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Abstract 

Estuarine and coastal eutrophication is a worldwide issue, where the elevated input of 

nutrients and changes in water quality conditions in waterbodies can result in undesirable 

ecological disturbances. The current metrics used with UK eutrophication monitoring are 

likely to miss fine scale disturbances, including those in the phytoplankton community. Many 

researchers have called for the inclusion of a wider range of metrics to monitor and assess 

the undesirable disturbances of eutrophication and have identified developing  the  

understanding of the relationship between phytoplankton and water quality as essential to 

progress the eƯectiveness of monitoring and management. This research asks what 

additional insight can be gained from utilizing  long term monitoring data in unique 

combinations, and by applying additional metrics, including the Plankton Index tool and long-

term trend analysis. Through fieldwork campaigns, the relationship between phytoplankton 

communities and water quality conditions are investigated along a salinity gradient, to 

determine the factors which may govern the response of estuarine and coastal waterbodies 

to eutrophication. Nutrient addition bioassays were used to assess the response of diƯerent 

phytoplankton lifeforms to changes in turbidity to establish if assumptions on which 

assessment practices are based are suitable. Additional and important insights were 

obtained from utilising existing data in diƯerent ways; however, data availability is identified 

as a consistent limitation. There is a shift identified in the governing factors along a salinity 

gradient, which has implications for eutrophication assessment in estuaries and nearshore 

coastal waters, but importantly also identifies the inclusion of phytoplankton lifeform data in 

monitoring as important to advance the understanding of phytoplankton community 

response to changing water quality conditions. The results of the nutrient addition bioassay 

raise questions about the assumptions within eutrophication monitoring and further highlight 

the importance of the inclusion of phytoplankton data in order to fully understand the extent 

of ecological disturbances.  
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1.1 Abstract 

This chapter will outline the concept, causes, and impacts, of eutrophication, along with 

describing the UK environmental directives which aim to monitor, assess, and manage the 

environmental problem in UK waters. The importance of phytoplankton communities and how 

they respond to elevated anthropogenic nutrient concentrations will be discussed. DiƯerent 

approaches to monitoring and assessing phytoplankton communities will be presented, 

including methods that form part of the regulatory monitoring in UK coastal and marine waters, 

alongside further methods that could be part of future monitoring approaches to improve our 

understanding and assessment of the impact of eutrophication on pelagic community 

structure. The importance of understanding how phytoplankton are considered within 

eƯective eutrophication monitoring and assessment will be presented, and the knowledge 

gaps and research questions addressed within this thesis will be introduced.  
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1.2 Nutrient pollution and Eutrophication 

Nutrient pollution is the process of inshore, coastal, and marine waters becoming over-

enriched with nutrients. The undesirable impacts which result from this are known as 

eutrophication. Eutrophication can be defined as: 

‘The enrichment of water by nutrients causing an accelerated growth of algae and higher forms 

of plant life to produce an undesirable disturbance to the balance of organisms present in the 

water and to the quality of the water concerned’ (OSPAR, 2005) 

Increased nutrient inputs can enter the water column from sources such as agricultural run-

oƯ, wastewater inputs, and aquaculture  (Neal and Jarvie, 2005; Ulen et al., 2007; Maier et al., 

2009; Withers et al., 2014; Wood et al., 2017; Preisner et al., 2020). 

Eutrophication is not a new problem, industrial activities in the 19th century increased riverine 

inputs of nutrients and caused the ‘first wave of coastal eutrophication’ (Billen et al., 1999). 

However, global increases in nutrient inputs into coastal and estuarine waters and subsequent 

eutrophication are currently occurring in many parts of the world (Savchuk, 2018; Devlin et al., 

2020; Malone and Newton, 2020; Wang et al., 2020), primarily as a result of anthropogenic 

nutrient inputs (Vitousek et al., 1997; Jickells et al., 2014; Kelly et al., 2021; Paredes et al., 

2021). 

This worldwide increase in nutrient pollution and eutrophication comes as a result of polluted 

terrestrial run oƯ from fertiliser application and anthropogenic waste, as well as atmospheric 

deposition, and aquaculture which enriches coastal waters with nutrients, primarily nitrogen 

and phosphorus. This has serious adverse eƯects on coastal ecosystems. Nutrients can 

originate from  point (direct) and/or diƯuse sources. Point sources of nutrients, such as sewage 

and industrial waste, discharge directly into the waterbody.  

1.2.1 Nutrients of concern 

The key nutrients that are considered to cause eutrophication are nitrogen (N) and phosphorus 

(P). N and P occur in a variety of total and dissolved forms (Table 1.1). For the dissolved forms, 

dissolved inorganic nitrogen occurs primarily as nitrate, nitrite, and ammonium. Dissolved 

organic nitrogen can be found in amino acids, and urea, for example. Phosphorous can occur 

organically or inorganically as part of a phosphate molecule. The nutrient parameters primarily 

considered within this thesis are dissolved inorganic nitrogen (DIN, consisting of nitrate, nitrite, 

and ammonium), total oxidised nitrogen (TOxN, nitrate plus nitrite), and dissolved inorganic 

phosphorus (DIP). Dissolved nutrients provide a more accessible food source for 

phytoplankton, and so whilst other nutrient forms are able to support their growth, dissolved 
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N and P are considered the key nutrients driving eutrophic conditions and enhanced 

phytoplankton biomass. Silicate concentrations can also be important when considering 

nutrient enrichment. Silicate is essential to the growth of diatoms but not dinoflagellates, and 

so silicate may still limit growth despite enrichment of nitrogen and phosphorus, and silicate 

concentrations are therefore important to consider within this work (Tye et al., 2024). 

Table 1.1 - Nutrients to be considered within the monitoring of eutrophication. 

Parameter Short description Components 

Dissolved Inorganic nitrogen DIN Nitrate, nitrite, ammonium 

Dissolved total oxidised 

nitrogen 

TOxN TOxN = (Nitrate + nitrite) 

Ammonium NH4 
+ Ammonium 

Nitrate NO3 
- Nitrate 

Nitrite NO2 
- Nitrite 

Dissolved Inorganic 

phosphorus 

DIP Phosphate 

Dissolved Silicate Si Silicate 

 

1.2.2 Nutrient imbalances 

Environmental management has often focused on reducing the inputs of individual nutrients 

(Boesch, 2019), either N or P, with many of the improvements focused on reducing P through 

elimination of P in detergents and fertiliser. However it is now becoming clear that successful 

management of both nitrogen and phosphorous is required to reduce eutrophic conditions and 

to ensure healthy coastal marine ecosystems (Howarth and Paerl, 2008; Grizzetti et al., 2012; 

Burson et al., 2016; Paerl et al., 2016; Paerl et al., 2018; Grizzetti et al., 2021). There has been 

variation in the success of management practices which aimed to limit the amounts of N and 

P entering waterways leading to imbalances in the reductions of N vs P. The Urban Wastewater 

Treatment Directive (UWWTD), a European environmental directive first implemented in 1991, 

aimed to reduce the adverse eƯects of urban wastewater by setting out EU-wide rules for 

collecting, treating, and discharging wastewater. The success of the UWWTD and other 

environmental directives resulted in considerable reductions of DIP concentrations from 

sewage treatment plants (Kinniburgh and Barnett, 2010; Neal et al., 2010), however reductions 

in N inputs to waterways have been less notable. This is largely due to the fact that nitrogen 

predominantly originates from diƯuse sources, agricultural and atmospheric, and these types 

of sources are much more diƯicult to reduce. As a result, increases in the ratio of N : P in 
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riverine inputs have been seen (Burson et al., 2016; Greenwood et al., 2019; Grizzetti et al., 

2021) and there is growing evidence that this has major implications for the species 

composition of phytoplankton communitites, and the prevelance of harmful algal blooms 

(Davidson et al., 2012; Gowen et al., 2015; Burson et al., 2016). The management of nitrogen 

is a complex and global issue, evidenced by the concerns of such groups as the United Nations 

Environment Programme, who have developed a working group on nitrogen, which aims to 

work towards an international nitrogen management system for policy development (Sutton et 

al., 2019).  

1.3 Impacts of eutrophication 

1.3.1 Implications of nutrient imbalances 

It is generally accepted that marine phytoplankton take up nutrients in a ratio similar to that of 

106 : 16 : 1 for C : N : P, known as the Redfield ratio (Redfield, 1958), however there is known to 

be variability in this. Uptake ratios have been seen to diƯer across species, and to vary with the 

availability of nutrients (Rios et al., 1998; Geider and La Roche, 2002; Hessen et al., 2002; 

Quigg et al., 2011; Martiny et al., 2013; Branco et al., 2018; Poulton et al., 2019). As the balance 

of nutrients changes as a result of variations in the success of management of the individual 

nutrient sources, and the ratio of DIN : DIP increases, phosphate limitation in estuaries 

becomes more likely. This increased ratio has been observed in coastal waters within Europe 

(Trommer et al., 2013; Earl et al., 2014; Burson et al., 2016), and worldwide (Zhang et al., 2020; 

Lu et al., 2021; Beusen et al., 2022; Zhou et al., 2024). A changing nutrient ratio may therefore 

contribute to a shift in phytoplankton communities, as species which are more tolerant of 

ratios which deviate from the Redfield ratio of 16 : 1 for N : P may be given a competitive edge. 

Diatoms have also been shown to be poor competitors relative to flagellates for dissolved 

inorganic phosphorus, at phosphate concentrations < 0.1 μM (Egge, 1998). Reductions in 

phosphorus without concurrent nitrogen decreases may therefore support increased 

(dino)flagellate dominance. Despite the high nutrient ratios observed by Burson et al. (2016), 

dinoflagellates were limited by both N and P and dominated by mixotrophic species in the 

samples collected in the North Sea in 2016. Mixotrophic species are able to switch their 

feeding mode between phototrophy and phagotrophy (Stoecker et al., 2017; Mitra et al., 2023) 

and may therefore be oƯered an advantage in nutrient limited environments. Burson et al 

(2016) highlight that mixotrophic species may have a competitive edge in an environment with 

a high DIN : DIP ratio, and they may therefore make up an increasing proportion of the 

community in this environment.  
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This shift in the balance of nutrient availability and associated P limitation may also increase 

the importance of dissolved organic phosphorous (DOP). Fitzsimons et al. (2020) documented 

the preferential uptake of DOP in some marine phytoplankton, these species may be at an 

advantage in an environment where DIP resources are limited, and this could contribute to 

changes in community composition. DiƯering phytoplankton species can have a diƯering 

nutritional value for their grazers (Spilling et al., 2018) and further to this, changes in nutrient 

ratios in coastal waters have been seen to impact the biomolecular composition, 

stoichiometry, and the nutritional quality of phytoplankton (Burson et al., 2016; Grosse et al., 

2017). Shifts in the community composition are therefore likely to have implications at higher 

trophic levels (Boersma, 2000; Elser et al., 2001).  

Attributes of certain phytoplankton may make them better suited and able to adapt more 

eƯectively to a changing nutrient balance. For example, the cell shape impacts the potential 

nutrient uptake, and the ability to form chains with gaps could allow for increased uptake under 

(phosphate) limited conditions (Pahlow et al., 1997). Under nitrogen-limited conditions, larger 

phytoplankton are likely to dominate (Stolte and Riegman, 1995; Philippart et al., 2000). Under 

P limited conditions, Philippart et al. (2007) observed decreases in diatoms, whilst smaller 

flagellates were able to grow well. Ultimately, an unbalanced system can have wide ranging 

impacts on the plankton community and needs to be considered in our management of both 

direct and diƯuse sources.  

1.3.2 Impacts of nutrient pollution on plankton 

Phytoplankton are vital to marine ecosystems and the earth system as a whole, as they provide 

the basis of marine food webs, take up carbon dioxide and photosynthesise, and are estimated 

to produce upwards of 50% of the world’s oxygen (Field et al., 1998; Falkowski, 2002; Barney, 

2022). Enhanced nutrient input into coastal waters can facilitate the enhanced phytoplankton 

growth that leads to eutrophication, and whilst phytoplankton growth in itself is not 

unfavourable, highly elevated phytoplankton biomass can result in undesirable 

consequences. For example, high phytoplankton abundance can reduce the amount of light 

that is able to penetrate the water column, limiting the growth potential of other life below the 

surface (Rhodes et al., 2017).  Additionally, the bacterial decomposition of phytoplankton can 

result in a depletion of oxygen, preventing the growth of other organisms and, in extreme cases, 

create dead zones (Conley et al., 2002; Diaz and Rosenberg, 2011; Breitburg et al., 2018). 

Nutrient pollution and subsequent eutrophication can have implications for the wider 

ecological community. Secondary impacts from eutrophication can include a reduction in 

submerged aquatic vegetation as a result of reduced light availability to the water column, a 
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reduction in species that depend on this vegetation, and decreases in water clarity (Ansari et 

al., 2010; Dorgham, 2014; Rhodes et al., 2017; Malone and Newton, 2020). Ensuring healthy 

phytoplankton communities is therefore important to reduce undesirable impacts on marine 

ecosystems.   

1.3.3 Harmful algal blooms 

The presence of toxic phytoplankton species can result in problems for fisheries, animals, and 

humans (Turner et al., 2018). Understanding the interactions between nutrient inputs and 

harmful algal blooms, and being able to eƯectively monitor them, is therefore important in 

order to eƯectively manage their occurrences and reduce their negative impacts. There is 

debate about the impact that changing nutrient conditions will have on the frequency, 

intensity, and toxicity of harmful algal blooms (Anderson et al., 2002; Anderson et al., 2008; 

Davidson et al., 2012). Burson et al (2016) observed a large proportion of mixotrophic species 

in areas with a high DIN : DIP ratio, of which harmful species were included, but direct 

relationships between toxic species and a changing ratio are yet to be established.  

1.3.4 Climate change interactions  

Temperature is an important controlling factor for both the timing and composition of 

phytoplankton communities. An increase in temperature aƯects the timings of blooms of 

diƯerent groups and can have implications for the interactions between trophic levels 

(Edwards and Richardson, 2004; Diehl et al., 2022; Zhu et al., 2023).  

Milder winters may have implications for phytoplankton communities, as they typically result 

in less convective mixing and therefore fewer nutrients mixed up into the higher part of the 

water column (Wasmund et al., 2017), and increased stratification is expected to intensify the 

undesirable consequences of eutrophication (Laurent et al., 2018; Sharples et al., 2020). As 

phytoplankton are the basis of marine ecosystems, it is important to know not only how they 

respond to nutrients, but how those responses interact with climate impacts. Dinoflagellates 

grow slower than diatoms, but are able to utilise nutrients from further down in the water 

column as a result of their ability to move. Therefore, they are able to bloom even if there is 

limited convective mixing (Wasmund et al., 2017). Changes to typical storm patterns as a 

result of a changing climate could impact the growth and biomass of phytoplankton and 

potentially impact the community composition (Rumyantseva et al., 2019; Edwards et al., 

2020). These factors may exacerbate the undesirable impacts of eutrophication.  
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1.4 Management directives 

1.4.1 Management and mitigation of nutrient pollution  

There are many barriers to the monitoring and management of eutrophication, such as 

identifying the sources of nutrient inputs, the scientific understanding of interactions between 

nutrient enrichment and the ecosystem, and the successful implementation of monitoring and 

management initiatives in complex marine environments (Boesch, 2019). Identifying and 

eƯectively managing sources and impacts of nutrient pollution and eutrophication is essential 

for the protection and health of the coastal marine environment (Friedland et al., 2021; Piroddi 

et al., 2021). 

Nutrients can originate from point (direct) and/or diƯuse sources. Point sources of nutrients, 

such as sewage and industrial waste, discharge directly into the waterbody. Direct sources of 

nutrients can be easier to manage through direct regulation of the sewage or industrial activity, 

driving legislative reduction of nutrients. Examples of this in UK include the EU Urban 

Wastewater Treatment Directive (91/271/EEC) (European Commission, 1991) which required 

improvements to sewage outfalls across Europe.   

 In contrast, diƯuse sources, which occur mainly from nutrients discharging from agricultural 

land and atmospheric deposition can be more diƯicult to manage and regulate (Jickells et al., 

2017; Boesch, 2019) . The regulation of diƯuse sources requires cohesive management and 

cooperation from the multitude of users who contribute to the inputs. Identifying sources of 

diƯuse pollution is challenging, and consequently diƯicult to regulate. Point sources, where 

there is a clear identifiable source and responsible party, are much easier to impose 

regulations upon.  

In order to address eutrophication, the associated undesirable impacts, and to maintain 

healthy ecosystems, there are multiple environmental directives aimed at assessing and 

managing the issues surrounding the causes and the direct and indirect impacts of 

eutrophication. These directives will be discussed below. 

1.4.2 Water Framework Directive 

The Water Framework Directive (WFD) was established in 2000 by the European Commission 

and implemented in 2003 (European Commission, 2000). The WFD required member states to 

develop river basin management plans in order to monitor and manage their waterbodies with 

the aim of raising the quality of transitional (estuaries) and coastal waterbodies to good 

ecological status, in line with the definitions laid out by the directive (European Commission, 

2000).  
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Figure 1.1 -  Transitional assessment areas (dark blue) and Coastal assessment areas (teal) 

for England and Wales as defined in The Water Environment (Water Framework Directive) 

(England and Wales) Regulations (UK Parliament, 2017) (WFD/WER). 

Transitional and coastal waterbodies in the UK are considered within this thesis (Figure 1.1). 

Transitional water bodies are defined as: ‘bodies of surface water in the vicinity of river mouths 

which are partly saline in character as a consequence of their proximity to coastal waters, but 

which are substantially influenced by freshwater flows' (European Commission, 2000). Coastal 

water bodies are defined as: ‘mean surface water on the landward side of a line, every point of 

which is at a distance of one nautical mile on the seaward side from the nearest point of the 

baseline' (European Commission, 2000). 
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Since its departure from the European Union, the UK continues to engage with the WFD under 

three separate directives for England and Wales, Scotland, and Northern Ireland. These are 

known as: 

 The Water Environment (Water Framework Directive) (England and Wales) Regulations, 

 The Water Environment and Water Services (Scotland) Act 2003 (WEWS Act 2017),  

 The Water Environment (Water Framework Directive) Regulations (Northern Ireland) 

2017.  

These regulations, along with the WFD, will be referred to collectively as WFD/WER hereafter. 

The WFD/WER requires the ecological status of areas be assessed in 6-year cycles, and their 

status can be classified from bad to high, with high status indicating the best ecological 

conditions. The current aim of the WFD/WER is to ensure good ecological status in all 

waterbodies by 2027 (Poikane et al., 2019). 

WFD/WER assessments and classifications are made on a variety of parameters.  The metrics 

relevant to eutrophication which are considered within this thesis are ‘phytoplankton’ and 

‘general physicochemical conditions.’ General physicochemical conditions are considered to 

be supporting to the biological indicators, within this thesis the focus is phytoplankton, and 

they include transparency, thermal conditions, oxygen concentrations, salinity, and nutrient 

concentrations (Best et al., 2007).  
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Table 1.2 -  Definitions of high, good, and moderate status  for phytoplankton and general 

physicochemical conditions in transitional and coastal waterbodies from The Water 

Framework Directive (European Commission, 2000). 

Parameter High status Good status Moderate status 

Phytoplankton “The composition and 
abundance of 
phytoplanktonic taxa 
are consistent with 
undisturbed conditions. 
The average 
phytoplankton biomass 
is consistent with 
the type-specific 
physicochemical 
conditions and is not 
such as to significantly 
alter the type-specific 
transparency 
conditions. 
Planktonic blooms 
occur at a frequency and 
intensity 
which is consistent with 
the type-specific 
physicochemical 
conditions.” 

“The composition and 
abundance of 
phytoplanktonic taxa 
show slight signs of 
disturbance. There are 
slight changes in 
biomass compared to 
type-specific 
conditions. Such 
changes do not 
indicate any 
accelerated growth of 
algae resulting in 
undesirable 
disturbance to the 
balance of organisms 
present in the water 
body or to the quality of 
the water. A slight 
increase in the 
frequency and intensity 
of the type-specific 
planktonic blooms may 
occur.” 

“The composition 
and abundance of 
planktonic taxa show 
signs of moderate 
disturbance. Algal 
biomass is 
substantially outside 
the range associated 
with type-specific 
conditions and is 
such as to impact 
upon other biological 
quality elements. A 
moderate increase in 
the frequency and 
intensity of 
planktonic blooms 
may occur. Persistent 
blooms may occur 
during summer 
months.” 

General 
physico-
chemical 
conditions 

“Physicochemical 
elements correspond 
totally or nearly totally to 
undisturbed conditions. 
Nutrient concentrations 
remain within the range 
normally associated 
with undisturbed 
conditions. 
Temperature, oxygen 
balance and 
transparency do not 
show signs of 
anthropogenic 
disturbance and remain 
within the range 
normally associated 
with undisturbed 
conditions.” 

“Temperature, 
oxygenation conditions 
and transparency do 
not reach levels 
outside the ranges 
established so as to 
ensure the functioning 
of the ecosystem and 
the achievement of the 
values specified above 
for the biological 
quality elements. 
Nutrient 
concentrations do not 
exceed the levels 
established so as to 
ensure the functioning 
of the ecosystem and 
the achievement of the 
values specified above 
for the biological 
quality elements.” 

“Conditions 
consistent with the 
achievement of the 
values specified 
above for the 
biological quality 
elements.” 
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Table 1.3 – Assessment tools which are used in transitional and coastal waterbodies within 

the WFD/WER eutrophication assessment (Best et al., 2007; Devlin et al., 2007a; Devlin et 

al., 2007b). 

Type of 

water body 

Chlorophyll tools Phytoplankton tools Nutrient tools Dissolved 

oxygen 

Transitional Average 
chlorophyll a 
year-round (low 
and high salinity) 
in the 
assessment 
period 
 
Median 
chlorophyll a 
concentration 
year-round (low 
and high salinity) 
in the 
assessment 
period 
 
Proportion of 
samples where 
mean chlorophyll 
exceeds 
predetermined 
thresholds (low 
and high salinity) 
in the 
assessment 
period 
 

Proportion of samples in 
which the count of any 
single taxa exceeds a 
threshold value in the 
assessment period. 

 

Proportion of samples in 
which the count of total taxa 
exceeds a threshold value in 
the assessment period. 

 

Winter DIN 
concentration in 
the assessment 
period 

5th percentile 
of year-round 
surface 
dissolved 
oxygen 
concentration 
in the 
assessment 
period 

Coastal The 90th 
percentile of all 
chlorophyll 
concentrations in 
the assessment 
period during the 
growing season 
(March to 
September 
inclusive) 
 
 

Average of proportion of 
months in which diatoms 
and dinoflagellates fall 
within the reference 
envelope. 
 
Proportion of samples where 
counts of a single taxa 
exceed a threshold value in 
the assessment period. 

 

Proportion of samples in 
which the count total taxa 
exceed a threshold value in 
the assessment period. 
 
Proportion of samples in 
which the number of 
Phaeocystis cells exceeds a 
threshold value in the 
assessment period. 

Winter DIN 
concentration in 
the assessment 
period 

5th  percentile 
of year-round 
surface 
dissolved 
oxygen 
concentration 
in the 
assessment 
period 
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The classification of assessment areas works on the basis of ‘one out all out’, meaning that the 

overall classification of an area cannot exceed the lowest classification awarded on any 

individual metric. The WFD/WER outlines the definitions associated with the classifications of 

high, good, and moderate status of phytoplankton and general physico-chemical conditions 

(Table 1.2), and the UK uses a variety of tool to assess these parameters (Table 1.3). 

1.4.3 OSPAR Comprehensive Procedure 

In addition to the WFD/WER, monitoring and assessment of eutrophication within the UK 

occurs under the UK Marine Strategy  (UKMS), and OSPAR comprehensive procedure. OSPAR 

assesses the impacts of eutrophication through the Common Procedure (OSPAR, 2005). The 

first application of the OSPAR Common Procedure (COMP 1) was applied nationally in 2002 

with a joint report published in 2003 (OSPAR, 2003). Subsequent applications resulted in joint 

reports in 2008 and 2017 which contributed to the OSPAR Quality Status Report 2010 and the 

Intermediate Assessment 2017 respectively (OSPAR, 2005; Heslenfeld and Enserink, 2008; 

OSPAR, 2008; Foden et al., 2011; OSPAR, 2017). The most recent iteration is the fourth 

application (COMP 4) with improvements in harmonisation of thresholds and assessment 

areas across the North-East Atlantic (Devlin et al., 2023). The OSPAR objective under the clean 

seas theme is to “Tackle eutrophication, through limiting inputs of nutrients and organic matter 

to levels that do not give rise to adverse eƯects on the marine environment” (OSPAR, 2005). 

The results of the COMP 4 application show that this has not been achieved, with 58% of the 

river plume areas being defined as problem areas (Devlin et al., 2023).  
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Figure 1.2 –  OSPAR assessment areas from COMP 4 relevant to the UK, taken from (Devlin et 

al., 2025). 

OSPAR assesses marine areas from 1 nm oƯshore, areas inshore of this 1 nm are assessed 

under WFD/WER (Devlin et al., 2023). In previous applications of the OSPAR assessments, 

areas were based on geographical boundaries, however in COMP 4, additional and redefined 

assessment areas were introduced with more ecological relevance (Figure 1.2) (Greenwood et 

al., 2019; Devlin et al., 2023).  
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Table 1.4 - Assessment parameters from the fourth application of the  OSPAR Common 

Procedure for assessing eutrophication (OSPAR, 2005; Devlin et al., 2023). 

Category I – Degree of 

nutrient enrichment  

Category II – Direct of 

eƯects of nutrient 

enrichment  

Category III – Indirect 

eƯects of nutrient 

enrichment 

Area specific levels of winter 

nutrient concentrations (DIN 

and or DIP) 

Area specific growing 

season chlorophyll 

maximum, mean, and / or 

90th percentile  

Decreased levels and % of 

oxygen  

Area specific winter DIN : 

DIP ratio 

Area specific levels and 

duration of phytoplankton 

indicator species 

Oxygen or algal toxin related 

fish kills. Area specific 

changes in zoobenthos 

biomass and composition.  

Total nitrogen and total 

phosphorus  

Area specific levels and 

duration of macrophytes  

Area specific levels of 

organic carbon / organic 

matter 

  Transparency of the water 

column 

 

Eutrophication is assessed by OSPAR using parameters across three categories: nutrient 

enrichment, direct eƯects of nutrient enrichment, and indirect eƯects of nutrient enrichment 

(Table 1.4). Since COMP 4, the assessment thresholds for the parameters within each of these 

categories have been area specific (Devlin et al., 2023). 

Table 1.5– Common indicators which contribute to the OSPAR waterbody classification 

(OSPAR, 2005; Devlin et al., 2023). 

Category Common indicator 

I – nutrient enrichment Winter mean concentration of DIN and / 

or DIP 

II – direct eƯects of nutrient enrichment  Growing season mean concentrations of 

chlorophyll   

III – indirect eƯects of nutrient 

enrichment 

Near seafloor dissolved oxygen 

concentration 
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From these assessment parameters, a subset is defined which are the common indicators 

(Table 1.5), and these contribute to the overall classification of the waterbody. The remainder 

of the assessment parameters can be applied in areas where they are relevant, to supplement 

the understanding of the eutrophication problem. 

Table 1.6 -  Definition of the eutrophication status of water bodies as problem and non-

problem areas under the OSPAR assessment (OSPAR, 2005). 

Problem areas Non-problem areas 

There is evidence of an undesirable 

disturbance to the marine ecosystem due to 

anthropogenic enrichment by nutrients. 

There are no grounds for concern that 

anthropogenic enrichment by nutrients has 

disturbed the marine ecosystem. 

 

OSPAR defines the eutrophication status of waterbodies as problem and non-problem areas 

(Table 1.6), with this delineation being equivalent to the boundary between good and moderate 

status in the WFD/WER.   

In order to determine these classifications, the individual parameters of the common 

indicators are assessed. Similar to the WFD/WER, OSPAR classifications use the one out all 

out where the overall classification cannot be higher than lowest individual parameter 

assessment outcome. All parameters must achieve a classification of ‘good’ or higher in order 

to be considered a non-problem area. There is a caveat to this, however, where it can be 

demonstrated that nutrient concentrations do not achieve a good status but there is no 

ecological disturbance as a result of this. In which case the areas will be designated as a ‘non-

problem area but failing nutrients’ (Devlin et al., 2023) 

1.4.4 UK Marine Strategy Part One 

The UK Marine Strategy Part One (UKMS) (HM Government, 2012) is a further initiative which 

aims to monitor, manage, and mitigate the issues associated with eutrophication  

The UKMS aims to achieve good environmental status in marine waters, and for eutrophication 

this is defined under descriptor 5 of the directive as:  

‘Human-induced eutrophication is minimised, especially adverse eƯects thereof, such as 

losses in biodiversity, ecosystem degradation, harmful algal blooms and oxygen deficiency in 

bottom waters ‘ (European Parliament, 2008).  



17 
 

 

Figure 1.3 - UK Marine Strategy regions (Defra, 2019). 

 

The UKMS covers the areas from the landward boundary of coastal waters to the outer limit of 

the UK Exclusive Economic Zone, as well as the seabed area where the UK has jurisdiction 
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(Figure 1.3). Each of these areas falls within a sub-region identified within the overarching 

Marine Strategy Framework Directive (MSFD) (European Parliament, 2008) which is used in 

Europe. The indicators used in the UKMS are based on the OSPAR common indicators (Table 

1.5) and the thresholds applied in coastal waters are based on those used in the WFD/WER, 

whilst the thresholds in water further oƯshore are based on those in the latest OSPAR 

assessment (Devlin et al., 2023). In the UKMS, the characteristics of good environmental 

status for eutrophication were defined for each of the common indicators (Table 1.7) (HM 

Government, 2012).  

Table 1.7 – Characteristics of good environmental status for eutrophication as set out in the 

UK Marine Strategy Part One (HM Government, 2012). 

Category  Characteristics of ‘good environmental 

status’ 

Category I – nutrient enrichment Nutrient concentrations do not lead to an 

undesirable disturbance to the balance of 

organisms present in the water or to the 

quality of the water concerned resulting from 

accelerated growth of algae 

 

Category II – direct eƯects of nutrient 

enrichment 

The direct eƯects of nutrient enrichment 

associated with algal growth do not 

constitute or contribute to an undesirable 

disturbance to the balance of organisms 

present in the water and to the quality of the 

water concerned 

 

Category II – indirect eƯects of nutrient 

enrichment 

Indirect eƯects of nutrient enrichment 

associated with growth of macroalgae, sea 

grasses, and reductions of oxygen 

concentrations do not constitute an 

undesirable disturbance to the balance of 

organisms present in the water and to the 

quality of the water concerned. 
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1.5 Assessing phytoplankton communities 

A wide range of impacts can occur within phytoplankton communities as a result of 

eutrophication and management directives are in place which aim to combat these 

undesirable consequences. The common indicators used within the WFD/WER, OSPAR, and 

the UKMS which assess the eutrophic condition of waterbodies and health of ecosystems may 

not, however, be suƯicient to assess the full extent of changes within the phytoplankton 

community (Figure 1.4). The current metrics may also miss changes in the water quality 

conditions which are responsible for these shifts.  

Good environmental status has been achieved for the eutrophication descriptor for the UKMS 

since 2012, with only 0.41% of estuarine and coastal waters identified as problem areas (Defra, 

2019). However, if the metrics used within the management directives were able to identify the 

full extent of disturbances, or shifts within phytoplankton communities and water quality 

conditions, this might highlight areas which need further intervention or at risk of undesirable 

changes imminently. Recently, there has been a focus on developing and implementing 

methods which aim to assess phytoplankton and eutrophication more holistically (Tett et al., 

2007; Tett et al., 2008; Greenwood et al., 2019; Ostle et al., 2021; Devlin et al., 2023; Graves et 

al., 2023; Devlin et al., 2025; Holland et al., 2025). 
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Figure 1.4 -  Metrics used by OSPAR and WFD/WER to assess eutrophication and associated undesirable disturbances, alongside examples of changes that 

would not be identified using the current metrics. 
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1.5.1 Lifeforms and Lifeform pairs  

One of the improvements that is being considered in future eutrophication assessments is a 

more in depth understanding of how elevated nutrients impact on the plankton community and 

functioning, as is included in the biodiversity assessments (McQuatters-Gollop et al., 2019). 

Shifts in water quality conditions are often reflected within phytoplankton community change 

(Beaugrand, 2005; Tett et al., 2008; McQuatters-Gollop et al., 2019; Bedford et al., 2020; Ostle 

et al., 2021; Devlin et al., 2023; Graves et al., 2023). Grouping phytoplankton taxa based on 

their functional traits, and assessing changes within and between these groups, can give 

information about the drivers contributing to these changes. These lifeforms can be paired 

together. Lifeform pairs are two lifeforms which have opposing traits but are ‘ecologically 

relevant’ (McQuatters-Gollop et al., 2019; Bedford et al., 2020) and are paired together. The 

rationale behind the pairings is discussed in McQuatters-Gollop et al. (2019) and Bedford et al. 

(2020). The relative abundance of one to the other can give an indication of ecosystem health 

(Tett et al., 2008; Wasmund, 2017; Wasmund et al., 2017).  

1.5.2 The diatom to dinoflagellate index 

Diatoms and dinoflagellates are frequently paired together and often compared when 

discussing ecosystem health (Wasmund, 2017; Wasmund et al., 2017; Bedford et al., 2020). 

The relative abundance of one to the other can give indications of the state of the ecosystem 

(McQuatters-Gollop et al., 2007a). As diatoms take up silicate in order to grow, an increase in 

the concentration of N and P in the system can mean that Si (silicon) becomes the limiting 

nutrient, and that diatom growth becomes limited while the relative abundance of 

dinoflagellates increases (Wasmund, 2017; Wasmund et al., 2017; Spilling et al., 2018) 

1.5.3 Plankton index tool 

Measuring the change in the relative abundance of lifeform pairs (such as diatoms and 

dinoflagellates) can be done using the Plankton Index tool (PI tool). The PI tool, developed by 

Tett et al. (2008) assigns a numeric value to the degree of change in the relative abundances of 

the lifeforms within the pairs between two time periods. Abundances from the ‘assessed’ 

period are plotted, and a ‘donut shaped’ envelope defining reference conditions is created 

using 90% of this data (Figure 1.5).  
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Figure 1.5 – Schematic of the plankton index tool plot, taken from Tett et al. (2008). 

 

Abundances of the lifeforms in the lifeform pair from a separate ‘comparison period’ are also 

plotted on the same axes. The plankton index generated is a measure of the proportion of data 

points from the comparison period which fall within the reference envelope created by the data 

from the assessed period. A higher proportion of data points being within the reference area 

shows a smaller change within the relative abundances of the lifeforms within the pair. 

Therefore, a high PI value indicates little change has occurred between the two time periods, 

and a low number indicates significant changes have occurred. A PI value of 0.7 or lower is 

considered to represent a statistically significant change within a lifeform pair (Tett et al., 2008; 

Greenwood et al., 2019; Graves et al., 2023).  

1.6 Study areas 

The study areas in this thesis are the Liverpool Bay and the Thames Estuary. There are 

diƯerences in the predominant land uses in the catchments of these study areas, which 

provides an opportunity to investigate in contrasting systems. There is literature studying 

trends in the water quality and phytoplankton communities in these areas (Sanders et al., 

2001; Nedwell et al., 2002; Weston et al., 2008; Kinniburgh and Barnett, 2010; Neal et al., 2010; 

Greenwood et al., 2011; Bowes et al., 2012; Greenwood et al., 2012; Lazar et al., 2012; 

Greenwood et al., 2019; Fronkova et al., 2022). The availability of this earlier work oƯers 
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important knowledge and makes these good study areas to develop the understanding of the 

role of phytoplankton within eutrophication monitoring.  

1.6.1 Liverpool Bay Catchment area 

Liverpool Bay sits within the Irish Sea in the northwest of England (Figure 1.6). It is typically less 

than 50m in depth and can experience stratification for periods of up to several days (Palmer, 

2010; Palmer and Polton, 2011; Polton et al., 2011). The Bay is mainly fed by the rivers Dee, 

Mersey, and Ribble and there is a consistent region of freshwater influence. The northwest 

catchment area which drains to Liverpool Bay covers an area of 13,200 km2 , with a population 

of nearly 7 million people, and the major urban centres of Liverpool and Manchester 

(Environment Agency, 2023a). 80% of the northwest river basin is rural (Environment Agency, 

2023a) and the majority of farmed land is permanent pasture (Defra, 2024).  

 

Figure 1.6 – Liverpool Bay study area. The dark blue areas are transitional assessment areas 

in the WFD/WER. The teal shows the coastal assessment areas in the WFD/WER. The black 

line outlines the Liverpool Bay plume OSPAR assessment area. 

1.6.2 Nutrient inputs and concentrations in Liverpool Bay 

Between 1994 and 2016, annual loads of DIN into Liverpool Bay were between 35,800 and 

58,500 tonnes of N per year, with nitrate being the dominant form of nitrogen (Greenwood et 

al., 2019). Annual DIP loads were reported to be between 3,000 and 6,200 tonnes of P per year 
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in this timeframe (Greenwood et al., 2019). Ammonium, nitrite, and DIP inputs into the bay 

have significantly decreased over the same time period (1994 – 2016), but no changes were 

identified in DIN inputs (Greenwood et al., 2019), resulting in a significant increase in the ratio 

of DIN : DIP inputs (Greenwood et al., 2019). Mean winter nutrient concentrations in Liverpool 

Bay of 16 μmol/L TOxN, 1 μmol/L DIP, and 10 μmol /L Si have been reported (Greenwood et al., 

2011).  

1.6.3 Phytoplankton community in Liverpool Bay 

Phytoplankton dynamics between 2003 and 2009 in Liverpool Bay show an annual spring 

bloom, which is dominated by diatoms (Greenwood et al., 2012). Dinoflagellates were 

identified for short intervals between the months of July and October (Greenwood et al. 2012). 

Significant changes in the phytoplankton community occurred across transitional and coastal 

WFD/WER areas in Liverpool Bay between 2006 and 2015, in the form of increasing 

dinoflagellate abundance  (Greenwood et al. 2019). 

1.6.4  Liverpool Bay assessment outcomes  

In the 2019 results of the WFD/WER, none of the surface waters in the northwest achieved good 

chemical status (Environment Agency, 2023a). Of the surface waterbodies within the area, 131 

of 600 achieved good or high ecological status, whilst the remainder achieved moderate or 

below (Environment Agency, 2023a). The most common reasons for waters not achieving good 

ecological status in this river basin district were agricultural pollution from rural areas, and 

wastewater pollution from the water industry (Environment Agency, 2023a).  

The Liverpool Bay plume assessment area (black line, Figure 1.6) was introduced into the 

OSPAR assessment in COMP 4, and it was awarded a ‘high’ status in the eutrophication 

assessment using data from 2015 – 2020 (Devlin et al., 2023). The plume area is based on the 

contour lines of an SPM concentration of  10 mg/L, has an area of 1661 km 2 and a mean depth 

of 15 m, and a mean salinity of 30.6 (Greenwood et al., 2019; Devlin et al., 2023).  

1.6.5 Thames Estuary catchment area 

The Thames Estuary is a well-mixed tidal estuary in the southeast of England where the Thames 

River flows into the North Sea, with a tidal range of 3-6 m (Middelburg and Nieuwenhuize, 

2001). The Thames River basin has a catchment area of 16,200 km2, and approximately 17% of 

the basin is urban, whilst the remainder is rural (Environment Agency, 2023b). There is a 

population of around 15 million people, including urban centres of London, Reading, and Luton 

(Environment Agency, 2023b). The majority of the farmed land in the Thames Estuary 

catchment area is arable land (Defra, 2024).  
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Figure 1.7 - Thames Estuary assessment area. The dark blue areas are transitional 

assessment areas in the WFD/WER. The teal shows the coastal assessment areas in the 

WFD/WER. The black line outlines the Thames plume OSPAR assessment area.  

1.6.6 Nutrient inputs and concentrations into the Thames Estuary 

Nitrogen is the most abundant nutrient entering the Thames Estuary (Middelburg and 

Nieuwenhuize 2001), with annual loads of DIN varying between 23,700 and 60,500 tonnes of N 

per year between 1994 and 2016, dominated by nitrate (Greenwood et al., 2019). Ammonium 

and DIP inputs have decreased in the Thames Estuary (Greenwood et al., 2019), but no 

statistically significant changes have been identified in the DIN concentrations entering the 

Estuary between 1994 and 2016. The ratio of DIN : DIP in the nutrient inputs into the Thames 

has however been seen to increase significantly between 1994 and 2016 (Greenwood et al., 

2019). Typical winter concentrations of 45 µmol/L of nitrate, 17 µmol/L of silicate, and 2 µmol/L 

of phosphate were measured within the Thames plume (Weston et al., 2008).  

1.6.7 Phytoplankton community in the Thames Estuary 

The phytoplankton community, sampled at the Warp SmartBuoy, showed a spring bloom 

initially diatom dominated, before a switch to Phaeocystis (Weston et al., 2008). The remainder 

of the year was seen to be diatom dominated (Weston et al., 2008). Significant changes in the 

phytoplankton community composition were identified across transitional and coastal areas 
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in the Thames Estuary between the years 2006 and 2015, and this was attributed to increasing 

dinoflagellate abundances (Greenwood et al., 2019).   

1.6.8 Thames Estuary assessment outcomes 

In the 2019 WFD/WER, none of the surface waters in the Thames River basin district received 

good chemical status (Environment Agency, 2023b). No surface waters were awarded high 

ecological status, only 31 out of 501 surface water bodies were awarded good ecological 

status and the remaining 470 were rated as moderate or below (Environment Agency, 2023b). 

The most common reasons for areas not receiving a good status in the Thames River basin 

were agricultural pollution from rural areas  and wastewater pollution from the water industry 

(Environment Agency, 2023b).  

The Thames plume assessment area (black line, Figure 1.7) was introduced into the OSPAR 

assessment in COMP 4, and it was awarded a ‘high’ status in the eutrophication assessment 

using data from 2015 to 2020  (Devlin et al., 2023). The plume has an area of 5523 km 2 is based 

on the contour lines of an SPM concentration of 25 mg/L  It has a mean depth of 22 m, and a 

mean salinity of 34.4 (Greenwood et al., 2019; Devlin et al., 2023).  

1.7 Research questions  

Phytoplankton are an essential part of healthy coastal ecosystems, and the implications of 

eutrophication can be substantial and seen throughout trophic levels. It is therefore important 

to ensure that the relationships between phytoplankton communities and changing water 

quality conditions are well understood and that the full extent of changes are suƯiciently 

identified and monitored. This thesis aims to contribute to furthering the understanding of how 

phytoplankton fit into eutrophication monitoring in the UK marine waters. This will be in terms 

of how changes can be eƯectively assessed and monitored, the relationship between water 

quality parameters and phytoplankton communities, and whether the current policies are 

suƯicient to eƯectively safeguard ecological communities from the undesirable impacts of 

eutrophication.  

1.7.1 Chapter Three - Implementing new methods into assessments, for a more holistic 

view of eutrophication in UK marine waters 

In Chapter three , the results from the current eutrophication assessment metrics will be 

discussed alongside those from additional methods, with the aim of addressing the following 

research questions: 
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1. Does long term trend analysis provide more informed assessments of estuarine and 

coastal waters, and would inclusion of trend information improve current metrics that 

assess ecological state over 6-year cycles? 

2. Can the Plankton Index tool oƯer further insight into the extent of ecological impacts of 

eutrophication in addition to the current phytoplankton metrics alone? 

3. What further understanding could be gained about the eutrophic state of coastal and 

estuarine areas by applying integrated coastal and oƯshore assessment using both 

WFD/WER and OSPAR in terms of metrics and time periods? 

1.7.2 Chapter Four - Environmental controls on phytoplankton biomass and community 

composition in the Thames Estuary and Liverpool Bay  

Using data collected under the marine Natural Capital and Ecosystem Assessment 

programme (mNCEA) (Defra, 2022), relationships will be established between water quality 

and the phytoplankton community in Liverpool Bay and the Thames Estuary. Chapter four will 

aim to address: 

4. How do the light and nutrient conditions vary with salinity in Liverpool Bay and the 

Thames Estuary? 

5. How does the phytoplankton abundance and community composition vary with 

salinity in the two study areas of Liverpool Bay and the Thames Estuary? 

6. Is phytoplankton biomass nutrient limited at an oƯshore sampling site in the Thames 

Estuary? 

1.7.3 Chapter Five - Turbidity impacts on the abundance and composition of diatoms and 

dinoflagellates in coastal waters, and the associated implications for management 

Using a natural community from the Thames Estuary area, an assessment will be made on 

whether current concessions on nutrient concentrations are appropriate to limit the potential 

undesirable consequences of nutrient enrichment. This research question will be addressed: 

7. How does a natural phytoplankton community respond to sediment additions in a 

laboratory incubation experiment and what are the implications for current UK assessment 

criteria? 

1.7.4 Chapter Six – Outlook and synthesis   

The findings from each of the research chapters will be brought together and discussed in 

terms of the additional knowledge that they can oƯer about the role of phytoplankton within 

eutrophication monitoring, as well as outlining suggestions for further work in this area.  
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2.1 Mapping and visualisation of spatial data  

ArcGIS Pro was used to visualise assessment areas which are used under OSPAR and 

WFD/WER monitoring initiatives, and to show sample collection sites. Shapefiles for the 

WFD/WER transitional and coastal assessment areas were downloaded from the Environment 

agency at (https://environment.data.gov.uk/dataset/78c2df61-d465-11e4-b839-

f0def148f590). OSPAR assessment areas were downloaded from ICES (https://ices-

library.figshare.com/articles/dataset/Input_data_files_for_the_OSPAR_COMP_4_eutrophicati

on_assessment_using_COMPEAT/22189111 ) .  

2.2 Analysis  

Data exploration and analyses were carried out in R (R Core Team, 2024). 

2.3 Discrete sample collection  

This section provides the methods of data collection, processing, and analysis of samples 

collected for this thesis in the Thames Estuary and Liverpool Bay study areas. Core methods 

common to multiple chapters are outlined here. Further details including vessels, sampling 

locations, and timings are described in each relevant chapter.  

2.3.1 Suspended particulate matter (SPM) Preparation 

0.7 μm glass fibre filters were pre-ashed by heating at 450 °C for 1 hour, rinsed with MilliQ water, 

and then dried at 75 °C for 2 hours. The filter papers were weighed and the mass of each was 

recorded, and they were stored in a desiccator before use. One sample per station was 

collected unless an incubation was taking place using water collected from that station, in 

which case triplicate samples were collected where possible.  

2.3.2 SPM Collection and Analysis 

To determine SPM concentrations, a small volume of MilliQ water was filtered through the 

prepared filter paper before filtering a known volume of sample water, typically 100-1000 mL 

dependent on the turbidity of the water. The measuring cylinder, funnel, and filter paper used 

were rinsed well with MilliQ water to ensure no sediment remained. The filter papers were kept 

in a sealed plastic bag and taken back to the lab as soon as possible where filter papers were 

dried at 75 °C for 24 hours, weighed and the mass recorded, in line with the protocol outlined 

in Neukermans et al. (2012). The initial mass of the filter paper was subtracted from the mass 

of the dried filter paper and sediment in order to obtain a value for sediment.  
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This was converted to an SPM concentration in mg / L using Equation 1:  

SPM (mg/L) =  
൬

mass of ϐilter paper 
and sediment(mg)

൰ − ൫prepared ϐilter paper mass(mg)൯

Volume of sewater ϐiltered (L)
 

Equation 1 - Calculation of suspended particulate matter concentration.  

2.3.3 Chlorophyll a Collection 

A known volume of sample water (typically 100-1000 mL dependent on productivity in the 

water) was filtered through a 0.7 μm glass fibre filter under vacuum no more than 10 kPa, using 

acid washed filtering equipment. The filter papers were folded in half with the residue inside, 

wrapped in aluminium foil and stored in the dark at -80 °C until analysis. Samples were 

analysed with 12 months of collection. 

2.3.4 Chlorophyll a Analysis 

Chlorophyll concentrations were analysed using fluorometry, in line with the method outlined 

in Tett et al. (1987) and by the manufacturer (Arar and Collins, 1997). The fluorometer was 

calibrated by Cefas scientists using a solution of ‘chlorophyll a free of chlorophyll b’ (Sigma 

Aldrich) with the concentration and purity being determined spectrophotometrically with a 

FLUOstar Omega spectrophotometer. Samples were extracted by placing the filter papers in a 

test tube with acetone (8 mL, 90%). The test tubes were left in the dark at 4 °C. Within 18-72 

hours the test tubes were transferred to a centrifuge at 3500 RPM for 10 minutes. The solution 

was then transferred to a cuvette and analysed using a Turner 10AU field fluorometer. After the 

first analysis HCL was added (1.2 M, 2 drops) and the solution was analysed again to obtain a 

value for the fluorescence contributions from phaeophytin. Quality control of results for 

discrete samples is assured by participation in the Quality Assurance for Marine Environmental 

Measurements (QUASIMEME) scheme.  
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Raw fluorescence values were converted to chlorophyll a concentration using Equation 2 and 

Equation 3. 

𝐶௘௫௧௥௔௖௧ = 𝐹௦ ቀ
𝑟

𝑟 − 1
ቁ 𝑋 (𝑅௔ −  𝑅௕) 

Equation 2 - Chlorophyll concentration in the extract. 

 

 𝐶௦௔௠௣௟௘ (𝜇𝑔 𝐿ିଵ ) =  
𝐶௘௫௧௥௔௖௧ 𝑥 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 𝑣𝑜𝑙𝑢𝑚𝑒 (𝐿)𝑋 𝐷𝐹

𝑆𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 (𝐿)
 

Equation 3 - Chlorophyll concentration in sample. 

r = the before-to-after acidification ratio of a pure chlorophyll a solution, calculated during 

calibration 

Rb = fluorescence of sample extract before acidification  

Ra = fluorescence of sample extract after a acidification. 

DF= dilution factor 

2.3.5 Inorganic Nutrient Collection 

Nutrient sampling and analysis were carried out according to Becker et al. (2020). Sample 

water was filtered through Minisart 0.45 μm filters into 50 mL sample pots which had been acid 

washed, and samples were then stored at -12 °C until analysis.  

2.3.6 Inorganic Nutrient Analysis 

Nutrient samples were fully defrosted for at least 24 hours prior to analysis. Sample tubes were 

rinsed with sample water and then filled with sample no more than 5 mm from the top. 

Concentrations of nitrate, nitrite, silicate and ammonium were analysed using a SEAL 

continuous segmented flow autoanalyzer AA3 by scientists at Cefas. Samples which were 

beyond the upper limit of quantification were diluted with artificial seawater and re analysed. 

The upper detection limit and range are outlined in Table 2.1. The % error for all nutrient 

analyses was ±1% relative to Ocean Scientific International (U.K.) standards. Quality control 

of results for samples is assured by participation in the Quality Assurance for Marine 

Environmental Measurements (QUASIMEME) scheme.  

 



32 
 

Table 2.1 – Detection limits and ranges of each nutrient parameter analysed using the 

continuous segmented flow autoanalyzer.  

Parameter Detection Limit 

(µmol / L) 

Range (µmol / L) 

Nitrite 0.01 0.01-5 

Dissolved total 

oxidised 

nitrogen 

0.10 0.10-29 

Dissolved 

Silicate 

0.10 0.10-20 

Dissolved 

Inorganic 

Phosphate 

0.10 0.10-5 

Ammonium 0.10 0.10-10 

 

2.3.7 Salinity 

Sample water was collected into 200 mL glass sample bottles. The bottles were rinsed three 

times with sample water before being filled to the shoulder. The neck and thread were dried 

with tissue to ensure no salt crystallisation before being stoppered, and the bottles were stored 

in wooden crates until analysis. One salinity sample was collected at each station, and 

duplicate samples were collected at the start and end of the crate of bottles for quality control 

purposes. Samples were analysed by Cefas scientists using a Guildline 8400B salinometer 

which had been standardised with IAPSO standard seawater.  

2.3.8 Phytoplankton Collection 

250 mL opaque amber HDPE bottles were filled to the shoulder with sample water and fixed 

with a pipette (2 mL) of acidified Lugol’s iodine. The bottles were kept in the dark until analysis, 

and where possible were analysed within a year of the collection date.  

2.3.9 Phytoplankton Analysis  

Samples were analysed by taxonomists at Cefas using the Uttermӧhl microscopy method 

(Uttermӧhl, 1958).  

Samples were homogenised by inverting ten times and then transferred into settling 

chambers, the size of chamber determined by the sediment and phytoplankton densities. 

High sediment samples were pipetted into 1ml Sedgewick-Rafter slide. 5-, 10-, or 25-mL 
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chambers were used for other samples. Samples were left to stand before being counted 

under inverted light microscopes.  

Taxa were identified to species level where possible and to the lowest taxonomic level above 

this if not possible. Counts were recorded in cells per litre. 200 cells/L were required per 

sample and if this was not reached then a second chamber was counted.  

The entire baseplate of the chamber was scanned at 200 x magnification for low cell density 

samples. Transects across the widest part of the chamber were used for moderate cell density 

samples and a zig-zag pattern across the baseplate of ten random field of views were used for 

high cell density samples.  
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3.1 Abstract 

The monitoring of eutrophication within UK coastal and transitional waters is conducted under 

WFD/WER. In addition, coastal, plume, and oƯshore waters are monitored under the UK 

Marine Strategy Part 1 (UKMS) and OSPAR. The WFD/WER assesses ecological state within an 

assessment period of 6 years. Eutrophication is assessed using a range of  indicators that focus 

on plankton biomass, nutrients, and dissolved oxygen. Whilst these current indicators are well 

accepted as being important in the assessment of eutrophication, they may not be fully 

capturing the extent of ecological disturbances and changes in nutrient concentrations. In 

addition to this, eutrophication assessments are not integrated along a spatial gradient 

through WFD/WER and OSPAR assessment areas, with assessment occurring on diƯerent time 

periods. This chapter presents analysis of long-term monitoring data to establish if trend 

analysis oƯers additional insight in the assessment of coastal and marine waters. The results 

suggest that this longer-term view can provide information regarding success of management 

interventions and identify the likely trajectory of future conditions. In addition, methods for the 

assessment of plankton community dynamics are used, to assess if extra  information 

regarding the state of phytoplankton communities could be acquired. The findings indicate 

that there are shifts within phytoplankton communities which are not currently being picked 

up within eutrophication assessments under WFD/WER and OSPAR, and additional and useful 

insight could be gained from expanding the assessment parameters.  
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3.2 Introduction 

Monitoring and assessment of eutrophication is conducted under separate pieces of 

legislation established from The Water Framework Directive (European Commission, 2000), for 

England and Wales, Scotland, and Northern Ireland. Water Environment Regulations (England 

and Wales), the Water Environment and Water Services (Scotland) Act 2003 (WEWS Act 2017), 

and The Water Environment (Water Framework Directive) Regulations (Northern Ireland) 2017, 

collectively referred to as the WFD/WER. Assessments also take place under the UK Marine 

Strategy Part One (UKMS) (HM Government, 2012), and OSPAR (OSPAR, 2005) Quality Status 

Reporting (QSR) in UK waters. Data which feeds into these assessments for Thames and 

Liverpool Bay are collected by the Environment Agency (EA) and Natural Resources Wales in 

transitional and coastal assessment areas, and by the Centre for Environment, Fisheries and 

Aquaculture Science (Cefas) and Agri-Food and Biosciences Institute (Northern Ireland) (AFBI) 

in the more oƯshore areas defined by OSPAR.  

 

Table 3.1 Indicators used in the WFD/WER and OSPAR eutrophication assessments. 

Directive Waterbody 

type 

Nutrient 

parameters 

assessed 

Dissolved 

oxygen 

parameters 

assessed 

Phytoplankton  

parameters assessed 

WFD/WER   Transitional 

assessment 

areas 

Winter DIN 

concentration  

Whole year 

near surface 

concentration 

Chlorophyll a, 

elevated phytoplankton 

counts, 

WFD/WER Coastal 

assessment  

areas 

Winter DIN 

concentration  

Whole year 

near surface 

concentration 

Chlorophyll a, 

elevated phytoplankton 

counts, seasonal 

succession of diatoms 

and dinoflagellates 

OSPAR fourth 

Common 

Procedure for 

the 

assessment of 

eutrophication 

River plume 

areas and 

larger 

oƯshore 

areas 

Winter DIN & 

DIP 

concentration  

 

Near-seabed 

concentration 

during  

July – October 

assessment 

period 

Chlorophyll a, 

phytoplankton indicator 

species 
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The current assessments for eutrophication use a targeted but limited range of indicators 

(Table 3.1), that provide an overview of status for inshore and oƯshore waters within a fixed 

period of time. All assessments rely on what are known as the primary indicators for 

eutrophication which include dissolved winter nutrients, phytoplankton biomass and 

dissolved oxygen. Whilst these indicators have been and continue to be valuable indicators for 

the assessment of eutrophication, they do not capture changes in the pelagic community or 

measure biodiversity shifts that could be related to eutrophication pressures. The 

assessments could be enhanced by utilising additional metrics for monitoring change in the 

plankton community (considered here is the plankton index tool), and by extending the 

temporal coverage and considering trends over time. Such approaches utilise datasets which 

already exist and would not require alteration to the sampling eƯorts of the eutrophication 

assessments. Many authors have made suggestions for the expansion of the metrics used in 

assessments (Greenwood et al., 2019; Devlin et al., 2023; Graves et al., 2023; Devlin et al., 

2025; Holland et al., 2025), and this work will add to the growing evidence pool.  

The range of possible indicators used in the eutrophication assessments compare nutrient 

inputs, concentrations, and ratios, with the impacts on oxygen concentration, chlorophyll 

concentration, and phytoplankton total and individual species abundances to pre-determined 

thresholds, as well as a seasonal succession tool, as outlined in Devlin et al. (2007a) and 

Devlin et al. (2007b). These indicators aim to determine not only if there are elevated 

concentrations of nutrients, but if they have resulted in undesirable disturbances to 

ecosystems, as the assessments are conducted with the knowledge that elevated nutrient 

concentrations are not necessarily an undesirable disturbance if they do not result in 

ecological disturbances (Devlin et al., 2007b; Foden et al., 2011)  

Despite the aim to examine ecological disturbances within waterbodies, there are ecosystem 

perturbations which cannot be assessed through these metrics. Whilst phytoplankton 

community change is measured under the OSPAR pelagic habitats assessment of biodiversity 

(Rombouts et al., 2019), eutrophication assessments do not currently include a phytoplankton 

community composition metric beyond the seasonal succession tool which is applied only in 

coastal waters under the WFD/WER. Developments in the understanding of interactions 

between nutrients, eutrophication, and ecology mean that there is increased awareness of the 

extent to which ecosystems can be impacted. For example, changes in harmful algal blooms 

in relation to eutrophic conditions have been investigated (Glibert and Burkholder, 2011; 

Davidson et al., 2012; Gowen et al., 2012; Glibert and Burford, 2017; Glibert, 2020), but 

occurrences of harmful species would not be identified in all current assessments. 

Furthermore, there is evidence that a changing nutrient ratio may impact phytoplankton 

community composition (Lagus et al., 2004; Vrede et al., 2009; Chu et al., 2014; Burson et al., 
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2018). Burson et al. (2016) observed diƯerences in the limiting nutrient across diƯerent 

species, resulting in a shift in the community composition. A low N:P ratio resulted in a 

community dominated by cyanobacteria in mesocosm experiments (Vrede et al., 2009), and 

species which could access alternative P sources were more successful in the high N:P ratio 

experiments by Lagus et al. (2004).  As the implications of eutrophication and environmental 

changes are increasingly more understood, assessment metrics should be developed 

accordingly in order to monitor and, if necessary, to mitigate the full extent of undesirable 

disturbances. The phytoplankton index tool (PI) (Tett et al., 2008), is a method of determining 

change within a lifeform pair. It has been recommended for use as part of eutrophication 

assessments (Tett et al., 2008; Greenwood et al., 2019) , but has not yet been implemented. 

The PI is used here to investigate the changes in the diatom/dinoflagellate lifeform pair, as their 

relative abundances have been linked to eutrophic conditions and changes in water quality 

(McQuatters-Gollop et al., 2007a; Wasmund, 2017; Wasmund et al., 2017). Responses to 

nutrient concentrations have been seen to diƯer between phytoplankton of diƯering size 

(Charalampous et al., 2021; Dashkova et al., 2022), the relative abundances of which could 

also be measured using the PI method. Alternative methods for assessing phytoplankton 

community change have been developed, such as the species reference list (Devlin et al., 

2009) , but to date this has not been formally implemented into the eutrophication assessment 

methods.  

Eutrophication assessments are conducted over a fixed time period under current 

frameworks. Assessments under the WFD/WER are made using data from 6-year assessment 

periods. This gives a snapshot of the state of waterbodies but gives limited indication of the 

long-term health of the assessment areas. There is no metric assessing long term changes and 

trends within the WFD/WER, and it is not included within the oƯicial OSPAR common 

indicators. Data from the Environment Agency and Cefas is utilised here to present long term 

trends within the assessment areas to determine whether this could provide extra information 

and insight which may be beneficial to policy makers and managers, for example on the 

trajectory of parameters.  

Developing the understanding of eutrophication impacts and linking changes seen in the 

marine environment to their respective drivers is known to be a challenging undertaking 

(Cloern, 2001), as relationships between environmental variables and phytoplankton 

response are complex and can be location specific. Extending the range of methods used to 

assess the available data, here through the PI and long-term trend analysis, may provide a 

deeper understanding of the relationships between eutrophic conditions and ecological shifts 

within assessment areas and allow for more eƯective management.   
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The aim of this chapter is to present additional metrics and increased temporal coverage 

alongside the established indicators used in WFD/WER and OSPAR assessments to determine 

whether they can  increase understanding about the impacts of nutrient inputs on the marine 

environment and  about eutrophic water bodies. Key datasets which contribute to the statutory 

monitoring of eutrophication will be used. 

Specifically –  

Does long term trend analysis provide more informed assessments of estuarine and 

coastal waters, and would inclusion of trend information improve current metrics that 

assess ecological state over 6-year cycles? 

Can the Plankton Index tool oƯer further insight into the extent of ecological impacts of 

eutrophication in addition to the current phytoplankton metrics alone? 

What further understanding could be gained about the eutrophic state of coastal and 

estuarine areas by applying integrated coastal and oƯshore assessment using both 

WFD/WER and OSPAR in terms of metrics and time periods? 
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Table 3.2 – Overview of the knowledge from current metrics and the potential knowledge gain from harmonising and expanding assessment methods. 

Current metrics Harmonising assessments Additional metrics 
Identifies a classification of 
status relative to a threshold 
level within a defined 
assessment period 

 Long term trends - Assessing trends in the indicators over a longer 
time period gives information about the trajectory of changes and 
allows for insight into the success of management practices, and 
whether water quality in areas is improving or declining, prior to an 
assessment outcome which indicates intervention is necessary. This 
can allow for preventative rather than remedial action.   

Transitional and coastal, and 
oƯshore assessment areas 
assessed separately through 
the WFD / WER and OSPAR 
assessments 

Assessing inshore and oƯshore areas simultaneously –  
Identifying the state of the waterbody along the inshore to 
oƯshore gradient simultaneously can give insight into 
potential at risk areas, if they are neighbouring problematic 
areas.  Assessing changes simultaneously can give insight 
into how eutrophic conditions manifest along the salinity 
gradient.  
 

 

Universal methods are not 
used across transitional, 
coastal, and oƯshore 
assessment areas. Outlined in 
Table 3.1  

Implementing the same methods across all assessment 
areas –  
Utilising the full suite of assessment methods across the 
assessment areas allows for more direct comparisons, and 
a deeper understanding of ecological disturbances along 
the salinity gradient, which can inform where certain 
drivers of undesirable disturbance have the biggest impact.  

 

Current metrics assess DIN 
without considering the 
contributions of diƯerent 
species  

 Assessing nutrient species individually – Identifying changes in 
individual nutrient species, may oƯer further insight into the causes, 
and therefore the necessary management action, of some of the 
ecological perturbations occurring within the assessment areas.  

Phytoplankton metrics may 
miss fine scale changes 
across all areas. 
Phytoplankton metrics in each 
assessment area outlined in 
Table 3.1.  

 Plankton Index tool –  
Utilising an addition metric, for example the Plankton Index tool, gives 
information about finer scale changes in the phytoplankton 
community which would not be identified in all assessment areas 
with the current metrics. This is crucial, as these fine scale changes 
may have undesirable impacts on the ecosystem.   
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3.3  Study areas 

The study areas chosen for this investigation are the Liverpool Bay and Thames Estuary and 

coastal areas. In the fourth Common Procedure OSPAR assessment (OSPAR, 2005; Devlin et 

al., 2023) additional ecological assessment areas were defined in both of these study areas 

(Greenwood et al., 2019), allowing for assessment on a finer scale. These areas have large 

industrial cities and large catchment areas with a range of agricultural activities. Liverpool Bay 

has been identified as having high diƯuse nutrient inputs (Alldred et al., 2024) and the Thames 

has been reported to be nutrient enriched (Bowes et al., 2018), and to have high chlorophyll 

river concentrations (Bowes et al., 2012).  

Transects were identified in the study areas. These cover transitional, coastal, and oƯshore 

assessment areas and include the regions of freshwater influence used in the OSPAR COMP 4 

assessment (Devlin et al., 2023). This coverage should capture the gradient in nutrient 

concentrations and associated ecological impacts from inshore to oƯshore as a result of 

anthropogenic activities.  

3.3.1 Thames Estuary  

The Thames Estuary is covered in detail in chapter one, but in brief, is in the southeast of 

England where the Thames river flows into the North Sea, with a tidal range of 3-6m 

(Middelburg and Nieuwenhuize, 2001). The assessment areas in the Thames estuary cover a 

transect from inshore transitional assessment areas through London and Essex, into the Essex 

coastal area and the Thames plume, which is representative of the region of freshwater 

influence (Greenwood et al., 2019) (Figure 3.1). 
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Figure 3.1 - Labelled Assessment areas used in the Thames Estuary study area showing the 

assessment areas used under the WFD/WER and OSPAR. Dark blue areas are transitional 

waterbodies (WFD/WER), teal areas are coastal waterbodies (WFD/WER), and the light blue 

area is the Thames plume assessment area (region of freshwater influence,  OSPAR). 

3.3.2 Liverpool Bay 

The Liverpool Bay area is covered in detail in chapter one, but in brief, sits within the Irish sea 

in the Northwest of England, and freshwater input dominated  by the rivers Dee, Mersey and 

Ribble creates a consistent region of freshwater influence. The transect identified within the 

Liverpool Bay study area covers inshore transitional areas including the Mersey and Dee, 

through coastal areas and into the Liverpool Bay plume, which is representative of the region 

of freshwater influence (Hopkins and Polton, 2012; Greenwood et al., 2019) (Figure 3.2). 
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Figure 3.2 – The Liverpool Bay study area showing the eutrophication assessment areas under 

WFD/WER and OSPAR. Dark blue areas are transitional waterbodies (WFD/WER), teal areas 

are coastal waterbodies (WFD/WER), and the light blue area is the Liverpool Bay Plume 

assessment area (OSPAR) which shows the extent of the region of freshwater influence. 

3.4 Methodology 

The WFD / WER and the OSPAR assessment are not typically considered harmoniously. The 

WFD / WER and the OSPAR assessment are carried out over diƯerent time periods. The most 

recent WFD / WER assessment was 2014 – 2019 whereas the most recent OSPAR 

assessment was 2015 – 2020. The data from all assessment areas are considered over the 

same timeframe within this work. The metrics applied to the diƯerent types of assessment 

areas, and under the diƯerent assessments, are not usually applied universally. Data 

collected for the WER / WFD is not typically combined with that collected for the OSPAR 

assessments. Combining the data here increases the spatial and temporal coverage in some 

assessment areas, and applying metrics consistently allows for a better understanding of 

impacts and changes across diƯerent area types at the same time.  

 Here, data which covers a gradient including transitional and coastal (WFD / WER) and 

oƯshore (OSPAR) assessment areas are assessed simultaneously using a common set of 

metrics, including additional methods. Whilst the benefit of additional metrics and long-term 

trends has been highlighted in literature (Greenwood et al., 2019; Devlin et al., 2023; Graves 
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et al., 2023; Devlin et al., 2025), the application of universal, including additional, metrics 

applied across this spatial extent on the combined dataset is novel, and demonstrates the 

additional knowledge and insight which could be gained through this this approach.   

An assessment of long-term trends in the common indicators were included in the COMP 4 

assessment of eutrophication under OSPAR (Devlin et al., 2023), however an analysis of 

changes over time have not previously been included the WFD / WER assessments. The 

additional knowledge gained by applying the plankton Index tool to assessment areas is 

presented in Graves et al. (2023). The results of the plankton index tool assessments from 

Graves et al. (2023) are utilised within this work. The focus of the work by Graves et al. (2023) 

is an assessment of the plankton index tool results at varying spatial scales, whilst the results 

within this work are a comparison to the most recent assessment outcomes of the WFD / 

WER phytoplankton sub metric classifications.   

Data from the Environment Agency was selected if it had been identified as being collected for 

monitoring purposes, excluding pollution incidences, between 2006 and 2020 was accessed 

through the EA portal (https://environment.data.gov.uk/water-quality/view/doc/reference) . 

Data collected between 2006 and 2020 by Cefas was extracted from their online data portal 

(https://data.cefas.co.uk). A mean monthly value for each parameter was derived from all 

available data from the identified sources within each assessment area in the long-term 

analysis which covers 2006 – 2020 and is hereafter referred to as the study period. This time 

period was chosen as regulatory monitoring associated with the WFD/WER was initiated in 

2006, with monthly sampling for nutrients and phytoplankton. Prior to 2006, monitoring was 

more sporadic with limited phytoplankton data. There is no data available later than 2020  in 

the Phytoplankton Lifeform Extraction Tool (PLET) (Ostle et al., 2021), which is used for the PI 

analysis. Data was constrained to the 2006 – 2020 study period to limit analysis being 

influenced by changes in temporal or spatial data frequency. In an attempt to further address 

this, areas were only included in the analysis for a parameter if there was data covering at least 

10 years of the assessment period. Observations with an unknown associated salinity, a 

salinity of less than five in line with the WFD/WER assessment protocol, or a salinity of greater 

than 40 were removed for the analysis.  
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Figure 3.3 - Percentage of mean monthly data missing for each parameter in each year across 

the assessment areas used in the transect in the Thames Estuary catchment area. Data are 

compiled from Environment Agency and Cefas eutrophication monitoring programmes. The 

red vertical lines denote the start and end of the  study period. 

 

Figure 3.4 - Percentage of monthly mean data missing in each parameter each year across 

the assessment areas used in this analysis in the Liverpool Bay area. Data are compiled from 

Environment Agency and Cefas eutrophication monitoring programmes. The red vertical lines 

denote the start and end of the chosen study period. 

Within the chosen time period, there are variations in the availability of mean monthly data in 

the Thames Estuary area (Figure 3.3). In the first three years of the assessment period, and 

2017 and 2018, there is an increase in the percentage of missing chlorophyll data. In the TOxN, 

NH4+, and DIP data there is an increase in the percentage of missing data after the first year of 

the assessment period, and the largest data gaps are observed in 2018 for these variables 

(Figure 3.3). Dissolved oxygen has a decrease in missing data after the first year of the 

assessment period and then remains quite consistently available (Figure 3.3). In the Liverpool 

Bay area, for the nutrient parameters TOxN, NH4+, and DIP, the first four years of the 
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assessment period show a low percentage of missing data with an increase in the amount of 

missing data between the years of 2010 and 2017 (Figure 3.4). Chlorophyll  and dissolved 

oxygen have a low percentage of missing data throughout the assessment period (Figure 3.4).  
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Figure 3.5 – Salinity data availability in the Thames Estuary (left) and in Liverpool Bay (right). Dark blue areas are transitional waterbodies 

(WFD/WER), teal areas are coastal waterbodies (WFD/WER), and the light blue areas are the Thames plume and Liverpool Bay Plume assessment 

areas (OSPAR) which show the extent of the region of freshwater influence.  Each dot represents an individual sampling occasion, and the shading 

of the dot represents the salinity associated with that sampling occasion. 
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Figure 3.6 – TOxN data availability in the Thames Estuary (left) and in Liverpool Bay (right). Dark blue areas are transitional waterbodies (WFD/WER) 

teal areas are coastal waterbodies (WFD/WER), and the light blue areas are the Thames plume and Liverpool Bay Plume assessment areas (OSPAR) 

which show the extent of the region of freshwater influence.  Each dot represents an individual sampling occasion, and the shading of the dot 

represents the TOxN concentration associated with that sampling occasion. 
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Figure 3.7 – Ammonium data availability in the Thames Estuary (left) and in Liverpool Bay (right). Dark blue areas are transitional waterbodies 

(WFD/WER), teal areas are coastal waterbodies (WFD/WER), and the light blue areas are the Thames plume and Liverpool Bay Plume assessment 

areas (OSPAR) which show the extent of the region of freshwater influence.  Each dot represents an individual sampling occasion, and the shading 

of the dot represents the ammonium concentration associated with that sampling occasion. 
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Figure 3.8 – DIP  data availability in the Thames Estuary (left) and in Liverpool Bay (right). Dark blue areas are transitional waterbodies (WFD/WER), 

teal areas are coastal waterbodies (WFD/WER), and the light blue areas are the Thames plume and Liverpool Bay Plume assessment areas (OSPAR) 

which show the extent of the region of freshwater influence.  Each dot represents an individual sampling occasion, and the shading of the dot 

represents the DIP concentration associated with that sampling occasion. 
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Figure 3.9 – Chlorophyll data availability in the Thames Estuary (left) and in Liverpool Bay (right). Dark blue areas are transitional waterbodies 

(WFD/WER), teal areas are coastal waterbodies (WFD/WER), and the light blue areas are the Thames plume and Liverpool Bay Plume assessment 

areas (OSPAR) which show the extent of the region of freshwater influence.  Each dot represents an individual sampling occasion, and the shading 

of the dot represents the chlorophyll concentration associated with that sampling occasion. 
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Figure 3.10 – Dissolved oxygen data availability in the Thames Estuary (left) and in Liverpool Bay (right). Dark blue areas are transitional waterbodies 

(WFD/WER), teal areas are coastal waterbodies (WFD/WER), and the light blue areas are the Thames plume and Liverpool Bay Plume assessment 

areas (OSPAR) which show the extent of the region of freshwater influence.  Each dot represents an individual sampling occasion, and the shading 

of the dot represents the dissolved oxygen concentration associated with that sampling occasion.
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The Thames estuary has salinity values covering the entire range, with transitional assessment 

areas typically having  lower salinity values, whilst the coastal and plume area has a typical 

salinity of 32 – 36 (Figure 3.5). In the Liverpool Bay area, there are lower salinity values seen in 

the coastal and plume area, with observations between 20 – 32 typically seen in these areas 

(Figure 3.5).   

TOxN values range between the limit of detection and 700 µmol/L, with over 70% of the values 

being between the limit of detection and 70 µmol/L (Figure 3.6). In both of the study areas, the 

highest concentrations are seen inshore in transitional assessment areas, and concentrations 

decline with distance oƯshore (Figure 3.6). In coastal and plume areas, the majority of TOxN 

concentrations are below 30 µmol/L, with the occasional value in the 30 – 70 µmol/L category 

(Figure 3.6).  

NH4+ concentrations range between the limit of detection and 170 µmol/L, however over 95%  

the of values are below 30 µmol/L (Figure 3.7). Values decrease with distance oƯshore, with 

values tending to be higher in the transitional assessment areas, and lower in coastal and 

plume areas (Figure 3.7). Values are predominantly < 1 µmol/L in the Thames estuary through 

the coastal and plume areas, whilst values are predominantly between 1 and 10 µmol/L in the 

coastal and plume areas in Liverpool Bay (Figure 3.7).  

DIP values range between the limit of detection and 55 µmol/L (Figure 3.8). Values are typically 

highest inshore. In the Thames estuary, values above 10 µmol/L are seen in some of the 

transitional assessment areas, however values in Liverpool Bay do not frequently exceed 10 

µmol/L even in transitional areas (Figure 3.8). Values between the limit of detection and 5 

µmol/L are seen in coastal and plume areas in both study areas, however a larger proportion 

of observations are between 1 and 5 µmol/L in Liverpool Bay, compared to the majority of 

coastal and plume samples being < 1 µmol/L in the Thames estuary (Figure 3.8).  

Chlorophyll concentrations range between 0.1µg/L and 167 µg/L, with higher concentrations 

being seen inshore in both study areas (Figure 3.9). Values of over 50 µg/L are observed in 

Liverpool Bay, however this is uncommon in the Thames estuary, where are only one 

observation above 50 µg/L occurs (Figure 3.9). Values in the transitional assessment areas in 

the Thames are typically below 50 µg/L (Figure 3.9). In the coastal and plume areas, the values 

are typically below 10 µg/L in the Thames estuary, and below 50 µg/L in the Liverpool Bay area 

(Figure 3.9).  

Dissolved Oxygen concentrations range between 0.6 mg/L and 15 mg/L (Figure 3.10) . The 

lowest values are typically seen inshore in the transitional assessment areas. Transitional 
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assessment areas in the Thames estuary often have observations of values of 6 mg/L or below, 

whilst  the coastal and plume areas have observations with values typically between 6 and > 

10 mg/L (Figure 3.10). In the Liverpool Bay area, the transitional assessment areas have a few 

observations of between 6- 8 mg/L, but values typically range between 8 - >10 mg/L throughout 

areas (Figure 3.10). 

Sampling locations are similar across parameters, with the exception of dissolved oxygen, 

where there is much less spatial coverage of assessment areas. DIN is calculated by summing 

TOxN and NH4
+

, and DIN : DIP is the ratio of the concentrations of DIN and DIP.  

3.4.1 Trend analysis 

A linear model of date ~ concentration was run using the stats package in  R (R Core Team, 

2024), using mean monthly values across the entire study period for TOxN, NH4
+, DIN, DIP, DIN 

: DIP, salinity, dissolved oxygen and chlorophyll over the study period (2006-2020) in each 

individual assessment area in order to determine if a significant trend in each of these 

monitoring parameters was occurring over time. If the output of the linear model gave a p-value 

below 0.05, the trend was considered to be significant. 

3.4.2 Threshold determination  

Winter (Data from November – February inclusive) DIN values across the entire study period 

(2006 – 2020) were plotted against their associated salinity values. A linear regression was 

fitted and the value of the line at a salinity of 25 for transitional assessment areas, 32 for 

coastal assessment areas and 34 and 34.5 for Liverpool Bay plume and Thames plume 

respectively were calculated. Suspended particulate matter (SPM) concessions, where 

increased nutrient concentrations are permitted in turbid waters under WFD/WER, are not 

considered here when determining the threshold values. The boundary for good / moderate 

status in each water body type is 30 μmol/L for transitional  waters and 18 μmol/L for coastal 

waters in line with the WFD/WER threshold values and the method outlined in Devlin, 

Painting and Best (2007).  The winter DIN thresholds for the COMP 4 OSPAR assessment are 

22.2 µmol/L for the Liverpool Bay plume, and 16.9 µmol/L in the Thames plume (Devlin et al., 

2023). 

 

3.4.3 Plankton Index Tool  

Plankton Index values were taken from analysis completed in Graves et al. (2023). There are 

varying levels of confidence in the PI values for individual assessment areas, and these are 

identified in Graves et al. (2023). All areas shown here have data which covers at least 10 
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months across the assessed period.  The ‘assessed period’ is 2016-2020, and this is compared 

to the ‘comparison period’ of 2006-2015. A plankton index value below 0.7 is considered to 

indicate that a significant change has occurred within a lifeform pair between the assessed 

period and the comparison period.  

For the full Plankton Index results, monthly lifeform abundance data (counts as individuals/L) 

were extracted from the Plankton Lifeform Extraction Tool (PLET) (Ostle et al., 2021) using the 

Environment Agency 2000-2020 phytoplankton dataset (https://doi.mba.ac.uk/data/1535). 

These data were analysed using the Phytoplankton Index (PI) method using MATLAB (Tett et al., 

2008; Tett, 2021). To allow log10 transformation of zero-values, an estimate of the limit of 

detection (z) was first added to all abundances, taken as half of the lowest observed value for 

each lifeform. The PI is part of the OSPAR PH1/FW5 indicator ‘Changes in phytoplankton and 

zooplankton communities’, and the approach is detailed in previous studies (McQuatters-

Gollop et al., 2019; Graves et al., 2023). The PI method is used to identify changes in 

abundances for the diatom/dinoflagellate lifeform pair by comparing data from the reference 

period and the comparison period. The PI method involves plotting lifeform pair abundances 

against one another and creating an envelope containing 90% ‘assessed period’ data, using an 

inverted convex hull method. The PI value is then calculated as the ratio between the number 

of observations in the comparison period which fall within this envelope and to those which 

fall outside.  A PI value of 0.9 indicates that there has been no change, and in the context of the 

PI being used as an ecological indicator, a value below 0.7 suggests a change has occurred 

which should be considered statistically significant (generally associated with a binomial p 

value <0.05) (Tett, 2021).  

3.5 Results 

3.5.1 Long term trend analysis  

For maps showing the nutrient, salinity, and chlorophyll trends (Figure 3.11, Figure 3.12), 

assessment areas are shaded based on the p value obtained from a linear model fitted to the 

data. P values and time series figures are presented in the appendix (7.1 – 7.2). 

The  concentrations of  DIN, DIP and  TOxN significantly decline in the Thames plume , while 

there are  no significant changes in DIN : DIP and the concentrations of NH4+ and chlorophyll 

(Figure 3.11). Salinity increases  from 2006 to 2020 in the Thames plume (Figure 3.11). The 

smaller Essex assessment area, which sits within the Thames plume, has  no significant trends 

in DIN, TOxN, DIP, DIN : DIP, or chlorophyll, whilst there is  significant increase in the  

NH4+concentration and in salinity (Figure 3.11). There are significant increases in DIN and 

TOxN concentrations in the Thames middle and Stour (Essex) assessment areas, and NH4+ 
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increases in Thames Lower, Stour (Essex) and Blackwater  (Figure 3.11). These changes are not 

mirrored in the DIP concentrations, for which limited significant changes are observed. There 

are declines in DIP concentrations a few transitional areas (Figure 3.11), and a singular 

increasing trend in the Stour (Kent) (Figure 3.11). The DIN : DIP ratio increases  in the Orwell 

and Stour (Kent) and decreases in the Deben, with no significant changes elsewhere (Figure 

3.11).  Thames Lower, Stour (Essex), Blackwater and Colne show significant declines in 

chlorophyll concentrations, Swale shows an increasing trend, and the remaining areas have 

no significant trends (Figure 3.11). Salinity  increases from 2006 to 2020  in the majority of 

assessment areas in the Thames estuary area (Figure 3.11), with a singular decreasing trend in 

the Stour (Kent). Dissolved oxygen concentrations  decrease in the Thames plume area and 

increase in the Thames middle but otherwise no significant trends are identified (Figure 3.11). 
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Figure 3.11 - Trends in nutrient concentrations and ratios, chlorophyll, salinity, and dissolved 

oxygen concentration between 2006 and 2020 in the Thames Estuary area, as determined by 

a linear model. A significant trend is indicated where  p < 0.05.  Red indicates a significant 

increasing trend, orange represents no trend, and green represents a significant declining 

trend. The colour scale identifying the direction of the change is reversed for dissolved 

oxygen, based on the ecological impacts, and therefore red indicates declining oxygen 

concentration whilst green indicates an increasing oxygen concentration. 
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Figure 3.12 -  Trends in nutrient concentrations and ratios, chlorophyll, salinity, and dissolved 

oxygen concentration between 2006 and 2020 in Liverpool Bay, as determined by a linear 

model. A significant trend is indicated where  p < 0.05.  Red indicates a significant increasing 

trend, orange represents no trend, and green represents a significant declining trend. The 

colour scale identifying the direction of the change is reversed for dissolved oxygen, based on 

the ecological impacts, and therefore red indicates declining oxygen concentration whilst 

green indicates an increasing oxygen concentration. 
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A significant decline in chlorophyll and salinity is observed in both the Liverpool Bay plume and 

the Mersey Mouth, but no significant trend is seen in any other parameter in these assessment 

areas (Figure 3.12).  Morecambe Bay has declining concentrations in nutrients, chlorophyll, 

dissolved oxygen and salinity and an increase in the DIN : DIP ratio (Figure 3.12). The Cumbria 

assessment area shows a decline in nutrients and in the DIN : DIP ratio, an increase in salinity, 

and no trend in chlorophyll or dissolved oxygen concentrations (Figure 3.12). The Ribble 

assessment area exhibits increasing concentrations of DIN, and TOxN alongside a declining 

salinity and no trend in the  chlorophyll concentration.   

3.5.2 Threshold determination  

The winter DIN threshold tool was run using data collected in the study period of 2006 – 2020.  

 

Figure 3.13 – Outcomes of the WFD/WER and OSPAR winter DIN assessment metric for the 

assessed period of 2006-2020 in the Thames Estuary (left) and Liverpool Bay (right) 

areas. Areas coloured red exceeds the assessment threshold, those coloured green are 

below the assessment threshold. 

The results of the winter DIN threshold tool show that, using the study period of 2006 -2020 

four assessment areas do not exceed the winter DIN threshold  (Figure 3.13), specifically the 

Liverpool Bay plume, Mersey mouth, Morecambe Bay, and Cumbria. No assessment areas in 

the Thames Estuary area  are below the winter DIN thresholds within this assessment period 

(Figure 3.13).  
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3.5.3 Phytoplankton WFD/WER assessment tools 

 

Figure 3.14 – Results of the WFD/WER phytoplankton tool sub metrics and overall rating for 

the Thames Estuary (left) and Liverpool Bay (right). Areas from the most recent WFD/WER 

assessment outcomes (2019) which fall within the period assessed here (2006-2020). 

Seasonal succession is not applied in transitional waters. If minimum data availability 

requirements for the sub metrics in coastal water bodies are not met, they are calculated but 

they do not contribute to an overall rating. Therefore, some coastal assessment areas have 

results for an individual sub metric but no overall classification.  If there is no data available 

for a sub metric, the overall classification is calculated but flagged within the assessment. 
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The chlorophyll sub-metric shows that only one area is classified as bad status in these areas, 

which is the transitional area, Kent, in the Liverpool Bay catchment (Figure 3.14). In the Thames 

Estuary area, there is only one area classified as poor, which is Whitstable Bay. Ribble and 

Leven have been classified as poor in the Liverpool Bay area. The remainder of the assessment 

areas in both study areas are classified as at least moderate for the chlorophyll sub metric. The 

outcomes of elevated phytoplankton counts  shows no areas classified as good or high in the 

Liverpool Bay area (Figure 3.14), and only two (Essex and Whitstable Bay) in the Thames plume 

area (Figure 3.14). The Kent assessment area is classified as bad in the elevated phytoplankton 

counts sub-metric (Figure 3.14). The seasonal succession tool is only used in coastal 

assessment areas, and with the exception of the Cumbria assessment area in the Liverpool 

Bay, all areas are classified as poor (Figure 3.14). The overall classification of the WFD/WER 

assessment areas show that Kent and the Ribble in the Liverpool Bay area are classified as 

bad, whilst only Cumbria and Dee are classified as good. There are no areas in the Liverpool 

Bay area classified above moderate (i.e. achieving good or high status). In the Thames Estuary 

area, Whitstable Bay is classified as poor, with the remaining areas classified as moderate or 

above (Figure 3.14).  

3.5.4 Plankton Index tool  

The results of the Plankton Index analysis from Graves et al. (2023) are mapped below. 

Additionally, the full results of the Plankton Index Tool are presented for the Cumbria and 

Mersey Mouth assessment areas. These areas were chosen as they had data available for all 

sub-metrics in the WFD/WER assessment, and have PI values calculated with high 

confidence, as noted in Graves et al. (2023).  

 

Figure 3.15 – The results of the diatom / dinoflagellate plankton index tool assessment in the 

Thames Estuary (left) and Liverpool Bay (right) study areas for 2006 to 2020. Changes are 

considered to be statistically significant if the calculated PI value is below 0.7. 
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All assessment areas in the Liverpool Bay catchment  and in the Thames Estuary area, except 

Whitstable Bay show a significant change in the diatom/dinoflagellate community between 

2006 and 2020 (Figure 3.15). 
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Figure 3.16 – The Plankton Index ‘donut’ plot for the Cumbria assessment area using all available data from 2006 – 2020. The ‘assessed’ period of 2016 – 2020 

(left). The ‘comparison’ period for 2011 to 2015 (right). There is no phytoplankton data for the diatom / dinoflagellate lifeform pair in this area before 2011. The 

Dashed line represents the limit of detection (z). For the analysis of results, spring is defined as months 3, 4, 5, summer is months 6, 7, 8, autumn is months 9, 

10, 11 and winter is months 12, 1, 2.
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There is a significant change in the diatom/ dinoflagellate lifeform pair in between the two 

periods (Figure 3.16), PI = 0.53. In the later assessed period there is a smaller range in the 

abundance of dinoflagellates in  winter, with increased abundances of diatoms  in the same 

months. Autumn has higher abundances of both diatoms and dinoflagellates in  2016 – 2020 

compared to 2011- 2015. The spring months show a larger range in both dinoflagellates and 

diatoms abundance in the comparison period compared to the assessed period.    

 

Figure 3.17 – Time series of diatom abundance in the Cumbria assessment area for 2011 to 

2020. (No data are  available data before 2011.). The small blue dots and dotted line 

represent the monthly mean abundances, and the larger dots and solid blue line show the 

mean annual abundance.  

There is no significant  change in the annual mean abundance of diatoms in the Cumbria 

assessment area (Figure 3.17). Mean monthly abundances reach maximum values in 2015 and 

2016 (Figure 3.17).   

 

Figure 3.18 – Time series of dinoflagellate abundance in the Cumbria assessment area for 

2011 to 2020. No data are available before 2011. The small red dots and dotted line represent 

the monthly mean abundances, and the larger dots and solid red line show the mean annual 

abundance. Dashed line represents the limit of detection (z). 

There is no significant increase in the annual mean abundance of dinoflagellates in the 

Cumbria assessment area, with similar mean monthly abundances observed throughout the 

time series (Figure 3.18). 
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Figure 3.19 - The Plankton Index ‘donut’ plot for the Mersey Mouth assessment area using all available data from 2006 – 2020. The ‘assessed’ period of 2016 – 

2020 (left). The ‘comparison’ period for 2011 to 2015 (right). There is no phytoplankton data for the diatom / dinoflagellate lifeform pair in this area before 2007. 

Dashed line represents the limit of detection (z). For the analysis of results, spring is defined as months 3, 4, 5, summer is months 6, 7, 8, autumn is months 9, 

10, 11 and winter is months 12, 1, 2.
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There is a significant change in the diatom/ dinoflagellate lifeform pair in between the two 

periods in the Mersey Mouth (Figure 3.19), PI= 0.59. Diatom and dinoflagellate abundances 

increase in summer in the later assessed period compared to the earlier comparison period. 

There are no observations of  dinoflagellate abundances being close to the limit of detection in 

the later assessed period, whereas there are numerous observations of this occurring autumn 

and winter in earlier comparison period (2007 – 2015), and one observation in the spring. The 

range of both the diatom and dinoflagellate abundances also decrease in the later assessed 

period in spring, autumn, and winter. 

 

Figure 3.20 - Time series of diatom abundance in the Mersey Mouth assessment area for 2007 

to 2020. (No data are  available data before 2007. The small blue dots and dotted line 

represent the monthly mean abundances, and the larger dots and solid blue line show the 

mean annual abundance. 

 

Figure 3.21 -  Time series of dinoflagellate abundance in the Mersey Mouth assessment area 

for 2007 to 2020. No data are available before 2007. The small red dots and dotted line 

represent the monthly mean abundances, and the larger dots and solid red line show the 

mean annual abundance. Dashed line represents the limit of detection (z). 
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There is no significant increase in the annual mean abundance of diatoms in the Mersey Mouth 

assessment area (Figure 3.20).  However, between the year of 2014 and  2018,  abundances do 

not fall to values as low as those seen in the preceding years. There is no significant increase 

in the annual mean abundance of dinoflagellates in the Mersey Mouth assessment area (Figure 

3.21). However, there is a low annual mean recorded in 2012. After 2012, there are no 

observations of no dinoflagellates being recorded. 

3.6 Discussion 

3.6.1 Long term trends in nutrient concentrations 

Increases in DIN concentrations are  seen in transitional waters in the Thames Estuary and 

Liverpool Bay, but not further oƯshore (Figure 3.11, Figure 3.12). This suggests that despite 

increasing concentrations in the transitional areas, the dilution or cycling occurring has not yet 

resulted in a statistically significant increase in concentrations further oƯshore. Alongside the 

increases in DIN, increases in TOxN are observed, but are not always accompanied by 

increases in ammonium. Nitrate and nitrite are therefore likely responsible for the DIN 

increases seen in the transitional areas (Figure 3.11, Figure 3.12). Ammonium inputs into the 

Thames and Liverpool Bay estuaries significantly declined between 1994 – 2016 (Greenwood 

et al., 2019), however increases in some areas are observed here (Figure 3.11, Figure 3.12).  

Estuarine ecohydrology is an important factor when considering the transport of nutrients 

oƯshore, specifically the fine sediment that is available for retention and cycling (Jickells et al., 

2014). Alterations to the physical characteristics of the estuaries over the study period may 

have changed the nutrient retention potential and increased the proportion of nitrogen which 

remains in the water column. The release of legacy nutrients may be contributing to the 

increased nitrogen concentrations seen in the inshore areas however nitrogen release has 

been seen to be dominated by NH4+ (Jarvie et al., 2020), and NH4 
+

 concentrations do not 

increase in this study period in the transitional areas where DIN increases are observed.  

The increasing DIN concentrations in the transitional areas suggests that coastal and oƯshore 

areas risk becoming significantly enriched and at risk of eutrophication in the future and 

should be monitored, to determine whether there is an increase in nutrient transport oƯshore. 

Harmonising the WFD/WER and OSPAR assessments allows for information about the water 

quality status along the inshore to oƯshore gradient within the same time period and gives 

further insight and warning signs about future challenges associated with nutrient enrichment 

and potential eutrophication. This does, however, rely on the significance limit of p < 0.05 used 

with the linear model, and so changes may still be occurring, but they are not  statistically 
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significant. Using a linear model to assess long-term trends may not be the most suitable way 

to capture the full extent of any changes, but  it demonstrates that additional information can 

be obtained by considering the data over a longer period  compared to only using the current 

metrics for the assessment of eutrophication in the UK over the six-year assessment cycle. 

Multiple transitional and coastal waterbodies  areas show no change in DIN concentrations 

from 2006 to 2020 (Figure 3.11, Figure 3.12) alongside exceedances of the Water Environment 

Regulation thresholds (Figure 3.13). This suggests that the management practices in these 

areas and their catchments are not suƯicient to reduce the DIN concentrations. However, 

whilst the Thames plume fails the WFD/WER winter DIN threshold over the  period assessed 

here, the DIN concentration is declining (Figure 3.11), and this suggests that management 

practices may be having a positive eƯect. Alternatively, this decline may be a function of 

sampling locations, as salinity  increases in the Thames plume (Figure 3.11). An increased 

number of further oƯshore, higher salinity, samples may have been collected later in the 

assessment period. Samples collected further oƯshore are likely to have lower nutrient 

concentrations as a result of dilution.  

Nitrogen has been the subject of management initiatives prior to the Water Environment 

Regulations. In 1991, the Nitrates Directive (ND) was introduced in order to address the 

problem of diƯuse pollution originating from agricultural sources, by implementing 

management requirements in nitrate vulnerable zones. The approach of the ND and WFD/WER 

has been described as ineƯective for managing diƯuse pollution, as the complexity and 

localised nature of the issues are not suƯiciently acknowledged (Sharma, 2020). Nitrogen 

concentrations in transitional and coastal waters remain above thresholds considered 

acceptable by the WFD/WER in many areas (Greenwood et al., 2019), and total oxidised 

nitrogen concentrations increased by 23% between 2015 – 2022 in the Wensum, an eastern 

English arable catchment (Cooper and Hiscock, 2023). This highlights that management 

practices concerning nitrogen have not been eƯective at reducing DIN concentrations in 

transitional and coastal waters suƯiciently. The additional metrics suggested here may oƯer 

further insight into barriers to successful management. For example, long term trends can oƯer 

insight into the direction of change in concentrations. If the results of trend analysis in area 

suggest increasing concentrations, but this is alongside a concentration which does not yet 

exceed the upper threshold, then preventative rather than remedial action may be able to be 

implemented. This foresight is important, as the accumulation of nutrients increases the 

diƯiculty of successfully managing eutrophication (Khan and Mohammad, 2014). Prevention 

and advance action are therefore preferable. Current WFD/WER metrics oƯer limited insight 

into the success, or lack thereof, of management practices implemented within the 

assessment areas to address eutrophication problems. In the Thames Estuary area (Figure 
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3.11), and Liverpool Bay area (Figure 3.12) many of the areas exceed the DIN winter threshold 

values. By considering a singular pass or fail measurement for DIN concentrations relative to 

a pre-determined threshold rather than also including the longer-term trends presented here, 

there is limited evidence of the impact management practices are having. Understanding the 

trend direction of the DIN concentrations gives  insight for managers into the success of 

practices, and whether a continuation of current measures is likely to achieve desired results 

in the future, or whether alternative actions are necessary. This information is not available 

under the current assessment metrics of the WFD/WER. An indication as to whether 

concentrations are above or below a threshold in each WFD/WER cycle, 6 years, is much more 

limited than also looking at long term trends. This means that there are no metrics available to 

managers which can oƯer a ‘warning’ for areas which could become eutrophic, and this would 

not be flagged under the current metrics until concentrations fail the thresholds, are already 

considered problematic, and are having negative impacts on the pelagic ecosystem.  

DIP concentrations have significantly declined in the larger oƯshore Thames plume and in a 

few inshore transitional areas (Figure 3.11) but otherwise show no significant trend across the  

period assessed elsewhere in the Thames Estuary (Figure 3.11). A similar pattern is found in 

Liverpool Bay, with  declining concentrations or no change in concentrations (Figure 3.12). DIP 

concentrations have been in decline in many areas across Europe, often more strongly than 

nitrogen, as a result of legislation which was enacted (Skarbovik et al., 2014; Burson et al., 

2016; Westphal et al., 2020). In 1991 the Urban Waste Water Treatment Directive (UTTWD) 

required the removal of phosphorus from wastewater discharging into areas considered 

eutrophic (European Commission, 1991). A requirement of the UTTWD is for phosphorus 

concentrations of incoming wastewater to be reduced by 80 % at treatment plants, or a total 

phosphorus limit based on the population size. In the Thames River catchment, 

implementation of phosphorous removal at wastewater treatment works began in 1996 and 

was fully in place by 2008. This resulted in an 88% reduction in phosphorus loading into the 

Thames catchment in 2004-2006 compared to 1991-1993 (Kinniburgh and Barnett, 2010). This 

timeline of phosphorus removal at wastewater treatment centres suggests that the tail end of 

the declines in DIP concentrations, as a result of the implementation of the UWWTD, might be 

captured within this assessment period (2006 – 2020), and multiple areas with declining DIP 

concentrations are seen in both study areas (Figure 3.11, Figure 3.12).  

The trends in the period assessed here show few significant changes in DIN : DIP ratio. 

Increasing ratios  have been seen in the Thames riverine inputs between 1994 – 2016 

(Greenwood et al. 2019) but this is not reflected in the analysis of these areas for 2006 to 2020 

in this study. The DIN  : DIP ratio is monitored under the WFD/WER regulations, as to whether 

it falls within the acceptable bracket of 8-24, but there is no formal assessment of changes 
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over time. There is evidence that a changing DIN : DIP ratio can impact the community 

composition of phytoplankton, and reductions in both nitrogen and phosphorus 

simultaneously have been called for in order to successfully mitigate the negative impacts of 

eutrophication (Turner et al., 2003; Philippart et al., 2007; Grizzetti et al., 2012; Paerl et al., 

2014; Burson et al., 2016; Paerl et al., 2016).  

3.6.2 Considering nutrient speciation to strengthen eutrophication assessments 

 DIN is a combination of NH4
+ and TOxN, however under the current eutrophication monitoring 

methods, winter DIN concentrations are the exclusive nutrient measurement included in the 

assessment for coastal and transitional waters (Poikane et al., 2019). Concentrations of NH4
+ 

and TOxN are not considered separately. This can limit the understanding of trends or changes 

which may occur within the relative contributions of NH4
+ and TOxN. In the Thames Estuary, 

the DIN concentrations are declining in the plume area, along with the TOxN concentrations 

(Figure 3.11). This is not true for NH4 + concentrations, which have no trend in the plume, and 

increase in the Essex coastal area, which sits within the plume (Figure 3.11). The source of 

nitrogen has been seen to impact the community composition of phytoplankton (Blomqvist et 

al., 1994; Domingues et al., 2011; Donald et al., 2013; Glibert et al., 2016; Shilova et al., 2017). 

Domingues et al. (2011) saw no diatom response to NH4+ inputs, but reliance of NH4+ by 

cyanobacteria. An increase in the relative proportion of NH4
+ to DIN concentrations could 

result in an increased dominance of cyanobacteria, which might have negative implications 

(Zhang et al., 2022). Donald et al. (2013), saw an increase in phytoplankton biomass after NH4+ 

addition compared to nitrate, but responses diƯered by phytoplankton genus. Evidence that 

the nitrogen source can impact on the phytoplankton abundance and community composition 

highlights that the contributions of TOxN and NH4
+ should be a consideration when collecting 

monitoring data to support investigation into the impacts of nutrient enrichment and eutrophic 

conditions on phytoplankton. Shifts in the community composition of phytoplankton can have 

implications for the wider marine ecosystem (Spilling et al., 2018). The relative dominance of 

diatoms and dinoflagellates within the community has important implications for nutrient 

cycling within a waterbody (Spilling et al., 2018), and alterations to the community composition 

can have implications upwards in the marine food web as available food sources change 

(Taipale et al., 2019).  

3.6.3 Enhancing phytoplankton metrics to improve eutrophication assessments 

As well as monitoring nutrient concentrations, OSPAR and the WFD/WER have metrics to 

monitor the health of phytoplankton communities, through measures of chlorophyll 

concentration, abundances of individual and total taxa, and seasonality of certain species. 
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These metrics are classified from high to bad, based on the extent to which conditions deviate 

from reference conditions (Devlin et al., 2007a).  

For chlorophyll, this gives a snapshot of a typical growing season value for chlorophyll within 

the 6-year assessment period, exact metrics are outlined in chapter one (Table 1.3). There are 

data requirements to ensure that the spatial and temporal variability are represented within 

the final calculated value. These include sampling across salinity bands, a multitude of 

statistics including mean, median, and threshold exceedances, but still the variation over time 

is not able to be understood from this one score. Within the analysis presented here, 

chlorophyll concentrations have shown declines in some areas and no significant trends in the 

remainder of the assessment areas, with no significant increases documented (Figure 3.11, 

Figure 3.12). Comparing trends in the chlorophyll concentration to the  trends in nutrients show 

some decreasing chlorophyll concentrations despite no change seen in the nutrients in the 

area, or in the case of the Ribble, increasing nutrient concentrations. This suggests that 

nutrients are not the only driver behind changes in chlorophyll concentrations in these areas, 

and successful management must take an integrated approach, looking at a wider range of 

variables over a longer time period,  to understand what other factors may govern primary 

productivity. The method presented here aims to assess chlorophyll concentrations over a 

longer time scale, which is important to be able to identify the potential drivers of changes and 

implement a comprehensive approach. Declines in primary productivity have been identified 

in the North Sea through time series of chlorophyll (Capuzzo et al., 2018), linked to nutrient 

inputs and sea surface temperature. Additional long term analysis of chlorophyll 

concentrations in the North Sea has identified climate change and water clarity as key drivers 

of increases in primary productivity (McQuatters-Gollop et al., 2007b). The findings in these 

analyses highlight diƯerent driving factors, but importantly both take a long-term view of 

changes in chlorophyll concentrations to identify causes. Understanding drivers behind 

change is important to ensure best use of resources when implementing management 

measures. Incorporating an assessment of changes over time in the WFD/WER analysis could 

help to do this. OSPAR has incorporated  longer-term trend assessments as a supplement to 

the Common Procedure since COMP 3, (OSPAR, 2005; Devlin et al., 2023) extending this into 

the WFD/WER would be beneficial.  

As well as studies documenting trends in chlorophyll concentrations over time, changes in 

phenology have been identified (Desmit et al., 2020), with blooms occurring earlier in the year 

due to warming. Chlorophyll a concentrations, as used within the WFD/WER and OSPAR 

eutrophication assessments, give information about phytoplankton biomass but do not 

provide information about the extent to which the phytoplankton community has been altered. 

There are many potential changes within the phytoplankton community which would not be 
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apparent through the use of chlorophyll concentration alone, including phenology, and shifts 

in dominant species (Tett et al., 2008; Thackeray et al., 2008; Wasmund et al., 2017; Taipale et 

al., 2019). The results of the chlorophyll sub-metric (Figure 3.14) show that there are multiple 

areas which are classified as high, indicating that there is little deviation from reference 

conditions during the WFD/WER assessment cycle, however, this gives no indication of shifts 

beyond abundance, and significant changes in phytoplankton communities have been 

identified in these same areas within other phytoplankton sub metric tools for elevated counts 

and seasonal succession (Figure 3.14). Furthermore, a changing climate will complicate the 

management of eutrophication in coastal waters, as a result of the complex interactions 

between nutrient and climate dynamics, alongside anthropogenic activity (Rabalais et al., 

2009; Moss et al., 2011; Sinha et al., 2017; Vigouroux et al., 2021). Now, and especially under 

future scenarios of a shifting climate, chlorophyll concentration alone will likely be insuƯicient 

to capture the extent to which phytoplankton communities are being altered through the 

eutrophication process. The relationship between chlorophyll concentration and 

phytoplankton biomass has been seen to vary (Alvarez-Fernandez and Riegman, 2014), and so 

ensuring there is a suite of indicators to monitor changes in phytoplankton communities is 

important.  

The elevated counts indicator oƯers information about blooms of specific species or total 

species exceeding a threshold. This is useful for monitoring the extent of large blooms of 

nuisance species and short-lived increases in all phytoplankton species. However,  this metric 

may miss increases in groups of species which share a common trait (lifeforms), but of which 

an individual species would not exceed a threshold. There is evidence linking shifts in the 

relative abundances of diatoms and dinoflagellates to changes in the eutrophication status of 

a water body (McQuatters-Gollop et al., 2007a; Wasmund, 2017; Wasmund et al., 2017). The 

WFD/WER seasonal succession tool delivers information about this in coastal water bodies 

but  is not routinely used as an indicator across transitional and oƯshore waterbodies. The 

seasonal succession tool measures the percentage compliance of diatoms and/or 

dinoflagellates within monthly reference conditions (Devlin et al., 2007a). The results of the 

seasonal succession tool from the latest WFD/WER assessment (Figure 3.14) indicate a poor 

classification in the majority of the assessed areas. This is in agreement with the PI (Figure 

3.15) where significant changes in diatoms and dinoflagellates are identified in the majority of 

assessment areas. The results presented here, utilising the plankton index tool, oƯer insight 

into changes within phytoplankton community composition by giving information on shifts 

within seasonality and relative abundance of diatoms and dinoflagellates, which is not 

assessed under the WFD/WER outside of coastal areas. This method could also be applied to 
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other lifeform pairs in order to gain more understanding about changes within the wider 

phytoplankton community. For example, large and small phytoplankton.  

The  results of the plankton index tool are presented for the Cumbria and Mersey Mouth 

assessment areas, where the overall classifications based on the WFD/WER phytoplankton 

metric for the areas are ‘good’ and ‘moderate’, respectively, and, by WFD/WER definition,  

Good - ‘Phytoplankton show slight signs of disturbance and changes do not indicate any 

accelerated growth of algae resulting an undesirable disturbance to the balance of organisms 

present’ (European Commission, 2000)  

Moderate - ‘The composition & abundance of planktonic taxa show signs of moderate 

disturbance. Algal biomass is substantially outside the range associated with type specific 

reference conditions and is such as to impact on other biological quality elements.’ (European 

Commission, 2000) 

The changes documented within the plankton index tool show shifts in seasonality rather than  

significant changes in annual abundance for both Cumbria and the Mersey Mouth (Figure 3.16, 

3.19). In the Cumbria assessment area, increased abundances of both diatoms and 

dinoflagellates are seen in the autumn months in the later assessed period (2016-2020), as 

well as increased diatom abundances  in the winter months. In the Mersey Mouth, 

dinoflagellate abundances increase in the autumn and winter in the later assessed period. 

Autumn and winter blooms as a result of river discharge from increased rainfall have been seen 

in other parts of the world (Ding et al., 2024), and whilst the system studied in their research is 

likely diƯerent from the Thames and Liverpool Bay areas, it gives an indication of the potential 

interactions between eutrophication and climate change and suggests that shifts in typical 

seasonal patterns are possible. The seasonal succession tool in the Cumbria area gives a 

classification of moderate, and the Mersey Mouth is classified as  poor. Whilst the seasonal 

succession tool is important in identifying that a shift has occurred in the seasonal distribution 

of diatom and dinoflagellate abundances, and has here successfully identified alterations, the 

use of the Plankton Index tool oƯers further insight. The PI is able to identify when and which 

lifeforms, further helping to ensure that management measures are targeted and eƯective.  

Utilising the plankton index tool, alongside the current WFD/WER and OSPAR metrics, can 

create a body of evidence in order to further understand the slight and moderate disturbances 

identified here and aid in identifying the most eƯective actions to ensure minimal deviation 

from reference conditions, and minimal impact on other biological elements in the marine 

ecosystem. The data used in the assessment of nutrient conditions under the WFD/WER are 

from the months of November to February inclusive, as these are the nutrients which are 
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available to support the spring bloom once light and temperature conditions allow. Under a 

changing climate, where typical phenology may be altered, extending the time scale for which 

nutrients are assessed might be important. Increasing the temporal coverage to not only look 

at longer term trends, but also to take a full year view within the 6-year WFD/WER assessment 

cycle would allow for the assessment of the impacts of nutrient conditions on abundance and 

community structure beyond winter concentrations.  

Under the WFD/WER regulations, oxygen concentrations are monitored as a ‘supporting 

element’ (Best et al., 2007), similarly to nutrients in that they are considered to shape the 

ecological status. Low concentrations of dissolved oxygen are detrimental to many organisms  

(Best et al., 2007) and shifts in oxygen concentrations can occur as a result of changes in water 

quality and the development of eutrophic conditions. When eutrophication causes  excess 

blooms of phytoplankton, low oxygen concentrations can occur as phytoplankton remnants 

sink and decay (Cabral et al., 2019), and in extreme cases  anoxia may develop, where limited 

life can be supported. Declining oxygen concentrations are being seen worldwide (Breitburg et 

al., 2018). There are many deviations from reference conditions which could occur as a result 

of eutrophication, before dissolved oxygen begins to become depleted. Whilst oxygen 

concentration is an important parameter for ecosystem health, monitoring of subtler,  

important, impacts of eutrophication, such as shifts within diatoms and dinoflagellates 

abundances, using methods such as the Plankton Index tool is important to detect undesirable 

disturbances before such drastic changes as oxygen depletion develop. Changes to oxygen 

concentrations are also likely to occur in some areas under a shifting climate, and 

eutrophication is not the only driver of change  (MahaƯey et al., 2023). Therefore, it is important 

to have a range of metrics to monitor the undesirable eƯects of eutrophication, as the impacts 

of other drivers will vary across areas, and without a variety of methods it may be diƯicult to 

identify the cause of phytoplankton community shifts.  

By increasing the range of metrics and applying them across WFD/WER and OSPAR areas, a 

holistic view of the changes occurring along an inshore to oƯshore gradient can be obtained. 

Currently, WFD/WER and OSPAR assessments occur independently to one another. 

Harmonising the assessments to utilise the same range of metrics will allow for a more 

coordinated assessment of systems.  

 

3.7 Conclusion 

Outcomes presented in this chapter have shown that by increasing and harmonising the 

temporal and spatial coverage of the WFD/WER and OSPAR assessments to look at longer term 

changes in water quality parameters, an increased knowledge can be gained about the 
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eutrophic state of water bodies and the eƯectiveness of the management measures. 

Determining the trajectory of changes gives insight into whether a waterbody is heading 

towards problematic conditions, before it fails the assessment threshold, and intervention can 

happen before there are severe undesirable consequences. Having simultaneous results 

across assessment area types, understanding the pressures which occur and the ecological 

impacts these have throughout a waterbody system, could help to guide appropriate and 

successful management. Adding the Plankton Index to the suite of assessment methods oƯers 

an understanding about critical changes within the phytoplankton community which would 

otherwise be missed across the entire inshore to oƯshore gradient using the current metrics. 

The Plankton index tool has been shown to be an eƯective way of capturing changes in 

abundance and seasonality of a lifeform pair. Understanding these finer scale changes is likely 

to become more important under a changing climate and so the addition of the PI tool, or a 

similar method, would be beneficial to ensure eƯective monitoring of the full range of potential 

undesirable disturbances.  

So What? – The use of the data in this way, in combination and with additional metrics, has 

shown that there are spatial and temporal trends and patterns which would not be captured 

currently. The use of plankton Index, or similar metric, gives further insight into the details of 

shifts within the phytoplankton community in all assessment areas, beyond those currently 

included in the assessments. This can help environmental managers decide where to focus 

eƯorts and resources. Having this additional understanding means that preventative rather 

than remedial action could be taken, and waterbodies may not have to reach ‘less desirable’ 

states before the need for intervention is recognised. 
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 4.1 Abstract 

Eutrophication in UK transitional and coastal waters can be diƯicult to monitor and manage 

due to the complexities of connecting eutrophication impacts with the occurrence of high 

nutrients, and the extent and nature of the undesirable disturbance associated with nutrient 

pollution is dependent on the specific environment. Elevated phytoplankton biomass and 

shifts in the phytoplankton community composition can be an undesirable disturbance 

associated with nutrient pollution and eutrophication. In order to support eƯective 

management of the relative risks associated with nutrient pollution in diƯerent estuarine and 

coastal environments, it is important to identify the main drivers that influence the severity of 

the eutrophication impacts. This chapter utilises data from the marine Natural Capital and 

Ecosystem Assessment (mNCEA) programme in the Thames Estuary and Liverpool Bay, as well 

as an additional data collection eƯort in Liverpool Bay, in order to identify the factors that 

govern the abundance and community composition of phytoplankton along a salinity gradient 

in these two study areas. The results of the analysis indicate that despite high inshore nutrient 

concentrations, which decline with increasing salinity, chlorophyll concentrations are similar 

along the salinity gradient in the Thames estuary and decline or remain similar with distance 

oƯshore in Liverpool Bay. The results presented in this chapter indicate that the inshore 

environment is limited by the light environment, and this moves towards a nutrient limited 

system further along the salinity gradient.  
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 4.2  Introduction  

 The undesirable eƯects of eutrophication can have significant implications throughout 

coastal and marine environments. Disturbances can include shifts in phytoplankton 

community composition (Gowen et al., 2015; Wasmund, 2017; Wasmund et al., 2017; Van 

Meerssche and Pinckney, 2019), abundance (Gowen et al., 1992; Allen et al., 1998; Ptacnik et 

al., 2008), and phenology (Desmit et al., 2020; Nohe et al., 2020). It is therefore important to 

ensure that phytoplankton communities are appropriately assessed and managed, to ensure 

healthy coastal and estuarine ecosystems. An increased understanding of the specific drivers 

behind changes in phytoplankton communities is needed in order to be able to identify the 

causes and allow eƯective mitigation strategies, that are appropriate to the specific stressors.  

The tools used in the UK for assessing the eutrophic state of estuarine and coastal waters are 

outlined in Chapter One. There are variations in the methods used in diƯerent water body 

types, and by diƯerent monitoring and assessment directives (Figure 1.5). However, in general, 

eutrophication is assessed by a measure of elevated nutrients and plankton biomass, 

alongside secondary indicators such as dissolved oxygen (Best et al., 2007). Assessment of 

eutrophication requires the identification of an undesirable disturbance, such as elevated 

algal growth leading to oxygen depletion. Therefore, it is not suƯicient to assume that high 

nutrient concentrations will universally result in negative disturbances, as the responses 

between environments will diƯer (Painting et al., 2007; Foden et al., 2011). Upper thresholds 

to assess nutrient concentrations in transitional and coastal waters under WFD/WER and 

OSPAR are in place, but the final classification of a waterbody is decided by nutrient 

concentrations in conjunction with any measured negative ecological impacts they have 

(Devlin et al., 2007b). Therefore, it is important to understand the factors which govern the 

response of ecological systems to nutrient pollution, and to establish the interactions which 

may result in undesirable disturbances that contribute to eutrophication. Specifically 

investigated here are the responses of phytoplankton communities, in terms of their 

abundance and composition of the plankton community in transitional and coastal waters. 

In order to successfully assess and mitigate the threats of nutrient enrichment to estuarine and 

coastal waterbodies and phytoplankton communities, drivers behind the variations in the 

nature of responses need to be well understood. The interactions between nutrient pollution 

(by nitrogen and phosphorus) and additional water quality parameters should be considered 

within the evaluation of overall health and function of the phytoplankton community and wider 
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ecosystem. For instance, silicate limitation is important in relation to diatom growth but is not 

relevant for dinoflagellate abundances.  

Phytoplankton, typically, require nutrients and light in order to grow, although there are 

increasing observations of mixotrophic phytoplankton (Mitra et al., 2016), for which light 

conditions exert less control.  

  The extent of growth and community composition of phytoplankton is also governed by the 

physical characteristics of a waterbody, and it is known that there can be considerable 

variability in the susceptibility of coastal and estuarine waters to eutrophication (McQuatters-

Gollop et al., 2009; Cloern and Jassby, 2010; Foden et al., 2011; Plew et al., 2020). For example, 

the light environment and water residence time are important controlling mechanisms for the 

extent and nature to which enhanced nutrient concentrations cause undesirable impacts 

(Cloern, 1987; Fichez et al., 1992; Cloern, 1999; Ferreira et al., 2005; Painting et al., 2007; 

Lueangthuwapranit et al., 2011; Shen et al., 2011; He et al., 2017; Burson et al., 2018). 

Consequently, the WFD/WER allows higher nutrient concentrations in turbid environments on 

the assumption that light limitation will prevent excessive growth (Painting et al., 2007; Devlin 

et al., 2007b). The suitability of this concession is discussed in detail in chapter Five. 

The ratio of nitrogen to phosphorus has increased within riverine inputs over time as a result of 

diƯerences in management practices (Turner et al., 2003; Grizzetti et al., 2012; Burson et al., 

2016; Longphuirt et al., 2016; Greenwood et al., 2019; Shi et al., 2022), as discussed in chapter 

one. An increasing DIN : DIP ratio may push the environment to become phosphorus limited, 

and the DIN : DIP ratio is known to impact the community composition of phytoplankton (Li et 

al., 2011; Gowen et al., 2015; Shangguan et al., 2017; Nohe et al., 2020).  

Changes in phytoplankton community composition and abundance are unlikely to show 

consistent responses across diƯerent areas and at diƯerent distances oƯshore. 

Understanding how changes in water quality parameters contribute to shaping the 

phytoplankton abundance and community composition is useful to identify the key drivers of 

change, and where policy decisions may be best focussed for eƯective management.  The use 

of (phyto)plankton lifeforms oƯer a way to assess change within the community at a functional 

trait level (McQuatters-Gollop et al., 2019; Bedford et al., 2020).  

The aim of this chapter is to outline the variations in nutrient concentrations and light 

environment at varying distances oƯshore in the two selected study areas of Liverpool Bay and 

the Thames Estuary, in order to consider how this variation may impact upon phytoplankton 

biomass and lifeform abundance. Variables which exert significant control in the two areas will 

be identified, and these results will be considered within the context of current eutrophication 
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monitoring in the UK, alongside the additional insight they can oƯer into the complex 

mechanisms which govern phytoplankton response to nutrient enrichment.    

The marine Natural Capital and Ecosystem Assessment programme (mNCEA) (Defra, 2022; 

Devlin et al., 2023) was a  3-year Defra initiative (2022-2025). It aimed to provide the evidence 

needed for a natural capital approach to be integrated into marine and coastal management 

(Devlin et al., 2023). The natural capital approach is one that recognises the economic and 

societal value of the marine ecosystem. Data collected under this programme, alongside 

further sampling eƯort, will be utilised here to address the following research questions.  

Specifically: 

 How do the light and nutrient conditions vary with salinity in Liverpool Bay and the 

Thames Estuary? 

 How does the phytoplankton abundance and community composition vary with 

salinity in the two study areas of Liverpool Bay and the Thames Estuary? 

 Is phytoplankton biomass nutrient limited at an oƯshore sampling site in the Thames 

Estuary? 

Outcomes of these questions will enhance the understanding of how the undesirable impacts 

of nutrient pollution on phytoplankton communities manifest along a salinity gradient in 

diƯerent environments.   

 4.3 Methods 

4.3.1  Water sampling  

As part of the mNCEA programme, data was collected in the Thames Estuary (Figure 4.1) and 

Liverpool Bay (Figure 4.2) onboard the Thames Guardian and the Mersey Guardian respectively 

from July 2022 until January 2025.  
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Figure 4.1- Map showing the sites of data collection under the mNCEA programme between 

July 2022 and June 2024 in the Thames Estuary (black pins). The sampling sites cover an 

inshore to oƯshore transect through transitional and coastal WFD/WER assessment areas. 

Discrete nutrient, salinity, and phytoplankton samples were collected at stations, alongside 

water column profiles using a CTD. 

 

Figure 4.2 - Map showing the sites of data collection under the mNCEA programme between 

July 2022 and June 2024  in Liverpool Bay (black pins) and sites where samples were only 

collected as part of the April 2022 sampling eƯort ( red pins). The sampling sites cover an 

inshore to oƯshore transect through transitional and coastal WFD/WER assessment areas. 

Discrete nutrient, salinity, and phytoplankton samples were collected at each station, 

alongside water column profiles using a CTD. 
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Figure 4.3 – Sampling station names against mean salinity in the Thames estuary (Top) and Liverpool Bay (bottom)
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Sampling occasions are outlined in the appendix (7.4). Samples for the determination of 

inorganic nutrients, salinity, chlorophyll, and phytoplankton were collected in surface water 

using a bucket and analysed in line with the methods outlined in the methods chapter (Chapter 

Two). Nutrient concentrations recorded below the limit of detection, at < 0.01 µg/L for nitrite, 

and at, < 0.1 µg/L, for TOxN, NH4+, DIP, and silicate, were assigned the value of the limit of the 

respective value of detection for inclusion in figures and models. An RBR Maestro CTD 

(https://rbr-global.com/products/standard-loggers/#large-multi-channel) was used to collect 

oceanographic profiles of the water column at each sample site. Salinity is measured on the 

Practical Salinity Scale of 1978 (UNESCO, 1981) and is dimensionless. Turbidity data was 

collected using a RBRtridente turbidity sensor which has a range of 0-500 Formazin Turbidity 

Units (FTU) and a detection limit of 0.001 FTU. Underwater light intensity was collected using 

an RBRcoda3 PAR sensor (https://rbr-global.com/products/sensors/rbrcoda3-par-rad/ ).  Data 

from these sensors was collected at a frequency of 16Hz and a surface mean value for each 

parameter was calculated using readings from the upper 2m of the water column. An 

additional data collection eƯort, not part of the mNCEA programme, occurred in Liverpool Bay 

in April 2022 onboard the Mersey Guardian (Figure 4.2). Samples for the determination of 

inorganic nutrients, salinity, chlorophyll and phytoplankton species composition and 

abundance were collected from the surface using a bucket and processed using the methods 

outlined in the methods chapter (Chapter Two). Oceanographic data at  a surface, middle, and 

bottom depth at each sample site, including turbidity data, were collected using an Idronaut 

Ocean Seven 305/89 CTD (https://www.idronaut.it/multiparameter-ctds/oceanographic-

ctds/. The surface values were used in this work.  

4.3.2  Data Analysis  

For each sample, TOxN and NH4+ were added together to obtain a value for DIN. 

Concentrations of nutrients, SPM, and chlorophyll were plotted against salinity determined on 

individual water samples. Values for turbidity and photosynthetically active radiation were 

plotted against the salinity values obtained from the corresponding CTD deployment. Values 

with no associated salinity were not included in the analysis. All turbidity observations were 

removed from Liverpool Bay data for June 2023 due to equipment malfunction being identified. 

Turbidity observations from August 2022 and January 2023 were removed from LV10  and MA2 

due to an abnormally high values being identified due to suspected equipment malfunction. 

Observations are grouped into seasons for the calculations of linear models (Table 4.1). 
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Table 4.1 Months assigned to each season for the analysis of biogeochemical and 

phytoplankton variables. 

Season Month 

Autumn September, October, November 

Winter December, January, February 

Spring March, April, May 

Summer June, July, August 

 

4.3.3  Nutrient addition Bioassay in the Thames estuary  

Seawater was collected by Cefas scientists from the Warp SmartBuoy site (Figure 4.1)  at a 

depth of 1 m from the survey vessel on 14th July 2022 at 10:00 GMT. The location of the site was 

51.5332°N, 1.0498°E. The salinity at the site at the time of collection was 34.755.  

Water was collected into 2 x 25 L carboys which were washed with distilled water and pre 

rinsed with sample water. This was collected by repeat deployments of a 10 L niskin bottles. 

The carboys were covered with black plastic in order to reduce light exposure upon collection 

and were transported back to the UEA laboratory within 12 hours of sampling.  Once back at 

the laboratory, water was filtered through a 200 µm net to filter out zooplankton and remove 

grazing pressure (Weston et al., 2008). Water from the two carboys was mixed together and 

gently shaken to ensure even distribution. 1.5 L of this filtered bulk water was transferred into 

each of the acid washed 2 L polycarbonate Nalgene bottles. 

Table 4.2 – Final nutrient concentrations in each bottle in the Thames Estuary bioassay 

Bottles Final concentration of nutrients in each 1.5 L of sample 

1, 2, 3 + 60 µmol/L NaNO3 

4, 5, 6 + 3 µmol/L KH2PO4 

7, 8, 9 + 25 µmol/ L Na2SiO4 

10,11,12 + 60 µmol/ L NaNO3, + 3 µmol/ L KH2PO4 

13,14,15 + 60 µmol /L  NaNO3, + 3 µmol/ L KH2PO4, + 25 µmol/ L  Na2SiO4 

16,17,18 Control 

 

Nutrient additions were made to reach concentrations (Table 4.2) which would ensure 

concentrations of at least the mean 90th percentile of winter nutrient concentrations at this site 

using historic data from the Cefas SmartBuoy (https://www.cefas.co.uk/data-and-

publications/smartbuoys/ ). The bottles were randomly distributed within the growth cabinet 
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in a temperature-controlled room set to 13.5 °C on a light : dark cycle set to the same hours as 

at the collection site on 14 July 2022, resulting in a 16.5 light to 7.5-hour dark cycle. The bottles 

were incubated for 48 hours.  

Every 24 hours, 100 mL from each bottle was decanted into a measuring cylinder and filtered 

onto a 25 mm 0.7 μm glass fibre filter, with a maximum vacuum of 10 kPa. The filters were 

wrapped in aluminium foil and frozen at -80 °C for chlorophyll analysis (see Chapter Two). 

 4.4 Results 

4.4.1  Thames Estuary Results  

Results are grouped and presented in three parameter groups of nutrient variables, physical 

environmental variables, and biological variables.  
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Figure 4.4 –Nutrient results from the Thames estuary. Top row: Total oxidised Nitrogen (left), Ammonium (right); Middle row: Dissolved Inorganic Nitrogen (left), 

Dissolved Inorganic Phosphorus (right); Bottom row: the ratio of DIN : DIP (left), dissolved Silicate (right) as a function of salinity. Observations are coloured by 

month. Observations are grouped by seasons for linear models and those linear models with an R2 of 0.5 or greater are displayed on the figures. On the DIN 

figure, the dashed lines show the WFD/WER assessment thresholds for pink: non-turbid coastal waters (18 μmol/L); red: non-turbid transitional waters (30 

μmol/L); purple: Intermediate turbidity waters (70 μmol/L), blue: Turbid  waters (180 μmol/L), and black: very Turbid waters (270 μmol/L). On the DIN : DIP figure, 

black: the 16: 1 Redfield N : P ratio.
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Table 4.3 - Summary of R2 and p values for linear models in each season for each nutrient 

parameter in the Thames Estuary. Significant p values (p <  0.05) are shaded green. 

 Summer 

R2 

Summer p 

value 

Autu

mn R2 

Autumn p 

value 

Winter 

R2 

Winter p 

value 

TOxN 0.61 4.64x10-8 0.92 2.86x10-16 

 

0.89 2.09 x10-9 

 

NH4+ 0.19 

 

0.01 

 

-0.04 

 

0.92 

 

0.32 

 

0.01 

 

DIN 0.62 3.64x10-8 0.92 2.74 x10-16 

 

0.89 1.97 x10-9 

 

DIP 0.75 3.81x10-11 0.73 3.85 x10-9 0.95 5.56 x10-12 

 

DIN : DIP 0.14 

 

0.02 

 

0.49 

 

2.10 x10-5 

 

0.12 

 

0.09 

 

Silicate 0.91  2.2 x10-16 0.67 5.22 x10-8 

 

-0.06  

 

0.76 

 

 

TOxN and DIN in the Thames Estuary values range between ~ 538 µmol/L at Gravesend in 

winter, and the limit of detection (0.1 µmol/L) at South Blackwater 2 and the Warp SmartBuoy 

in summer. The DIN threshold for very turbid waters is occasionally exceeded at salinities 

below 30, whilst the threshold for intermediate turbidity waters is consistently exceeded at 

salinities below 30 (Figure 4.4). Values from samples above a salinity value of 30 do not 

consistently exceed the DIN thresholds (Figure 4.4). 48% of samples with a salinity value of 

over 30, have a DIN : DIP ratio which exceeds the Redfield ratio of 16 : 1 (Figure 4.4)Values for 

NH4+ concentrations range between the limit of detection (0.1 µmol/L), and a peak value of 6.7 

µmol/ L (Figure 4.4) observed at MA4 in winter. Low DIP values are at the limit of detection (0.1 

µmol/L), with a peak value of 19.7 µmol/L (Figure 4.4) at Gravesend in winter. Dissolved silicate 

concentrations have low values at the limit of detection (0.1 µmol/L), with the highest value 

being 54 µmol/L (Figure 4.4) at MA2 in winter. Significant relationships ( p < 0.05) are identified 

in the summer, autumn, and winter seasons for TOxN, DIN, and DIP, and in summer and 

autumn for dissolved silicate (Table 4.3). In the winter season the concentration of dissolved 

silicate shows a peak around a salinity of 25 before the concentrations of dissolved silicate 

decline again as salinity increases (Figure 4.4). The highest silicate concentrations are 

observed in the months of January and June (Figure 4.4). The concentration of TOxN, DIN, and 
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DIP show a significant linear decline with increasing salinity in the autumn, summer, and winter 

seasons (Table 4.3). The highest concentrations of DIN and TOxN are observed in October, 

whilst the highest concentrations of DIP are observed in September and October ()The highest 

concentrations of NH4+ are observed in June, January, and December (Figure 4.4). and no 

strongly linear relationship with salinity has been identified, however concentrations do 

decline significantly with salinity in summer and winter (Figure 4.4, Table 4.3). The highest 

values of DIN : DIP ratios are observed in September, December, and January (Figure 4.4). The 

values of the DIN : DIP ratio remain consistent with salinity in the winter months, whilst there 

is a significant decline in the ratio of DIN : DIP in the summer and autumn months (Figure 4.4 , 

Table 4.3). 
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Figure 4.5 -  Suspended particulate matter (top), Turbidity (middle), and photosynthetically active radiation (bottom) averaged over the upper 2m of the water 

column, as a function of salinity in the Thames Estuary. Observations are coloured by month. 
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Table 4.4 - Summary of R2 and p values for linear models calculated in each season for each 

physical variable in the Thames Estuary. Significant p values (p < 0.05) are shaded in green. 

 Summer 

R2 

Summer 

p value 

Autumn 

R2 

Autumn p 

value 

Winter 

R2  

Winter 

p value 

Suspended 

Particulate Matter 

0.18 

 

0.01 

 

0.41 

 

1.30x10-4 -0.06 

 

0.99 

 

Turbidity  0.18 

 

0.08 

 

0.39 

 

1.70x10-4 

 

-0.05 

 

0.03 

 

Photosynthetically 

active radiation 

0.05 

 

0.23 

 

0.41 

 

7.87x10-3 0.13 

 

0.10 

 

 

SPM values peak at 84 mg/L at Gravesend in summer, and the lowest value at ~2 mg/L (Figure 

4.5) at East of Warp in autumn. Turbidity values range between approximately 3 and 40 FTU, 

with one exception at 69 FTU at Gravesend in summer L (Figure 4.5). PAR values range between 

lows of 0.005 µmol/m2/s at Gravesend in summer, and peak values of over 667 µmol/m2/s L 

(Figure 4.5) at MA1 in summer. Suspended particulate matter concentrations show a 

significant decline with increasing salinity in the summer and autumn seasons, but the 

relationships are not strongly linear (Table 4.4). The highest concentrations of SPM are 

observed in July L (Figure 4.5). No strongly linear relationship with salinity is observed for 

turbidity, but a significant decline with increasing salinity is observed in the autumn and winter 

seasons (Table 4.4). Photosynthetically active radiation in the upper 2 m of the water column 

shows a significant increase with increasing salinity in the autumn season (Table 4.4). The 

highest values of PAR are observed in June and September L (Figure 4.5).  
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Figure 4.6 - Top row: Chlorophyll concentration (left), Diatom abundance (right); Bottom row: Dinoflagellate abundance (left), the diatom proportion of the diatom 

and dinoflagellate pair (right) as a function of salinity in the Thames Estuary. Observations are coloured by month.
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Table 4.5 - Summary of R2 and p values for linear models calculated in each season for each 

biological parameter in the Thames Estuary.  

 Summer 

R2 

Summer 

p value 

Autumn R2 Autumn p 

value 

Winter 

R2  

Winter 

p value 

Chlorophyll 

concentration 

0.01 

 

0.26 

 

0.05 

 

0.13 

 

-0.07 

 

0.81 

 

Diatom 

abundance 

0.07 

 

0.18 

 

-0.01 

 

0.40 

 

-0.01 

 

0.37 

 

Dinoflagellate 

abundance  

0.18 

 

0.07 

 

-0.02 0.50 

 

0.05 

 

0.19 

 

Proportion of 

diatoms in the 

diatom + 

dinoflagellate 

lifeform pair 

0.20 

 

0.06 

 

-4.21x10-3 0.36 

 

-0.02 

 

0.40 

 

 

Chlorophyll values are typically 5 µg/L or below, with three occasions of peak values higher 

than this, at 18.6, 12.4, and 10.5 µg/L  (Figure 4.6), seen at South Blackwater 2, Warp 

SmartBuoy, and OƯ Blackwater in summer. Diatom abundances are typically between 200 and 

10 0000 cells/L, with three observations of higher values, at 894400, 543740, and 478920 

cells/L (Figure 4.6) observed at East of Warp, MA1, and Warp SmartBuoy in summer. 

Dinoflagellate abundances range between 0 cells/L and a peak of approximately 71620 cells/L 

at MA1 in summer, with 89% of samples having less than or equal to 5000 cells/L (Figure 4.6). 

No significant linear relationships with salinity are observed for any of the biological 

parameters in the Thames Estuary (Table 4.5). High values of chlorophyll and diatom 

abundance are observed in July, at high salinities (Figure 4.6). Peak values in dinoflagellate 

abundance are seen at the highest salinities, in July, August, and September (Figure 4.6). The 

proportion of diatoms within the diatom and dinoflagellate lifeform pair is above 0.6 for all 

observations below salinity values of 30. Above a salinity of 30, there are observations from 

July and September where diatoms make up a lower proportion of the lifeform pair (Figure 4.6). 
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4.4.2 Liverpool Bay Results 

Results are grouped and presented in three parameter groups of nutrient variables, physical 

environmental variables, and biological variables.  
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Figure 4.7 - Top row: Total oxidised Nitrogen (left), Ammonium (right); Middle row: Dissolved Inorganic Nitrogen (left), Dissolved Inorganic Phosphorus (right); 

Bottom row: the ratio of DIN : DIP (left), Dissolved Silicate (right) as a function of salinity in Liverpool Bay. Observations are coloured by month. Observations are 

grouped by seasons for linear models and those linear models with an R2 of 0.5 or greater are displayed on the figures. On the DIN figure, the dashed lines show 

the WFD/WER assessment thresholds for pink: non-turbid coastal waters (18 μmol/L); red: non-turbid transitional waters (30 μmol/L); purple: Intermediate 

turbidity waters (70 μmol/L), blue: Turbid waters (180 μmol/L).  
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TOxN and DIN values range between a high of ~163  µmol/L at LV12, and the limit of detection 

(Figure 4.7). The WFD/WER DIN threshold for Intermediate and Turbid waters are only 

exceeded once, and 86% of observations are below the DIN threshold for non-turbid coastal 

waters (Figure 4.7). NH4+ concentrations peak at 19.4 µmol/L at LV12, whilst the remainder of 

the observations are 6 µmol/L or below (Figure 4.7). DIP concentrations have low values at the 

limit of detection (0.1 µmol/L), and the highest DIP concentrations observed in this data set 

are at approximately 2 µmol/L (Figure 4.7) at LV12. The DIN : DIP ratios observed in Liverpool 

Bay range between 93 at LV12 and 0.4 at LV23 and the Liverpool Bay SmartBuoy, with all 

observations at a salinity below 30 having a  DIN : DIP ratio which exceeds the 16 : 1 Redfield 

ratio (Figure 4.7). Dissolved silicate concentrations have a range between the limit of detection 

(0.1 µmol/L), and 27 µmol/L seen at LV23, with 98% of observations falling below 20 µmol/L. 

Significant (p < 0.05) non-linear decreases in concentration with increasing salinity are 

identified for all parameters in the spring season, with the exception of DIN : DIP where p = 0.05 

(Table 4.6). TOxN, NH4
+, DIN, and DIN : DIP show significant negative relationships with salinity 

in autumn. For NH4
+, DIN, and DIN : DIP, this relationship has an R2 above 0.5, but this 

relationship is non-linear for TOxN. In the summer, TOxN, DIN, and DIN : DIP show a significant  

(p < 0.05) non-linear negative relationship with salinity. Silicate concentrations show a 

significant decline with increasing salinity in the winter season (Table 4.6). Silicate 

concentrations show a moderately linear (R2  > 0.5) relationship with salinity in the winter (Table 

4.6). There are samples obtained at lower salinity sites in April and October, and the April 

inshore value for all variables is typically highest, with the exception of DIP, where the values 

are comparable (Figure 4.7). Concentrations of nutrients at the highest salinity values are 

generally highest in the months of March and April for TOxN and DIN, whilst DIP and NH4+ 

concentrations are highest in October (Figure 4.7). The highest ratios of DIN : DIP at highest 

salinity values are observed in February, and silicate concentrations are highest in April (Figure 

4.7). Across all parameters, the lowest values are observed in May and June ((Figure 4.7), 

however high concentrations of NH4+ are also observed in June (Figure 4.7). In these months, 

silicate concentrations are consistently depleted, with values being at the limit of detection 

(Figure 4.7).   
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Table 4.6 – Summary of R2 and p values for linear models calculated in each season for each 

nutrient parameter in the Liverpool Bay study area. Significant p values (p < 0.05) are shaded 

in green. 

 Spring 

R2 

Spring p 

value 

Summer 

R2 

Summer p 

value 

Autu

mn R2 

Autumn p 

value 

Winter 

R2 

Winter p 

value 

TOxN   0.25 

 

4.16x10-5 

 

0.44 

 

5.86x10-4 0.39 

 

0.04 

 

0.08 

 

0.21 

 

NH4
+     0.14 

 

3.27x10-3 -0.05 

 

0.98 0.83 

 

3.94x10-4 0.07 

 

0.23 

 

DIN 0.26 

 

4.54x10-5 

 

0.31 4.98x10-3 0.53 

 

0.02 

 

0.05 

 

0.26 

 

DIP 0.10 

 

0.01 

 

-0.05 

 

0.72 

 

 

0.14 

 

0.17 

 

-0.05 

 

0.47 

 

DIN : 

DIP 

0.05 

 

0.05 

 

0.38 

 

1.83x10-3 0.63 6.28x10-3 -0.12 

 

0.89 

Si 0.06 

 

 

0.04 

 

-0.05 

 

0.88 -0.05 

 

0.45 

 

0.53 

 

0.01 
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Figure 4.8 -   Suspended particulate matter (top), Turbidity (middle), and photosynthetically active radiation (bottom) averaged over the upper 2m of the water 

column, as a function of salinity in Liverpool Bay. Observations are coloured by month. 
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Table 4.7 - Summary of R2 and p values for linear models calculated in each season for each 

physical parameter in the Liverpool Bay study area. Significant p values (p < 0.05) are shaded 

in green. 

 Spring 

R2 

Spring 

p value 

Summer 

R2 

Summer 

p value 

Autumn 

R2 

Autumn 

p value 

Winter 

R2 

Winter 

p 

value 

SPM 0.04 

 

0.08 

 

0.21 

 

0.02 

 

0.45 

 

0.03 

 

0.36 

 

0.02 

 

FTU 0.03 0.15 0.31 0.02 -0.08 

 

0.83 

 

NA NA 

PAR 0.33 

 

4.10x10-3 0.03 

 

0.23 

 

0.19 

 

0.12 

 

NA NA 

 

Suspended particulate matter concentrations peak at 24 mg/L at LV8 in winter and reach a low 

of 0.9 mg/L (Figure 4.8) at LV23 in spring. The highest turbidity values are 184 and 172 FTU at 

LV12 and LV13 respectively in spring, with all remaining observations at or below 75 FTU, and 

80%  below 20 FTU. PAR values peak at 1193 µmol/m2/s at the Liverpool Bay SmartBuoy in 

summer, with low values of ~2  µmol/m2/s  in autumn. SPM concentrations decrease 

significantly with salinity in the autumn, summer, and winter seasons. There is a significant 

increase in PAR with salinity in the Spring season (Table 4.7), although the relationship is not 

strongly linear (Table 4.7, Figure 4.8). Turbidity significantly declines with increasing salinity in 

the summer season (Table 4.7). The highest concentrations of SPM are observed in April and 

March, and observations of high turbidity are also seen in April (Figure 4.8). PAR values are 

highest in June, whilst the lowest values are observed in October (Figure 4.8). 
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Figure 4.9 -Top row:  Chlorophyll (left) , Diatom abundance (right); Bottom row:  Dinoflagellate abundance (left), and the diatom proportion of the diatom and 

dinoflagellate pair (right) as a function of salinity in Liverpool Bay. Observations are coloured by month.  Observations are grouped by seasons for linear models 

and those linear models with an R2 of 0.5 or greater are displayed on the figures.  
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Table 4.8 - Summary of R2 and p values for linear models calculated in each season for each 

physical parameter in the Liverpool Bay study area. Significant p values ( p < 0.05) are shaded 

in green. 

 Spring 

R2 

Spring 

p 

value 

Summer 

R2 

Autumn 

R2 

Autumn 

p value 

Summer 

p value 

Winter 

R2 

Winter 

p 

value 

Chlorophyll 0.03 

 

0.09 0.6218 

 

0.29 

 

0.08 

 

1.32x10-5 

 

-0.05 

 

0.52 

 

Diatom 

abundance 

-0.02 

 

0.78 

 

 

NA 0.14 

 

0.17 

 

NA -0.07 0.66 

 

 

Dinoflagellate 

abundance 

-0.02 

 

0.83 

 

NA 0.28 

 

0.08 

 

NA -0.09 

 

0.91 

 

Proportion of 

Diatoms in 

the Diatom / 

Dinoflagellate 

lifeform pair  

- 7. 27 

x10-4 

0.33 

 

 

NA 0.41 

 

 

0.04 

 

 

NA -0.09 0.94 

 

 

 

 

Chlorophyll concentrations have peak values of 18.6 µg/L, and 12.5 µg/L at LV6 and LV1 

respectively in spring, with the remainder of samples having chlorophyll concentrations 

between 10 and 0.4 µg/L. Diatom Abundances have peak values at 2700000 cells/L at LV1 in 

spring, and at 1448320 cells/L at LV20 in spring, with all other samples having abundances 

below 6000000 cells/L. There is a high dinoflagellate abundance of 160000 cells/L at LV1 in 

spring, and all other samples have dinoflagellate abundances below 25000 cells/L. 

Chlorophyll concentrations significantly decline with increasing salinity in the summer months 

(Figure 4.9, Table 4.8). There is a significant increase in the proportion of diatoms within the 

diatom and dinoflagellate lifeform pair in the autumn season (Figure 4.9, Table 4.8).  The 

highest concentrations of chlorophyll are recorded in the months of May and April, with peak 

values being measured in May (Figure 4.9).   The highest abundances of diatoms and 

dinoflagellates are also observed in April and May, with peak values being observed at high 

salinities in April for both lifeforms (Figure 4.9). The proportion of diatoms within the diatom 

and dinoflagellate lifeform pair remains above 0.8 for the majority of samples, however 

between salinity values of 31 and 32, there are observations below 0.8 in the months of   March, 

April, and February (Figure 4.9). 
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4.4.3   Nutrient Addition Bioassay Results in the Thames Estuary 

Nutrient additions were made to the samples (Table 4.9) in order to reach final concentrations 

(Table 4.2) which would ensure concentrations of at least the mean 90th percentile of winter 

TOxN, DIP, and dissolved silicate concentrations at this site using historic data from the Cefas 

SmartBuoy (https://www.cefas.co.uk/data-and-publications/smartbuoys/).  

Table 4.9- Nutrient concentrations at t = 0 at the Warp SmartBuoy site. 

TOxN (µmol/L) Nitrite (µmol/L) Phosphate 

(µmol/L) 

Silicate 

(µmol/L) 

NH4+ (µmol/L) 

<0.10 <0.01 0.13 ± 

0.06 

0.73 ± 0.29 0.70 ± 0.12 

 

The nutrient concentrations at the time of sampling of the water used in the bioassays show 

values below the limit of detection for TOxN and nitrite (Table 4.9). The concentrations of the 

other nutrients were all below 1 µmol/ L. 

 

Figure 4.10 - The chlorophyll concentration (µg/L) in the nutrient addition bioassays using a 

natural community collected from the Warp SmartBuoy site in July 2022. Error bars represent 

the standard deviation (n = 3), except the control treatment at t = 48 hours where n = 2 and no 

standard deviation could be calculated. The results of the one-way ANOVA are displayed 

using letter groupings. Treatments which share letter groupings have no statistically 

significant diƯerence at a confidence level of p < 0.05. Treatments with diƯerent letter 

groupings are statistically significant at a confidence level of p < 0.05. 
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The chlorophyll concentration increases over time in the +N, +N+P, and +N+P+Si treatments 

(Figure 4.10). The +P and +Si treatments show slight initial increases in chlorophyll 

concentration compared to the control treatment, but the chlorophyll concentration has 

declined after 48 hours. At t = 48 hours the treatments of +N, +N+P, and +N+P+Si are 

statistically significantly diƯerent from the control and the other treatments. The additions of 

P and Si individually show no statistically significant diƯerence from the control.  

 4.5  Discussion  

4.5.1 Nutrient trends  

In the Thames Estuary, NH4+ concentrations are low compared with TOxN concentrations, with 

TOxN reaching 400 µmol/L in some cases (Figure 4.4), whilst NH4+ peaks at 6 µmol/L but does 

not often exceed 4 µmol/L (Figure 4.4). An NH4+concentration of 4 µmol/L, coupled with a 

limited residence time, has previously been presented as an upper  threshold for which NH4
+ 

concentrations reduce NO3
- uptake and therefore limit algal biomass (Dugdale et al., 2012; 

Wilkerson and Dugdale, 2016). In contrast, added NH4+ has been documented as supporting 

increased phytoplankton biomass compared to added nitrate, during in situ mesocosm 

experiments (Donald et al., 2013). NH4+ concentrations are higher Liverpool Bay (Figure 4.7) 

than in the Thames Estuary (Figure 4.4). However, chlorophyll concentrations are also higher 

in Liverpool Bay, with 67% of spring and summer values below 5 µg/L (Figure 4.9), whereas 85% 

of concentrations are below 5 µg/L in the spring and summer in the Thames Estuary (Figure 

4.6). The inhibiting role of NH4
+ is not observed in this PhD research, potentially due to 

diƯerences in physical characteristics in the Thames Estuary and Liverpool Bay study areas 

compared to those investigated by Dugdale et al. (2012) and Wilkerson and Dugdale (2016).  

Diatoms have been reported to have a preference for nitrate uptake relative to NH4+ uptake and 

therefore may not always be inhibited by elevated concentrations of NH4+ (Glibert et al., 2016; 

Andersen et al., 2020), nonetheless diatoms dominated the community observed by Dugdale 

et al. (2012) and Wilkerson and Dugdale (2016). Diatoms dominate the community in the 

Thames Estuary and Liverpool Bay areas studied here (Figure 4.6, Figure 4.9). The observations 

made within this study do not identify increased NH4+ concentrations as an inhibiting factor to 

phytoplankton growth, and higher chlorophyll concentrations are seen in Liverpool Bay where 

NH4+ concentrations are higher, than in the Thames estuary. However, the available data here 

captures the spring bloom in Liverpool Bay but not in the Thames Estuary, and this will impact 

the chlorophyll concentrations observed. This suggests that  increased NH4+ concentrations 

are not inhibiting growth, as similar chlorophyll concentrations are observed where 

comparable data is available in both areas (e.g. October).   
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DIP significantly declines with increasing salinity in both study areas in spring, and also in 

autumn and winter in the Thames Estuary (Figure 4.4, Figure 4.7). Phosphorus concentrations 

in Liverpool Bay do not exceed 2 µmol/L and 79% of values are below 1 µmol/L (Figure 4.7). 

Higher DIP concentrations are observed in the Thames Estuary (Figure 4.4), but observations 

below 1 µmol/L are made at high salinities. At DIP concentrations below 1 µmol/L, diatoms 

have been observed to be poor competitors compared to dinoflagellates (Egge, 1998). Despite 

the lower DIP values seen in Liverpool Bay compared to the Thames estuary, diatoms are 

dominant across the salinity gradient in both study areas (Figure 4.6, Figure 4.9). Higher 

proportions of dinoflagellates are seen only at higher salinities in both areas (Figure 4.6, Figure 

4.9), and this may in part be a result of the increasing competitiveness of dinoflagellates 

compared to diatoms with low phosphorus concentrations.  Coastal waters have previously 

been considered nitrogen-limited (Howarth and Marino, 2006), however, the diƯerences in the 

success of management practices aiming to reduce nutrient pollution have resulted in a more 

significant decline in phosphorus concentrations that in nitrogen concentrations (Paerl, 2009; 

Lewis et al., 2011; Grizzetti et al., 2012; Burson et al., 2016; Greenwood et al., 2019). This has 

consequently led to an increase in the DIN : DIP ratio within riverine inputs and coastal waters 

(Burson et al., 2016; Greenwood et al., 2019).   

In the Thames Estuary there is a significant decline in DIN:DIP with increasing salinity in the 

autumn and summer seasons (Table 4.3). Rather than a gradual decline with increasing salinity 

there is a sharp decline in the DIN : DIP ratio at salinities above 33 (Figure 4.4), with values 

reducing below the Redfield ratio (Redfield, 1958). This suggests a switch from phosphorus-

limited conditions at lower salinities, to nitrogen-limited conditions at higher salinities. The 

majority of observations along the salinity gradient in Liverpool Bay from the months of May, 

June and October are below the Redfield ratio, whilst winter observations are generally above 

the 16 : 1 Redfield ratio (Figure 4.7). Observations in April and March span the 16:1 ratio (Figure 

4.7), suggesting that there is a switch from phosphorus-limited conditions to nitrogen-

controlled conditions within these months, based on the Redfield ratio. A change in the 

controlling nutrient from phosphorus-controlled to nitrogen-controlled conditions along a 

salinity gradient was previously observed within the North Sea by Burson et al. (2016) during 

multiple bioassay addition experiments. They observed the switch 250 km oƯshore from the 

Dutch coast, north of the island of Terschelling. This is considerably further oƯshore than the 

sampled stations within this study, where a switch in conditions has been observed here much 

closer to the coast.  

The use of the Redfield ratio as a proxy for identifying the limiting nutrients is only indicative, as 

many deviations have been identified in the ratios in which phytoplankton take up nutrients  

(Rios et al., 1998; Geider and La Roche, 2002; Ptacnik et al., 2010; Glibert and Burkholder, 
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2011). Nutrient addition bioassays can there oƯer further insight into nutrient limitation 

patterns. The nutrient addition bioassay conducted within this work at the Warp SmartBuoy 

site in the Thames Estuary indicates nitrogen limitation and nitrogen and phosphorus co-

limitation (Figure 4.10). A nutrient bioassay at the Warp SmartBuoy site by Weston et al. (2008) 

showed a moderate response to enrichment for treatments of +N+P, and a strong response to 

the addition of +N+P+Si. The nutrient addition bioassays conducted by Weston et al. (2008) 

took place on days 172 and 201, June 21st and July 20th, respectively. The nutrient addition 

experiment conducted within this PhD research took place on 14th July 2022 (day 195) and is 

therefore likely representative of similar seasonal conditions. Silicate enrichment alone (+Si) 

resulted in no response in phytoplankton biomass within this 2022 experiment, indicating that 

silicate was not limiting growth. The initial silicate concentration in the 2022 experiment was 

0.72 µmol/L, which is in line with the concentrations observed by Weston et al. (2008) for June 

– August. Silicate is only a relevant limiting nutrient for diatoms, whilst other phytoplankton are 

not reliant on it. No response to silicate addition, despite concentrations which have 

previously been identified as limiting, could be an indication that the community is not diatom-

dominated, and the added nutrients are instead being utilised by an alternative lifeform. 

Weston et al. (2008) observed a switch in dominating taxa of the spring bloom from initially 

diatom-dominated to Phaeocystis. They also noted a switch back to diatom-dominance in the 

summer, post bloom, when their bioassay was conducted. There is no phytoplankton data for 

the 2022 nutrient addition bioassay, but phytoplankton analysis from July 2023 indicates that 

diatom abundance was approximately 25 times higher than dinoflagellate abundance at 

salinities similar to those at the Warp SmartBuoy site (Figure 4.6). It therefore seems likely that 

the community was diatom-dominated, and the lack of response to silicate addition is driven 

by a diƯerent factor. The incubation experiments conducted by Weston et al. (2008) lasted 5 

days, whereas the experimental results presented here are from a 48-hour incubation. It is also 

possible that had growth been monitored for longer, the treatments with silicate addition may 

have shown a response, as diatoms continued to grow and deplete silicate concentrations.  

4.5.2 Phytoplankton composition and abundance 

Silicate concentrations along the salinity gradient in the Thames Estuary show a significant 

decline with increasing salinity in the autumn and summer seasons, but no significant change 

over the salinity gradient in the winter season (Figure 4.4). The fraction of diatoms within the 

diatom / dinoflagellate pair declines with increasing salinity in the summer season in the 

Thames Estuary. This decline is close to a significant p value (p = 0.06), but is statistically, 

significant at a significance level of p < 0.05 (Figure 4.6, Table 4.5). The increase in the 

dinoflagellate proportion with salinity is predominantly seen in the months of July and 

September, where the silicate concentration is lowest at high salinities. Concentrations 
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measured in June also shows low silicate concentrations but there is no phytoplankton data 

available in June. Dinoflagellate growth upon silicate limitation of diatoms is an established 

pathway for the succession of diatoms into dinoflagellates and has been observed in the 

Thames Estuary before (Weston et al., 2008). In Liverpool Bay, silicate concentrations are 

observed to be highest in the months preceding the spring bloom of April and May identified by 

(Greenwood et al., 2011) (Figure 4.7). Silicate concentrations are depleted in the May and June 

samples across the salinity gradient in Liverpool Bay (Figure 4.7), and there are observations 

of an increased dinoflagellate proportion within the diatom - dinoflagellate lifeform pair within 

May and June (Figure 4.9). However, there are no observations for the months of June to 

September in Liverpool Bay. Diatoms have previously been seen to dominate the majority of 

the duration of the spring bloom in Liverpool Bay at the SmartBuoy site, with dinoflagellates 

briefly dominating in July (Greenwood et al., 2012). This pattern is not observed here, with the 

diatom proportion of the diatom and dinoflagellate lifeform pair dropping below 0.5 only once, 

in April (Figure 4.9). 

Chlorophyll concentrations in the Thames Estuary show no significant change with salinity 

(Table 4.5). The higher nutrient concentrations observed at lower salinities in the Thames 

Estuary do not result in increased chlorophyll at these salinities. The premise with which 

transitional and coastal waters are managed, i.e. that nutrient concentrations alone are not 

necessarily problematic (Devlin et al., 2007b; Foden et al., 2011), is supported here. However, 

peak chlorophyll concentrations have previously been observed in May (Weston et al., 2008), 

and this month is not sampled in the Thames Estuary within the dataset used in this PhD 

research. Data from the spring bloom are unlikely to have been captured within the sampling 

occasions in the Thames Estuary, as no samples were taken in March, April and May in this 

dataset. This makes it diƯicult to assess the nutrient controls on phytoplankton, when other 

environmental conditions are likely to be optimal for supporting increased growth. In Liverpool 

Bay, there is a significant decline in the concentration of chlorophyll with increasing salinity in 

the summer, but not in other seasons (Figure 4.9). The spring bloom has previously been 

observed in April / May in Liverpool Bay (Greenwood et al., 2011), and no significant change in 

chlorophyll concentrations with increasing salinity are observed in the spring season (Figure 

4.9), despite a significant decline in the concentration of nutrients (Figure 4.7). 

4.5.3 Nutrient concentrations relative to assessment thresholds 

DIN concentrations consistently exceed the upper thresholds imposed by the WFD/WER 

(Devlin et al., 2007b) in the Thames Estuary at salinities below 30 (Figure 4.4). At salinities 

below 30, the SPM concentrations typically fall within the intermediate category of 10-70 mg/L 

(Figure 4.5), resulting in an upper DIN threshold of 70 µmol/L. This is exceeded by all of the DIN 
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observations at salinities below 30. The majority of observations at higher salinities, where 

waters are non-turbid, have DIN concentrations below the non-turbid threshold (Figure 4.4). 

The SPM concentrations observed in Liverpool Bay in waters above 32 are in the non-turbid 

category, and those at a salinity below 32 in the intermediate category (Figure 4.8). All bar three 

samples from Liverpool Bay are below the DIN non-turbid threshold for coastal waters across 

the entire salinity gradient (Figure 4.7). Despite the elevated nutrient concentrations in the 

Thames Estuary at low salinities, which exceed the acceptable associated threshold, no 

significant change in chlorophyll concentration with salinity is identified (Figure 4.6). 

Chlorophyll concentrations are higher in Liverpool Bay, despite much lower concentrations of 

DIN compared to the Thames Estuary. It is important to note that the spring bloom is not 

thought to have been captured within the Thames Estuary data collection eƯorts. 

Nevertheless, results are available for months around the spring bloom in both areas. The 

results discussed above further support the suggestion that elevated concentrations of 

nutrients alone do not support an increased chlorophyll concentration, along a salinity 

gradient or in diƯerent study areas.  

4.5.4 Light environment  

The turbidity of a waterbody and associated light environment is consistently recognised 

within the literature as a factor which governs the response of a waterbody to nutrient pollution 

(Cloern, 1987; Painting et al., 2007; Burson et al., 2018). Suspended particulate matter 

concentrations of 50 mg/L and above have been described as limiting to phytoplankton growth 

(Cloern, 1987; Shaw et al., 1998; Weston et al., 2008).  SPM has been observed to be a 

governing factor for the spatial distribution of phytoplankton blooms (Domingues et al., 2011; 

Gameiro et al., 2011; Liu et al., 2018). In the Thames Estuary, suspended particulate matter 

concentrations decline with salinity in the summer relative to autumn and winter (Table 4.4). 

Observations of an SPM concentration above 50 mg/L are not common at salinities above 30 

(Figure 4.5). Despite this declining concentration of SPM with salinity, PAR does not have a 

significant relationship with salinity in the Thames Estuary (Table 4.5), however peak PAR 

values are observed at the highest end of the salinity gradient (Figure 4.5). Chlorophyll 

concentrations do not significantly change with salinity in the Thames Estuary (Figure 4.6). 

Although again it should be noted that the spring bloom is not represented within these results, 

in the absence of samples for March, April and May for the Thames Estuary. The peak 

chlorophyll concentrations and phytoplankton abundances are observed at the highest 

salinities (Figure 4.6), where PAR has peak values, and suspended particulate matter 

concentrations are at their lowest. This may suggest that on occasion the lower SPM/higher 

PAR allows for high abundance blooms to occur at these high salinities; however, PAR data is 

not available when chlorophyll and phytoplankton peaks are observed, and chlorophyll does 



107 
 

not show high values in the months where PAR is highest.  Nonetheless, these high chlorophyll 

concentrations are only observed on for one sampling occasion and increasing chlorophyll 

concentration with increasing salinity is not the typically observed pattern within this dataset. 

In Liverpool Bay, chlorophyll concentrations significantly decline with increasing salinity in the 

summer season (Table 4.8). PAR concentrations in the summer have no significant relationship 

with salinity, but peak PAR values are observed at high salinities in June (Figure 4.8). In the 

spring in Liverpool Bay, PAR concentrations increase significantly with salinity (Table 4.7).   

4.5.5 Limiting factors along the salinity gradient 

At locations along the salinity gradient, typically high salinity, where environmental (SPM and/ 

or PAR) conditions are suitable for elevated growth, the nutrient concentrations may not be 

suƯicient to support increased phytoplankton biomass. In the Thames estuary this results in 

no change in chlorophyll concentration along the salinity gradient (Figure 4.6), and in 

Liverpool Bay there is a decrease in chlorophyll concentration with increasing salinity in the 

summer, and no change observed in other seasons (Figure 4.9). Nutrient inputs assessed 

here are usually suƯiciently reduced by the time they reach the high salinity coastal waters to 

be below WFD/WER acceptable thresholds (Figure 4.4, Figure 4.7). The patterns observed 

within this study suggest that there is no, or limited, overlap in environmental conditions 

which allow for high algal biomass, i.e. high nutrient concentrations and high amounts of PAR 

or low amounts of SPM. In Liverpool Bay, but not the Thames Estuary, this includes the 

months containing the spring bloom. Peak chlorophyll concentrations within these months 

(April and May) are observed around a salinity of 30 (Figure 4.9). This salinity window of 

increased phytoplankton biomass may be indicative of a sweet spot of a combination of 

nutrient concentrations and light environment which support elevated phytoplankton growth. 

The results of the nutrient addition bioassay (Figure 4.10), indicate nutrient limitation in July 

2022 in the Thames Estuary. This experiment was conducted with a natural community 

collected at the Warp SmartBuoy site which lies at the higher end of the salinity gradient 

assessed here. The results of the bioassay support the suggestion that phytoplankton growth 

at high salinities is limited by nutrient concentrations. Light limitation may govern 

phytoplankton growth inshore, resulting in a uniform concentration of chlorophyll along the 

salinity gradient in the Thames Estuary (Figure 4.6). If nutrient inputs were to increase, then 

this nutrient limitation may be alleviated, and higher chlorophyll concentrations may be seen 

at high salinity sites, and with them the undesirable impact of high algal biomass, such as 

oxygen depletion (Best et al., 2007; Diaz and Rosenberg, 2008). Similarly, if the light 

environment inshore were to improve for phytoplankton, increased inshore chlorophyll 

concentrations may be observed.  
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 4.6 Conclusion  

Studies (Dugdale et al., 2012; Wilkerson and Dugdale, 2016) have identified the potential for 

the relative contribution of NH4+ to DIN to have an impact on the phytoplankton community as 

a result of inhibition. This is not identified within this data, and chlorophyll concentrations are 

higher in Liverpool Bay, despite an increase in NH4+ compared to values seen in the Thames 

Estuary. There is a switch from phosphate limited conditions at low salinity to nitrogen limited 

conditions at high salinity around a salinity of 33 in the Thames Estuary, and around 30 in 

Liverpool Bay. This is supported by the results of the nutrient addition bioassay at the Warp 

SmartBuoy which indicated nitrogen limitation, and nitrogen and phosphorus co-limitation in 

July 2022 in the Thames Estuary. In the Thames Estuary, SPM significantly decreased with 

increasing salinity in the summer and autumn, but despite the changing environmental 

conditions, no significant changes in chlorophyll concentrations were observed along the 

salinity gradient in any season. Concentrations of chlorophyll declined with increasing salinity 

in the summer in Liverpool Bay despite a decline in SPM concentrations and peak PAR values 

at high salinities. The inshore light limitation may prevent excessive phytoplankton growth at 

low salinities, and once the light environment has become conducive for enhanced 

phytoplankton growth at higher salinities, nutrient concentrations are suƯiciently depleted to 

not be able to support sustained  high algal biomass. This consecutive limitation currently 

results in a constant chlorophyll concentration along the salinity gradient in the Thames 

Estuary, and constant or declining concentration with increasing salinity in Liverpool Bay. 

However, under increased nutrient inputs scenarios, higher nutrient concentrations further 

along the gradient may results in elevated phytoplankton biomass being supported at the 

higher end of the salinity gradient. There are data availability issues within this dataset, notably 

that the spring bloom is not captured within the available data in the Thames Estuary, and the 

data distribution in Liverpool Bay means low salinities are represented by only two samples. 

However, despite data limitations, the outcomes of this work show that there are shifts along 

the salinity gradient in the environmental drivers.  

So what? -  Understanding how the eƯects of nutrient inputs manifest along a salinity gradient 

can help to identify where and when undesirable consequences are most likely to occur, and 

where management decisions and resources might be best focused. Monitoring and 

developing this understanding may become increasingly important under a changing climate, 

as interactions between parameters become increasing complicated. It is likely that there are 

more complicated non-linear relationships which could be identified. This work has also 

highlighted the importance of consistent and well-resourced data collection eƯorts in order to 

make sound and robust conclusions.  
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5.1 Abstract 

Water quality condition can be  monitored through the assessment of nutrient, chlorophyll, 

and suspended particulate matter concentrations as well as other indicators of plankton 

community and composition. However, concessions for UK transitional waters can be made 

on pre-established nutrient concentrations in areas which have high suspended particulate 

matter (SPM) and resulting high turbidity. These allowances are made as phytoplankton are 

assumed to be light limited in such environments, and these waters would therefore not be 

able to support anthropogenic increased primary production  from high nutrient levels. This 

was tested through two experiments ,  where abundance and community composition were 

analysed at varying concentrations of suspended particulate matter over two diƯerent time 

periods using a natural community from the Thames estuary. The first time period represented 

the early summer post spring bloom peak (June) with the second time period representing the 

start of the mid-autumn period (October). Both diatom abundances and chlorophyll 

concentrations showed increases over time with increasing turbidity. The very turbid treatment 

showed diatom abundances increase by a factor of 2.3 compared those seen in the control 

treatment in early summer, and 1.9 times in mid-autumn. This increase was not seen in 

dinoflagellate abundances. Dinoflagellate communities tended towards a community of 

armoured dinoflagellates and/or Scrippsiella in both experiments. Point of sampling results 

showed severe silicate limitation in early summer with an N : Si ratio of 20.23 :1. Silicate 

limitation was not severe in mid-autumn, with an N : Si ratio of 2.01 :1 recorded. The results 

seen here suggest that the increased SPM has not limited diatom growth and may have 

provided a source of nutrients which had previously been limiting. Further investigation is 

required to establish if the WFD/WER  concession allowing higher nutrient concentrations in 

turbid water is appropriate for ensuring coastal and estuarine water bodies do not suƯer the 

negative impacts of eutrophication.  
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Figure 5.1 – Infographic of expected versus observed experimental outcomes
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5.2 Introduction 

Nutrient pollution in coastal and estuarine waters can result in increased phytoplankton 

biomass, shifts in dominant species and lifeforms, and the presence of harmful algal blooms. 

Good coastal and estuarine water quality is important to ensure healthy and resilient 

ecosystems and supporting balanced phytoplankton communities (Shao et al., 2019; 

Barçante et al., 2020). Shifts or declines in water quality can have impacts on the composition 

of phytoplankton communities, change the species diversity and alter the dominance of key 

species (Garmendia et al., 2013; Song et al., 2022).  

Changes in the relative abundance of phytoplankton lifeforms within the community can be 

used as indicators of changing or deteriorating water quality (Tett et al., 2008; McQuatters-

Gollop et al., 2019). This has been investigated in areas including in the Baltic (Wasmund, 

2017; Wasmund et al., 2017; Spilling et al., 2018), Chesapeake Bay (Marshall et al., 2006; Li et 

al., 2015) and many others (Willén, 2000; Webber et al., 2005; Devlin et al., 2019; Bi et al., 2021; 

Chen et al., 2022).  

Water quality conditions are intrinsically linked with phytoplankton; changes in the water 

quality and environmental conditions can impact the stoichiometry of phytoplankton cells 

(Grosse et al., 2017) as well as their feeding mode (da Costa et al., 2024) and cell size (Marshall 

et al., 2006) which can alter palatability of phytoplankton to their predators (Atkinson et al., 

2021).  The relative abundances of diatoms and dinoflagellates have been established as key 

indicators of changes in water quality (McQuatters-Gollop et al., 2007a; Wasmund, 2017; 

Wasmund et al., 2017; Bedford et al., 2020). Devlin et al. (2009) present multiple methods of 

assessing changes in phytoplankton communities, including the  use of a reference species 

list. EƯective assessment and management are essential to ensure  that these communities 

remain healthy and functional. In order to do this, is it imperative to understand the specific 

eƯects of changes in diƯerent water quality parameters on phytoplankton communities. 

There are variations in the susceptibility of a marine environment to eutrophication (Painting et 

al., 2007), and to what extent nutrient enrichments will results in undesirable disturbances. 

The response of phytoplankton to nutrient enrichment has previously been considered to be a 

more simplistic, linear, relationship, however developments in knowledge have resulted in an 

understanding that the diƯerences in coastal and estuarine systems act as a ‘filter’ which will 

vary the response of these environments to nutrient loading (Cloern, 2001), of which light and 

water clarity is one.   
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Turbidity is considered to exert a spatial and temporal control over phytoplankton biomass 

within estuaries (Cloern, 1987; May et al., 2003; Painting et al., 2007) as light availability 

becomes the limiting factor as opposed to nutrient concentrations. Estuaries with low and 

moderate light environments, including the Thames considered here, are thought to be less 

likely to exhibit the undesirable impacts of eutrophication (Painting et al., 2007).  

Turbidity, and the associated change in light, is an important variable when considering the 

impacts of environmental variables on phytoplankton e.g. (May et al., 2003; 

Lueangthuwapranit et al., 2011)Increased turbidity increases light attenuation (Devlin et al., 

2008), thus reducing light availability in the water column for phytoplankton photosynthesis. 

The potential of reduced light availability in a higher turbidity water column leads to a 

concession in the WFD/WER assessment for dissolved inorganic nitrogen (DIN) 

concentrations in transitional and coastal waters. Nutrient concentrations are assessed by the 

WFD/WER, compared to predetermined thresholds, and subsequently classified ranging from 

high to bad (Devlin et al., 2007b). However, the upper limit of DIN is altered, dependent on the 

turbidity category assigned to the area, based primarily on calculations and values which 

result in eutrophic conditions, as defined in Nixon (1995). The turbidity category of an area is 

based on the concentration of suspended particulate matter present in the water column 

(Table 5.1). In increasingly turbid water, increased amounts of DIN are allowed to be present 

before the area would be considered not in good status for this particular variable (Table 5.1). 

Table 5.1 - Upper dissolved inorganic nitrogen (DIN) thresholds for the boundary between 

good and moderate in Transitional and Coastal assessment areas for the WFD/WER (Devlin et 

al., 2007b). The threshold is a mean winter DIN value for Not Turbid waters, and is an annual 

99th percentile for Intermediate, Turbid, and Very Turbid waters. 

SPM concentration 

(mg / L) 

Water category Transitional DIN 

upper limit (μmol / L ) 

Coastal DIN upper 

limit (μmol / L) 

0 – 10  Not Turbid 30 18 

10 - 70 Intermediate 70 70 

70 - 300 Turbid 180 180 

300 + Very Turbid 270 270 

 

Whilst turbidity reduces light availability for phytoplankton communities, in turn reducing the 

available resources for photosynthesis, there is emerging evidence that the reduced light 

availability may not be inhibiting for all lifeforms. Mixoplankton are lifeforms which are able to 

obtain nutrition through both phototrophic and phaogtrophic modes, and are able to adapt 
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their feeding mode of based on the available resources, including light (Mitra et al., 2016). If 

light limitation does not inhibit growth of these lifeforms, and they can supplement their 

photosynthesis through phagotrophy, then the increased nutrients which are allowed in turbid 

conditions may be fuelling the growth of mixotrophic species and contributing to the 

undesirable eƯects of eutrophication they aim to prevent. Growth through mixotrophic 

methods has been reported to allow for increased biomass compared to phototrophy alone 

(Adolf et al., 2006) and potentially favours harmful species (Burkholder et al., 2008).  

Reductions in water clarity over time, which would be seen with increasing turbidity, have been 

reported. Capuzzo et al. (2015) present findings of a Secchi depth decrease of 25-75% in the 

North Sea, including coastal waterbody areas, post-1950 compared with pre-1950, and 

attribute this to increases in suspended sediment. Opdal et al. (2019) report a reduction in 

clarity in the North Sea, and with it a 3-week delay in spring bloom timing in both shallow and 

deep waters. Reductions in Secchi depth in inshore waters have also been seen in the North 

and Baltic Seas (Dupont and Aksnes, 2013). The eƯects of increased turbidity are already being 

seen in ecological communities, from impacts on seagrass distribution (Davis et al., 2016) to 

microbenthic communities (Liess et al., 2015). As water clarity may be seen to decrease, 

contributing to the understanding of how phytoplankton respond to this becomes increasingly 

important if marine environments are going to be managed eƯectively and kept in good 

ecological status. Given the complexity of phytoplankton responses to water quality 

conditions in marine environments, turbidity may not be universally preventative of the 

undesirable consequences of eutrophication and so investigating the possible variations in 

responses is valuable. 

Appropriate monitoring is the first step to the successful management of these marine 

environments. Transitional and coastal water bodies in the United Kingdom are managed 

under WFD/WER (Best et al., 2007; Devlin et al., 2007a; Devlin et al., 2007b; UK Parliament, 

2017). Transitional and coastal areas in the UK are outlined in Chapter One.  

As part of the monitoring under the WFD/WER, phytoplankton metrics are measured through 

chlorophyll concentration and phytoplankton counts. Both chlorophyll concentrations, and 

phytoplankton counts which exceed a predetermined threshold are measured across both 

water body types. For coastal waters the seasonal succession tool is also used to assess the 

amount of time during which diatom and dinoflagellate abundances fall above or below a 

monthly reference score, but this is not used in transitional assessment areas. A 12-month 

periodicity, with a spring phytoplankton bloom, is a common phytoplankton seasonality 

(Winder and Cloern, 2010). This increased phytoplankton abundance is usually initially diatom 

dominated and then followed up by increasing concentrations of dinoflagellates (Figure 5.2) 
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(Zhou et al., 2017b; Zhang et al., 2019; Wang et al., 2022). However, this pattern is not universal 

and phytoplankton seasonality in coastal and inshore ecosystems can exhibit high variability 

(Winder and Cloern, 2010), as well as being heavily influenced by small scale processes 

(Cloern and Jassby, 2008).  

Here, a natural community from the Thames estuary is used in laboratory incubations with 

increasing amounts of sediment added, with the aim of answering the question  

7. How does a natural phytoplankton community respond to sediment additions in a 

laboratory incubation experiment and what are the implications for current UK assessment 

criteria? 

 The impact of increased turbidity on the abundance and community composition of diatoms 

and dinoflagellates is investigated. The implications of these results for eutrophication 

assessments going forward will be considered, specifically whether a concession on the 

allowed concentrations of certain nutrients is appropriate in higher turbidity waters. 

5.3 Methods 

5.3.1 Sample collection 

Seawater was collected from site MA2, in the year round well-mixed Thames estuary (Figure 

5.3) at a depth of 1 m from onboard the survey vessel Thames Guardian on 16th June 2023, 

representing early summer conditions, and on 14th October 2023, representing mid-autumn 

conditions. The location of the site was 51.490 °N, 0.778 °E and the water column depth is 

approximately 11 m. The water temperature and salinity at 1 m depth were 18 °C and 32.11 in 

June and 17 °C and 33.28 in October, respectively. Water was collected using a 10 L Niskin 

bottle and transferred into a 25 L carboy which was pre rinsed with sample water. The carboy 

was kept chilled, in the dark, and was taken back to the lab within 24 hours. Water was not 

filtered, so as not to remove any sediment. SPM concentration at the point of sampling was 

determined using an RBRtridente turbidity sensor, which has a range of 0-500 Formazin 

turbidity unit (FTU) and a detection limit of 0.001 FTU. The relationship between SPM and 

turbidity was assumed to be SPM = 1.46 X Turbidity in the month June and considered to be 

SPM = 1.01 x Turbidity in October (Jafar-Sidik et al., 2017). Discrete SPM samples were also 

collected and processed in order for the SPM concentrations to also be calculated 

gravimetrically (see Chapter Two). 
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Figure 5.2 – Seasonal succession of diatoms and dinoflagellates and associated 

environmental conditions (Swan and Davidson, 2007) 

 

Figure 5.3 – Sampling sites within the Thames estuary area. Water for the incubations was 

collected from MA2, suspended sediment for the incubations was collected in a sediment 

trap at the Warp SmartBuoy (SB) site. Dark blue areas are transitional waterbodies 

(WFD/WER teal areas are coastal waterbodies (WFD/WER), and the light blue area is the 

Thames plume assessment area (region of freshwater influence, OSPAR). 

MA2 Warp SB 
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5.3.2 Laboratory incubations 

The experimental conditions were setup in order to consider the impacts of suspended 

particulate matter concentrations holistically, i.e. not aiming to separate the impacts of light 

limitation and nutrient additions. SPM from a location close to the sample collection was 

used, in order for this to be representative of the type of sediment which may be present in 

high SPM conditions in this location. Suspended sediment is a key driver of increased light 

attenuation at this site (Devlin et al., 2008) and so the addition of sediment was  used to 

induce a changing light environment. 

All water used in the experiment came from the same carboy. 1.5 L of the bulk water was 

decanted into each of the acid washed 2 L polycarbonate Nalgene bottles. The sediment used 

in the experiment was collected from the Warp SmartBuoy sediment trap which was deployed 

from 01/05/2022 – 30/09/2022. The sediment was kept at -20°C after collection. The Warp 

SmartBuoy lies close to the collection site of MA2 at 51.524 °N, 1.024 °E (Figure 5.3) and 

suspended sediment collected at this site can be considered representative of the suspended 

sediment which would typically be found at MA2. Nutrient and SPM samples were taken from 

site MA2 at the point of sampling. Day Zero was considered to be when the experiment was set 

up in the lab, approximately 24 hours after the point of sampling, and phytoplankton samples 

were taken at day zero.  

Samples were collected every 24 hours for chlorophyll and phytoplankton (Figure 5.4)  in line 

with the methods outlined in Chapter Two, and were collected on day four for nutrients (Figure 

5.4). Water samples for nutrient analyses were filtered through Minisart 0.45 μm filters into 50 

mL sample pots and stored at -12 °C until analysis using a SEAL Analytical continuous 

segmented flow autoanalyzer AA3 (See Chapter Two). Sediment was added in amounts (Table 

5.3, Table 5.4) which would result in SPM concentrations that equated to each turbidity 

classification under the WFD/WER assessment (Table 5.1). The bottles were randomly 

distributed and redistributed daily within the growth cabinet under lights which aimed to match 

an in-situ measurement taken in at 1m depth in June as closely as possible, however there was 

a range either side of the measured value. The PAR value was based on a single measurement 

and therefore may not actually be representative of the natural environment. There was no PAR 

reading taken in situ in October and the same light set up was used in both experiments. Lights 

were set to the same daylight hours as the collection site, resulting in a 16.5:7.5 light : dark 

cycle in June and a 10.5:13.5 light : dark cycle in October. The temperature remained at 14 °C 

throughout the experiments. This is lower than the temperature recorded in June of 18°C and 

17°C in October and is a limitation of the available facilities. The bottles were placed on orbital 

shakers set to 86 revolutions per minute to keep the sediment in suspension. The bottles were 
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incubated for four days as this time was thought to allow for acclimation to a change in the light 

regime, in line with similar experiments (Carter et al., 2005; Ok et al., 2019; Tomkins et al., 

2020). 

5.3.3 Determining nutrient concentrations in sediment 

Known masses of wet sediment were dried in a 75 °C oven for 24 hours to determine the dry 

sediment content. The mean (n = 3) dry sediment content was 72.3 % of the wet mass. The 

equivalent mass of wet sediment to 1 g of dry sediment was added to 1 L of distilled water and 

stored at ambient temperature for 4 days and was inverted once every 24 hours. Leaving the 

water sample with added sediment for 4 days was considered suƯicient to establish the 

maximum concentration of dissolved nutrients which could have been released during the 

laboratory experiment. The distilled water with sediment added was filtered through a 0.7 µm 

GF/F filter and the filtrate was analysed for nutrient concentrations using the SEAL analytical 

continuous segmented flow autoanalyzer AA3 (see Chapter Two).  

Table 5.2 - Dissolved Nutrient concentrations released from sediment in distilled water over 4 

days 

DIN Phosphate Silicate 

3.79 ± 1.44 μmol/g dry 

sediment 

1.13 ± 0.23 μmol/g dry 

sediment 

13.0 ± 2.89 µmol/g dry 

sediment 
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Table 5.3 - Sediment additions to the 1.5 L of bulk water and SPM concentrations in each bottle in early summer 2023. 

Bottle Treatment Starting 

[SPM] from 

turbidity  

meter 

(mg/L) 

Wet 

Sediment 

added to 1.5 

L bulk water 

(g) 

Dry equivalent 

of sediment 

added to 1.5L 

bulk water (g) 

[SPM] calculated from turbidity 

meter starting SPM + sediment 

addition 

(mg/L) 

WFD/WER 

Turbidity  

Category  

[SPM] measured 

using 

Gravimetric 

method 

(mg/L) 

1 Control 23.2 0 0 23.2 Intermediate 46 

2 Control 23.2 0 0 23.2 Intermediate 15 

3 Control 23.2 0 0 23.2 Intermediate 47 

4 1 23.2 0.2667 0.1928 196.9 Turbid 96 

5 1 23.2 0.2606 0.1884 192.8 Turbid 120 

6 1 23.2 0.2570 0.1858 190.5 Turbid 117 

7 2 23.2 0.5192 0.3754 380.2 Very turbid 191 

8 2 23.2 0.5045 0.3648 355.5 Very turbid 388 

9 2 23.2 0.5176 0.3742 364.2 Very turbid 238 
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Table 5.4 - Sediment additions to the 1.5L of bulk water and SPM concentrations in each bottle in mid-autumn 2023. 

 Bottle Treatment Starting [SPM] 

from turbidity  

meter 

(mg/L) 

Wet Sediment 

added to 1.5 L 

bulk water (g) 

Dry equivalent 

of sediment 

added to 1.5L 

bulk water (g) 

[SPM] calculated from turbidity 

meter starting SPM + sediment 

addition 

(mg/L) 

WFD/WER 

Turbidity  

Category  

[SPM] measured using 

Gravimetric method 

(mg/L) 

1 Control 9.5 0 0 9.5 Not turbid 15 

2 Control 9.5 0 0 9.5 Not turbid 41 

3 Control 9.5 0 0 9.5 Not turbid 13 

4 1 9.5 0.0616 0.0444 39.07 Intermediate 39 

5 1 9.5 0.0614 0.0442 38.97 Intermediate 40 

6 1 9.5 0.0621 0.0447 39.31 Intermediate 38 

7 2 9.5 0.3600 0.2590 182.3 Turbid 126 

8 2 9.5 0.3623 0.2609 183.4 Turbid 126 

9 2 9.5 0.3623 0.2609 183.4 Turbid 124 

10 3 9.5 0.7052 0.5077 348.0 Very Turbid 208 

11 3 9.5 0.7061 0.5084 348.4 Very Turbid 259 

12 3 9.5 0.7038 0.5067 347.3 Very Turbid 240 
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Figure 5.4 -  Methods flow chart of sampling process during incubation experiments. 
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5.4 Results 

Nutrient concentrations were analysed at the point of sampling in both early summer and mid-

autumn (Table 5.5), and at end of the experiment in mid-autumn 2023 (Table 5.6). 

Concentrations of total oxidised nitrogen (TOxN = nitrite + nitrate), nitrite, phosphate, and 

silicate are greater at the time of sampling in mid-autumn than in early summer, whilst 

ammonium is lower. The N:Si ratio is lower in mid-autumn than in early summer, at 1.9:1 

compared to 18:1. At day 4 in mid-autumn 2023 concentrations of TOxN and phosphate 

decrease with increasing turbidity. The silicate concentration is low in the intermediate and 

turbid waters but is slightly higher in the very turbid water.  

Table 5.5 - Nutrient (n=1), Turbidity (n=1), and SPM (n=3) concentrations at the point of 

sampling from MA2 in early summer and mid-autumn. 

Parameter Early 

summer MA2 

at point of 

sampling 

Mid-Autumn MA2 

at point of 

sampling 

TOxN (µmol  /L) 28.80 37.0 

Nitrite (µmol  /L) 0.52 1.78 

DIP (µmol  /L) 1.70 2.32 

Silicate (µmol  /L) 1.60 19.00 

NH4+ (µmol  /L) 3.40 1.20 

DIN (TOxN + NH4+) (µmol / L) 32.20 38.20 

Turbidity (FTU) 29.80 9.50 

Mean SPM gravimetric (mg  / L) 41.9 ± 29.6 32.2± 5.6 

DIN : P ratio 18.90 16.40 

DIN : Si 20.13 2.01 
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Table 5.6 -  Mean nutrient concentrations and ratios ± standard deviation at day Four in mid-

autumn 2023 (n=3).  

Parameter  Not turbid   Inter-

mediate  

 Turbid 

mean   

 Very 

Turbid  

TOxN (µmol  /L) 27.36 ±3.67 20.33 

±2.30 

15.06 

±2.99 

11.30±2.7

1 

Nitrite (µmol  /L) 1.71 ±0.01 1.44 

±0.05 

1.13 ±0.26 1.21±0.08 

DIP (µmol  /L) 1.74 ±0.23 1.31 

±0.04 

0.977 

±0.13 

0.80±0.06 

Silicate (µmol  /L) 0.50 ±0.69 <0.1 <0.1 0.40±0.10 

NH4+  (µmol  /L) 0.20 ±0.10 <0.1 0.13±0.06 0.17±0.12 

DIN (µmol  /L) 27.57 ±3.62 20.43 ± 

2.30 

15.20 

±2.98 

11.43 ± 

2.79 

DIN : DIP ratio 15.88 ± 

0.50 

15.68 

±1.28 

15.36 

±1.26 

15.57 ± 

2.67 

DIN : Si 179.05 ± 

134.93 

204.33 ± 

23.03 

152.00 ± 

29.31 

30.52 ± 

12.20 

 

5.4.1 Diatom and Dinoflagellate abundance and community composition  

The results below (Figures 5.4 – 5.13) show the changes in diatom and dinoflagellate 

abundance and community composition during the 4-day incubation period. Turbidity 

categories were derived using the SPM concentrations calculated from the amount of 

sediment added to the initial SPM concentration of the sample, measured using the turbidity 

meter at the point of sampling (Table 5.7).  

Table 5.7 – Shading key for the WFD/WER turbidity categories in Figures 5.3 – 5.12. 

 

There is an increasing abundance of diatoms with turbidity in both the early summer and mid-

autumn experiments (Figure 5.5). The abundance of diatoms in the samples for mid-autumn 

were approximately one order of magnitude higher than in those for early summer (Figure 

5.5).  
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Figure 5.5 - Mean daily diatom abundances for each treatment in a) early summer (n = 3) and 

b) mid-autumn (n = 2) 2023.  Error bars represent the range across repeat samples. Figures 

are shaded based on the WFD/WER turbidity category of the water determined from SPM 

concentration using the concentration calculated from the amount of sediment added to the 

initial SPM concentration measured with the turbidity meter. Analysis of variance showed no 

significant diƯerences in the day four abundances between treatments. 



125 
 

 

Figure 5.6 - Mean daily dinoflagellate abundances for each treatment in a) early summer (n = 

3) and b) Mid - autumn (n = 2) 2023. Error bars represent the range across repeat samples.  

Absent bars indicate that no dinoflagellates were identified. Figures are shaded based on the 

WFD/WER turbidity category of the water determined from the SPM concentration using the 

concentration calculated from the amount of sediment added to the initial SPM 

concentration measured with the turbidity meter. Analysis of variance showed no significant 

diƯerences in the day four abundances of dinoflagellates between treatments. 
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Whilst dinoflagellate abundance increases over time in the control (intermediate) treatment 

in early summer, the community does not change significantly in the turbid and very turbid 

treatments respectively (Figure 5.6). Dinoflagellate abundance at the start of the incubations 

is ~ five times lower in mid-autumn than in early summer (Figure 5.6). Dinoflagellate 

abundance does not change much over the first three days in the control and treatments in 

mid-autumn, larger values are seen on day four in the control and very turbid treatment. The 

number of days on which no dinoflagellates were identified increases with turbidity in mid-

autumn 2023 (Figure 5.6).  

 

Figure 5.7 - Mean (n = 3) Chlorophyll concentration from each treatment in a) early summer 

and b) mid-autumn 2023. Error bars represent the standard deviation. Figures are shaded 

based on the WFD/WER turbidity category of the water determined from the SPM 

concentration using the concentration calculated from the amount of sediment added to the 

initial SPM concentration measured with the turbidity meter.  
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The chlorophyll concentration increases during the experiments in all the treatments in both 

early summer and mid-autumn (Figure 5.7).  The peak chlorophyll concentration increases 

when more sediment is added in both experiments. Chlorophyll concentrations are elevated 

in all treatments in the mid-autumn experiment compared to the early summer experiment.  

 

Figure 5.8 - Mean diatom abundance (n = 3 in early summer, n = 2 in mid-autumn) plotted 

against mean chlorophyll concentration in a) early summer and b) mid- autumn. Dark blue 

squares represent the not turbid data points. Orange triangles represent the intermediate 

treatment, green circles represent the turbid data points, and the light blue diamond 

represents the very turbid data points. Error bars represent the range of repeat samples. 
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In early summer 2023 there are increasing trends in both chlorophyll and diatom abundance 

in all of the turbidity treatments (Figure 5.8). The very turbid treatment shows a levelling oƯ of 

the gradient at higher abundances. The turbid and very turbid treatment show values on the 

right-hand side of the intermediate treatment on days 1 and 2. The mid-autumn 2023 

experiment shows the intermediate, turbid, and very turbid treatments consistently to the 

right-hand side of the not turbid treatment, representing higher chlorophyll concentrations for 

a comparable diatom abundance.  

The majority of the early summer community is comprised of chain diatoms (ribbons), 

Skeletonema, and centric diatoms at 32 %, 14 % and 9 %, respectively (Figure 5.9). The mid-

autumn community is dominated by Chaetoceros (Hyalochaete), Brockmanniella 

brockmannii, Leptocylindrus minimus, and Chaetoceros (Phaeoceros) at 24 %, 16 %, 9 %, and 

6 %, respectively (Figure 5.10). 

The dinoflagellate community in early summer 2023 is dominated by armoured dinoflagellates 

at 60 %, Scrippsiella is the second most abundant taxa recorded (Figure 5.11). The mid-

autumn community from MA2 at day zero also contains a high percentage of armoured 

dinoflagellates, but they make up a smaller proportion at 43 % (Figure 5.12). The other taxa 

represent equal percentages of the community at 14 % in mid-autumn. There are no common 

dinoflagellates recorded in the initial community composition in early summer and mid-

autumn except from armoured dinoflagellates (Figure 5.11, Figure 5.12).  
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Figure 5.9 - Mean composition of diatoms at day zero in the bulk water in early summer (n = 3) 2023 as a percentage of the total diatom community. 
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Figure 5.10 - Mean composition of diatoms at day zero in the bulk water in mid-autumn (n = 2) 2023 as a percentage of the total diatom community. 
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Figure 5.11 – Mean abundance of dinoflagellates at day zero in the bulk water in early summer 

(n = 3) 2023 as a percentage of the total dinoflagellate community. 

 

 

Figure 5.12 - Mean abundance of dinoflagellates at day zero in the bulk water in mid-autumn 

(n = 2) 2023 as a percentage of the total dinoflagellate community.
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Figure 5.13 - Mean daily diatom community composition for the incubations in early summer (top row, n = 3) and mid-autumn 2023 (bottom row, n = 2). Taxa were 

assigned an individual colour if the abundance is >= 3,000 cells /L in early summer and 19,000 cells /L in mid-autumn otherwise they were amalgamated into an 

‘Other’ Category. These thresholds were chosen as they gave the top 20 most abundant taxa across each experiment. There are no results for not turbid water in 

early summer 2023 as the bulk water was already in the intermediate category at the point of sampling.  Turbidity increases between the subplots from left to 

right.
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Figure 5.14 -  Mean daily dinoflagellate community composition for the incubations in early summer top row, n = 3) and mid-autumn 2023 (bottom row, n = 2).  

Turbidity increases between the subplots from left to right. 
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As well as the changes in the diatom community composition throughout the experiments, 

there is variation between the early summer and mid-autumn communities, where the early 

summer community has a higher percentage abundance of Skeletonema while Chaetoceros 

(Hyalochaete) is more dominant in  the community in mid-autumn. There is a decline in the 

relative abundance of Skeletonema over the course of the early summer experiment in the 

control and intermediate treatment, but this is not seen in the very turbid treatment (Figure 

5.13). Chain diatoms increase their proportion of the community in the control over time but 

not in more turbid treatments in early summer (Figure 5.13). By the end of the experiment 

centric diatoms dominate in the early summer turbid incubation. Chaetoceros (Hyalochaete) 

dominates the non -turbid water incubation (the control) in mid-autumn throughout the 

incubation. The relative abundance of Chaetoceros (Hyalochaete) is lower in treatments 

where more sediment is added (Figure 5.13). There is an increase in the number of diatoms 

identified at an abundance of over 3,000 cells/L in early summer and 19,000 cells/L in mid-

autumn in treatments with more sediment added.  

The dinoflagellate Scrippsiella is abundant in both experiments in early summer and mid-

autumn (Figure 5.14). With increasing turbidity, a higher proportion of the community consists 

of a combination of armoured dinoflagellates and Scrippsiella species (Figure 5.14). There is a 

decrease in the identified species present in the dinoflagellate community with increasing 

turbidity. Heterocapsa is present in all treatments in early summer 2023.  In mid-autumn 2023 

the community is exclusively comprised of Scrippsiella species and armoured dinoflagellates 

on day 2, and exclusively of armoured dinoflagellates on day 3 and 4 in turbid water. 

Scrippsiella is the only taxa recorded in the very turbid treatment in mid-autumn (Figure 5.14). 
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Figure 5.15 -  Line graph of mean daily diatom abundance (n=3), mean daily dinoflagellate 

abundance (n=3), and mean daily chlorophyll abundance  (n=3) in samples from the early 

summer experiment.  
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Figure 5.16 -  Line graph of mean daily diatom abundance (n=2), mean daily dinoflagellate 

abundance (n=2), and mean daily chlorophyll abundance  (n=3) in samples from the mid-

autumn experiment. 
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There is an increase in the abundance of diatoms and chlorophyll in all turbidity treatments in 

early summer 2023 (Figure 5.15). This is not the case for dinoflagellates however, where 

declines over time are observed in turbid and very turbid treatments (Figure 5.15).  In mid-

autumn, diatom and chlorophyll concentrations increase with time in all treatments (Figure 

5.16). Dinoflagellate abundances do not show similar patterns in all treatments. There are 

increased dinoflagellate abundances over time in the control treatment. The dinoflagellate 

abundance in the intermediate treatment initially increases, but by day four has an equal 

abundance to the starting community, whilst the turbid and very turbid treatments decline to 

values lower than the abundances seen in the starting community (Figure 5.16).  

5.5 Discussion 

5.5.1 Phytoplankton response to increasing turbidity in early summer and mid-autumn 

In the incubations conducted in early summer, sediment additions were made to bring the SPM 

concentrations in line with the turbidity categories outlined by the WFD/WER (Table 5.1). 

Increasing sediment additions resulted in an increase in the abundance of diatoms (Figure 5.5, 

Figure 5.8), and of diatom species above 3,000 cells/L (Figure 5.13). In early summer 2023, the 

abundance of diatoms on day four increased by a factor of 2.3 and 2.4 between the control 

(intermediate turbidity) and the turbid and very turbid treatments respectively (Figure 5.5). 

Increased dinoflagellate abundances over time were observed in the control treatment in early 

summer (Figure 5.6), whilst this was not seen in the incubations in both the turbid and very 

turbid treatments in early summer for dinoflagellates (Figure 5.6), with abundances ranging 

from ~ 1.5 – 3.5 x 103 cells/L in the two treatments with sediment added. The number of 

dinoflagellate species declined with increasing sediment additions (Figure 5.14), from 6 on the 

final day of the control treatment to 2 on the final day of the very turbid treatment. There was a 

1.4 factor increase in diatom abundance between the intermediate treatment to the very turbid 

treatment in mid-autumn, whilst the abundance in the very turbid treatment was 1.9 times 

higher than the control (Not Turbid). Dinoflagellate abundances in mid-autumn ranged 

between  0 - ~ 1.5 x 103 cells/L in the treatments with sediment added, whilst abundances in 

the  control treatment increased to ~2.5 x 103 cells /L at the end of the incubation. There were 

more observations of no occurrence of dinoflagellates with increasing sediment addition in 

mid-autumn.  

5.5.2 Sediment addition and nutrient availability 

In both early summer and mid-autumn, higher turbidity treatments support an increasing 

abundance of diatoms, whilst dinoflagellate abundances declined relative to the control in 

early summer, and there are increasing observations of no dinoflagellates observed in the mid-

autumn incubation. Grazing pressures in the higher turbidity treatments may reduce, given that 
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zooplankton are visual predators. A higher turbidity would make it more diƯicult for them to 

identify their prey (Hart, 1988; Eiane et al., 1999; Kiørboe, 2011). This may be a contributing 

factor in the increased abundances of the diatom community seen in the higher turbidity 

treatments in early summer and mid-autumn (Figure 5.8, Figure 5.15, Figure 5.16). 

The nutrient data collected at MA2 at the point of sampling in both early summer (DIN = 32.2 

µmol/L, DIP = 1.70 µmol/L ) and mid-autumn (DIN = 38.2.0 µmol/L, DIP  = 2.32 µmol/L)  show 

that TOxN and DIP are not depleted, with an N : P ratio of 19 : 1 in early summer  and 16 : 1 in 

mid-autumn 2023 (Table 5.5). The nutrient concentrations at the end of the incubation for mid-

autumn (Table 5.6) show that DIN and DIP have reduced over the diƯerent treatments. This 

suggests that N and P have been taken up by phytoplankton despite the increase in turbidity, 

as evidenced by the higher diatom abundances and chlorophyll concentrations seen in the 

higher turbidity treatments (Figure 5.5, Figure 5.7). Silicate concentrations at the point of 

sampling in early summer 2023 are low and give an N : Si ratio of 20.13 : 1 (Table 5.5). This is 

high compared to the Redfield-Brzezinski nutrient ratio for diatoms of C : Si : N : P = 106 : 15 : 

16 : 1 (Redfield, 1958; Brzezinski, 1985) and suggests silicate limitation. Gilpin et al. (2004) 

report Si limitation in diatoms at an N : Si ratio of 4 : 1. There is not such an extreme limitation 

in mid-autumn, where the N : Si ratio is 2.01 : 1 at the point of sampling (Table 5.5), however 

this is still higher than the Redfield-Brzezinski ratio (Redfield, 1958; Brzezinski, 1985). Despite 

the large disparity in potential silicate limitation, there is a similar increase in diatom 

abundances as a result of sediment addition. The addition of the sediment is likely to bring 

nutrients, and the concentration of nutrients released from the sediment after 4 days has been 

calculated here (DIN = 3.79 μmol/g dry sediment, DIP = 1.13 μm/g dry sediment, Si = 13.0 μm/g 

dry sediment, Table 5.2). The silicate released from the sediment over the course of the 

experiment may be enough to relieve some of the limitation and support growth.   

There is a 1–2-day lag in the increase of diatom abundances after the addition of sediment in 

the higher turbidity treatments (Figure 5.5), but there is no delay in the growth in the control 

treatment. This lag is not as pronounced in the mid-autumn samples as it is in the early 

summer samples. The diƯerence in the lag times could be explained by the reduction in silicate 

limitation, as the DIN : Si is much lower and there is less severe silica limitation in the mid-

autumn samples. At the point of sampling the DIN : Si ratio was 20.13 in early summer, 

compared to 2.01 in mid-autumn (Table 5.5). 

Nutrients are released from the sediment to become bioavailable, and a higher dependence 

on sediments being released after sediment addition, rather than those already in the 

waterbody, may result in a more pronounced delay to increased growth. The lag time which is 

seen in the results from the incubations may also be a result of the diatom community adapting 
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to the changing light environment. Photo-acclimation has been shown to take 3-5 days for 

diatoms (Tomkins et al., 2020), and may be a further controlling factor for the diƯerences 

observed between the two time periods. The day length and light intensity is lower in samples 

collected in mid- autumn compared to samples collected in early summer with some photo-

acclimation already.  

5.5.3 Chlorophyll concentrations and phytoplankton abundances 

Chlorophyll concentrations follow a similar pattern to diatom abundance, as expected given 

they are a proxy for plankton biomass. In both early summer and mid-autumn, chlorophyll   

increases with increasing turbidity, but the lag seen in diatom abundances is not seen in the 

chlorophyll concentrations (Figure 5.15, Figure 5.16). In the results from the early summer 

incubation, the chlorophyll concentrations increase continuously in the very turbid treatment, 

whilst diatom abundances remain relatively stable from days zero to one, and then from day 

three compared to day four (Figure 5.15, Figure 5.16). Chlorophyll concentrations on day four 

are higher in the very turbid sample than in in the turbid treatment, whilst diatom abundances 

are similar in both treatments on day four (Figure 5.15, Figure 5.16). The increases in 

chlorophyll despite this not being matched by abundance could be further representative of 

the diatoms acclimating and producing increased chlorophyll in order to more eƯectively 

photosynthesise in a lower light environment. Adaptations to diƯering light environments 

through a change in chlorophyll concentration have been reported in the literature (Anning et 

al., 2000; Shi et al., 2016).  Higher chlorophyll concentrations were seen for similar diatom 

abundances in both early summer and mid-autumn (Figure 5.8). This supports the idea that 

the lag, at least in part, is a result of the diatoms increasing photosynthetic pigment before the 

increases in abundance are seen. 

5.5.4 Dinoflagellate Diatom competition 

Silicate concentrations are not limiting for dinoflagellate growth as they do not require this 

nutrient for their shells (Egge and Aksnes, 1992). In the control treatments in both early 

summer samples and mid-autumn samples, where no sediment is added, dinoflagellates have 

the most success compared to treatments where sediment is added (Figure 5.6). 

Dinoflagellates are most competitive when diatoms are experiencing silicate limitation, and 

this is most likely in the control treatment where no sediment and potential nutrient additions 

have been made. In early summer, dinoflagellate abundances do not increase with time, but 

after initial declines, their abundances are maintained throughout the experiments in each 

sediment addition treatment (Figure 5.6). Dinoflagellates may be less successful in increasing 

turbidity as grazing may become harder for heterotrophic and mixotrophic species, as 

encounter rates with prey decrease with increasing SPM concentrations. There is the further 
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possibility that the turbulence created by the use of orbital shakers within the experiment that 

dampened the growth of dinoflagellates in all treatments including the control. Turbulence is 

known to be detrimental to dinoflagellates, (van de Waal et al., 2014) and may have prevented 

further growth. However, species of Scrippsiella have been described as highly sensitive to 

turbulence (Berdalet et al., 2007; van de Waal et al., 2014), and Scrippsiella was still able to 

persist in this experiment. It is possible that either specific species of Scrippsiella present in 

the natural community used here are not highly sensitive to turbulence, or the turbulence did 

not have a big impact on the phytoplankton during the experiment.  

Dinoflagellates are noticeably less abundant in the mid-autumn experiment compared to 

early summer, with there being days in both turbid and very turbid treatments where no 

dinoflagellates have been identified (Figure 5.6). The initial abundance of dinoflagellates is 

approximately 5 times lower in mid-autumn than in early summer (Figure 5.6). By contrast, 

the mid-autumn diatom abundance was around one order of magnitude higher than in early 

summer 2023 (Figure 5.5). Weston et al. (2008) documented a spring bloom in the Thames 

plume between days 95-150 which is April-May. The Weston et al. (2008) study site is 

approximately 18 km further oƯshore than the collection site of MA2 (Figure 5.3), but with a 

similar salinity recorded of ~32-34, compared to the 32.111 and 33.281 recorded at MA2 in 

early summer and mid-autumn, respectively. The samples for the first experiment were 

collected in June. Therefore, it is likely that the natural phytoplankton community collected 

from MA2 in early summer 2023 was towards the tail end of a spring bloom. There are 

frequent observations of diatom to dinoflagellate successions during blooms (Zhou et al., 

2017a; Zhang et al., 2019; Wang et al., 2022) with various triggers identified for the 

progression. The Thames estuary has been seen to remain diatom dominated year-round 

(Sanders et al., 2001), with lower abundances in the summer, where Sanders et al. (2001) 

suggest silicate limitation. The samples in early summer, with lower diatom abundances and 

relatively high dinoflagellate numbers, may have gone through this succession, potentially as 

a result of Silicate limitation as previously suggested for this location. Silicate depletion is 

supported by the high DIN : Si ratio of 20.13 : 1 recorded at MA2 at the point of sampling in 

early summer (Table 5.5).  

5.5.5 Community composition changes in response to increasing turbidity 

The diatom Skeletonema is the most abundant taxa on day one in the early summer community 

in all treatments (Figure 5.13). In the control and in turbidity treatments, Skeletonema 

maintains a high relative abundance for the duration of the experiment (~ 40-60 %) with the 

notable exception of day four of the turbid treatment (10%). Here, centric diatoms become 

dominant (~70%). In the mid-autumn community, the relative abundance of Skeletonema 
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increases over time in the control and the three turbidity treatments, but Skeletonema never 

dominates to the same extent as in the early summer community (Figure 5.13). These 

increases in relative abundance of Skeletonema over time may mean that it is well suited to a 

turbid environment but takes time to acclimatise and so is seen later in the time series. Both 

Skeletonema and Chaetoceros (Hyalochaete) have been reported in low light environments 

(Ramakrishnan et al., 2018), however there is likely to be governing factors other than low light 

adaptation, as Chaetoceros (Hyalochaete) declined with increasing turbidity. The stark 

diƯerences in community composition between the early summer and mid-autumn 

communities (Figure 5.13), accompanied by similar patterns in abundance, (Figure 5.5), 

suggest that there are a multitude of species with the ability to adapt to the changing 

conditions increased turbidity brings, and that a wide variety of diatom communities might be 

able to demonstrate a similar growth response to increased SPM concentrations.  

The number of identified dinoflagellate taxa declines with increasing turbidity during both 

experiments (Figure 5.14). In both early summer and mid-autumn, the communities tend 

towards a community dominated by armoured dinoflagellates, Scrippsiella, or a combination 

of the two. These were the two most abundant taxa recorded in the initial community 

collected in early summer, however Scrippsiella was not identified in the initial community in 

mid-autumn (Figure 5.12). Armoured dinoflagellates, along with Scripsiella, are the only 

identified taxa on days two and four of the very turbid treatment in early summer, and the 

entirety of the turbid treatment in mid-autumn (Figure 5.14). The armoured dinoflagellates 

encompass a large variety of possible species, which have not been identifiable. This taxa 

group may represent single or multiple species. It is unknown whether the armoured 

dinoflagellate taxa group represents the same species throughout the experiment, and 

therefore the armoured dinoflagellates recorded in each treatment may not be the same taxa. 

In the mid-autumn experiment, increasing observations of no dinoflagellates were recorded 

with increasing turbidity (Figure 5.14), and Scrippsiella was the only identified taxa in the very 

turbid treatment (Figure 5.14). It could be that the unknown armoured dinoflagellates which 

persisted in the early summer experiment, were not present in the mid-autumn community, 

and those which were present were not as well suited to a turbid environment.   

Specific species of Scrippsiella have the ability to be mixotrophic (Mitra et al., 2023; You et 

al., 2023). Mixotrophic ability may allow Scrippsiella to continue to grow in a low light 

environment, or in an environment with strong competition from other photosynthetic 

organisms. In increasing turbidity, as replicated in these experiments, mixotrophy may be an 

available mechanism to aid continued successful growth in the lower light environment 

which comes with increased SPM concentrations.  Although, this would rely on the specific 

species of Scrippsiella with mixotrophic ability to have been present in the community during 
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these experiments. Unfortunately, it was not possible to identify the taxa for Scrippsiella to 

this level. However, Torodinium Robustum, another mixotrophic dinoflagellate (Strom et al., 

2024), was oƯered no advantage by its potential for mixotrophy. Torodinium robustum is 

recorded in the initial community collected in both early summer and mid-autumn and is 

identified on day one in the control treatment in early summer but is not seen elsewhere in 

the experiments. This suggest that an alternative trait(s), potentially in conjunction with 

mixotrophy, allows Scripsiella the advantage over other dinoflagellate taxa in the 

experiments.  

Literature documents turbidity as a factor limiting the growth of phytoplankton biomass 

(Cloern, 1987; May et al., 2003; Painting et al., 2007; Devlin et al., 2007b; Gameiro et al., 2011; 

Pan et al., 2016; Burson et al., 2018). Dijkstra et al. (2019) describe growth as being limited by 

‘sediment-induced deterioration of the light climate’. In contrast, other studies find growth 

supported by increased sediment (He et al., 2017). Zhang et al. (2017) document increased 

phytoplankton biomass with increased suspended solids due to fish presence in shallow lake 

mesocosms. Deininger et al. (2016) describe a short-lived increase in diatom abundance 

immediately after soil addition in their coastal lagoon mesocosm, but dinoflagellates 

increased immediately and then again on day 12 of their experiment. If the incubations in this 

study had continued longer there might have been a subsequent increase in dinoflagellate 

abundance.  

Small diatoms, Chaetoceros, were favoured in Deininger et al. (2016) ‘s experiment. Whilst 

Chaetoceros (Hyalochaete) represented a large proportion of the mid - autumn community 

throughout the results of this turbidity experiment (Figure 5.14), the relative abundance of 

Chaetoceros (Hyalochaete) declined with increasing turbidity. This diƯerence with Deininger 

et al. (2016) ‘s experiment highlights the fact that there are (many) other specific conditions 

which govern a dominant taxa. Burson et al. (2018) saw a slight decline in diversity with light 

limitation, under nitrogen and phosphorous replete conditions. Burson et al. (2018) also 

describe how, under nutrient limited conditions, co-limitation of nutrients with light can allow 

for the co-existence of species with diƯerent niches. Whilst Skeletonema does increase with 

increasing turbidity, diatoms do not become completely dominated by a single taxa and the 

co-existence due to diƯering niches oƯers an explanation for this lack of exclusion of all other 

taxa. Burson et al. (2018) present results which show the green alga Chlorella marina became 

the most successful under light limited conditions. Domingues et al. (2011) found that 

cyanobacteria were the only taxa able to acclimate to low light conditions. The research 

presented within this chapter focused on diatoms and dinoflagellates as they are a commonly 

used indicator of water quality. However, the literature presented above presents results of 
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increased turbidity on the abundance and composition of other lifeforms, and this too should 

be considered in management and policy decisions.  

The results observed within this experiment indicate that dinoflagellate abundances are 

depleted relative to the control treatment, but are not completely diminished during the 

experiment and are still able to maintain their abundances despite the increasing turbidity in 

some cases (Figure 5.6). Mixotrophic ability, in combination with specific physiological factors, 

may allow for these dinoflagellates to be successful and not completely controlled by turbidity. 

Dinoflagellates can pose problems when it comes to harmful algal blooms and toxic species 

(Jeong, 1999; Panton and Purdie, 2022). Increased nutrients being allowed under the 

WFD/WER in coastal and transitional waters with increasing turbidity may allow for harmful 

and toxic dinoflagellate growth. Scrippsiella has been seen to remain despite the turbid 

conditions in this experiment (Figure 5.14), and species of Scrippsiella are common harmful 

species (Baek et al., 2003). Increased turbidity may therefore not only allow for increased 

growth, but also potentially select for taxa which have the potential to cause harmful algal 

blooms.  

This work does not support the basis of the WFD/WER nutrient concession policy. Turbidity 

supports rather than dampens diatom growth in this experiment and does not uniformly 

reduce dinoflagellate growth. The increased nutrient concentrations which are allowed to 

occur before a water body does not receive a good standard in transitional and coastal waters 

therefore potentially are able to be utilised by diatoms, and dinoflagellates to an extent. The 

success of any phytoplankton in water with a high concentration of suspended particulate 

matter is contrary to the assumptions made in the WFD/WER, where the light limitation 

associated with turbid water has been assumed to reduce a water body’s capacity to support 

primary production.  

Table 5.8 – Examples of literature which support / do not support the results in this chapter 

Papers with supporting evidence of 
allowing increased nutrients in 
waterbodies with higher SPM 

Papers with evidence against allowing 
increased nutrient concentrations in 
waterbodies with higher SPM 
concentrations 

 (Cloern, 1987) – light limitation is a 
control on phytoplankton as turbidity 
relates to the ratio of photic depth to 
mixed depth.  

 (May et al., 2003)  -  Model of spatial 
and temporal mechanisms which 
have a control on turbidity and 
phytoplankton growth 

 (Gameiro et al., 2011) -  Nutrient 
replete estuary where phytoplankton 

 (Deininger et al., 2016)  - Soil 
additions made to mesocosms of 2m 
water column depth in a coastal 
Lagoon. Diatoms increased 
immediately after addition and then 
decreased. Dinoflagellates peaked 
immediately and decreased and 
then peaked again on day 12. Short 
lived blooms  
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growth was suspected to be light 
limited.  

 (Irigoien and Castel, 1997) – Estuary 
where nutrients are not considered 
limiting, and light / turbidity governs 
growth. There are observations of 
chlorophyll in high turbidity areas, 
and two mechanisms are 
discussed, imported chlorophyll 
and phytoplankton adaptation. 

 (De Swart et al., 2009) – Idealised 
model in turbid estuaries. Growth 
rates are dependent on nutrient and 
suspended sediment 
concentrations.  

 (Grobbelaar, 1985) – Mixed layer 
depth is important regulating factor 
in turbid waters 

 (Wang et al., 2019) – High turbidity in 
nearshore waters resulted in higher 
light attenuation, and this was a 
controlling factor in phytoplankton 
blooms. 

 (Liu et al., 2018) – Model of 
phytoplankton bloom dynamics in 
turbid estuaries. SPM concentration 
is a controlling factor for blooms.  

  (McSweeney et al., 2017) – surface 
suspended sediment is a key 
controlling factor in a high nutrient 
low growth turbid estuary.  

   (Jiang et al., 2021) – SPM increased 
light attenuation and reduced growth 
rate in A. Carterae. 

 (Sobolev et al., 2009) – Turbidity 
limited phytoplankton abundance 
despite high nutrients in an artificial 
reservoir. This may be conducive for 
floating macrophytes due to 
decreased competition for nutrients.  

 (Cloern and Alpine, 1988) – Highest 
growth rates observed where photic 
depth was large portion of mixed 
depth.  

 (Diehl et al., 2002) – experimental 
evidence supporting model 
prediction that high turbidity reduces 
algal production.  

 (Colijn and Cadée, 2003) -  light 
limitation more important factor 
than nutrients in some cases.  

 (Kromkamp et al., 1995) – light 
limited phytoplankton growth in 

 (He et al., 2017) – Mesocosm study in 
a shallow lake in which higher 
turbidity was induced by crucian 
carp through sediment 
resuspension, and additional 
nutrients additions were made. 
Higher turbidity resulted in increased 
phytoplankton biomass and 
chlorophyll concentrations. The 
results are in contrast to those of 
similar studies, where light limitation 
was observed.  

 (Örnólfsdóttir et al., 2004) – 
Phytoplankton growth rates 
increased in response to nutrient 
inputs despite decreased surface 
irradiances in a lab-based bioassay. 
Authors note that the lack of diƯerent 
in growth rates between treatments 
suggests that phytoplankton had 
experiences light conditions which 
included all experimental 
conditions, and they also note that 
the decreased irradiance used may 
not have been low enough.  

 (Nunes et al., 2022) – Turbidity did 
not reduce chlorophyll 
concentrations in some treatments 
in a sediment addition bioassay, 
dependent on the initial chlorophyll 
concentration.  

 (Pinckney et al., 1999) – sediment 
additions showed higher productivity 
and biomass in mesocosm 
experiments; however, authors note 
this is probably as a result of 
phytoplankton within the sediment 
additions, and growth rate was not 
impacted.  

 (Kim et al., 2025) Dinoflagellate 
compensation to low light 
environments, including mixotrophy.  

 (Mena et al., 2025) Phagotrophy may 
oƯer an advantage to some 
mixotrophic dinoflagellates in short 
low light or low nutrient periods.  

 (Fichez et al., 1992) – Field 
observations of phytoplankton 
growth in high turbidity due to 
balance of critical depth and mixing 
depth.  

 (Hansen, 2011) and references 
therein – Review of mixotrophic 
behaviour of dinoflagellates.  
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certain part of a high turbidity high 
nutrient estuary 

 (Painting et al., 2007) – Model 
demonstrating that estuaries with 
low / moderate light levels are not 
very likely to show a biological 
response to nutrient inputs.  

 (Jeong et al., 2018) – Light intensity 
had no impact on the growth rate or 
ingestion rate of a mixotrophic 
dinoflagellate. There was no growth 
in complete darkness.   

 (Cole et al., 1992) – Light and mixing 
limited phytoplankton growth. 
However, there are observations of 
blooms. Authors suggest these 
occur in specific shallower parts of 
the estuary.   

 (Cloern, 1999) – light availability 
regulates how nutrient enrichment 
manifests in coastal estuaries.  

 (Cole and Cloern, 1984) – growth was 
highest in the regions of lowest 
turbidity. Spatial and temporal 
variation in primary productivity  
explained by light availability in San 
Francisco Bay.   

 (Cloern et al., 2014) – review of 
phytoplankton growth in estuaries, 
including sediment and light 
limitation.  

 (Monbet, 1992) – review of data from 
micro and macrotidal estuaries. 
Higher amounts of suspended solids 
resulted in chlorophyll decrease.    

 (Fisher et al., 1988) Chlorophyll 
maximum is observed seaward of 
the turbidity maximum, in clearer 
waters.  

 (Pennock and Sharp, 1986) – Model 
of phytoplankton growth limiting 
factors in the Delaware estuary. 
Model suggests light limitation 
throughout the year in upper estuary 
and in winter in the lower estuary.  

 (Randall and Day Jr, 1987) – Authors 
suggest light limitation at low 
salinities due to turbidity in 
Louisiana estuary. Decreased 
production in moving incubations.  

 (Domingues et al., 2011) – Light 
limited phytoplankton growth of a 
natural community in a turbid 

 (Kocum et al., 2002) – The highest 
phytoplankton biomass was found at 
the head of the estuary where 
nutrient levels were highest even 
though there was high light 
attenuation. Authors cite a shallow 
well mixed water column. However, 
overall production was low, and 
phytoplankton were light limited. 
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estuary. Light and nutrient co 
limitation found in summer.  

 (Stoecker et al., 1997) Mixotrophy 
does not appear to be a mechanism 
by which Prorocentrum minimum 
responds to light limitation.  

 (Joint and Pomroy, 1981) – Higher 
growth rates were seen in less turbid 
areas of the Bristol channel.  

 (Cloern and Alpine, 1988) – 
Phytoplankton growth rate was 
highest when the photic depth was 
the large compared to the mixing 
depth.  

 (Gazeau et al., 2005) – Light limited 
rather than nutrient limited 
phytoplankton due to high 
concentrations of SPM.  

 (Wofsy, 1983) – Suspended sediment 
is a control on phytoplankton 
biomass. 

 (Kocum et al., 2002) – Phytoplankton 
was light limited, below reported 
bloom levels for other systems 
considered similar, despite high 
nutrient levels.  

 (O’Donohue and Dennison, 1997) – 
Productivity limited by light as a 
result of high SPM.   

 (Hansen, 2011) and references 
therein – Review of mixotrophic 
behaviour of dinoflagellates.  

 (MacIntyre and Geider, 1997) – 
Decline in photosynthesis greatest in 
turbid rapidly mixed waters.  

 

This list of papers is definitely not exhaustive but does give an indication of the types of 

observations which support or contradict the work presented here.  

Observations which might support the concession on nutrient thresholds, and those which 

don’t, cite vertical mixing and depth as important for (inhibition of) growth in turbid 

environments, parameters which were not replicated in the laboratory environment. 

Observations of increased growth through sediment addition are seen in shallow 

environments, and the mesocosm results presented here are not from estuarine environments 

for which the concession exists. The results seen in this experiment are unlikely to be 

representative of a natural response, and in situ experiments which can more accurately 

replicate the environment would be beneficial. This also suggests that SPM alone is not a 

governing factor, and response to turbidity could be very spatially or temporally dependent. 
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Further investigation and work are warranted. Mixotrophy has been seen to oƯer advantage in 

some species in low light environment in the papers considered here, and to not oƯer an 

advantage for others. It appears a species-specific response and may therefore also be very 

location and community driven. It is unknown whether the light values considered in the 

papers would correspond to realistic values in turbid estuaries. Furthermore, if high turbidity 

environments were to induce a mixotrophic response and oƯer certain species an advantage, 

establishing if the growth could cause an undesirable disturbance, and if extra nutrients 

permitted under the concession would actually support or fuel any further growth would help 

to establish the suitability of the additional threshold. A switch of feeding mode could mean 

that the inorganic nutrient concentrations become increasingly unimportant. 

There are observations within the papers listed here of increased growth as a result of 

sediment addition through nutrient addition, which supports the results observed within this 

experiment. However, an important consideration is whether or not this increased growth 

would result in undesirable consequences, as is the approach taken by the WER / WFD.   

5.6 Conclusion  

The incubations carried out in this study demonstrate that turbidity may exert an influence on 

the community composition of phytoplankton. Diatoms responded favourably to the increase 

in the sediment additions in comparison to dinoflagellates. It is demonstrated here that 

increased turbidity as a result of sediment additions have not reduced the ability of the 

waterbody to support increased phytoplankton biomass, and this challenges the 

eƯectiveness of the WFD/WER policy which is in place. This response is seen in samples 

collected in both early summer and mid-autumn, where the communities are notably 

diƯerent and are representative of diƯerent ecological and environmental conditions. The 

results presented here are in contrast to literature, which presents turbidity and light 

limitation as a key limiting factor for the growth of phytoplankton. These diƯering results 

highlight the need for further work investigating and unravelling the complicated relationship 

between turbidity and phytoplankton biomass and community composition and determining 

whether the WFD/WER concession should indeed be in place. The response to increasing 

sediment addition diƯers between species, implying that the initial composition may be large 

factor in determining the response of the community, and therefore responses are likely to 

diƯer on both spatial and temporal scales.  

So what? – The results of this experiment have indicated that there may be scenarios in which 

the increased nutrient inputs into the water column as a result of increased suspended 

particulate matter concentrations could be fuelling growth of certain phytoplankton or 

altering community composition. This could make the higher threshold for acceptable 
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nutrient concentrations under the WER / WFD in higher SPM waters on the assumption of 

light limited growth, unsuitable. However, there needs to be more research into whether this 

is realistic in the natural environment or whether these results are a function of a laboratory 

setting, and whether the increased growth which is supported is suƯicient to result in an 

undesirable disturbance to the ecosystem, as results were not statistically significant. This 

work demonstrates that additional research across a variety of diƯerent waterbody types to 

investigate how SPM might support or not support problematic phytoplankton growth is 

necessary. 
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6   

 

Outlook and synthesis   
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6.1 Overview 

The aim of this PhD research was to further the understanding of the role of phytoplankton 

within UK eutrophication monitoring and how they may be considered within associated 

assessment frameworks. The current metrics fail to identify the true extent of changes 

happening within water quality conditions and phytoplankton communities over space and 

time. In addition, factors which may govern the response of a water body to nutrient 

enrichment are not fully considered within assessments. The research has focused on 

Liverpool Bay and the Thames estuary and the wider marine area. Specifically, this PhD 

research has examined the following research questions:  

1. Does long term trend analysis provide more informed assessments of estuarine and 

coastal waters, and would inclusion of trend information improve current metrics that 

assess ecological state over 6-year cycles? 

Long term trend analysis has oƯered increased information about the patterns of nutrient 

enrichment over time, giving indications of areas where there are increasing, decreasing, or no 

changes occurring over time. This information could give managers insight into the 

eƯectiveness of decisions and management eƯorts and oƯer warnings about potentially 

deteriorating areas prior to the outcome of a pass / fail metric relative to good/moderate status, 

and areas which may be consistently failing, with no identification of an improving trend, can 

be prioritised for action. This could mean, for example, altering permits, or altering land 

management practices as outlined in Environment Agency (2024). Additional mitigation 

activities and their importance under a changing climate are considered in Duarte and Krause-

Jensen (2018), and long term trend analysis could help to consider their eƯectiveness.   

Ecosystem recovery can be complicated, lengthy, and highly variable (McCrackin et al., 2017). 

This suggests that prevention may be preferable to recovery activities, where possible. 

McCrackin et al. (2017) also highlight the importance of long-term monitoring to assess 

ecosystem recovery.  

 The costs of damage as  a result of eutrophication versus addressing problems have been 

calculated for freshwater  (Pretty et al., 2003), and the authors conclude that there would be 

cost reduction for prevention. Whilst considerations of damage costs would be diƯerent in 

coastal and marine waters compared to freshwaters, the principal of the cost of damage 

exceeding the cost of response may still stand.  
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2. Can the Plankton Index tool oƯer further insight into the extent of ecological impacts of 

eutrophication in addition to the current phytoplankton metrics alone? 

The plankton Index tool, as used here, oƯers more detailed information about the shifts seen 

within a phytoplankton lifeform pair compared to the currently used phytoplankton sub 

metrics. Specifically, the phytoplankton index tool gives information about when the shifts in 

the community composition are occurring, which will become increasingly important under a 

changing climate when phenology is likely to be impacted e.g.  (Mészáros et al., 2021; 

Fernández-Barba et al., 2025). (Phyto)plankton has societal value beyond being the base of the 

marine food web (Grigoratou et al., 2025). Grigoratou et al. (2025) present six groups where 

phytoplankton are considered to have value – Biogeochemistry, ecology, culture recreation 

and wellbeing, evolution of science, economy, and climate. Ensuring that changes within the 

community can be properly monitored, assessed, and managed is integral to mitigating 

undesirable disturbances and safeguarding phytoplankton and associated value.  

3. What further understanding could be gained about the eutrophic state of coastal and 

estuarine areas by applying integrated coastal and oƯshore assessment using both 

WFD/WER and OSPAR in terms of metrics and time periods? 

Assessing the data collected for the WER / WFD and the OSPAR assessment 

simultaneously and with universal  and additional metrics give an indication of how 

nutrient enrichment is changing along a spatial gradient of assessment areas. This means 

that potential problem areas may be able to be identified before an assessment is ‘failed’/ 

does not achieve good status, and preventative rather than remedial actions could be 

taken. This approach also gives information about the spatial variation of eutrophication 

impacts in more detail, which can again further assist management as there may be 

indications regarding drivers of change in diƯerent locations, which can inform appropriate 

actions. Combining the datasets may improve temporal and spatial coverage in some 

areas, potentially making information about trends more accurate. Additionally, using the 

metrics presented here across all areas will allow for the identification of changes and 

shifts in areas which would not previously be identified.  

4. How do the light and nutrient conditions vary with salinity in Liverpool Bay and the 

Thames Estuary? 

5. How does the phytoplankton abundance and community composition vary with 

salinity in the two study areas of Liverpool Bay and the Thames Estuary? 

6. Is phytoplankton biomass nutrient limited at an oƯshore sampling site in the Thames 

Estuary? 
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There is a suspected shift from inshore light limited conditions to nutrient limited conditions 

further oƯshore. This has, currently, created a consistent chlorophyll concentration in the 

Thames estuary area along the gradient. Understanding the governing factors along the salinity 

gradient can help to determine how the ecosystem may react the changing environmental 

conditions. This could include increases in nutrient inputs, but it will also help environmental 

managers to be aware of how shifts in the climate may impact locations diƯerently. 

Understanding the governing factors could help to determine how eƯective and impactful 

policy / legislation decisions may be at managing the undesirable consequences of 

eutrophication, especially under a climate change scenario.  

7. How does a natural phytoplankton community respond to sediment additions in a 

laboratory incubation experiment and what are the implications for current UK 

assessment criteria? 

The results of the addition experiments indicate that sediment additions supported increased 

diatom abundances rather than preventing growth through light limitation, as would be 

expected under the WER / WFD assessment. An evaluation of the literature indicates that 

vertical mixing, which could not be replicated in the laboratory setting, is an important 

mechanism when considering light limitation as a result of turbidity, and so additional 

experiments are necessary. Unravelling the relationships may become increasingly important 

under a changing climate, as more extreme weather events may increase the amount of 

sediment added to waterbodies through run oƯ, and increased mixing may result in more 

resuspension. This means that understanding how increased concentrations of suspended 

sediment are impacting the water column could become more important to make informed 

and eƯective management decisions. A diƯerent response to the sediment addition was seen 

in diatoms compared to dinoflagellates, which suggests that the response to SPM 

concentrations may be governed, in part, by the phytoplankton community, and responses 

may be very location dependent.  

In terms of the WER / WFD assessment results and classification outcomes, it is possible that 

despite high nutrient concentrations, a turbid waterbody could be classified as ‘good’ under 

the nutrient metric if concentrations are below the concession thresholds. However increased 

growth and or shifts in the phytoplankton community could still be occurring which the 

phytoplankton sub metrics might capture and given the ‘one out all out’ policy used for 

classification in the WER / WFD, a good overall classification might not be achieved.  

These research questions and their conclusions all aim to contribute to the knowledge pool of 

how eutrophication monitoring can be improved by properly considering the impacts on 

phytoplankton communities. This is achieved through the inclusion of a wider range of metrics, 
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improved understanding of interactions between water quality and phytoplankton, and the 

impact of sediment on phytoplankton response. Field sampling of water quality parameters 

and community composition provided insight into the changes in phytoplankton abundance 

and community composition occurring along salinity gradients, identifying succession of light 

and nutrient limitation from inshore to oƯshore.  

Several large, long term, datasets which have been collected under multiple monitoring 

initiatives were combined and analysed in order to establish if changes within the 

phytoplankton community in the Thames Estuary and Liverpool Bay could be identified and 

understood (Chapter Three). The findings from this demonstrate that by utilising additional 

metrics to those currently included within monitoring directives, including the phytoplankton 

index tool, finer scale shifts within the phytoplankton community can be identified. Utilising 

metrics over a longer time frame than the current 6-year assessment periods reveals that the 

inclusion of trend data or information on the trajectory of change enhance eutrophication 

assessments, oƯering insights into the direction of eutrophication impacts and informing 

preventative rather than remedial management eƯorts. 

The variation in salinity and nutrients were explored (Chapter Four) at sites in the Thames 

Estuary and Liverpool Bay, both large impacted embayments which experience high nutrient 

inputs from direct and indirect sources. Sites were located along  a salinity gradient ranging 

from ~ 8 to 35. Assessing the nutrient concentrations and ratios, the light environment, and 

phytoplankton abundance along the salinity gradient has identified a shift from inshore to 

oƯshore in the factors which regulate and govern the phytoplankton community in the Thames 

Estuary and Liverpool Bay.  

The response of phytoplankton communities within changing suspended sediment 

concentration scenarios was investigated (Chapter Five) through laboratory experiments, 

namely addition bioassays. Abundances of diatoms were not observed to decrease between 

treatments, despite higher turbidity, however increased turbidity did result in community 

composition shifts in both diatoms and dinoflagellates. This chapter highlighted that there may 

be a more complicated relationship between turbidity and  phytoplankton than is considered 

within current eutrophication monitoring and may not be identified using the current metrics. 

These laboratory experiments have brought into question the suitability of some of the 

concessions associated with nutrient thresholds set by the WFD/WER in transitional and 

coastal waters.  
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6.2 Current metrics for eutrophication monitoring and assessment do not capture the 

full extent of the important changes occurring within the phytoplankton community  

Some potential scenarios of shifts within the phytoplankton community which may not be 

identified utilising the current monitoring methods alone were outlined (Figure 1.4). This 

included changes in the relative abundance within lifeform pairs and long-term changes in 

abundance. The findings from the research within this thesis have confirmed shifts over time 

and space within the phytoplankton community, through the use of the Plankton Index tool, 

which would not otherwise have been observed within eutrophication monitoring, and which 

could have consequences for the wider ecological community. Results from the Cumbria and 

Mersey Mouth assessment areas were presented (Figures 3.16 – 3.19). The outcomes of the 

WFD/WER phytoplankton metrics gave a classification of ‘good’ and ‘moderate’  for these areas 

respectively (Figure 3.14). These WFD/WER metrics identified shifts in the area, however the 

detail of these, which is important to ensure appropriate management actions, was not. 

Applying the Plankton Index tool to the available data within the assessment areas resulted in 

a significant change in the diatom / dinoflagellate lifeform pair being identified (Figure 3.16, 

Figure 3.19). The inclusion of this method has identified an ecological disturbance which may 

have undesirable impacts and might previously have been overlooked. The importance of 

small-scale changes has been discussed throughout the thesis in terms of their implications 

for the wider ecosystem. Confirming the presence of changes within assessment areas which 

are not represented within the current assessment outcomes supports the recommendation 

made in previous studies (McQuatters-Gollop et al., 2009; Greenwood et al., 2019; Devlin et 

al., 2023; Graves et al., 2023; Devlin et al., 2025; Holland et al., 2025) that metrics for 

eutrophication monitoring must be expanded, in order for the monitoring and mitigation of 

eutrophication to be eƯective. A feasible example, of the Plankton Index tool (Tett et al., 2008), 

is utilised within this research.  

 Furthermore, diƯerences in the response of diatoms and dinoflagellates were identified along 

the salinity gradient in the Thames estuary and in Liverpool Bay (Chapter Four), where 

increases in the relative abundance of dinoflagellates were only observed at higher salinities 

(Figure 4.4, Figure 4.9). Laboratory experiments have similarly identified diƯering responses to 

changes in water quality conditions, as diatom abundance increased with the addition of 

suspended particulate matter, but this trend was not observed in dinoflagellates (Figure 5.4, 

Figure 5.5). The community composition diƯered with changing concentrations of suspended 

particulate matter; dinoflagellate communities tended towards a reduced number of specific 

species. The changes identified within this thesis represent only a few of the community level 

impacts of eutrophic conditions, but identifying even this small number has confirmed that 
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there are important and consequential impacts of eutrophication which are currently being 

missed within WFD/WER and OSPAR monitoring.  

6.3 The suitability of the concessions allowing higher nutrient concentrations in turbid 

waters has been brought into question  

In transitional and coastal waters, the permitted nutrient concentrations for a water body are 

higher in turbid waters than in non-turbid waters. This is based on modelling primary 

productivity as functions of definitions of eutrophication by Nixon (1995), as  light limitation  is 

assumed to accompany increased concentrations of suspended particulate matter and limit 

phytoplankton growth (Cloern, 1987; Painting et al., 2007; Devlin et al., 2007b). The results 

presented here of the addition bioassay indicate that the increased suspended particulate 

matter concentrations did not prevent the continued growth of phytoplankton, despite the 

assumed associated change in the light environment; diatom abundances were observed to 

be higher in the treatments where more sediment was added (Figure 5.4). The same was not 

observed for dinoflagellates however, and there was an increased number of samples where 

no dinoflagellates were identified in the more turbid treatments relative to non-turbid 

treatments (Figure 5.5). Alongside the trends observed within the phytoplankton abundances, 

shifts in the community composition were observed for both of the lifeforms. With increasing 

turbidity, dinoflagellates tended towards a community comprised of Scrippsiella species and 

armoured dinoflagellates. Diatoms showed an increased number of species occurring at 

increased abundances. Not only do these results indicate that the permitted increase of 

nutrient concentrations in turbid waters under the WFD/WER warrants further investigation, it 

also indicates that the response to changing turbidity may diƯer between lifeforms in the 

diatom dinoflagellate pair.  

6.4 The existing monitoring data has more to oƯer when combined  

 This PhD research has shown that the data collected for the WFD/WER and OSPAR 

assessments could be utilised more eƯectively in order to provide a more in depth 

understanding of eutrophication on wider temporal and spatial scales. The data analysed in 

Chapter  Three comes from both the Environment Agency and Cefas, and whilst these datasets 

would not usually be combined with one another when carrying out eutrophication 

assessments, doing so here has oƯered additional insight into the changes occurring over time 

and along the salinity gradient. Fusing these datasets together makes it possible to assess 

trends over longer temporal and more cohesive spatial scales, which can provide valuable 

information on the trajectory of changes, measure the success of management initiatives, or 

identify areas where further intervention is needed. The WFD/WER assesses in 6-year cycles, 

and whilst the outcomes of each cycle will be compared, trends in the long-term data  are not 
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assessed. The results presented in Chapter Three confirm that utilising the data in this way and 

looking at trends over a longer period of time rather than a binary pass or fail within each 6-year 

assessment period can be beneficial for informing management practices. For example, 

multiple areas are identified which have winter DIN concentrations exceeding the threshold 

(Figure 3.13), but no significant long-term change in DIN concentrations has been identified 

over multiple assessment cycles (Figure 3.11, Figure 3.12). This extra information, which would 

not be routinely revealed under current assessments, clearly demonstrates an area where 

concentrations are both elevated and unchanging and suggests that the management 

initiatives have not been successful in reducing this. In a similar manner, longer term 

assessments can oƯer warnings by identifying areas which may become eutrophic. Under the 

current metrics, initiatives to address elevated nutrient concentrations may not be 

implemented until the status of a waterbody is identified as problematic. By taking a more 

holistic view of the data and assessing the trajectory of changes within the marine 

environment, earlier intervention can occur, supporting prevention rather than remediation.  

Combining data collected under diƯerent directives also supports assessment of the state of 

waterbodies along the salinity gradient. Transitional and coastal waterbodies in the WFD/WER 

would ordinarily be assessed separately to OSPAR areas, however considering the data 

simultaneously is valuable. A non-linear relationship between nutrient concentration and 

phytoplankton biomass is  demonstrated (Chapter Four), and that a response elicited in one 

place may not be present in another. The conclusions made in Chapter Four also highlight that 

the factors which govern waterbody response to eutrophication can change along the salinity 

gradient, which was identified as inshore light limitation and oƯshore nutrient limitation. Being 

able to assess the eutrophic state of transitional, coastal, and oƯshore areas simultaneously 

can assist in identifying areas where the specific water quality conditions create an 

environment which may be more susceptible to eutrophication, and where attention and 

intervention may therefore be best focused.  

6.5 Future directions and recommendations 

6.5.1 Considering phytoplankton response to turbidity in eutrophication assessments   

The results of this research bring into question the suitability of the higher thresholds for 

permitted nutrient concentrations in more turbid waters. The increased concentrations of 

suspended particulate matter added during the bioassay (Chapter Five) did not dampen the 

growth of diatoms, and in fact increased growth was seen. However, the field observations 

(Chapter Four) do suggest that inshore growth in the Thames is light limited, and the excess 

nutrients are not being utilised. The concessions on allowed nutrient concentrations within the 

WFD/WER were enacted on the understanding that the elevated levels would not result in the 
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undesirable consequence of increased phytoplankton biomass due to light limitation. The 

contrasting observations presented in Chapter Four and Chapter Five suggest that there are 

further governing factors which regulate the phytoplankton response to increased turbidity. It 

is possible that these diƯering results are a function of the laboratory-based environment 

compared to the conditions found in situ. Whilst every eƯort was made to replicate the natural 

environment, an exact match for conditions is not realistic. 

 Further work investigating phytoplankton response to changes in turbidity would be 

advantageous in order to unravel the complicated relationship between phytoplankton, 

nutrients, and light, and could oƯer valuable insight into whether the higher allowed nutrient 

concentrations are resulting in the unintended eƯects of eutrophication unnecessarily. 

Repeating the experiments from Chapter Five on a larger scale may be a useful way to 

investigate this, and using in situ mesocosms or a field-based bioassay may be a suitable 

method for upscaling this work. Nevertheless, the results presented here have raised 

compelling questions regarding the assumptions which underpin eutrophication guidelines. 

Recommendations for further work are timely, given the shifts in water clarity being observed 

(Capuzzo et al., 2015; Opdal et al., 2019). The results also highlight the challenges associated 

with translating laboratory results into management practices, as well as the importance of 

long-term field monitoring.  

6.5.2 Data availability  

Data obtained from long-term monitoring has underpinned this research. However, the often-

inconsistent availability of this data has been identified as a limitation throughout the thesis. 

The methods presented in Chapter Three currently could not be applied universally across all 

areas due to the sparse nature of some of the data, and in Chapter Four direct comparisons 

between the study areas were limited by the data coverage. The nature of fieldwork at sea 

means that gaps are inevitable as a result of the challenges associated with weather 

dependent activities, but further to this, the availability of financial resources and skilled 

personnel can play a large part in the data coverage.  

Unravelling the complex relationship between phytoplankton and water quality relies on 

substantial quantities of simultaneously collected variables, which is a considerable 

workload. This makes the case for the increased use of high frequency monitoring equipment, 

as is also made by Rozemeijer et al. (2025), to supplement water quality surveys, such as the 

autonomous Cefas SmartBuoys, and sensors seen in streams and rivers (Halliday et al., 2015; 

Bieroza et al., 2023). SmartBuoy data was not used within this thesis as the focus was on 

spatial relationships between phytoplankton and water quality, but the use of autonomous 

technologies which could provide high frequency data across a spatial range could 
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undoubtedly deepen the understanding of these complex systems. The salinity range covered 

in Liverpool Bay is limited, partly due to the physical characteristics of the bay itself but also 

somewhat as a result of the available access to the more inshore sites. The samples which are 

available from the most inshore stations in Liverpool Bay were obtained using diƯerent survey 

vessels to those used for the remainder of the stations, and the logistics associated with this 

mean that data collection along the entire salinity gradient is not viable for all surveys. The use 

of an autonomous data collection method could widen the spatial coverage of data collection 

in areas with more diƯicult access.  

Water sampling surveys remain an integral part of the long-term monitoring however, and their 

consistent funding is key to the successful understanding of eutrophication in coastal and 

transitional waterbodies. The mNCEA programme, from which data has been used for the 

analysis in Chapter Four, is no longer running. The programme has oƯered some insight into 

the water quality along the salinity gradient, but a continuation in the data collection would 

allow for more robust conclusions and comparisons across a wider range of temporal and 

spatial scales. For eutrophication to be successfully monitored and managed, especially 

under a changing climate where trends may become unpredictable, consistent long-term 

monitoring which provides comprehensive datasets from the field is key. The discrepancy 

observed in Chapters Four and Five between laboratory-based results and field monitoring 

confirms the importance of both data types, and the conclusions drawn in Chapter Three 

highlight the benefits of data which covers wider temporal and spatial scales. 

In order to make monitoring programmes for eutrophication more ‘fit for purpose’ , a few 

changes could be considered, as similarly discussed in Graves et al. (2023), Devlin et al. 

(2025), for example, 

 Utilising the available methods, such as the plankton index tool or equivalent, to be 

able to identify more detailed information about phytoplankton community change. 

This will allow for a deeper understanding of changes occurring in water bodies and 

help to ensure that waterbodies more accurately reflect the classification awarded to 

them.  

 Data sharing across monitoring programmes. For example, combining data collected 

under the WER / WFD and the OSPAR assessments. This could increase spatial and 

temporal resolution in some places and would contribute to the most eƯective use of 

already existing data.  

 Considering data and assessments holistically by synchronising assessment metrics 

and time periods, will give information about how nutrient enrichment is manifesting in 

diƯerent areas.  
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 Including an analysis of long-term trends in the assessments, this can oƯer increased 

understanding about potential problem areas, and information about the success of 

management practices.  

 Ensure that monitoring programmes have resources which allow for suƯicient 

temporal and spatial coverage to make robust conclusions. This will mean that 

monitoring initiatives may be more impactful and worthwhile. 

6.6  Concluding remarks 

In conclusion, the results from this thesis have highlighted fine scale shifts which are occurring 

within the phytoplankton community in transitional and coastal waters, are not revealed by the 

current eutrophication monitoring and assessment methods. The assumptions on which the 

nutrient thresholds are based have been tested, which creates opportunity for important 

future work. Separate datasets have been amalgamated to deepen the understanding of 

eutrophic conditions and their relationship to phytoplankton across temporal and spatial 

scales. The varying response by diƯerent lifeforms observed within this research cast 

phytoplankton as a governing factor within a waterbody’s response to eutrophication, as well 

as a factor which itself is impacted by the development of eutrophic conditions. Most 

importantly, this thesis has established the important role that phytoplankton data can play 

within eutrophication monitoring far beyond its current inclusion, in understanding the health 

and wellbeing of transitional and coastal ecosystems, if the appropriate data assessment 

methods are used.  
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7  

Appendix 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



161 
 

7.1 Thames estuary long term trend results  

 

7.1.1Thames plume 

Table 7.1 – p values in the Thames plume assessment area  

Variable P value 

Chlorophyll 0.30 

DIP 0.00 

Ammonium 0.39 

TOxN 0.00 

Salinity 0.00 

DIN : DIP 0.09 

DIN 0.00 

Dissolved 

Oxygen 

0.04 

 

 

Figure 7.1 - TOxN concentrations as a function of time in the Thames plume. The blue line 
represents a linear regression of date ~ concentration for the mean monthly TOxN. 
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Figure 7.2 - Ammonium concentrations as a function of time in the Thames plume. The blue 
line represents a linear regression of date ~ concentration for the mean monthly ammonium. 

 

Figure 7.3 - DIN concentrations as a function of time in the Thames plume. The blue line 
represents a linear regression of date ~ concentration for the mean monthly DIN. 

 

Figure 7.4 - DIP concentrations as a function of time in the Thames plume. The blue line 
represents a linear regression of date ~ concentration for the mean monthly DIP. 
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Figure 7.5 – DIN : DIP as a function of time in the Thames plume. The blue line represents a 
linear regression of date ~ concentration for the mean monthly DIN : DIP. 

 

Figure 7.6 – Chlorophyll concentrations as a function of time in the Thames plume. The blue 
line represents a linear regression of date ~ concentration for the mean monthly chlorophyll. 

 

Figure 7.7 - Salinity as a function of time in the Thames plume. The blue line represents a 
linear regression of date ~ concentration for the mean monthly salinity. 
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Figure 7.8 – Dissolved oxygen concentrations as a function of time in the Thames plume. The 
blue line represents a linear regression of date ~ concentration for the mean monthly 

dissolved oxygen. 

7.1.2 Essex  

Table 7.2 - p values from the results of the linear models in the Essex assessment area. 

Variable P value 

Chlorophyll 0.17 

DIP 0.24 

Ammonium 0.00 

TOxN 0.46 

Salinity 0.00 

DIN : DIP 0.31 

DIN 0.83 

Dissolved 

Oxygen 

0.06 

 

Figure 7.9 – TOxN  concentrations as a function of time in the Thames plume. The blue line 
represents a linear regression of date ~ concentration for the mean monthly dissolved TOxN. 
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Figure 7.10 - Ammonium  concentrations as a function of time in the Thames plume. The blue 
line represents a linear regression of date ~ concentration for the mean monthly dissolved 

ammonium. 

 

 

Figure 7.11 - DIN  concentrations as a function of time in the Thames plume. The blue line 
represents a linear regression of date ~ concentration for the mean monthly dissolved DIN. 

 

Figure 7.12 – DIP concentrations as a function of time in the Thames plume. The blue line 
represents a linear regression of date ~ concentration for the mean monthly dissolved DIP. 
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Figure 7.13 – DIN : DIP as a function of time in the Thames plume. The blue line represents a 
linear regression of date ~ concentration for the mean monthly dissolved DIN : DIP. 

 

Figure 7.14 - Chlorophyll concentrations as a function of time in the Thames plume. The blue 
line represents a linear regression of date ~ concentration for the mean monthly dissolved 

chlorophyll. 

 

Figure 7.15 - Salinity as a function of time in the Thames plume. The blue line represents a 
linear regression of date ~ concentration for the mean monthly salinity. 
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Figure 7.16 – Dissolved oxygen concentrations as a function of time in the Thames plume. The 
blue line represents a linear regression of date ~ concentration for the mean monthly 

dissolved oxygen. 

 

 

7.1.3 Thames Lower  

Table 7.3 - p Values from the results of the linear models in the Thames lower assessment 
area.  

Variable p value 

Chlorophyll 0.01 

DIP 0.08 

Ammonium 0.00 

TOxN 0.45 

Salinity 0.01 

DIN : DIP 0.90 

DIN 0.40 

Dissolved Oxygen 0.58 
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Figure 7.17 – TOxN concentrations as a function of time in the Thames lower assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly TOxN. 

 

Figure 7.18 - Ammonium concentrations as a function of time in the Thames lower 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly ammonium. 

 

Figure 7.19 - DIN concentrations as a function of time in the Thames lower assessment area. 
The blue line represents a linear regression of date ~ concentration for the mean monthly 

DIN. 
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Figure 7.20 - DIP concentrations as a function of time in the Thames lower assessment area. 
The blue line represents a linear regression of date ~ concentration for the mean monthly DIP. 

 

Figure 7.21 – DIN : DIP as a function of time in the Thames lower assessment area. The blue 
line represents a linear regression of date ~ concentration for the mean monthly DIN : DIP. 

 

Figure 7.22 - Chlorophyll concentrations as a function of time in the Thames lower 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly chlorophyll. 
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Figure 7.23 - Salinity as a function of time in the Thames lower assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly salinity. 

 

Figure 7.24 – Dissolved oxygen concentrations as a function of time in the Thames lower 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly dissolved oxygen. 
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7.1.4  Thames Middle 

Table 7.4 - p Values from the results of the linear models in the Thames middle assessment 
area. 

Variable P value 

Chlorophyll 0.03 

DIP 0.77 

Ammonium 0.69 

NO2 0.03 

TOxN 0.00 

Salinity 0.00 

DIN : DIP 0.42 

DIN 0.00 

Dissolved 

Oxygen 

0.00 

 

 

Figure 7.25 - TOxN concentrations as a function of time in the Thames middle assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly TOxN. 
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Figure 7.26 – Ammonium concentrations as a function of time in the Thames middle 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly ammonium. 

 

Figure 7.27 - DIN concentrations as a function of time in the Thames middle assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly DIN. 

 

Figure 7.28 - DIP concentrations as a function of time in the Thames middle assessment area. 
The blue line represents a linear regression of date ~ concentration for the mean monthly DIP. 
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Figure 7.29 – DIN : DIP as a function of time in the Thames middle assessment area. The blue 
line represents a linear regression of date ~ concentration for the mean monthly DIN : DIP. 

 

Figure 7.30 - Chlorophyll concentrations as a function of time in the Thames middle 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly chlorophyll. 

 

Figure 7.31 -  Salinity as a function of time in the Thames middle assessment area. The blue 
line represents a linear regression of date ~ concentration for the mean monthly salinity. 
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Figure 7.32 – Dissolved oxygen concentrations as a function of time in the Thames middle 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly dissolved oxygen. 

 

7.1.5 Thames Coastal South 

Table 7.5 - p Values from the results of the linear models in the Thames Coastal South 
assessment area. 

Variable P value 

Chlorophyll 0.83 

DIP 0.28 

Ammonium 0.74 

TOxN 0.80 

Salinity 0.35 

DIN : DIP 0.82 

DIN 0.92 

Dissolved 

Oxygen 

0.62 
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Figure 7.33 - TOxN concentrations as a function of time in the Thames Coastal South 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly TOxN. 

 

Figure 7.34 - Ammonium concentrations as a function of time in the Thames Coastal South 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly ammonium. 

 

Figure 7.35 - DIN concentrations as a function of time in the Thames Coastal South 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly DIN. 
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Figure 7.36 – DIP concentrations as a function of time in the Thames Coastal South 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly DIP. 

 

Figure 7.37 – DIN : DIP as a function of time in the Thames Coastal South assessment area. 
The blue line represents a linear regression of date ~ concentration for the mean monthly 

DIN: DIP. 

 

Figure 7.38 - Chlorophyll concentrations as a function of time in the Thames Coastal South 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly chlorophyll. 
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Figure 7.39 – Salinity as a function of time in the Thames Coastal South assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly salinity. 

 

Figure 7.40 – Dissolved oxygen concentrations as a function of time in the Thames Coastal 
South assessment area. The blue line represents a linear regression of date ~ concentration 

for the mean monthly dissolved oxygen. 

7.1.6 Whitstable Bay  

Table 7.6 - p Values from the results of the linear models in the Whitstable Bay assessment 
area. 

Variable P value 

Chlorophyll 0.35 

DIP 0.67 

Ammonium 0.16 

TOxN 0.62 

Salinity 0.12 

DIN : DIP 0.68 

DIN 0.67 

Dissolved 

Oxygen 

0.89 
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Figure 7.41 - TOxN concentrations as a function of time in the Whitstable Bay assessment 
are. The blue line represents a linear regression of date ~ concentration for the mean monthly 

TOxN. 

 

Figure 7.42 - Ammonium concentrations as a function of time in the Whitstable Bay 
assessment are. The blue line represents a linear regression of date ~ concentration for the 

mean monthly ammonium. 

 

Figure 7.43 - DIN concentrations as a function of time in the Whitstable Bay assessment are. 
The blue line represents a linear regression of date ~ concentration for the mean monthly 

DIN. 
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Figure 7.44 – DIP concentrations as a function of time in the Whitstable Bay assessment are. 
The blue line represents a linear regression of date ~ concentration for the mean monthly DIP. 

 

Figure 7.45 – DIN :  DIP concentrations as a function of time in the Whitstable Bay 
assessment are. The blue line represents a linear regression of date ~ concentration for the 

mean monthly DIN : DIP. 

 

Figure 7.46 - Chlorophyll concentrations as a function of time in the Whitstable Bay 
assessment are. The blue line represents a linear regression of date ~ concentration for the 

mean monthly chlorophyll. 
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Figure 7.47 - Salinity as a function of time in the Whitstable Bay assessment are. The blue line 
represents a linear regression of date ~ concentration for the mean monthly salinity. 

 

Figure 7.48 – Dissolved oxygen concentrations as a function of time in the Whitstable Bay 
assessment are. The blue line represents a linear regression of date ~ concentration for the 

mean monthly dissolved oxygen. 
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7.1.7 Kent North 

Table 7.7 - p Values from the results of the linear models in the Kent North assessment area.  

 

 

 

 

 

 

 

 

 

Figure 7.49 - TOxN concentrations as a function of time in the Kent north assessment area. 
The blue line represents a linear regression of date ~ concentration for the mean monthly 

TOxN. 

 

Figure 7.50 - Ammonium concentrations as a function of time in the Kent north assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly ammonium. 

Variable P value 

Chlorophyll 0.86 

DIP 0.00 

Ammonium 0.00 

TOxN 0.08 

Salinity 0.00 

DIN : DIP 0.47 

DIN 0.05 

Dissolved 

Oxygen 

0.30 
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Figure 7.51 - DIN concentrations as a function of time in the Kent north assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly DIN. 

 

Figure 7.52 - DIP concentrations as a function of time in the Kent north assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly DIP. 

 

Figure 7.53 – DIN : DIP as a function of time in the Kent north assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly DIN : DIP. 
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Figure 7.54 - Chlorophyll concentrations as a function of time in the Kent north assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly chlorophyll. 

 

Figure 7.55 - Salinity as a function of time in the Kent north assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly salinity. 

 

 

Figure 7.56 – Dissolved oxygen concentrations as a function of time in the Kent north 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly dissolved oxygen. 
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7.1.8  Blackwater Outer 

Table 7.8 - p Values from the results of the linear models in the Blackwater Outer assessment 
area. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.57 - TOxN concentrations as a function of time in the Blackwater Outer assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly TOxN. 

 

 

Variable P value 

Chlorophyll 0.19 

DIP 0.55 

Ammonium 0.96 

TOxN 0.72 

Salinity 0.01 

DIN : DIP 0.50 

DIN 0.73 

Dissolved 

Oxygen 

0.42 
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Figure 7.58 - Ammonium concentrations as a function of time in the Blackwater Outer 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly ammonium. 

 

Figure 7.59 – DIN concentrations as a function of time in the Blackwater Outer assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly DIN. 

 

Figure 7.60 - DIP concentrations as a function of time in the Blackwater Outer assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly DIP. 
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Figure 7.61 – DIN : DIP as a function of time in the Blackwater Outer assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly           

DIN : DIP. 

 

Figure 7.62 – Chlorophyll concentrations as a function of time in the Blackwater Outer 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly chlorophyll. 

 

Figure 7.63 - Salinity as a function of time in the Blackwater Outer assessment area. The blue 
line represents a linear regression of date ~ concentration for the mean monthly salinity. 
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Figure 7.64 – Dissolved oxygen concentrations as a function of time in the Blackwater Outer 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly dissolved oxygen. 

7.1.9 Medway 

Table 7.9 - p Values from the results of the linear models in the Medway assessment area. 

Variable P value 

Chlorophyll 0.15 

DIP 0.00 

Ammonium 0.03 

TOxN 0.00 

Salinity 0.00 

DIN : DIP 0.80 

DIN 0.00 

Dissolved 

Oxygen 

0.82 
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Figure 7.65 - TOxN concentrations as a function of time in the Medway assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly TOxN. 

 

Figure 7.66 - Ammonium concentrations as a function of time in the Medway assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly ammonium. 

 

Figure 7.67 -  DIN concentrations as a function of time in the Medway assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly DIN. 
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Figure 7.68 - DIP concentrations as a function of time in the Medway assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly DIP. 

 

Figure 7.69 – DIN : DIP as a function of time in the Medway assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly DIN : DIP. 

 

Figure 7.70 – Chlorophyll concentrations as a function of time in the Medway assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly chlorophyll. 
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Figure 7.71 -  Salinity as a function of time in the Medway assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly salinity. 

 

Figure 7.72 – Dissolved oxygen concentrations as a function of time in the Medway 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly dissolved oxygen. 
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7.1.10 Blackwater  

Table 7.10 - p Values from the results of the linear models in the Blackwater assessment 
area.   

Variable P value 

Chlorophyll 0.00 

DIP 0.06 

Ammonium 0.00 

TOxN 0.21 

Salinity 0.86 

DIN : DIP 0.45 

DIN 0.16 

Dissolved 

Oxygen 

0.11 

 

 

 

Figure 7.73 - TOxN concentrations as a function of time in the Blackwater assessment area. 
The blue line represents a linear regression of date ~ concentration for the mean monthly 

TOxN. 
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Figure 7.74 - Ammonium concentrations as a function of time in the Blackwater assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly ammonium. 

 

Figure 7.75 – DIN concentrations as a function of time in the Blackwater assessment area. 
The blue line represents a linear regression of date ~ concentration for the mean monthly 

DIN. 

 

Figure 7.76 - DIP concentrations as a function of time in the Blackwater assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly DIP. 
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Figure 7.77 – DIN : DIP as a function of time in the Blackwater assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly DIN : DIP. 

 

Figure 7.78 – Chlorophyll concentrations as a function of time in the Blackwater assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly chlorophyll. 

 

Figure 7.79 - Salinity as a function of time in the Blackwater assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly salinity. 
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Figure 7.80 – Dissolved oxygen concentrations as a function of time in the Blackwater 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly dissolved oxygen. 

7.1.11 Swale  

Table 7.11 - p Values from the results of the linear models in the Swale  assessment area. 

Variable P value 

Chlorophyll 0.00 
DIP 0.79 
Ammonium 0.40 
TOxN 0.25 
Salinity 0.09 
DIN : DIP 0.10 
DIN 0.20 
Dissolved 
Oxygen 

0.89 

 

 

Figure 7.81 – TOxN concentrations as a function of time in the Swale assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly TOxN. 
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Figure 7.82 - Ammonium concentrations as a function of time in the Swale assessment area. 
The blue line represents a linear regression of date ~ concentration for the mean monthly 

ammonium. 

 

Figure 7.83 - DIN concentrations as a function of time in the Swale assessment area. The blue 
line represents a linear regression of date ~ concentration for the mean monthly DIN. 

 

 

Figure 7.84 - DIP concentrations as a function of time in the Swale assessment area. The blue 
line represents a linear regression of date ~ concentration for the mean monthly DIP. 
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Figure 7.85 – DIN : DIP as a function of time in the Swale assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly  DIN : DIP. 

 

Figure 7.86 - Chlorophyll concentrations as a function of time in the Swale assessment area. 
The blue line represents a linear regression of date ~ concentration for the mean monthly 

chlorophyll. 

 

Figure 7.87-  Salinity as a function of time in the Swale assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly salinity. 
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Figure 7.88 – Dissolved oxygen concentrations as a function of time in the Swale assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly dissolved oxygen. 

7.1.12 Hamford Water 

Table 7.12 - p Values from the results of the linear models in the Hamford Water assessment 
area.   

Variable P value 

Salinity 0.00 

Dissolved oxygen 0.81 

 

 

Figure 7.89 - Salinity as a function of time in the Hamford Water assessment area. The blue 
line represents a linear regression of date ~ concentration for the mean monthly salinity. 
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Figure 7.90 – Dissolved oxygen as a function of time in the Hamford Water assessment area. 
The blue line represents a linear regression of date ~ concentration for the mean monthly 

dissolved oxygen. 

7.1.13 Harwich Approaches  

Variable P value 

Salinity 0.02 
 

 

Figure 7.91 - Salinity as a function of time in the Harwich Approaches assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly salinity. 
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 Stour (Essex) 

Table 7.13 - p Values from the results of the linear models in the Stour (Essex)  assessment 
area. 

Variable P value 

Chlorophyll 0.00 
DIP 0.78 
Ammonium 0.00 
TOxN 0.01 
Salinity 0.01 
DIN : DIP 0.40 
DIN 0.01 
Dissolved 
Oxygen 

0.31 

 

 

Figure 7.92 - TOxN concentrations as a function of time in the Stour (Essex) assessment area. 
The blue line represents a linear regression of date ~ concentration for the mean monthly 

TOxN. 

 

Figure 7.93 - Ammonium concentrations as a function of time in the Stour (Essex) 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly ammonium. 



200 
 

 

Figure 7.94 - DIN concentrations as a function of time in the Stour (Essex) assessment area. 
The blue line represents a linear regression of date ~ concentration for the mean monthly 

DIN. 

 

Figure 7.95 – DIP concentrations as a function of time in the Stour (Essex) assessment area. 
The blue line represents a linear regression of date ~ concentration for the mean monthly DIP. 

 

Figure 7.96 -  DIN : DIP as a function of time in the Stour (Essex) assessment area. The blue 
line represents a linear regression of date ~ concentration for the mean monthly DIN : DIP. 
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Figure 7.97 - Chlorophyll concentrations as a function of time in the Stour (Essex) 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly chlorophyll. 

 

Figure 7.98 - Salinity as a function of time in the Stour (Essex) assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly salinity 

 

Figure 7.99 – Dissolved oxygen as a function of time in the Stour (Essex) assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly 

dissolved oxygen. 
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7.1.14Orwell 

Table 7.14 - p Values from the results of the linear models in the Orwell assessment area. 

Variable P value 

Chlorophyll 0.44 
DIP 0.00 
Ammonium 0.01 
TOxN 0.66 
Salinity 0.02 
DIN : DIP 0.00 
DIN 0.21 
Dissolved 
Oxygen 

0.30 

 

 

Figure 7.100 - TOxN concentrations as a function of time in the Orwell assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly TOxN. 

 

Figure 7.101 - Ammonium concentrations as a function of time in the Orwell assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly ammonium. 
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Figure 7.102 - DIN concentrations as a function of time in the Orwell assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly DIN. 

 

Figure 7.103 -  DIP concentrations as a function of time in the Orwell assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly DIP. 

 

Figure 7.104 – DIN : DIP as a function of time in the Orwell assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly  DIN : DIP. 
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Figure 7.105 - Chlorophyll concentrations as a function of time in the Orwell assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly chlorophyll. 

 

Figure 7.106 -  Salinity as a function of time in the Orwell assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly salinity. 

 

Figure 7.107 -  Dissolved oxygen concentrations as a function of time in the Orwell 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly dissolved oxygen. 
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7.1.15 Colne 

Table 7.15 - p Values from the results of the linear models in the Colne assessment area. 

Variable P value 

Chlorophyll 0.01 
DIP 0.00 
Ammonium 0.00 
NO2 0.00 
TOxN 0.00 
Salinity 0.00 
Si 0.00 
DIN : DIP 0.21 
DIN 0.00 
Dissolved 
Oxygen 

0.95 

 

 

Figure 7.108 - TOxN concentrations as a function of time in the Colne assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly TOxN. 

 

Figure 7.109 - Ammonium concentrations as a function of time in the Colne assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 
monthly ammonium.  
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Figure 7.110 - DIN concentrations as a function of time in the Colne assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly DIN. 

 

Figure 7.111 -  DIP concentrations as a function of time in the Colne assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly DIP. 

 

Figure 7.112 -  DIN : DIP as a function of time in the Colne assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly DIN : DIP. 
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Figure 7.113 - Chlorophyll concentrations as a function of time in the Colne assessment area. 
The blue line represents a linear regression of date ~ concentration for the mean monthly 

chlorophyll. 

 

Figure 7.114 -  Salinity as a function of time in the Colne assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly salinity. 

 

Figure 7.115 – Dissolved oxygen concentrations as a function of time in the Colne 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly dissolved oxygen. 
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7.1.16 Crouch  

Table 7.16 - p Values from the results of the linear models in the Crouch assessment area. 

Variable P value 

Salinity 0.01 
Dissolved 
Oxygen 

0.13 

 

 

Figure 7.116 - Salinity as a function of time in the Crouch assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly salinity. 

 

Figure 7.117 – Dissolved oxygen concentrations as a function of time in the Crouch 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly dissolved oxygen. 
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7.1.17 Stour (Kent) 

Table 7.17 - p Values from the results of the linear models in the Stour (Kent) assessment 
area. 

Variable P value 

Chlorophyll 0.07 
DIP 0.00 
Ammonium 0.00 
TOxN 0.00 
Salinity 0.00 
DIN : DIP 0.00 
DIN 0.00 
Dissolved 
Oxygen 

0.14 

 

 

Figure 7.118 - TOxN concentrations as a function of time in the Stour (Kent) assessment area. 
The blue line represents a linear regression of date ~ concentration for the mean monthly 

TOxN. 

 

Figure 7.119 - Ammonium concentrations as a function of time in the Stour (Kent) 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly ammonium. 
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Figure 7.120 - DIN concentrations as a function of time in the Stour (Kent) assessment area. 
The blue line represents a linear regression of date ~ concentration for the mean monthly 

DIN. 

 

Figure 7.121 - DIP concentrations as a function of time in the Stour (Kent) assessment area. 
The blue line represents a linear regression of date ~ concentration for the mean monthly DIP. 

 

Figure 7.122 –  DIN : DIP as a function of time in the Stour (Kent) assessment area. The blue 
line represents a linear regression of date ~ concentration for the mean monthly DIN : DIP. 
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Figure 7.123 - Chlorophyll concentrations as a function of time in the Stour (Kent) 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly chlorophyll. 

 

Figure 7.124  -  Salinity as a function of time in the Stour (Kent) assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly salinity. 

 

Figure 7.125- Dissolved oxygen concentrations as a function of time in the Stour (Kent) 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly dissolved oxygen. 

 



212 
 

7.1.18 Deben  

Table 7.18 - p Values from the results of the linear models in the Deben assessment area. 

Variable P value 

Chlorophyll 0.11 
DIP 0.00 
Ammonium 0.00 
TOxN 0.00 
Salinity 0.00 
DIN : DIP 0.02 
DIN 0.00 
Dissolved 
Oxygen 

1.00 

 

 

Figure 7.126 - TOxN concentrations as a function of time in the Deben assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly TOxN. 

 

Figure 7.127 - Ammonium concentrations as a function of time in the Deben assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly ammonium. 
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Figure 7.128 - DIN concentrations as a function of time in the Deben assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly DIN. 

 

Figure 7.129 - DIP concentrations as a function of time in the Deben assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly DIP. 

 

Figure 7.130 – DIN : DIP as a function of time in the Deben assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly DIN : DIP. 
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Figure 7.131 - Chlorophyll concentrations as a function of time in the Deben assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly chlorophyll. 

 

Figure 7.132 - Salinity as a function of time in the Deben assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly salinity. 

 

Figure 7.133 – Dissolved oxygen concentrations as a function of time in the Deben 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly dissolved oxygen. 
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7.2 Liverpool Bay long term trend results 

7.2.1 Liverpool Bay plume 

Table 7.19 – p Values from the results of the linear models in the Liverpool Bay plume 
assessment area.  

Variable P value 

Chlorophyll 0.01 

DIP 0.05 

Ammonium 0.09 

TOxN 0.52 

Salinity 0.01 

DIN : DIP 0.33 

DIN 0.45 

Dissolved 

Oxygen 
0.28 

 

 

 

Figure 7.134 – TOxN concentrations as a function of time in the Liverpool Bay plume. The blue 
line represents a linear regression of date ~ concentration for the mean monthly TOxN. 
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Figure 7.135 – Ammonium concentrations as a function of time in the Liverpool Bay plume. 
The blue line represents a linear regression of date ~ concentration for the mean monthly 

ammonium. 

 

Figure 7.136 – Dissolved Inorganic Nitrogen concentrations as a function of time in the 
Liverpool Bay plume. The blue line represents a linear regression of date ~ concentration for 

the mean monthly Dissolved Inorganic Nitrogen. 

 

Figure 7.137 - DIP concentrations as a function of time in the Liverpool Bay plume. The blue 
line represents a linear regression of date ~ concentration for the mean monthly DIP. 
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Figure 7.138 – DIN : DIP concentrations as a function of time in the Liverpool Bay plume. The 
blue line represents a linear regression of date ~ concentration for the mean monthly DIN : 

DIP. 

 

Figure 7.139 - Chlorophyll concentrations as a function of time in the Liverpool Bay plume. 
The blue line represents a linear regression of date ~ concentration for the mean monthly 

Chlorophyll. 

 

Figure 7.140 - Salinity as a function of time in the Liverpool Bay plume. The blue line 
represents a linear regression of date ~ concentration for the mean monthly Salinity. 
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Figure 7.141 – Dissolved Oxygen concentrations as a function of time in the Liverpool Bay 
plume. The blue line represents a linear regression of date ~ concentration for the mean 

monthly dissolved oxygen. 

7.2.2  Mersey Mouth 

Table 7.20 - p Values from the results of the linear models in the Mersey Mouth assessment 
area.  

Variable P value 

Chlorophyll 0.01 

DIP 0.94 

Ammonium 0.47 

TOxN 0.48 

Salinity 0.00 

DIN : DIP 0.39 

DIN 0.56 

Dissolved 

Oxygen 

0.20 
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Figure 7.142 - TOxN concentrations as a function of time in the Mersey Mouth. The blue line 
represents a linear regression of date ~ concentration for the mean monthly TOxN. 

 

Figure 7.143 - Ammonium concentrations as a function of time in the Mersey Mouth. The blue 
line represents a linear regression of date ~ concentration for the mean monthly ammonium. 

 

Figure 7.144 - DIN concentrations as a function of time in the Mersey Mouth. The blue line 
represents a linear regression of date ~ concentration for the mean monthly DIN. 
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Figure 7.145 – DIP concentrations as a function of time in the Mersey Mouth. The blue line 
represents a linear regression of date ~ concentration for the mean monthly DIP. 

 

Figure 7.146 – DIN : DIP concentrations as a function of time in the Mersey Mouth. The blue 
line represents a linear regression of date ~ concentration for the mean monthly DIN : DIP. 

 

Figure 7.147 - Chlorophyll concentrations as a function of time in the Mersey Mouth. The blue 
line represents a linear regression of date ~ concentration for the mean monthly chlorophyll. 
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Figure 7.148 - Salinity as a function of time in the Mersey Mouth. The blue line represents a 
linear regression of date ~ concentration for the mean monthly salinity. 

 

Figure 7.149 – Dissolved oxygen concentrations as a function of time in the Mersey Mouth. 
The blue line represents a linear regression of date ~ concentration for the mean monthly 

dissolved oxygen. 

7.2.3 Dee (N. Wales) 

Table 7.21 - p Values from the results of the linear models in the Liverpool Bay plume 
assessment area. 

Variable P value 

Chlorophyll 0.60 

DIP 0.00 

Ammonium 0.97 

TOxN 0.05 

Salinity 0.14 

DIN : DIP 0.69 

DIN 0.06 

Dissolved 

Oxygen 

0.89 
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Figure 7.150 – TOxN concentrations as a function of time in the Dee (N. Wales) assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly TOxN. 

 

Figure 7.151 – Ammonium concentrations as a function of time in the Dee (N. Wales) 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly Ammonium. 

 

Figure 7.152 – DIN concentrations as a function of time in the Dee (N. Wales) assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly DIN. 
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Figure 7.153 - Dissolved Inorganic phosphorus concentrations as a function of time in the 
Dee (N. Wales) assessment area. The blue line represents a linear regression of date ~ 

concentration for the mean monthly DIP. 

 

Figure 7.154 – DIN : DIP concentrations as a function of time in the Dee (N. Wales) 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly DIN : DIP. 

 

Figure 7.155 - Chlorophyll concentrations as a function of time in the Dee (N. Wales) 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly chlorophyll. 
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Figure 7.156 - Salinity concentrations as a function of time in the Dee (N. Wales) assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly Salinity. 

 

Figure 7.157 – Dissolved oxygen concentrations as a function of time in the Dee (N. Wales) 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly dissolved oxygen. 

7.2.4 Mersey  

Table 7.22 - p Values from the results of the linear models in the Mersey assessment area. 

Variable P value 

Chlorophyll 0.00 

DIP 0.18 

Ammonium 0.00 

TOxN 0.66 

Salinity 0.00 

DIN : DIP 0.01 

DIN 0.33 

Dissolved 

Oxygen 

0.80 
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Figure 7.158 – TOxN concentrations as a function of time in the Mersey assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly TOxN. 

 

Figure 7.159 - Ammonium concentrations as a function of time in the Mersey assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly Ammonium. 

 

Figure 7.160 - DIN concentrations as a function of time in the Mersey assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly DIN. 
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Figure 7.161 - DIP concentrations as a function of time in the Dee (N. Wales) assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly DIP. 

 

Figure 7.162 – DIN : DIP as a function of time in the Mersey assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly DIN : DIP. 

 

Figure 7.163 - Chlorophyll concentrations as a function of time in the Mersey assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly Chlorophyll. 
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Figure 7.164 – Salinity as a function of time in the Mersey assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly Salinity. 

 

Figure 7.165 – Dissolved oxygen  concentrations as a function of time in the Mersey 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly dissolved oxygen. 

7.2.5 Ribble  

Table 7.23 - p Values from the results of the linear models in the Ribble assessment area. 

Variable P value 

Chlorophyll 0.07 

DIP 0.23 

Ammonium 0.23 

TOxN 0.01 

Salinity 0.00 

DIN : DIP 0.09 

DIN 0.02 

Dissolved 

Oxygen 

0.49 
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Figure 7.166 - TOxN  concentrations as a function of time in the Ribble assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly TOxN. 

 

Figure 7.167 – Ammonium concentrations as a function of time in the Ribble assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly ammonium. 

 

Figure 7.168 - DIN concentrations as a function of time in the Ribble assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly DIN. 
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Figure 7.169 - DIP concentrations as a function of time in the Ribble assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly DIP. 

 

Figure 7.170 – DIN : DIP as a function of time in the Ribble assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly  DIN : DIP. 

 

Figure 7.171- Chlorophyll concentrations as a function of time in the Ribble assessment area. 
The blue line represents a linear regression of date ~ concentration for the mean monthly 

chlorophyll. 
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Figure 7.172 - Salinity as a function of time in the Ribble assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly salinity. 

 

Figure 7.173 – Dissolved oxygen concentration as a function of time in the Ribble assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly dissolved oxygen. 

7.2.6 Cumbria  

Table 7.24 -  p Values from the results of the linear models in the Cumbria assessment area. 

Variable P value 

Chlorophyll 0.58 

DIP 0.00 

Ammonium 0.00 

TOxN 0.00 

Salinity 0.00 

DIN : DIP 0.00 

DIN 0.00 

Dissolved 

Oxygen 

0.52 

 



231 
 

 

Figure 7.174 - TOxN concentrations as a function of time in the Cumbria assessment area. 
The blue line represents a linear regression of date ~ concentration for the mean monthly 

TOxN. 

 

Figure 7.175 – Ammonium concentrations as a function of time in the Cumbria assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly ammonium. 

 

Figure 7.176 – DIN concentrations as a function of time in the Cumbria assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly DIN. 
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Figure 7.177 - DIP concentrations as a function of time in the Cumbria assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly DIP. 

 

Figure 7.178 – DIN : DIP as a function of time in the Cumbria assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly DIN : DIP. 

 

Figure 7.179 – Chlorophyll concentrations as a function of time in the Cumbria assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly chlorophyll. 
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Figure 7.180 - Salinity as a function of time in the Cumbria assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly salinity. 

 

Figure 7.181 – Dissolved oxygen concentrations as a function of time in the Cumbria 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly dissolved oxygen. 

7.2.7 Morecambe Bay 

Table 7.25 - p Values from the results of the linear models in the Morecambe Bay assessment 
area. 

Variable P value 

Chlorophyll 0.00 

DIP 0.00 

Ammonium 0.00 

TOxN 0.01 

Salinity 0.28 

DIN : DIP 0.02 

DIN 0.00 

Dissolved 

Oxygen 

0.78 
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Figure 7.182 - TOxN concentrations as a function of time in the Morecambe Bay assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly TOxN. 

 

Figure 7.183 - Ammonium concentrations as a function of time in the Morecambe Bay 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly ammonium. 

 

Figure 7.184 – DIN concentrations as a function of time in the Morecambe Bay assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly DIN. 
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Figure 7.185 - DIP concentrations as a function of time in the Morecambe Bay assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly DIP. 

 

Figure 7.186 – DIN : DIP as a function of time in the Morecambe Bay assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly DIN : 

DIP. 

 

Figure 7.187 - Chlorophyll concentrations as a function of time in the Morecambe Bay 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly chlorophyll. 
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Figure 7.188 - Salinity as a function of time in the Morecambe Bay assessment area. The blue 
line represents a linear regression of date ~ concentration for the mean monthly salinity. 

 

Figure 7.189 – Dissolved oxygen concentrations as a function of time in the Morecambe Bay 
assessment area. The blue line represents a linear regression of date ~ concentration for the 

mean monthly dissolved oxygen. 

7.2.8 Kent  

Table 7.26 - p Value from the result of the linear models in the Kent assessment area. 

Variable P value 

Salinity 0.00 
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Figure 7.190 - Salinity as a function of time in the Kent assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly salinity. 

7.2.9 Leven 

Table 7.27 - p values from the result of the linear models in the Leven assessment area. 

 

 

 

 

 

 

Figure 7.191 -  Salinity as a function of time in the Leven assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly salinity. 

 

Variable P value 

Salinity 0.69 

Dissolved 

Oxygen 

0.09 



238 
 

 

Figure 7.192 – Dissolved oxygen concentration as a function of time in the Leven assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly dissolved oxygen. 

7.2.10 Wyre 

Table 7.28 - p values from the result of the linear models in the Wyre assessment area. 

Variable P value 

Chlorophyll 0.53 

DIP 0.00 

Ammonium 0.08 

TOxN 0.76 

Salinity 0.85 

DIN : DIP 0.92 

DIN 0.61 

Dissolved 

Oxygen 

0.44 
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Figure 7.193 – TOxN concentration as a function of time in the Wyre assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly TOxN. 

 

Figure 7.194 – Ammonium concentration as a function of time in the Wyre assessment area. 
The blue line represents a linear regression of date ~ concentration for the mean monthly 

ammonium. 

 

Figure 7.195 - DIN concentration as a function of time in the Wyre assessment area. The blue 
line represents a linear regression of date ~ concentration for the mean monthly DIN. 
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Figure 7.196 - DIP concentration as a function of time in the Wyre assessment area. The blue 
line represents a linear regression of date ~ concentration for the mean monthly DIP. 

 

Figure 7.197 – DIN : DIP as a function of time in the Wyre assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly DIN :DIP. 

 

Figure 7.198 - Chlorophyll concentration as a function of time in the Wyre assessment area. 
The blue line represents a linear regression of date ~ concentration for the mean monthly           

chlorophyll. 
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Figure 7.199 - Salinity as a function of time in the Wyre assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly salinity. 

 

Figure 7.200 – Dissolved oxygen concentration as a function of time in the Wyre assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly dissolved oxygen. 

7.2.11 Lune 

Table 7.29 - p values from the result of the linear models in the Lune assessment area. 

Variable P value 

Chlorophyll 0.02 

DIP 0.00 

Ammonium 0.60 

TOxN 0.52 

Salinity 0.00 

DIN : DIP 0.00 

DIN 0.41 

Dissolved 

Oxygen 

0.63 
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Figure 7.201 - TOxN concentration as a function of time in the Lune assessment area. The 
blue line represents a linear regression of date ~ concentration for the mean monthly 

dissolved TOxN. 

 

Figure 7.202 -  Ammonium concentration as a function of time in the Lune assessment area. 
The blue line represents a linear regression of date ~ concentration for the mean monthly 

dissolved ammonium. 

 

Figure 7.203 - DIN concentration as a function of time in the Lune assessment area. The blue 
line represents a linear regression of date ~ concentration for the mean monthly dissolved 

DIN. 
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Figure 7.204 – DIP concentration as a function of time in the Lune assessment area. The blue 
line represents a linear regression of date ~ concentration for the mean monthly dissolved 

DIP. 

 

Figure 7.205 – DIN : DIP as a function of time in the Lune assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly dissolved DIN : 

DIP. 

 

Figure 7.206 – Chlorophyll concentration as a function of time in the Lune assessment area. 
The blue line represents a linear regression of date ~ concentration for the mean monthly 

chlorophyll. 
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Figure 7.207 - Salinity as a function of time in the Lune assessment area. The blue line 
represents a linear regression of date ~ concentration for the mean monthly salinity. 

 

 

Figure 7.208 – Dissolved oxygen concentrations as a function of time in the Lune assessment 
area. The blue line represents a linear regression of date ~ concentration for the mean 

monthly dissolved oxygen. 

 



245 
 

7.3 Sampling occasions and data availability in the Thames estuary and Liverpool Bay between April 2022 and June 2024  

7.3.1 Thames estuary 

 

Table 7.30 - Available salinity data at each station in each sampling occasion in the Thames estuary. 

 July 22 Aug 22 Sep 22 Oct 22 Jan 23 Jun 23 Jul 23 Sep 23 Oct 23 Dec 23 Jan 24 Feb 24 Jun 24 

Essex 

Coast 
x             

Black 

water 2 
x             

OƯ Black 

Water 
x             

South 

Black  

Water 2 

x             

Warp  

SB 
x x x x  x x x x x x x x 

MA1  x x x x x x x x x x  x 

MA2  x x x x x x x x x x  x 

MA3  x x x  x x x x x x  x 

MA4  x x x  x x x x x x  x 

East of 

Warp 
 x x x x x x x x x x x x 

Graves 

end 
 x x x  x x x x x x  x 
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Table 7.31 - Available nutrient data at each station in each sampling occasion in the Thames estuary. 

 July 22 Aug 22 Sep 22 Oct 22 Jan 23 Jun 23 Jul 23 Sep 23 Oct 23 Dec 23 Jan 24 Feb 24 Jun 24 

Essex 

Coast 
x             

Black 

water 2 
x             

OƯ Black 

Water 
x             

South 

Black  

Water 2 

x             

Warp  

SB 
x x x x x x x x x x x x x 

MA1  x x x  x x x x x x  x 

MA2  x x x x x x x x x x  x 

MA3  x x x  x x x x x x  x 

MA4  x x x  x x x x x x  x 

East of 

Warp 
 x x x x x x x x x x x x 

Graves 

end 
 x x x  x x x x x x  x 
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Table 7.32 - Available suspended particulate matter data at each station in each sampling occasion in the Thames estuary. 

 July 22 Aug 22 Sep 22 Oct 22 Jan 23 Jun 23 Jul 23 Sep 23 Oct 23 Dec 23 Jan 24 Feb 24 Jun 24 

Essex 

Coast 
x             

Black 

water 2 
x             

OƯ Black 

Water 
x             

South 

Black  

Water 2 

x             

Warp  

SB 
x x x x x x x x x x x x x 

MA1  x x x  x x x x x x  x 

MA2  x x x x x x x x x x  x 

MA3  x x x  x x x x x x  x 

MA4  x x x  x x x x x x  x 

East of 

Warp 
 x x x x x x x x x x x x 

Graves 

end 
 x x x  x x x x x x  x 
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Table 7.33 - Available RBR salinity data at each station in each sampling occasion within the Thames estuary. 

 July 22 Aug 22 Sep 22 Oct 22 Jan 23 Jun 23 Jul 23 Sep 23 Oct 23 Dec 23 Jan 24 Feb 24 Jun 24 Sep24 

Essex 

Coast 
              

Black 

water 2 
              

OƯ Black 

Water 
              

South 

Black  

Water 2 

              

Warp  

SB 
   x x x  x x x x x x x 

MA1   x x x x  x x x x  x x 

MA2   x x x x  x x x x  x x 

MA3   x x  x  x x x x  x x 

MA4   x x  x  x x x x  x x 

East of 

Warp 
   x x x  x x x x x x x 

Graves 

end 
  x x  x  x x x x  x x 
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Table 7.34 - Available RBR turbidity data at each station in each sampling occasion within the Thames estuary. 

 July 22 Aug 22 Sep 22 Oct 22 Jan 23 Jun 23 Jul 23 Sep 23 Oct 23 Dec 23 Jan 24 Feb 24 Jun 24 Sep24 

Essex 

Coast 
              

Black 

water 2 
              

OƯ Black 

Water 
              

South 

Black  

Water 2 

              

Warp  

SB 
   x x x  x x x x x x x 

MA1   x x x x  x x x x  x x 

MA2   x x x x  x x x x  x x 

MA3   x x  x  x x x x  x x 

MA4   x x  x  x x x x  x x 

East of 

Warp 
   x x x  x x x x x x x 

Graves 

end 
  x x  x  x x x x  x x 
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Table 7.35 - Available RBR PAR data at each station in each sampling occasion in the Thames estuary.  

 July 22 Aug 22 Sep 22 Oct 22 Jan 23 Jun 23 Jul 23 Sep 23 Oct 23 Dec 23 Jan 24 Feb 24 Jun 24 Sep24 

Essex 

Coast 
              

Black 

water 2 
              

OƯ Black 

Water 
              

South 

Black  

Water 2 

              

Warp  

SB 
     x  x  x x x x x 

MA1      x  x  x x  x x 

MA2      x  x  x x  x x 

MA3      x  x  x x  x x 

MA4      x  x  x x  x x 

East of 

Warp 
     x  x  x x x x x 

Graves 

end 
     x  x  x x  x x 
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Table 7.36 - Available phytoplankton data at each station in each sampling occasion in the Thames estuary.  

 July 22 Aug 22 Sep 22 Oct 22 Jan 23 Jun 23 Jul 23 Sep 23 Oct 23 Dec 23 Jan 24 Feb 24 Jun 24 

Essex Coast              

Black 

water 2 
             

OƯ Black Water              

South Black 

Water 2 
             

Warp 

SB 
 x x x   x x x x x x  

MA1  x x x x  x x x x x   

MA2  x x x x  x x x x x   

MA3  x x x   x x x x x   

MA4  x x x   x x x  x   

East of Warp  x x x x  x x x x x x  

Graves 

end 
 x x x   x x x  x   
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7.3.2 Liverpool Bay 

Table 7.37 - Available salinity data at each station in each sampling occasion in Liverpool Bay. 

 

 

 Apr-

22 

Aug

-22 

Sep

-22 

Dec

-22 

Apr-

23 

May

-23 

Jun-

23 

Oct-

23 

Feb-

24 

Mar

-24 

May

-24 

Jun-

24 

LBSB     x x x x x x x x 

LV1 x    x x x x x x x x 

LV10 x x   x x x x x x x x 

LV11             

LV12 x            

LV13 x            

LV14 x            

LV15 x            

LV16 x   x x x x x x x x x 

LV17 x            

LV18 x            

LV19 x            

LV2             

LV20 x   x x x x x x x x x 

LV22 x    x x x x x x x x 

LV23 x   x x x x x x x x x 

LV24 x            

LV4 x            

LV5 x            

LV6 x    x  x x x x x x 

LV7 x    x x x x x x x x 

LV8 x    x x x x x x x x 

LV9 x            

LVWR

T 
           x 

LVX          x   
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Table 7.38 – Available nutrient data at each station in each sampling location in Liverpool Bay. 

 

 

 Apr-

22 

Aug-

22 

Sep-

22 

Dec-

22 

Apr-

23 

May-

23 

Jun-

23 

Oct-

23 

Feb-

24 

Mar-

24 

May-

24 

Jun-

24 

LBSB   x  x x x x x x x x 

LV1 x  x  x x x x x x x x 

LV10 x  x  x x x x x x x x 

LV11 x            

LV12 x            

LV13 x            

LV14 x            

LV15 x            

LV16 x    x x x x x x x x 

LV17 x            

LV18 x            

LV19 x            

LV2 x            

LV20     x x x x x x x x 

LV22 x  x  x x x x x x x x 

LV23 x    x x x x x x x x 

LV24 x            

LV4 x            

LV5 x            

LV6 x    x  x x x x x x 

LV7 x    x x x x x x x x 

LV8 x    x x x x x x x x 

LV9 x            

LVWRT            x 

LVX             
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Table 7.39 – Available suspended particulate matter concentrations at each station in each 
sampling occasion in Liverpool Bay. 

 Apr-

22 

Aug-

22 

Sep-

22 

Dec-

22 

Apr-

23 

May-

23 

Jun-

23 

Oct-

23 

Feb-

24 

Mar-

24 

May-

24 

Jun-

24 

LBSB   x  x x x x x x x x 

LV1   x  x x x x x x x x 

LV10   x  x  x x x x x x 

LV11             

LV12             

LV13             

LV14             

LV15             

LV16    x x x x x x x x x 

LV17             

LV18             

LV19             

LV2             

LV20    x x x x x x x x x 

LV22  x   x x x x x x x x 

LV23    x x x x x x x x x 

LV24             

LV4             

LV5             

LV6     x x x x x x x x 

LV7     x x x x x x x x 

LV8     x x x x x x x x 

LV9             

LVWRT            x 

LVX          x   
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Table 7.40– Available Chlorophyll data at each station in each sampling occasion in Liverpool 
Bay. 

 Apr-

22 

Aug-

22 

Sep-

22 

Dec-

22 

Apr-

23 

May-

23 

Jun-

23 

Oct-

23 

Feb-

24 

Mar-

24 

May-

24 

Jun-

24 

LBSB   x x x x x x x x x x 

LV1 x  x x x x x x x x x x 

LV10 x  x x x x x x x x x x 

LV11 x            

LV12 x            

LV13 x            

LV14 x            

LV15 x            

LV16 x   x x x x x x x x x 

LV17 x            

LV18 x            

LV19 x            

LV2 x            

LV20 x   x x x x x x x x x 

LV22 x x x x x x x x x x x x 

LV23 x   x x x x x x x x x 

LV24 x            

LV4 x            

LV5 x            

LV6 x   x x x x x x x x x 

LV7 x   x x x x x x x x x 

LV8 x   x x x x x x x x x 

LV9 x            

LVWRT            x 

LVX          x   
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Table 7.41 – Available phytoplankton data at each station in each sampling occasion in 
Liverpool Bay.  

 Apr-

22 

Aug-

22 

Sep-

22 

Dec-

22 

Apr-

23 

May-

23 

Jun-

23 

Oct-

23 

Feb-

24 

Mar-

24 

May-

24 

Jun-

24 

LBSB    x x   x x x   

LV1 x x  x x x  x x x   

LV10 x x  x x x  x x x   

LV11 x            

LV12 x            

LV13 x            

LV14 x            

LV15 x            

LV16 x   x x x  x x x   

LV17 x            

LV18 x            

LV19 x            

LV2 x            

LV20 x   x x x  x x x   

LV22 x x  x x   x x x   

LV23 x   x x   x x x   

LV24 x            

LV4 x            

LV5 x            

LV6 x   x x x  x x x   

LV7 x   x x x  x x x   

LV8 x   x  x  x x x   

LV9 x            

LVWRT             

LVX          x   

 

 



257 
 

Table 7.42 – Available RBR Salinity data at each station in each sampling occasion in 
Liverpool Bay 

 Apr-

22 

Aug-

22 

Sep-

22 

Dec-

22 

Apr-

23 

May-

23 

Jun-

23 

Oct-

23 

Feb-

24 

Mar-

24 

May-

24 

Jun-

24 

LBSB  x x    x x  x x x 

LV1  x x    x x  x x x 

LV10  x x    x x  x x x 

LV11             

LV12             

LV13             

LV14             

LV15             

LV16       x x  x x x 

LV17             

LV18             

LV19             

LV2             

LV20       x x  x x x 

LV22  x x    x x  x x x 

LV23       x x  x x x 

LV24             

LV4             

LV5             

LV6       x x  x x x 

LV7        x  x x x 

LV8       x x  x x x 

LV9             

LVWRT            x 

LVX          x   
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Table 7.43– Available RBR turbidity data at each station in each sampling occasion in 
Liverpool Bay  

 Apr-

22 

Aug-

22 

Sep-

22 

Dec-

22 

Apr-

23 

May-

23 

Jun-

23 

Oct-

23 

Feb-

24 

Mar-

24 

May-

24 

Jun-

24 

LBSB  x x    x x  x x x 

LV1 x x x    x x  x x x 

LV10 x x x    x x  x x x 

LV11 x            

LV12 x            

LV13 x            

LV14 x            

LV15 x            

LV16 x      x x  x x x 

LV17 x            

LV18 x            

LV19 x            

LV2 x            

LV20 x      x x  x x x 

LV22 x x x    x x  x x x 

LV23 x      x x  x x x 

LV24 x            

LV4 x            

LV5 x            

LV6 x      x x  x x x 

LV7 x      x x  x x x 

LV8 x      x x  x x x 

LV9 x            

LVWRT            x 

LVX          x   
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Table 7.44 – Available RBR PAR data at each station in each sampling occasion in Liverpool 
Bay  

 Apr-

22 

Aug-

22 

Sep-

22 

Dec-

22 

Apr-

23 

May-

23 

Jun-

23 

Oct-

23 

Feb-

24 

Mar-

24 

May-

24 

Jun-

24 

LBSB       x x  x x x 

LV1       x x  x x x 

LV10       x x  x x x 

LV11             

LV12             

LV13             

LV14             

LV15             

LV16       x x  x x x 

LV17             

LV18             

LV19             

LV2             

LV20       x x  x x x 

LV22       x x  x x x 

LV23       x x  x x x 

LV24             

LV4             

LV5             

LV6       x x  x x x 

LV7        x  x x x 

LV8       x x  x x x 

LV9             

LVWRT            x 

LVX          x   
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