, as D5C5 was used preferentially.

For nutrients, there is an urgent need for convergence of the different approaches proposed by the
EU Directives (WFD, MSFD, Nitrates Directive, Urban Wastewater Treatment directive) and Regional
Sea Convention (OSPAR). There is a need to harmonize the use of DIN, DIP, total nitrogen (TN), and total
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phosphorus (TP) within monitoring programs and associated assessment tools. For some areas where
secondary blooms are expected, TN and TP measurements are relevant since they are less affected
by seasonal nutrient conversion process, whereas the inorganic nutrients are seasonally replaced by
organic compounds. Since there exists more evidence that there is not only P or N limitation for a
given ecosystem [33,34] because limitation can vary both in space and time leading to colimitation, it is
recommended not to use a single limiting nutrient to achieve GES. There is a need to consider, at least,
a dual approach based on the N:P ratio. Dissolved silica concentration (DSi) has to be considered
too within monitoring programs, as background information for the possible shift in phytoplankton
groups, from non-silicified to silicified taxa. Recent modification of the upstream eutrophication status
could also lead to increasing inputs of DSi to marine coastal waters, enhancing marine phytoplankton
growth [35]. The acquisition of Fundable, Available, Interoperable, and Reusable (FAIR) data about
nutrient concentrations, river flows (to calculate nutrient fluxes) is a prerequisite to await an acceptable
level of knowledge and harmonization for decision-making in the river basin management plan.
Modeling is also an essential tool for addressing the land–sea continuum. The results of modeling
activities dealing with biogeochemical, hydrodynamical, and biological processes are of primary
importance to better understand relationships between pressures, states, and impacts, and they could
be used to define nutrient removal scenarios in order to move towards GES [36,37].

The chlorophyll-a concentration indicator is inter-calibrated at the EU level within WFD and is
also widely used as a primary criterion for eutrophication assessment. Nevertheless, the improved
knowledge on phytoplankton dynamics and the complexity of the involved processes means that
assessment of this biological compartment can no longer be limited to its biomass only [38]. There is
a clear need for further consideration of phytoplankton biodiversity, functional groups, trait-based
approaches to identify community structure changes [39,40] following mainly modifications of nutrient
pressures, but also to consider possible effects or other relevant parameters, such as light regime,
residence time, etc.

The degree of oxygen deficiency is widely used as an indirect assessment parameter for nutrient
enrichment. There appears to be a consensus on assessment levels of the various degrees of oxygen
deficiency. The value of 3 mg·L−1 seems to be acceptable to differentiate good from poor status.
No more development seems to be necessary for this indicator. Nevertheless, it is more the metric
based on a low resolution sampling strategy that has to be revised. Extreme events, leading to hypoxia
or anoxia, have to be monitored using high frequency systems such as instrumented buoys.

The link between nutrient enrichment and the incidence of Harmful Algal Blooms (HAB, toxic,
or high biomass) is still under investigation. Indeed, depending on the location and environmental
conditions, some studies indicate that occurrence of HAB is linked to light, temperature, salinity,
or climate and weather processes, rather than nutrient flux [41], whereas others allow us to consider with
more confidence that the abundance of some HAB, like Phaeocystis globosa, is related to the concentration
of DIN [42]. As a consequence, D5C3 criterion was not used in the French eutrophication assessment.

Turbidity is clearly of importance when considering phytoplankton growth. Actually, even if
the nutrient concentration is optimal, then high turbidity can inhibit a phytoplankton outburst.
The methodology to be applied for this parameter remains to be confirmed. Indeed, according to
member states, water transparency was assessed using turbidity expressed in NTU, NFU units, or in
meter (when using the Secchi Depth). Although conversion possibilities exist, the factors used may
differ from one region to another, from one season to another, and so on. When dealing with turbidity,
the expert must be vigilant with regard to meteorological and hydrodynamic conditions during
sampling. The analysis of these conditions can help put a bad result into perspective or confirm a good
one. Moreover, a high-resolution sampling strategy (using a buoy, for example) should be of interest to
identify extreme events such as storms and floods.

Most of the developments for the benthic compartment are undertaken within the framework
of MSFD descriptor 1 (Benthic Habitats) or WFD working groups or specific research studies [43].
For example, thanks to the DEVOTES project, Teixeira et al. [44] proposed a catalogue of marine
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biodiversity indicators. More recently, the BenthoVal project [45] “aims at giving better tools to evaluate
the ecological status of habitats and to better understand the spatial and temporal dynamic of benthic
diversity (alpha, beta, and gamma). This project will evaluate the Ecological Quality (EcoQ) of coastal
benthic habitats of Metropolitan France. It asks fundamental scientific questions, but will provide
guidelines that will help implement public policy in the short, mid, and long term. Specific objectives
include the development, validation, and application of methods to better evaluate EcoQ of benthic
marine habitats”. Works are still ongoing on national or EU levels to define what will be the best
benthic assessment methodology in the future. MSFD D5 assessment is very dependent on these works.

MSFD assessment requires aggregation and integration of many data sources. It is well known
that the choice of the method can considerably affect the assessment outcome [46,47]. The MSFD
methodological recommendations were such that WFD approach should be considered for coastal
waters and draw on the work of the Regional Seas Conventions (OSPAR) for offshore waters.
Unfortunately, WFD and OSPAR approaches were not harmonized (One Out All Out vs. the scoring
method, respectively) which made it difficult to propose a method that would not cause a break in
assessment between coastal (<1nm) and offshore waters. The One Out All Out principle, the “worst
status element” approach, often leads to false positive error (i.e., leading a waterbody to reach a worse
class status), and so it is regarded as a precautionary approach. According to Borja and Rodriguez [48],
it is just a starting point when dealing with aggregation/integration rules, and it should be avoided.
Consequently, the French eutrophication assessment approach was based on a less penalizing method
derived from OSPAR. Results were considered satisfactory during the 2006–2014 assessment. After a
spatial aggregation of data available for a given criterion and for each GAU on the assessment period,
a scoring method has been implemented to set if the considered criterion was above threshold (score +)
or not (score −). So, scores for each criterion have been integrated, considering a weighting grid to
classify each geographical assessment unit with a GES or a non-GES status. The OOAO approach
was only used to directly give a non-GES status when D5C6 (opportunistic macroalgae) criterion was
above threshold, as there is a consensus on the positive relationship between excessive nutrient inputs
and macrophytes abundances [49,50].

4.2. Identification of the Main Pressures

The use of an adaptive grid from the coastal to the offshore area as a geographical assessment
unit enabled us to identify precisely the areas impacted by eutrophication problems (the area from
the bay of Seine to the Picard estuaries, part of the Brittany coast, off the Loire and the Gironde river
plumes), but also to assess with some precision the surface area concerned (Table 3). For each grid at
sea, the objective was then to identify the main pressures on the catchment area, leading to a lower
status (non-GES status). Based on this pressure/state/impact census, it should be possible to propose
Environmental Objectives within the Programme of Measure pursuant to Article 13 of MSFD (program
of cost-effective measures to attain Good Environmental Status).

Based on OSPAR Riverine Input Data (1989–2015) and reports [51], it may be concluded that there
has been a general reduction in nitrogen inputs since 1990, but trends were weak or absent for most of
the rivers discharging in ECNS, CS, BB, and WMS. Conversely, phosphorus inputs have significantly
decreased since 1990, and a monotonous linear decreasing trend was observed. Beyond these general
trends, it was noteworthy that nitrogen inputs (total N or nitrate) increased in the eastern English
Channel (from the bay of Somme to the Belgian border) and for some tributaries and minor rivers in
BB (La Boutonne and La Livenne tributaries of the Adour–Garonne river) and in WMS (La Siagne,
La Gravonne, Le Tavaro). More generally, pressures on EU rivers remained relatively high despite
considerable effort to banish excessive nutrient uses [52].

Atmospheric inputs also need to be carefully considered, as they should account for a significant
portion of nutrient inputs (10 to 30%) [53]. The Comprehensive Atmospheric Monitoring Programme
(CAMP) aims at assessing the input of selected contaminants to OSPAR maritime area and its
regions via atmospheric deposition [54]. OSPAR used EMEP’s (European Monitoring and Evaluation
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Programme) modeled products for atmospheric deposition of selected contaminants. Assessment of
nutrient emission and deposition were only available at the OSPAR region scale. Consequently, it was
difficult to propose a quantification of nutrient emission and deposition for each sub-marine region.
Nevertheless, based on the assessment period 1980–2014, N deposition and emission showed a clear
decreasing trend for OSPAR Regions II and III (related to ECNS and CS), and Region IV (related to BB).
Emissions of oxidized nitrogen came mainly from agriculture, while emissions of reduced nitrogen
came from industrial combustion and maritime transport.

4.3. Recommendations for Future Assessments

Considering our specific eutrophication assessment experience, and as already mentioned
by Claussen et al. [2] in line with OSPAR science agenda [55], the main subjects to focus on for
better future quantitative ecological status assessments should be: Area specification and typing,
pressures/status/impact relationships (including climatic change cumulative and synergetic effects),
harmonized references and thresholds, relevant temporal and spatial resolutions, integration of
confidence rating, and modeling of nutrient fluxes along the land-sea continuum (including nutrient
reduction scenarios). Work on these subjects must be based on a good knowledge of eutrophication
processes, their dynamics, and on a high-level quality research, the themes of which have been
proposed by Ferreira et al. [28].

It seems appropriate to maintain a two-phase evaluation. The first step is to apply the recommended
metrics to the available data sets. An initial, purely numerical evaluation is thus obtained. It can
be automated using a dedicated calculation tool (e.g., HELCOM HEAT [56]) created by the experts
in charge of the evaluation at a national level or even on a larger scale in order to facilitate the
inter-comparability of the results obtained. The second step is to propose this assessment to local
scientific experts, water agencies, and stakeholders so that they can take into account studies and
research specific to their areas. Thus, the initial assessment can be modified to arrive at the final
classification, being then the reference. This stage of local expertise must be framed and the proposed
modifications must be argued and officially referenced. These modifications must be traceable.

As innovative technologies and associated numerical methodologies have been considerably
improved over recent years (see, for example, deliverables from the JERICO-NEXT project: http:
//www.jerico-ri.eu/), it seems feasible to consider new data sources, such as those from buoys,
ferry boxes (i) for the assessment status purposes but with consideration on consequences on metrics
which development was based on low resolution data sources) or (ii) as supplementary information to
enhance the overall final classification. The complementarity of low- and high-resolution approaches
should make it possible to take into account all the processes that explain the functioning of marine
ecosystems, from cells, from the population to community scale, from the local to the regional spatial
scale (as exemplified for phytoplankton bloom in [57]).

This integration of data from diverse and complementary sources implies the implementation of
an optimized data flow from the local to the national or even European level. Numerous EU initiatives
exist to propose databases and data portals for access to environmental data (ICES DOME, Emodnet,
Copernicus). More generally, as highlighted by the worldwide platform for global coastal and ocean
observation, ILTER, “understanding the threats to global biodiversity and ecosystem services posed by
human impacts on coastal and marine environments requires the establishment and maintenance of
ecological observatories that integrate the biological, physical, geological, and biogeochemical aspects
of ecosystems” [58]. These developments are to be pursued in a harmonized, optimized manner to
enable users of these data to easily find what they are looking for, without having to multiply the
channels of access to these data.
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Appendix A

Table A1. Absolute (km2) and relative (%) surface area in Good Environmental Status (GES) with
regard to DIN (D5C1) for each sub-marine region (SMR) in the English Channel and the southern bight
of the North Sea (ECNS), the Celtic Seas (CS), the Bay of Biscay (BB), and the Western Mediterranean
Sea (WMS) (NA: Not Assessed).

SMR Surface Area
Coastal Area Intermediate Area Offshore Area All SMR

GES no GES NA GES No GES NA GES No GES NA GES No GES NA

SMR
ECNS

surface(km2) 917 1076 424 8578 3308 0 14,045 0 0 23,540 4384 424
% 38 45 18 72 28 0 100 0 0 83 15 1

SMR
CS

surface (km2) 974 812 3087 6705 0 0 27,422 0 4464 35,101 812 7551
% 20 17 63 100 0 0 86 0 14 81 2 17

SMR
BB

surface (km2) 4822 325 2985 13,420 955 0 136,847 0 29,010 155,089 1280 31,995
% 59 4 37 93 7 0 83 0 17 82 1 17

SMR
WMS

surface (km2) 0 0 4631 19,715 36 0 86,668 0 0 106,383 36 4631
% 0 0 100 100 0 0 100 0 0 96 0 4

Table A2. Absolute (km2) and relative (%) surface area in Good Environmental Status (GES) with
regard to DIP (D5C1) for each sub-marine region (SMR) in the English Channel and the southern bight
of the North Sea (ECNS), the Celtic Seas (CS), the Bay of Biscay (BB), and the Western Mediterranean
Sea (WMS) (NA: Not Assessed).

SMR Surface Area
Coastal Area Intermediate Area Offshore Area All SMR

GES No GES NA GES No GES NA GES No GES NA GES No GES NA

SMR ECNS
surface (km2) 0 0 2417 9801 2085 0 14,045 0 0 23,846 2085 2417

% 0 0 100 82 18 0 100 0 0 84 7 9

SMR CS
surface (km2) 0 0 4873 6705 0 0 27,422 0 4464 34,127 0 9337

% 0 0 100 100 0 0 86 0 14 79 0 21

SMR BB
surface (km2) 0 0 8132 12,008 2367 0 136,847 0 29,010 148,855 2367 37,142

% 0 0 100 84 16 0 83 0 17 79 1 20

SMR WMS
surface (km2) 0 0 4631 19,751 0 0 86,668 0 0 106,419 0 4631

% 0 0 100 100 0 0 100 0 0 96 0 4

Table A3. Absolute (km2) and relative (%) surface area in Good Environmental Status (GES) with
regard to Chlorophyll-a concentration (D5C2) for each sub-marine region (SMR) in the English Channel
and the southern bight of the North Sea (ECNS), the Celtic Seas (CS), the Bay of Biscay (BB), and the
Western Mediterranean Sea (WMS) (NA: Not Assessed).

SMR Surface Area
Coastal Area Intermediate Area Offshore Area All SMR

GES No GES NA GES No GES NA GES No GES NA GES No GES NA

SMR ECNS
surface (km2) 1886 267 264 9 285 2601 0 14,045 0 0 25,216 2868 264

% 78 11 11 78 22 0 100 0 0 89 10 1

SMR CS
surface (km2) 1786 0 3087 6705 0 0 31,886 0 0 40,377 0 3087

% 37 0 63 100 0 0 100 0 0 93 0 7

SMR BB
surface (km2) 4994 152 2985 14,207 168 0 165,857 0 0 185,058 320 2985

% 61 2 37 99 1 0 100 0 0 98 0 2

SMR WMS
surface (km2) 3108 0 1524 19,725 32 0 86,668 0 0 109,501 32 1524

% 67 0 33 100 0 0 100 0 0 99 0 1
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Table A4. Absolute (km2) and relative (%) surface area in Good Environmental Status (GES) with
regard to water transparency (turbidity) (D5C4) for each sub-marine region (SMR) in the English
Channel and the southern bight of the North Sea (ECNS), the Celtic Seas (CS), the Bay of Biscay (BB),
and the Western Mediterranean Sea (WMS) (NA: Not Assessed).

SMR Surface Area
Coastal Area Intermediate Area Offshore Area All SMR

GES no GES NA GES No GES NA GES No GES NA GES No GES NA

SMR ECNS
surface (km2) 2137 0 280 11,836 50 0 14,045 0 0 28,018 50 280

% 88 0 12 100 0 0 100 0 0 99 0 1

SMR CS
surface (km2) 3106 0 1767 6705 0 0 31,886 0 0 41,697 0 1767

% 64 0 36 100 0 0 100 0 0 96 0 4

SMR BB
surface (km2) 5147 0 2984 13 885 251 0 165,857 0 0 184,889 251 2984

% 63 0 37 98 2 0 100 0 0 98 0 2

SMR WMS
surface (km2) 2259 0 2372 19,699 58 0 86,668 0 0 108,626 58 2372

% 49 0 51 100 0 0 100 0 0 98 0 2

Table A5. Absolute (km2) and relative (%) surface area in Good Environmental Status (GES) with
regard to oxygen concentration (D5C5) for each sub-marine region (SMR) in the English Channel and
the southern bight of the North Sea (ECNS), the Celtic Seas (CS), the Bay of Biscay (BB), and the Western
Mediterranean Sea (WMS) (NA: Not Assessed).

SMR Surface Area
Coastal Area Intermediate Area Offshore Area All SMR

GES No GES NA GES No GES NA GES No GES NA GES No GES NA

SMR ECNS
surface (km2) 2137 0 280 11,886 0 0 14,045 0 0 28,068 0 280

% 88 0 12 100 0 0 100 0 0 99 0 1

SMR CS
surface (km2) 1786 0 3087 6705 0 0 27,422 0 4464 35,913 0 7551

% 37 0 63 100 0 0 86 0 14 83 0 17

SMR BB
surface (km2) 4619 0 3512 13,218 912 0 136,847 0 29,010 154,684 912 32,522

% 57 0 43 94 6 0 83 0 17 82 1 17

SMR WMS
surface (km2) 152 0 4479 19,757 0 0 86,668 0 0 106,577 0 4479

% 3 0 97 100 0 0 100 0 0 96 0 4
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