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1 Abstract

The assessment of water quality, and in particular eutrophication, has been a core strategy
to disseminate and communicate the impact of anthropogenic influences on our coastal and
marine waters in the UK. Initial assessments focused heavily on single metrics associated
with a numerical threshold, where the supporting science concentrated on understanding
the importance of that threshold and relating exceedances to a management action. As our
understanding of the complexity of processes occurring in the coastal zone, in terms of
variability, time lags, ecological interactions and resilience has evolved, so has the structure
of our water quality reporting and the composition of the reporting metrics. Water quality
reporting should now consider the importance of cumulative impacts, in terms of water
quality changes within a warming world and recognise that the bottom up and top-down
processes are needed to inform and direct our understanding of what constitutes an
acceptable and sustainable level of use. This paper will present a review of approaches for
eutrophication assessment, identifying the pathways required to progress our assessments
to fully encapsulate complexity, embed new indicators and improve understanding of a
shifting baseline.

2 Introduction

Excess nutrients from fertiliser application, pollution discharge, urban wastewater and
sewage treatment plant outflow through rivers from lands to oceans, impacting on the
coastal water quality and coastal ecosystems (Devlin & Brodie, 2023; Paerl & Piehler,
2008; Painting et al., 2007). Terrestrial runoff of waters polluted with nutrients (primarily
nitrogen [N] and phosphorus [P] compounds) from point sources, such as sewage
treatment plant (STP) discharges, and diffuse sources via river discharges, such as
fertiliser losses, have had devastating adverse effects in coastal and marine ecosystems
globally (Ngatia et al., 2019; Ryther & Dunstan, 1971; Smith, 2003). Biomass production of
plant matter in coastal waters is often limited by the availability of nitrogen and/or
phosphorus (light is a limiting factor in turbid zones). Increased anthropogenic inputs of
these substances can lead to increased biomass production that disturbs the natural
ecological balance in marine ecosystems (de Raus Madre et al., 2021). This disturbance,
the process of eutrophication, is seen globally as one of the biggest threats to marine
ecosystem health. Eutrophication, like climate change, is a global issue with coastal
regions throughout the world being impacted through the input of elevated nutrients
(Laurent et al., 2018; Meier et al., 2019)

Eutrophication has a substantial impact on our coastal and marine systems and can limit
access to ecosystem services by acting as a pressure on biodiversity and the ecosystem
(Kermagoret et al., 2019; Rhodes et al., 2017). Even at a low level, increased nutrient
loads and changing proportions of nutrients result in phytoplankton biomass and species
shifts which affect higher trophic level species (Carstensen et al., 2011; Duarte, 2009;
Duarte et al., 2009). Species shifts are frequently characterized by bloom events which
have significant economic impacts as they reduce attractiveness and amenity value of
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coastal waters. Increased phytoplankton biomass reduces light penetration which in turn
causes habitat loss by limiting areas where seaweeds and seagrasses can grow (Carolina,
2002; Foden et al., 2005). These habitats are important for maintaining nursery
populations of fish. 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. Extreme hypoxia and anoxia lead to a
loss of both biotic and abiotic water quality regulation, as previously sequestered nutrients
are lost from sediment surfaces and bacterial denitrification processes change (Devlin and
Brodie, 2023). Well-documented adverse ecological responses of increased nutrient
discharge to coastal and marine waters include harmful algal blooms (HABs) (Glibert and
Burford, 2017; Hudnell, 2008), changed preponderance and dominance of certain types of
algae over other benthic plants (seagrass, coral, other algae) (Lapointe et al., 2018;
Lapointe et al., 2019) hypoxia and subsequent “dead zones” (Diaz and Rosenberg, 2008)
habitat degradation, and adverse changes in aquatic food webs (Carpenter et al., 1998;
Gross and Hagy, 2017).

Eutrophication in the 1970’s was related to point source pollution with program of
measures focused primarily on the reduction of phosphorus and management of nitrogen
from sewage treatment. Whilst there were catchment-based programs such as the
Nitrogen Vulnerable Zones (NVZ), the abatement of diffuse nitrogen and other agricultural
pollutants has been less effective. Diffuse nitrogen losses are now the main sources of
nitrogen loading into coastal and marine waters.

Mitigation of eutrophication presents many layers of complexity, needing multiple, often
cumulative actions over large spatio-temporal scales (Thornton et al., 2013). Solutions to
tackle eutrophication need to address the entire land-sea continuum and to measure a
whole range of complex interactions and impacts. Our previous way of thinking needs a
re-analysis of the issues, and an updating of how we approach the problems, and a
rethinking of the solutions.

2.1 Eutrophication assessments in the UK

Our eutrophication assessments in the United Kingdom have changed politically in
multiple ways and in multiple directions. The shift from reporting under EU environmental
directives to a more nationally based marine strategy is challenging but has also acted as
a catalyst to rethink how we manage our environment in respect to eutrophication. This is
particularly relevant given our reporting to OSPAR for eutrophication and chemical
contamination (Claussen et al., 2009; Devlin et al., 2023; Foden et al., 2011; Malcolm et
al., 2002). However, previous assessments have identified ongoing issues with the
eutrophication assessment approach with a disconnect between geographical boundaries
and thresholds still hindering our understanding of eutrophication state across coastal and
marine waters. Progress was made under the recent OSPAR eutrophication thematic
report with 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 (Devlin et al., 2023).
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National work has focused on developing improved assessments under the UK Marine
Strategy, developing ecologically relevant assessment areas, which are not constrained by
geographical boundaries, developing assessment levels based on historical scenarios and
modelling and applying a harmonised assessment across the North-East Atlantic and
much stronger alignment with nearshore and coastal marine waters under The Water
Environment (Water Framework Directive) (England and Wales) Regulations 2017
(legislation.gov.uk).

The assessment of water quality has been a core strategy to disseminate and
communicate the impact of anthropogenic influences on our coastal and marine waters.
Initial assessments focused heavily on single metrics associated with a numerical
threshold, where the supporting science concentrated on understanding the importance of
that threshold and relating exceedances to a management action. As our understanding of
the complexity of the coastal zone, in terms of variability, time lags, ecological interactions
and resilience has evolved, so has the structure of our water quality reporting and the
composition of the reporting metrics. Water quality reporting now considers the importance
of cumulative impacts, in terms of water quality changes within a warming world and
recognise that both bottom up and top-down processes are needed to inform and direct
our understanding of what constitutes an acceptable and sustainable level of use. This
paper will present the outcomes of a prioritisation exercise, looking at the urgency required
to shift our eutrophication programs and assessment frameworks to better encapsulate a
changing baselines and increased understanding. The outcomes of the prioritisation will
be presented and discussed in terms of failures and successes and discusses the options
for future decision makers.

2.2 Eutrophication indicators

Assessment of eutrophication has typically focused on the measurements of three primary
indicators, which typically include dissolved nutrients (nitrogen and phosphorus),
phytoplankton biomass (typically measured as chlorophyll-a) and dissolved oxygen.
However, various eutrophication assessments apply additional assessments, focusing on
measures that indicate if the increased nutrients are impacting on ecosystem state. These
measures or metrics can include phytoplankton community, harmful algal blooms and fish
kills. The type of primary and secondary metrics varies depending on the water type,
geographical area and monitoring program (Table 1). Dissolved inorganic nitrogen,
phosphorus and silicate concentrations are measured in winter when biological activity
and uptake of nutrients by phytoplankton is low. Chlorophyll-a concentrations, measured
as a proxy for the (carbon) biomass of phytoplankton, are the net result of several
processes: the production of phytoplankton biomass which is determined by nutrient
concentrations but also by light and temperature, and the loss of phytoplankton biomass
which is determined by mortality, sinking and grazing. Due to these many interacting
factors, the response of phytoplankton biomass to changes in nutrient input is complex
and system specific. While there are examples of water systems within the OSPAR
Maritime Area where reduced nutrient inputs have resulted in lowered phytoplankton
biomass or production this is not always the case due to the complexity of interacting
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processes. Nevertheless, this parameter is a useful direct effect assessment parameter of
nutrient enrichment.

Table 1: Summary of current eutrophication indicators, identifying the metrics used within
each of the three UK frameworks (Water Framework Regulation (England) or Water
Framework Directive (Wales, Scotland), UK Marine Strategy and the OSPAR Comprehensive
Procedure. NI = Not implemented.

(area-specific)

Category Indicator UK assessment frameworks
Water Environment | UK Marine | OSPAR
(Water Framework | Strategy Comprehensive
Directive) procedure
Regulations
Category 1
Physico- Nutrient concentrations - Elevated | Winter Mean DIN, | Winter Mean | Winter Mean
chemical level(s) of winter DIN and/or DIP DIP DIN DIN
N/P ratio - Elevated winter N/P NI NI Partly
ratio
TN & TP - Total nitrogen and NI NI Partly
phosphorus
Category 2
Direct Chlorophyll-a concentration 90 Growing Season | Mix GS 90" % | Growing
biological percentile level or mean 90t % and GS Mean | Season Mean
impacts Phytoplankton indicator species Single Species and | Partly NI
(area-specific) total taxa count
e Elevated levels of
nuisance/toxic indicator species
e increased duration of blooms
e Elevated counts
Macrophytes including Opportunistic Partly NI
macroalgae (area-specific) macroalgae
Shift from long-lived to short-lived
nuisance species, Elevated levels
(biomass or area covered)
opportunistic green macroalgae)
Category 3
Indirect Oxygen deficiency Surface DO Mix of Surface | Bottom DO
Biological Decreased levels (< 2 mg I'1: acute DO and
impacts toxicity; 2 - 6 mg I'%: deficiency) and Bottom DO.
lowered % oxygen saturation
Zoobenthos and fish NI NI NI
Organic carbon/organic matter NI NI NI

Photic limit (transparency of the
water column

Turbidity Used in
TWs
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3 Eutrophication assessments —what is
needed.

One of our current challenges has been to respond to shifts in our understanding of
eutrophication and a shifting baseline. We need to explore how we can become more
confident in the outcomes of national assessments by better use of high frequency data,
improved technology, modelling, mapping, and working across the catchment to coast
continuum - the area across which nutrients move from their place of use or place of
discharge to the sea. Through discussions with relevant government agencies who are
responsible for some aspect of eutrophication monitoring and/or assessment, priorities for
future work were identified for five broad knowledge areas, ranging across five themes.
The five themes are DATA, ALIGNMENT, INDICATORS, PELAGIC and CLIMATE
covering 12 recommendations identified to improve eutrophication monitoring and
assessment.

3.1 Knowledge gaps

3.1.1 DATA
3.1.1.1 High Frequency data

High frequency data from new and improved technology is now creating high volumes of
data and is changing the shape of data in our coastal and marine assessments (Bean et
al., 2017; Mills et al., 2004). These shifts need to consider data streams that can fully
integrate novel and high frequency data to improve understanding of the complex coastal
and marine processes (Addison et al., 2018; Dafforn et al., 2016).

One of our challenges in improving our understanding of eutrophication, and progress in
our national assessments is through better use of high frequency data and improved
technology. For example, under the recent OSPAR comprehensive assessment (Devlin et
al,.2023a; Devlin et al., 2023b) earth observation data has been used in the assessment
for the first time (van Leeuwen et al., 2023). Higher data frequency over these reporting
areas and through different time periods makes it easier to understand if changes are
occurring and what we need to do to mitigate problems and to protect areas that have high
ecological value.

The use of multiple instruments such as the growth in sensor technology, ecosystem
models, uptake of remote sensing and high frequency autonomous data have resulted in a
rapid increase in the amount of data that is collected across spatial and temporal scales.
Although many of these instruments are still reliant on some form of discrete sampling to
calibrate measurements, a comparison between these indicators (chlorophyll and
dissolved oxygen), and one that relies solely on discrete sampling (nutrients)
demonstrates the increase in spatial coverage that multiple sources of data can provide.
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Recommendation 1: High frequency data is incorporated into the assessment. High
frequency data encompasses BIG data, autonomous sensors, satellite data, depth profile
data (CTD) and other innovative approaches to measuring high spatial and temporal water
guality data.

3.1.1.2 Targeted and increased sampling in low or limited data areas

Many of the waterbodies in the UK have limited or no data, and thus, even areas in good
and high status can have very low confidence due to limited or low data collection. For
some parameters, we are very reliant on the in-situ and discrete sampling, such as
nutrients, and it is difficult (currently) to increase data frequency through earth observation
data. This is particularly relevant when you have a short assessment period for winter
nutrients (from November to February) that limits sampling and requires in-situ sampling at
logistically difficult times of the year. Current monitoring data is relatively sparse leading to
minimal assessment options and requires a revised approach.

Another major issue with data in our eutrophication assessments is the lack of confidence
in the nutrient load program and our ability to accurately assess long-term nutrient load
trend, Accurate and timely information on nutrient concentrations and loads is integral to
strategies designed to improve human well-being and successfully manage the underlying
drivers of water quality impairment and inform our program of measures (Joo et al., 2012;
Pellerin et al., 2016). This is an ongoing problem, where limited (or no) data frequency is
impacting on our ability to understand if our river systems are changing. Recent studies
have identified a common problem for many coastal waters, where abatement of
phosphorus loads has occurred at a much faster rate than nitrogen abatement and
mitigation (Devlin & Brodie, 2023b; Lu & Tian, 2017; Ngatia et al., 2019). This has led to
imbalanced nutrient ratios, where rivers and coastal systems are experiencing a reduction
of P, but stable or increases in N (most likely due to diffuse N from agriculture) with these
imbalances impacting on plankton communities in coastal waters (Romero et al., 2012).
But there is a lack of understanding of the extent of this issue, coupled with changing
climate and shifts in seasonality mean that we are not tracking these changes with
confidence.

Recommendation 2: Increase data collection in areas with limited or no data, areas with
low confidence assessment outcomes and for nutrients in the load monitoring program.

3.1.1.3 Inclusion of riverine influenced areas to understand transport and fate in
assessments.

To date, water quality assessments made under UK Marine Strategy and OSPAR Comp
Procedure have used assessment areas defined by geographical or political boundaries
rather than those which are ecologically coherent and fully represent the extent of
terrestrial influence in marine waters. The UK coastal zone has a large extent with
dynamic spatial and temporal fluctuations with tides, areas with a seasonally stratified
water column, wind, river discharges all influencing the behaviour of the eutrophication
indicators. Whilst the WER (WFD) did develop an approach to defining transitional and
coastal typologies that were characterised by tidal range, mixing, salinity and depth, the
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edge of the coastal assessment areas were defined by an arbitrary 1nm offshore for
England, Wales and NI and by 3nm for Scotland, leading to abrupt changes over the
nearshore to coastal assessment areas. There is a need to reconsider the assessment
areas and increase our understanding of the role of the riverine influenced area that lies
between the UK transitional and coastal waters, riverine plume areas and further offshore
assessment areas.

Riverine freshwater plumes are the major transport mechanism for nutrients, sediments
and pollutants and connect the land with the receiving coastal and marine waters.
Knowledge of the variability of the freshwater extent into UK marine waters is relevant for
environmental management to develop strategies for improving ecosystem health and risk
assessments (Devlin et al., 2011; Schroeder et al., 2010). The area of the riverine
influence has been mapped previously with salinity and SPM (Desmit et al., 2024; Fettweis
et al., 2022) and salinity (lvanov et al., 2020) but whilst useful for understanding
hydrodynamic variability, it is difficult to extract imagery of the plume extent. Sea surface
salinity is the most traditional conservative tracer of freshwater discharge however, it can
be difficult to extract direct satellite-based salinity measurements in sufficient spatial
resolution for coastal applications (Schroeder et al., 2010). A new approach defining the
water quality assessments, using satellite derived particulate matter (SPM) and in situ
salinity can be a better reflection of the physical, chemical and biological processes
present in the water (Greenwood et al., 2019). Although this method can provide
assessments across ecologically homogeneous areas, defining river plumes seasonally
and on a relatively high resolution in the coastal areas is still required to assess the water
guality conditions across estuarine and intertidal habitats (Fronkova et al., 2022; Heal et
al., 2023). Plume mapping of UK waters has now progressed through deriving and
mapping the Forel Ule colour scale, as determined from Sentinel-3 satellite imagery. Using
the relationship between ocean colour and water quality parameters, recent work has now
developed geographically defined assessment areas through the mapping of ocean colour
(Fronkova et al., 2022; Greenwood et al., 2019; Heal et al., 2023). Improved mapping of
riverine extent has provided new “plume” areas within UK assessment areas and were
used for the first time in the recent OPSAR eutrophication thematic assessment and the
UK marine Strategy assessing environmental status across transitional to marine waters
(Devlin et al., 2023).

Recommendation 3: Reporting of riverine plume extent as part of eutrophication
assessments and use of ocean colour to define the full riverine extent for UK rivers.
Harmonisation between coastal waterbodies, plumes and offshore waters is also required.

3.1.1.4 Improve knowledge around natural variability.

To allow for natural variability, the original OSPAR assessment procedure for
eutrophication (Comprehensive Procedure) sets the threshold between Non-
Problem/Problem Area (elevated levels) at 50% above natural background concentrations,
which is equivalent to the boundary setting good/moderate for the EU Water Framework
Directive (WFD). The 50% level corresponds to the recent natural variability of nutrient
gradients in coastal and estuarine waters in the UK. For eutrophication effects such as
oxygen deficiency, reduced transparency and increased transboundary loads, especially
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for offshore regions, 50% (Maas-Hebner et al., 2015) exceedance of the natural
background surpasses ‘slight differences’ as recommended by the boundary
good/moderate for the WFD (Claussen et al., 2009; Topcu et al., 2009).

Recommendation 4: Analysis of long-term data to assess natural variability, looking at
values that represent different areas, different parameters, and different seasons.
Calculate new values for the difference between non-problem and problem areas that
represent natural variability.

3.1.1.5 Trend analysis within eutrophication assessments

Assessments typically share monitoring data across geographic and jurisdictional
boundaries. Doing so improves their abilities to assess local, regional-, and landscape-
level environmental conditions, particularly status and trends, and to improve their ability to
make short- and long-term management decisions (Maas-Hebner et al., 2015). Status
monitoring assesses the current condition of a population or environmental condition
across an area. Monitoring for trends aims at monitoring changes in populations or
environmental condition through time. Our assessments, with a multimetric approach
using several indicators is based on a status assessment (so a value aggregated over 6-
year cycle) but associated trend assessments are not presented as part of the quantitative
assessment. We need to incorporate understanding the trends within our assessments
with a consideration of state and trend to fully encapsulate not only current state, but the
trajectory of change and future predictions.

Recommendation 5: Incorporate trend analysis into assessment, identifying trajectory of
change and prediction of future state.

3.1.2 ALIGNMENT

3.1.2.1 Harmonising assessment areas, indicators, and thresholds

Area-specific assessment levels have been established based on levels of increased
concentrations and trends as well as on shifts, changes, or occurrence. Assessment levels
are defined in general terms as a percentage above an area-specific reference condition.
This reflects natural variability and allows for a ‘slight disturbance’ as is also the case for
assessment under the Water Framework Directive. Under the recent OSPAR
comprehensive assessment (Devlin et al., 2023) there has been a move to a more
harmonised approach in the development of common indicators, data, and assessment
areas for our reporting and to achieve greater spatial coverage of all our marine reporting
regions (Devlin et al., 2023). The harmonisation under OSPAR has not translated into our
UK eutrophication assessment, where there is a disconnect between thresholds
developed for transitional and coastal waters and those developed for plumes and
offshore. Despite this, the gradient between inshore to offshore reflects a reducing
concentration gradient against salinity, but more work is required to ensure that the
indicators and thresholds are linked across the political boundaries between UKMS and
WFR/WEFD.
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Recommendation 6: Harmonise assessment areas and thresholds across the UK
eutrophication assessments.

3.1.2.2 Integration across ecological boundaries from catchment to coast

Historically, UK marine and terrestrial environmental policies have been largely delivered
in isolation despite the marine system being explicitly connected to the land with most of
the marine pollution originating from terrestrial sources. This has resulted in a disconnect
between inshore and offshore assessments. Furthermore, this disaggregated approach
can negatively impact on our understanding of how land-based management measures
need to consider and assess climate change related changes. A fully integrated catchment
to coast approach has greater potential to change the input of terrestrial contaminants into
our marine environment with subsequent positive effects on the coastal ecosystem.

Eutrophication assessment for the UK Marine Strategy (hereafter UKMS) still relies
strongly on adding in two different assessments — OSPAR and the Water Environment
(Water Framework Directive) Regulation (WFD/WER) (Devlin et al., 2009, 2023; Foden et
al., 2011). Whilst there is some compatibility between the approaches, there are more
differences than similarities. For example, we report nutrients in the UKMS collated from
both WFD/WER and OSPAR assessment, but there are small but significant differences in
how both approaches derive an outcome from nutrients. The WFD/WER nutrient
assessment is an aggregation of two indicators for Winter DIN and Winter DIP, whilst the
OSPAR nutrient is based on DIN and DIP measured separately. The biggest difference is
how the overall “eutrophication” is calculated, meaning that the read across in coastal to
offshore areas is not seamless. WFD/WER use the physico-chemical assessment to
identify high risk areas for eutrophication whilst the outcome of the Winter DIN and Winter
DIP in OSPAR is not accounted for in the final assessment. There are other differences
between the chlorophyll and dissolved oxygen assessment, again, small but significant,
and result in multiple differences between the two approaches for the final assessment of
eutrophication. Ultimately there is a disconnect between the catchment to coast, with an
arbitrary policy line at 1nm, that separates out coastal water bodies under WFD/WER and
our riverine plume areas and further offshore assessment areas under OSPAR and
UKMS. It also means we struggle with data frequency in those very important plume areas
as over past few years, agencies such as Cefas tend to focus more offshore and agencies
such as Environment Agency are monitoring estuarine and inshore, with limited sampling
in the plume areas.

Recommendation 7: Better integration of WER (WFD), UKMS and OSPAR to ensure
indicators, assessment areas and thresholds are harmonised across ecological and
geographical boundaries.
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3.1.3 INDICATORS

3.1.3.1 Consider complex interactions that define susceptibility into the
assessment.

Traditionally eutrophication indicators have relied on nutrients, phytoplankton biomass
(measured as chlorophyll) and dissolved oxygen. These parameters are, and continue to
be, highly relevant indicators when measuring the extent and impact of eutrophication
issues.

However, the use of these indicators can limit understanding of impacts, and there is an
urgent need to expand, both in the improvement of our current indicators and development
of new indicators. Measures of light attenuation, coastal darkening, and ocean colour are
all measures that provide information on the clarity and composition of the water column
and can help informed susceptibility of the coastal and marine waters to eutrophication.

Chromophoric dissolved organic matter (CDOM) offshore originates predominantly from
bacterial decomposition of phytoplankton cells, whereas in coastal waters, CDOM is
dominated by humic and fulvic acids of terrestrial origin and transported to the seas
through freshwater runoff from the land as well as autochthonous CDOM from salt
marshes, mangroves, inter- and sub tidal benthic microalgae, seagrasses, macro-algae
and corals (Carder et al., 1989). CDOM is a useful surrogate for salinity in coastal waters
and an important component of light attenuation. Vertical attenuation of light through the
water column is attributable to the optically active components of phytoplankton,
suspended particulate material (SPM) and (CDOM) with CDOM not routinely measured in
UK waters (Foden et al., 2008).

The use of ocean colour has been incorporated into a risk framework to assess the impact
of river plume exposure on marine ecosystems in English waters. This can be used to
identify ecosystems which may experience acute or chronic high exposure to
contaminants in river plumes and help evaluate the susceptibility of coastal ecosystems to
land-sourced contaminants and track long term changes related to flow and pollution
loads. Such an approach can be used to enhance the link between marine management
and environmental land management schemes.

CDOM, ocean colour, light attenuation, turbidity and suspended particulate matter are all
important components to measure to understand both freshwater extent and the dynamics
of the light conditions. Foden et al., 2008 discusses how a simple dose-response model of
nutrient enrichment to risk of eutrophication does not consider the important role light
plays in marine waters, and limits understanding of the complex interactions at play.
Cloern (2001) recognises system attributes that ‘filter’ responses to changes in nutrient
loading, including: the underwater light climate, horizontal exchange, tidal mixing, grazing
and biogeochemical processes. This complex response determines susceptibility, which
influences the assessment of eutrophication status. The light climate is highly variable in
UK waters and therefore of particular significance regarding the risk of eutrophication
(Devlin et al., 2008; Foden et al., 2008, 2011).
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Over the last century, the world oceans and coastal regions have seen marine lightscapes
changing in two fundamental ways. Firstly, some regions have experienced a long-term
reduction in water clarity, referred to as Coastal Darkening (Aksnes et al. 2009), with
large-scale drivers connected to effects of climate change (more frequent and intense
rainfall, increased temperatures, melting permafrost and glaciers) and other human
activities, such as changes in catchments’ properties and activities that increase erosion
(Dupont and Aksnes, 2013; Frigstad et al., 2023, Organelli et al., 2017). A reduction in the
light availability will affect all organisms that are dependent on light for photosynthesis,
such as phytoplankton, benthic macroalgae and seagrasses, in addition to animals’
dependent on light for feeding or other purposes (Opdal et al., 2019; Capuzzo et al., 2015;
Wollschlaeger et al., 2021). Secondly, some coastal regions are experiencing a
brightening of the night-time light environment linked to urbanisation, on- and offshore
infrastructures, fisheries, and shipping (Davies et al., 2014; Davies et al., 2020; Smyth et
al., 2021). Knowledge of coastal darkening and other changes in natural light conditions
needs to be a key part of eutrophication (and climate change) assessments into the future.

Recommendation 8: Develop indicators that measure components of light attenuation,
ocean colour and coastal darkening. Consider complex interactions that influence
susceptibility in the eutrophication assessment.

3.1.3.2 Reset of traditional approach to eutrophication

Positive environmental and societal change related to monitoring and assessment entails
a move away from a single pressure-state response through to the development of
integrated frameworks across ecosystems, pressures, stakeholders, and policy.

Improvements that could be beneficial for eutrophication assessments include
quantification of economic and environmental connections, greater integration of the
reporting of complex interactions between social, economic, and ecological factors, multi-
disciplinary frameworks and enhanced community engagement. Processes or programs
that deliver these improvements have been identified for programs that cost environmental
successes as marine natural capital and holistic approaches that consider health between
the environment and humanity as intrinsically linked in terms of water quality
improvements. Additionally, programs that include clear elucidation between cause and
consequence, socio-economic pathways, and greater levels of engagement with
communities are all attributes of successful monitoring and evaluation programs that could
be applicable to UK coastal and marine systems.

Incorporation of natural capital into monitoring programs has been a successful way to
incorporate the system flows between ecology, goods and services, and benefits to human
wellbeing. In the recent marine natural and ecosystem assessment for the UK (MNCEA),
there are several projects exploring these links between environmental assets, flow and
human wellbeing (Rhodes et al., 2017). Fully integrated assessments such as the One
Health approach where the multiple interconnections that exist between environmental,
animal and human health are also considered as a technique to incorporate multiple
benefits to multiple end-users (Backer & Miller, 2016; Cork et al., 2016; Stentiford et al.,
2020). A greater understanding of the relationship between ecological and economic
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production for these beneficiaries will also be important for understanding the magnitude
of changes in human well-being (Rhodes et al., 2017).

Greater engagement of the community, not only through data collection, but as an
important part of the evaluation side, and by becoming embedded in decision making
around policy and governance should be a key requirement of greater success in
monitoring and evaluation programs.

Recommendation 9: Continue to incorporate marine Natural Capital into national
monitoring programs, align assessments with integrated ecological approaches such as
DPSIR and One Health. Re-engage and renew ecosystem approach within the
eutrophication assessments.

3.1.4 PELAGIC
3.1.4.1 Embed linkages with plankton indicators and long-term trends.

Collecting information on pelagic data will provide will move our reliance from common
indicators (nutrients, chlorophyll, dissolved oxygen) to better estimates of community shifts
such as nutrient imbalances, plankton lifeforms, and ecosystem functioning.

Shifts in species composition from diatoms to flagellates may indicate a shift in the
balance of organisms due to eutrophication. The composition of the phytoplankton
community could be compared with area-specific reference conditions and be expressed
by the ratio of diatoms to flagellates. This approach can be picked up as part of PH1 under
OSPAR and UKMS biodiversity assessments. Eutrophication is a complex process and
often associated with not only a change in overall algal biomass but also with a change in
biodiversity. Common metrics of eutrophication (e.g., chlorophyll a), total nitrogen (TN) and
phosphorus (TP) are not adequate for understanding biodiversity changes, especially
those associated with harmful algal bloom (HAB) proliferations (Glibert, 2017). To
maximise the utility of the plankton lifeform approach for informing the management of
marine ecosystems, changes in the abundance of lifeforms need to be attributed to drivers
of change. These drivers may include ‘directly manageable’ anthropogenic pressures
(such as eutrophication caused by nutrient loading) as well as larger-scale and longer-
term changes in climate and oceanography (Bedford et al., 2018). Ecological time-series
are critical for understanding the drivers of change, especially of climatic factors such as
changing thermal regimes (Edwards et al., 2010; Giron-Nava et al., 2017).

Temperature change and eutrophication are known to affect phytoplankton communities
(McQuatters-Gollop et al., 2007), but we have limited information on the effects of
interactions between simultaneous changes of temperature and nutrient loading in coastal
ecosystems. Such interactions have been key in driving diatom-dinoflagellate dynamics in
coastal systems such as the East China Sea. Diatoms preferred lower temperature and
higher nutrient concentrations, while dinoflagellates were less sensitive to temperature and
nutrient concentrations but tended to prevail at low phosphorus and high N:P ratio
conditions (Xiao et al., 2018). These different traits of diatoms and dinoflagellates can
cause different responses, with both the effect of warming resulting in nutrients decline as
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a consequence of increasing stratification and the effect of increasing terrestrial nutrient
input as a result of eutrophication promoting dinoflagellates over diatoms (Xiao et al.,
2018). Thus, with warming and eutrophication combined might promote dinoflagellates
over diatoms.

Within the phytoplankton community, the consequences for diatoms and dinoflagellates
are a major concern because these taxa play key roles in ecosystem processes and form
the basis of many aquatic food webs (Agusti et al., 2014, Menden-Deuer and Lessard,
2000). Diatoms and dinoflagellates are two typical groups that form harmful phytoplankton
blooms, which can adversely affect human health as well as marine fisheries and
aguaculture (Anderson et al., 2002, Moore et al., 2008). In fact, dinoflagellates and
diatoms account for 75% and 5% of all harmful phytoplankton species, respectively
(Smayda and Reynolds, 2003). Regime shifts in the diatom—dinoflagellate composition has
occurred in the Baltic Sea (BS) and Bohai Sea (BHS) under eutrophication and have
affected the entire coastal ecosystem, damaging the regulatory, provisioning, cultural, and
supporting service functions of marine ecosystems (Chen et al., 2024).

Larger plankton have long been used to monitor ecosystem productivity and biodiversity
due to their identification via traditional light microscopy. In contrast, the regular monitoring
of pico- and nanoplankton (<20 um; “tiny plankton”) only started with the development of
flow cytometry techniques, which has limited their inclusion as ecosystem health
indicators. However, McQuatter-Gallop et al., 2024 recently showed strong correlations
between the clustering of the tiny plankton with environmental variables, including
nutrients. Thus, future monitoring for ecosystem impacts from eutrophication should
include tiny plankton groups as plankton lifeforms, either individually or in combination, to
inform biodiversity indicators that meet policy obligations under the EU Marine Strategy
Framework Directive (MSFD), (Oslo-Paris Convention) OSPAR strategies, and the UK
Marine Strategy (Bedford et al., 2018; McQuatters-Gollop et al., 2024)

Many countries have reported undergone regime shifts in phytoplankton community
composition; the proportion of diatoms has decreased, whereas that of non-diatoms such
as dinoflagellates and cyanobacteria has increased (Bologa et al., 1995; Chen et al., 2024;
Granéli & Turner, 2002; Lehtinen et al., 2017; Lu et al., 2023; Moon et al., 2021; Romero
et al., 2012) . A shift in the phytoplankton community composition from diatoms, which
have traditionally been dominant, to non-diatoms, can increase jellyfish abundance (Chen
et al., 2024; Granéli & Turner, 2002) . This change can have several consequences,
including reduced energy transfer, higher respiration rates (higher oxygen consumption
and CO2 production), and accumulation of economically fewer valuable organisms Yunev
et al., 2017). The diatom—dinoflagellate ratio” is one of indicators to implement in the
Marine Strategic Framework Directive (MSFD) (HELCOM, 2018). United Nations Decade
of Ocean Science for Sustainable Development (2021-2030) (UN, 2017) emphasizes the
need for a “quantitative understanding of marine ecosystems” to guide their management
and adaptation. Therefore, elucidating the driving mechanisms behind the regime shift in
marine phytoplankton community composition and proposing viable strategies for its
effective management are extremely important.
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Recommendation 10: Incorporate pelagic indicators (specifically lifeforms, ratio of diatoms
and dinoflagellates) in eutrophication assessments.

3.1.4.2 Connect nutrient imbalances with pelagic community indicators.

Human-induced inputs of N and P into the biosphere have reached unprecedented levels,
particularly N, leading to an escalating global anthropogenic N:P ratio. This ratio has
emerged as a significant driver of environmental change, impacting organisms,
ecosystems, and global food security (Penuelas & Sardans, 2023). Historically, P has
been the priority nutrient controlling upstream freshwater productivity, whereas N)
limitation has characterized coastal waters. However, changing anthropogenic activities
have caused imbalances in N and P loading, making it difficult to control eutrophication by
reducing only one nutrient. Furthermore, upstream nutrient reduction controls can impact
downstream nutrient limitation characteristics. Recently, it was suggested that only
reducing P will effectively control eutrophication in both freshwater and coastal
ecosystems. However, controls on production and nutrient cycling in estuarine and coastal
systems are physically and chemically distinct from those in freshwater counterparts, and
upstream nutrient management actions (exclusive P controls) have exacerbated N-limited
downstream eutrophication (Paerl, 2009). Controls on both nutrients are needed for long-
term management of eutrophication along the continuum.

Different species of phytoplankton have different traits (Bedford et al., 2018, 2020; Graves
et al., 2023; Holland et al., 2023; McQuatters-Gollop et al., 2017), most notably size and
shape, growth rate, life history, and behaviour such as motility that together determine
their ecological niche and preferred environmental conditions.In additionphytoplankton are
a major driver for global carbon fixation and biogeochemical cycles. There has been
concern about shifting nutrient ratios for some time, with a review by Gilbert et al., (2017)
who describes the impact from the increase in global nutrient loads with export of nitrogen
increasing faster than phosphorus. The different proportions of nutrients affect HABs, their
toxicity and the food web. In addition, forms of nitrogen are changing, also affecting HABs,
their biodiversity and toxicity. Most importantly, this review and many others highlight that
P control without N control has unintended consequences for HABs and the food web
(Bedford et al., 2020; Glibert, 2017; Graves et al., 2023).

Recommendation 11: Report N:P ratios in nutrient loads, transitional and coastal waters
and offshore alongside pelagic community and food web indicators. Strong alignment
between UKMS eutrophication and biodiversity indicators.

3.1.5 CLIMATE

3.1.5.1 Improve knowledge on interactions between eutrophication and climate
resilience.

Climate change is impacting on our environmental baseline, with the impacts of climate
change affecting the delivery of freshwater and associated nutrients and sediment to the
coastal marine environment and the subsequent effect on ecosystem processes. This
creates an urgency to identify the relative importance of climate change and catchment

18 of 29



management measures on future compliance (Gudmundsson et al., 2021; Kay et al.,
2021) . Existing research demonstrates that climate change has the potential to impact
nutrient run off, algal growth and the interactions between planktonic and pelagic
organisms (Elsworth et al., 2020; Henson et al., 2021; Holland et al., 2023). Being able to
predict the impact of climate change and understand potential mitigation measures are
important to successfully managing the marine environment (Martiny et al., 2022). By
linking catchment models with high resolution coastal mapping, we can explore the
combined effects of climate change and land management on the delivery of terrestrial
nutrients and sediment into the coastal zone.

Recommendation 12: Improve knowledge of climate and eutrophication interactions.
Consider shifting baselines in the development of eutrophication assessments.

4 Prioritisation exercise

The Eutrophication steering group is made up of a cross selection of UK environmental
agencies working on water quality issues from the catchment to coast to offshore waters.
Agencies from across the devolved administrations are responsible for the collection and
analysis of water quality data that is used for eutrophication assessments and four of the
agencies are responsible for the reporting of eutrophication for the UKMS and OSPAR.
The main knowledge gaps with a subset of priority areas were sent out to the members of
the UK Marine Strategy and asked to rank the priority areas in terms of three factors (i)
importance in increasing our understanding of eutrophication impacts, (ii) importance in
increasing our confidence in the eutrophication assessment outcome (iii) importance in
achieving harmonisation across agencies and directives. Each member was asked to
comment on reasoning on top 2 priorities for each factor. The responses, alongside the
literature review and consultations, were used to develop the recommendations in Section
5.

5 Tracking progress to achieve
recommendations.

Whilst this review has focused on what could be done to improve the eutrophication
monitoring and assessment for the UK, many activities are already underway. We have
now modified our sampling — supported by national monitoring funding and the mNCEA
program, and now have more regular inshore sampling trips in the English plume areas,
but this needs to be structured better across UK. The key recommendations from the
review and consultation are listed in Table 3. Progress towards the key recommendations
is reported against effort, complexity, costs, politics, impact, and progress. Definition of
each factor and ranking is described in Table 2.
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Table 2: Qualitative ranking of different factors for measuring difficulty and complexity of
each recommendation.

low to medium
confidence in
assessment outputs

current monitoring,
high confidence in
assessment outputs

medium to high
confidence in
assessment outputs

Factorin | Ranking
reporting 5 i

progress | High Medium _
| Effort | Requires multi- | Multi-agency input but | Agreed positioning |
i ' agency input, + with some agreed ' from all agencies, i
| positioning in place. | work already started. |
] ] i Stakeholders ] ]
informed of work
| Complexity | Complex, dynamic | Complex interactions, | Less complex system, |
] ' systems requiring | but can be analysed | with minimal ]
| multi-layered data | on single variables | processing and
] ' analysis ' with high data ' analysis required. ]
usability
| Costs | High, ongoing costs | Medium, intermittent | Low start up costs, |
] ' and significant staff, | costs, significant staff, | some staff, vessel and !
| vessel, and field | vessel and field ime | field time
i | ime i i i
| Politics | Requires | Requires agreement | Requires agreement |
] ' agreement across | across agencies with | across agencies with |
| agencies with risk | medium risk of | stakeholders informed !
] i of stakeholder i stakeholder conflict  and already ]
conflict participating
| Impact | Significant | Some improvement to | Some improvement to !
improvement to current monitoring, current monitoring,
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approach, costs associated to complete task, the political and geographical challenges to

achieve the recommendation and the impact of success. A measure of progress is also
presented which is split into “partly” or “no” with partly identifying that some work or

Table 3: Summary of each key recommendation against effort required, complexity of
progress to deliver recommendation has been initiated.
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6 Conclusions

In summary, disaggregation between the natural gradient of coast to sea, limited and no
data collection in the full riverine plumes and riverine load monitoring, the disconnect
between the indicators and the low confidence in our assessments make it difficult to
understand how and why our coastal systems are changing. There are many positive
improvements, with our national monitoring now increasing our data frequency in more
transitional and coastal waterbodies and plume areas. We cannot collect all data all the
time, that is not feasible or affordable. There could be a more strategic way to collect high
density data alongside the routine monitoring, but focused on a few high priority rivers,
sub-catchments, and waterbodies — which could be extrapolated to the rest of the UK. This
would need a focused work package to determine those high priority waterbodies which
could represent the types of waterbodies and coastal systems which are present across
the UK and would need modelling and land use data.

Nutrient pollution is more often related to diffuse sources, making it difficult to identify and
mitigate a single source. Le Moal et al., (2019) recognises these difficulties and urges a
different approach to diffuse and large ranging nutrient sources where we need to
address: i) the long term cumulative impact of far reach anthropogenic activities, ii) the
consequences of multiple, and often cumulative, actions which can be very distant both in
space and time, iii) the difficulty to disentangle past and present causes from past
anthropogenic legacy (Le Moal et al., 2019).

The consequence of multiple, often cumulative actions, which can be very remote both in
space and time from the visible impact, the uniqueness of each aquatic ecosystem, its
resistance, resilience and trajectory, the difficulty to disentangle past and present causes
from legacy of the past anthropogenic activities fulfil many attributes of a wicked or
complex problem facing society (Thornton et al., 2013). The development of eutrophication
exemplifies the linkages between physical and biogeochemical processes along the land-
sea continuum. However, from headwater catchments to coast areas, several, often
antagonistic interests prevail, while scientists are often specialized in one domain, with
limited interactions and shared methods, tools or models. There is a need for
interdisciplinary approach calling for several disciplines of agronomy, engineering,
biogeochemistry, ecology, hydrology, economy, political sciences and sociology to provide
ways and approaches for remediation of aquatic ecosystems from this world-wide and
pervasive problem of eutrophication.

UK marine agencies need to continue to look for new ways to sample high frequency
measurements of water quality parameters. As the world changes, and there are multiple
pressures impacting on our marine environment on a daily and long-term basis, it
becomes more important to measure, monitor and assess the health of our marine
environment. We still need to sample through traditional methods such as the discrete, in-
situ sampling but will do so hand in hand with new and novel ways to collect the water
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quality measurements we need at the right frequency and the right place. Accessible
large, data rich collection methods, such as FerryBox, modelling and satellite data will all
play an important part in the future of UK water quality monitoring.
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