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A B S T R A C T

Given their pivotal role in providing essential ecosystem services, understanding the dynamics of coastal waters 
and their responses to disturbances such as climate change and nutrient pollution is imperative. In this study, we 
conducted year-long monitoring (May 2021 to May 2022) of the pico- and nanoplanktonic community driving 
biogeochemical cycling in waters of the Solent on the south coast of the UK. Our investigation revealed that the 
Solent receives excess nutrient influxes year-round, attributable to sewage spills transported through the inter
tidal Langstone Harbour, amounting 45.4 ± 14.8 t NO3

− and 2.5 ± 0.5 t PO4
3− per year. However, these, and sub- 

annual environmental fluctuations appear not to impede phytoplanktonic succession and associated ecosystem 
functioning, with observed planktonic blooms in spring (2.46–5.96 μg L− 1 chlorophyll a) and late summer (3.85 
μg L− 1 chlorophyll a), despite a warming event in July 2021. These results underscore the importance of 
continuous monitoring of point sources of nutrient pollution to discern long-term trends and interannual vari
ability of ecosystem functioning in the Solent.

1. Introduction

Coastal settings and transitional waters are invaluable and highly 
productive ecosystems, accounting for − 0.20 ± 0.02 Pg carbon (C) yr− 1 

of carbon sink activity, a flux density comparable to the open ocean 
(Roobaert et al., 2019; Hauck et al., 2020). Acting as boundary systems 
between fresh and marine waters, the coastal ocean provides important 
ecosystem services, including forming the base of the marine food web, 
acting as nursery grounds and as important locations for migratory 
species, both aquatic and terrestrial. Temperate coastal environments 
are under ever increasing threats from urban development and climate 
change, namely rising sea level and temperature, more frequently 
occurring extreme meteorological events, and increasing ocean acidifi
cation (OA) (Pontee, 2013; IPCC, 2021; Gac et al., 2021). Shallow water 
and tidal regimes make coastal water bodies particularly prone to the 
intensified effects of climate change and anthropogenic pressures such 
as nutrient pollution from urban and agricultural runoff and wastewater 
discharge, whereby increased nutrient loading alters the natural state 
drastically, causing more frequently occurring eutrophication and 
harmful algal blooms (Moore et al., 2013; Naden et al., 2016; Devlin 
et al., 2023). Although legislations have been put in place to limit 

anthropogenic nutrient inputs into coastal waters, many regions are still 
affected by eutrophic conditions, with the most notable being the Baltic 
Sea and the Gulf of Mexico (Boyes and Elliott, 2006). The effects of 
eutrophic waters on the health of the marine coastal ecosystem include 
increased algal growth and inducing shading of the lower water column 
and benthic system by increasing turbidity and decreasing oxygen 
concentrations. Such impacts influence the ability of the ecosystem to 
function successfully and ultimately lower ecosystem productivity. It is 
therefore imperative to monitor coastal systems to observe annual and 
inter-annual variability and the long-term impacts of climate change and 
anthropogenically induced stressors, both on the environmental setting 
and the planktonic community (Harris, 2010). More recently, moni
toring of pico- and nanoplankton groups has emerged as an important 
ecosystem health indicator. This size class (< 20 μm) can reach up to 
three orders of magnitude higher abundances than larger planktonic 
groups, thus account for a major portion of the pelagic biomass and 
perturbations in abundance or community structure can be linked to 
changes in environmental pressures or nutrient loading (McQuatters- 
Gollop et al., 2024).

The Solent, an estuarine straight in the English Channel, is experi
encing some of the fastest rates of warming around the UK, with 
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temperature increases of 0.42 ◦C per decade (Kassem et al., 2023). In 
combination with anthropogenic emissions, the region has been 
increasingly acidifying, with the pH decreasing by 0.0046 yr− 1 between 
2008 and 2020, largely due to atmospheric CO2 forcing (57–66 %) and 
increased sea surface temperature (31–37 %) (Gac et al., 2021). Addi
tionally, by 2010, 97 kt nitrogen (N) yr− 1 and 14.8 kt phosphorus (P) 
yr− 1 from sewage discharges have increased the nutrient loading 
throughout water bodies in the UK, most of which reaches the coastal 
ocean (Naden et al., 2016; Bell et al., 2021). Although the EU Urban 
Waste Water Treatment Directive (UWWTD, 91/271/EEC) was adopted 
into UK legislation in 1994 (and its post-BREXIT equivalent), and 

resulted in a decrease of 67 % of phosphorus and 97 % of ammonia 
loading since then, total nitrogen (with 90 % being nitrate-N) in UK 
waters, however, has increased by 29 % since 1970 (Boyes and Elliott, 
2006; Tappin and Millward, 2015; Naden et al., 2016; Liu et al., 2021; 
Environmental Audit Committee, 2022). As a result, increased algal 
biomass, indicative of eutrophication, have been observed in coastal 
locations throughout the Solent in the English Channel, such as Ports
mouth, Chichester and Langstone Harbour (Tappin and Millward, 2015, 
Painting et al., 2016. Devlin et al., 2023).

The semi-enclosed Langstone Harbour is an area of national and 
international significance from an ecological perspective and is highly 

Fig. 1. A Map of South UK with designated RAMSAR sites (grey pyramids) and marine Sites of Special Scientific Interest (SSSI, light blue circles). Colour shading 
shows stormwater and sewage overflow events (in log[n]) per county for 2021 and 2022. Black rectangle shows the location of Langstone Harbour. B Satellite 
imagery of study site with grey shapefile showing the extent of Langstone Harbour, green pyramid the monitoring station and red dots indicating point sources of 
stormwater and sewage releases. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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protected by EU and UK directives; a RAMSAR designated wetland of 
international importance (https://www.ramsar.org/), a Special Protec
tion Area (SPA), Special Area of Conservation (SAC), a Site of Special 
Scientific Interest (SSSI), an Area of Outstanding Natural Beauty 
(AONB), and a Royal Society for the Protection of Birds Nature Reserve 
(RSBP). Despite its high conservation status and increased effort to 
conserve saltmarshes and seagrass meadows, and restore natural oyster 
populations (Foster et al., 2013; Helmer et al., 2019; Watson et al., 
2020), long-term data series of environmental and biological conditions 
in the harbour are lacking. Labelled a potential problem area for 
eutrophication (Painting et al., 2016), it is becoming inherently more 
important to monitor Langstone Harbour and its drainage into the Sol
ent. Specifically, a wastewater treatment facility serving >400,000 
households acts as a point source of treated effluent, but also untreated 
stormwater and wastewater releases into the Solent. Therefore, we 
conducted a year-long monitoring of environmental conditions, dis
solved and particulate nutrient pools (nitrogen = N, phosphorus = P) 
and pico- and nanoplanktonic community structure at the outflow of 
Langstone Harbour into the Solent between May 2021 and May 2022. 
The insights gained from this monitoring will help to improve the un
derstanding of the response of such coastal waters to anthropogenic 
nutrient inputs.

2. Material and methods

2.1. Site description

Langstone Harbour is a semi-enclosed intertidal bay with water 
depths ranging between 0.5 and 5.3 m on the south coast of the UK 
(50.8167◦N, 1.0000◦W) (Fig. 1). Although Langstone Harbour is con
nected with Portsmouth Harbour and Chichester Harbour via small 
freshwater channels, it can be assumed a single point source into the 
Solent, due to a near complete drainage at low tides. The local waste
water treatment facility is located at the head of Langstone Harbour and 
its effluents are transported through the bay into the Solent during low 
tide. The macrotidal Solent experiences a strong semi-diurnal regime 
with a double high water tidal cycle, a typical land-seaward current of 
0.02–0.03 m s− 1, a seaward-land current of 0.01–0.02 m s− 1, and a 
general seaward flow in the eastern Solent, leading to water exchange 
within the straight of 20–25 % per tidal cycle (Levasseur, 2008). The 
monitoring station was set up on May 6, 2021, at the drainage of 
Langstone Harbour into the Solent, approximately 15 m from shoreline, 
where water depth is consistently above 5 m. Here, on a weekly basis, 5 
L of natural seawater was collected into a shaded carboy and transported 
to the Institute of Marine Sciences (IMS) for subsampling, whilst envi
ronmental conditions (temperature, salinity, pH and dissolved oxygen 
(DO)) were recorded in 15 min intervals by an EXO2 multiparameter 
sonde (YSI).

2.2. Sampling and analytical procedures

Dissolved inorganic nutrients were collected into 60 mL HDPE bottle 
by filtration over acid-washed and combusted (450 ◦C, 4 h) GF/F filters 
(Whatman GF/F, 25 mm, 0.7 μm pore size). Samples were stored frozen 
at − 20 ◦C until analysis on a 4-channel autoanalyser AA500 (SEAL 
analytical). Nitrate (NO3

− ), nitrite (NO2
− ), dissolved silicate (DSi) and 

phosphate (PO4
3− ) were analysed against certified reference materials 

(KANSO) and repeated measurements of these yielded long-term stan
dard deviations of 0.027 μM, 0.004 μM, 0.023 μM and 0.004 μM, 
respectively.

Samples for dissolved organic phosphorus (DOP) were collected and 
stored in the same manner and analysed as soluble reactive phosphorus 
(SRP) via high temperature oxidation with potassium persulfate and 
MAGIC precipitation (following Lomas et al., 2010 and Davis et al., 
2014, 2019) on the AA500 with a long-term standard deviation of 0.004 
μM. DOP was ultimately determined as the difference between SRP and 

PO4
3− .
Samples for particulate organic carbon (POC) and nitrogen (PON) 

were collected as organic matter retained after filtration of 250 mL 
through acid-washed and pre-combusted GF/F filters and stored frozen 
at − 20 ◦C until analysis. Filters were dried at 40 ◦C and following vapour 
phase decarbonisation (following Yamamuro and Kayanne, 1995), 
analysed on a Flash2000 elemental analyser against standard reference 
material Nicotinamide (Thermo Scientific). Accuracy of analyses was 
within 5 % of standard values with a precision of ±0.28 μg L− 1 for POC 
and ± 0.36 μg L− 1 for PON.

Samples for particulate phosphorus (PP) were also collected after 
filtration of 250 mL through GF/F filters and analysed following Davis 
et al. (2014) after high-temperature combustion (500 ◦C for 4 h) and 
acid extraction as dissolved phosphorus on the AA500. The accuracy of 
the analysis had a relative standard deviation of 2.42 % with a related 
uncertainty of 0.03 μM. All measurements for PP were converted to μg 
L− 1.

The determination and enumeration of the pico- and nanoplanktonic 
community (particle sizes between 0.1 and 20 μm) was conducted with 
flow cytometry: 4 mL of unfiltered sample water were fixed with 40 μl 
50 % Glutaraldehyde solution to reach a final concentration of 0.5 % and 
then stored at − 80 ◦C until analysis on a CyFlow Cube 8 flow cytometer 
(Sysmex) following Tarran and Bruun (2015). The results were validated 
by congruent analysis of flow-set polystyrene fluorosphere beads 
(diameter 3.6 μm, Beckman Coulter).

Chlorophyll a (Chl a) and pheophytin a were determined according 
to the Joint Global Ocean Flux Study (JGOFS) acidification method 
(Knap et al., 1996). Briefly, organic material was collected by filtration 
of 100 mL sample water on GF/F filters and pigments subsequently 
extracted in 90 % Acetone at − 20 ◦C overnight. The extract was ho
mogenized and analysed on a Trilogy benchtop fluorometer (Turner 
Designs) before and after acidification with 0.1 N HCl. Accuracy of an
alyses was monitored with solid standards and was within 5 %.

2.3. Statistical analysis

Statistical analyses were conducted in RStudio version 1.4.1106 (R 
Core Team, 2022) on the condensed monthly averages of the dataset to 
identify seasonal variability by correlating the parameters measured and 
evaluating their associations. As such, a Shapiro-Wilk multivariate 
normality test was performed and revealed a non-normal distributed 
dataset (p < 0.001)) (Shapiro and Wilk, 1965). Accordingly, Spearman ρ 
correlations were applied, whilst non-parametric Kruskal-Wallis tests 
were used to determine significance of environmental parameters be
tween seasons (Kruskal and Wallis, 1952). To evaluate the input of 
excess nutrients from sewage and stormwater outfalls, we first calcu
lated a rolling seasonal mean of nutrient concentrations and correlated it 
with the reported spill incidents (made publicly available by the 
wastewater operator under https://www.southernwater.co.uk/about 
-us/environmental-performance/healthy-rivers-and-seas/flow-and-spi 
ll-reporting/) (Supplementary data). We then performed a linear 
regression on the subset of the data where spill incidents were reported, 
with setting the intercept to 0, whereby the slope represents the excess 
nutrients per spill duration.

3. Results

3.1. Environmental conditions at monitoring station

The environmental conditions at our monitoring site showed clear 
seasonal differences (Table 1). Water temperatures were highest in 
summer and surpassed 20 ◦C in June and July 2021, then decreased 
during autumn to lowest temperatures measured in winter (8.5–9.2 ◦C). 
The elevated temperature in June and July 2021 suggested the occur
rence of a temporary warming event. Congruent with temperature dy
namics, dissolved oxygen (DO) in the water column was lowest in 
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summer (< 8 mg L− 1) and highest (> 9 mg L− 1) in winter. pH remained 
rather uniform (8.2–8.3) throughout the year-long observation, but did 
increase during spring 2022 (to 8.6). Salinity at the monitoring site 
ranged between 33 and 34 psu throughout, thus clearly indicating a fully 
marine rather than a transitional water body.

3.2. Nutrient dynamics at monitoring station

Nutrient dynamics indicated a clear seasonality, with maximum 
concentrations measured in January and February 2021, and lowest 
concentrations measured in April and June 2021 (Fig. 2). Generally, 
nutrient concentrations in winter were significantly higher than in 
summer (Kruskal-Wallis χ2 (2), p < 0.001 for NO3

− and PO4
3− and χ2 (2), 

p < 0.05 for NO2
− and DSi). A substantial reduction in nutrients (− 66 ±

3 %) occurred during spring, with an increase in concentrations 
observed between September and October (67 ± 17 %). The mean 
concentrations (± SD) measured for NO3

− (0.9 ± 0.6 μmol L− 1) and PO4
3−

(0.09 ± 0.03 μmol L− 1) were lowest in summer, whilst NO2
− (0.07 ±

0.05 μmol L− 1) and DSi (3.6 ± 2.5 μmol L− 1) were lowest in spring. The 
reduction of nutrients during spring led to a nutrient-exhausted system 
over summer, whereas the nutrient loading at the monitoring station 
increased substantially in autumn (NO3

− 6.8 ± 5.3 μmol L− 1, NO2
− 0.22 

± 0.14 μmol L− 1, DSi 6.3 ± 2.1 μmol L− 1 and PO4
3− 0.35 ± 0.16 μmol 

L− 1), reaching highest concentrations in winter (19.1 ± 5.1, 0.24 ±
0.08, 9.4 ± 1.4 and 0.51 ± 0.04 μmol L− 1, respectively). Following these 
sub-annual nutrient dynamics, the inorganic N:P ratio often greatly 
deviated from the canonical Redfield ratio of 16:1 (Fig. 3). Due to the 
near complete depletion of N sources and PO4

3− in summer, the water 
column exhibited the N:P ratio of 10 ± 3, significantly lower than a ratio 
of 38 ± 8 in winter (Kruskal-Wallis χ2 (2), p < 0.001), where the highest 
concentrations of NO3

− , NO2
− and PO4

3− were measured. A N:P ratio of 35 
± 23 in spring revealed high fluctuations in nutrient utilisation, similar 
to autumn (17 ± 9), during which the N:P ratio was closer to Redfield.

3.3. Pigment dynamics at monitoring site

Lowest mean concentrations of Chl a were measured in winter (0.94 
± 0.22 μg L− 1), whilst significantly higher concentrations, with a mean 
of 2.11 ± 0.31 μg L− 1, were observed in spring (Kruskal-Wallis χ2 (2), p 
< 0.01) (Fig. 3). Chl a concentrations in summer and autumn were in
termediate at 1.43 ± 0.72 and 1.11 ± 0.27 μg L− 1, respectively. Peaks in 
Chl a were observed in August 2021 (3.85 μg L− 1), March 2022 
(2.46–5.96 μg L− 1) and in May 2022 (3.7 μg L− 1), suggesting the 
occurrence of planktonic blooming episodes. The degradation product of 
Chl a, pheophytin a (an indication of phytoplankton mortality), was 
measured at highest concentrations in summer (1.88 ± 1.46 μg L− 1) and 
lowest in autumn (0.79 ± 0.24 μg L− 1) (Fig. 3). In both spring and 

Table 1 
Environmental conditions as averages (+SD) per month between May 2021 and 
May 2022: Measured mean temperature (◦C), salinity (psu), pH and dissolved 
oxygen (DO, mg L− 1) from EXO2 multiparameter sonde.

Temperature Salinity pH DO

[◦C] [psu] [mg L− 1]

May 21 12.9 ± 1.1 33.7 ± 0.1 8.3 ± 0.04 8.5 ± 0.2
Jun 21 17.4 ± 1.2 34.0 ± 0.1 8.2 ± 0.02 7.6 ± 0.3
Jul 21 20.2 ± 1.7 33.9 ± 0.2 8.2 ± 0.05 7.1 ± 0.6
Aug 21 20.2 ± 1.2 34.0 ± 0.6 8.2 ± 0.12 6.7 ± 1.1
Sep 21 18.7 ± 1.2 33.8 ± 0.1 8.2 ± 0.03 7.3 ± 0.3
Oct21 16.0 ± 0.6 33.0 ± 0.4 8.2 ± 0.03 7.4 ± 0.5
Nov21 12.6 ± 1.5 33.0 ± 0.4 8.3 ± 0.03 8.3 ± 0.3
Dec21 8.9 ± 0.1 33.1 ± 0.1 8.3 ± 0.01 9.1 ± 0.1
Jan22 8.5 ± 0.7 33.3 ± 0.2 8.4 ± 0.02 9.2 ± 0.2
Feb22 9.2 ± 0.4 32.8 ± 0.7 8.4 ± 0.01 9.9 ± 0.3
Mar22 10.2 ± 1.4 33.2 ± 0.3 8.4 ± 0.14 8.5 ± 1.5
Apr22 12.0 ± 0.9 33.1 ± 0.2 8.6 ± 0.03 8.9 ± 0.1
May 22 15.5 ± 0.9 33.8 ± 0.1 8.6 ± 0.01 8.1 ± 0.3

Fig. 2. Measured concentrations (μmol L− 1) of NO3
− (green pyramids), NO2

− (orange crosses), DSi (grey diamonds) and PO4
3− (blue circles) at the monitoring station. 

Data points collected weekly between 06/05/2021–30/05/2022. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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winter, pheophytin a was measured at intermediate levels (0.99 ± 0.44 
and 0.83 ± 0.34 μg L− 1, respectively). As with Chl a, peaks of pheo
phytin a were observed. In July 2021 pheophytin a was measured at 
7.13 μg L− 1 and was elevated throughout this month relative to the rest 
of the year, suggesting enhanced phytoplanktonic mortality due to the 
breakdown of the spring bloom and potential impacts of the observed 
warming event. A second peak in pheophytin a (3.79 μg L− 1) was 
measured in May 2022 during the breakdown of the blooming event.

3.4. Microbial community structure at monitoring site

The determination of the pico- and nanoplanktonic community 
structure revealed five main phytoplanktonic groups: cyanobacteria 
(Synechococcus), cryptophyte algae, two size classes (pico- and nano-) of 
eukaryotes and coccolithophore species. A clear seasonal pattern was 
identified and aligned with the dynamics in pigments (Fig. 4A). Pico- 
and nanoplankton were most abundant in summer and cell counts 
decreased substantially in winter: mean abundance in winter was 4992 
± 1679 cell counts mL− 1 and increased to 14,456 ± 3128 cell counts 
mL− 1 in summer. Peak abundance was measured in July 2021 at 17712 
cell counts mL− 1, whilst in January 2022 the community decreased to 
only 3391 cell counts mL− 1, equivalent to an 81 % decrease in total cell 
counts. The abundance planktonic cells in summer was significantly 
higher than in winter (Kruskal-Wallis χ2 (2), p < 0.001). Both spring and 
autumn displayed intermediate abundance (6250 ± 1324 and 7461 ±
2379 cell counts mL− 1, respectively), closer to winter averages than the 
high abundances observed in summer. The pico- and nanoplanktonic 
community was consistently (with the only exception being May 2021) 
dominated by Synechococcus, which accounted for 70 ± 7 % of all cell 
counts (Fig. 4B). The second largest group were picoeukaryotes (20 ± 6 
%), while the remaining three groups contributed jointly >10 ± 5 % 
(cryptophytes 3 ± 1 %, nanoeukaryotes 4 ± 2 % and coccolithophores 3 
± 2 %). The five groups further indicated differences across seasons with 
Synechococcus dominating the community structure throughout the 
year, the highest contribution to total cell counts was in winter (83 ± 2 
%) and lowest in spring (57 ± 21 %). Conversely, all other groups had 
highest relative contributions in spring (cryptophytes 3 ± 1 %, picoeu
karyotes 30 ± 21 %, nanoeukaryotes 6 ± 1 %, coccolithophores 4 ± 2 

%). Moreover, cryptophytes, pico- and nanoeukaryotes contributed the 
least (2 ± 0.5 %, 9 ± 1 %, 4 ± 2 %, respectively) towards cell counts in 
winter. Coccolithophores were the exception and displayed the lowest 
counts in summer and contributed <1 % to the community structure.

3.5. Organic matter dynamics at monitoring site

Highest dissolved organic phosphorus (DOP) concentrations were 
measured in summer (0.24 ± 0.05 μmol L− 1), whilst concentrations 
during winter were below the detection limit (Table 2). Whilst the DOP 
pool in summer was apparently drawn down during autumn (0.01 ±
0.01 μmol L− 1), DOP increased over spring, although measurements 
showed high variability (0.12 ± 0.2 μmol L− 1). The dissolved P pool was 
dominated by the organic fraction in summer, with inorganic PO4

3−

being the main component in winter. Particulate organic matter (POM) 
also displayed seasonality in both concentrations and resulting stoichi
ometries (Table 2). Concentrations of particulate organic carbon (POC) 
and particulate phosphorus (PP) were highest in spring (259 ± 21 and 
2.5 ± 0.2 μg L− 1, respectively), whilst particulate organic nitrogen 
(PON) was highest in autumn (74 ± 41 μg L− 1). Contrastingly, POC was 
lowest in autumn (171 ± 32 μg L− 1) and remained at intermediate 
concentrations in summer and winter. Both PON and PP were lowest in 
summer (23 ± 11 and 1.6 ± 0.1 μg L− 1, respectively). Strikingly, PON 
was elevated both in autumn and spring, whereas summer and winter 
displayed low concentrations. The resulting stoichiometric ratios of the 
POM pool mirrored the dynamics in concentrations measured: C:N and 
C:P ratios were highest in summer (10 ± 4 and 123 ± 20, respectively), 
whereas N:P was highest in autumn (42 ± 20). Low PON loading in 
summer led to a diminished N:P ratio of 14 ± 7, suggesting N limitation 
occurring during summer. Elevated C:N and C:P ratios in summer 
coincide with enhanced primary production and the formation of POM 
by the planktonic community.

3.6. Statistical analysis

The correlation analyses further evidenced the seasonality in 
nutrient dynamics, their involvement in pigment and community 
structure dynamics and subsequent formation of POM. Evidently, 

Fig. 3. Measured concentrations (μg L− 1) of chlorophyll a (green diamonds) and pheophytin a (orange pyramids) at the monitoring station from weekly sampling 
between 06/05/2021–30/05/2022. Grey dotted line depicts Redfield N:P ratio of 16:1 and solid line displays the N:P ratio of measured dissolved inorganic nutrient 
concentrations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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nutrient concentrations were higher in winter than in summer and thus 
negatively correlated with temperature (NO2

− r = − 0.57, p = 0.044; NO3
−

r = − 0.8, p = 0.001; PO4
3− r = − 0.63, p = 0.022; DSi r = − 0.58, p =

0.039). NO3
− was the key driver for the N:P ratio of the inorganic pool (r 

= 0.81, p = 0.001) which also negatively correlated with temperature (r 
= − 0.74, p = 0.004). Planktonic abundance appears to have been 
controlled by temperature, rather than nutrient availability. In partic
ular, Synechococcus, the numerically dominant contributor to total 
planktonic abundance, was correlated with temperature (r = 0.7, p =

0.073), but did not correlate to Chl a (r = − 0.09, p = 0.762). Chl a was 
however positively correlated with the eukaryotic groups and crypto
phytes, suggesting that these organisms contributed relatively more to 
Chl a dynamics than Synechococcus. In contrast, Synechococcus abun
dance and temperature were both correlated with pheophytin a (r =
0.57, p = 0.044 and r = 0.23, p = 0.459, respectively). Similarly, 
nanoeukaryotes were also positively correlated with pheophytin a (r =
0.52, p = 0.067).

Increased phytoplankton abundance and biomass under higher 
temperatures also suggests enhanced organic matter production and 
evidently, DOP correlated strongly with temperature (r = 0.71, p =
0.007), with significant relationships also found with Synechococcus (r =
0.39, p = 0.188), cryptophytes (r = 0.93, p ≤ 0.001), pico- (r = 0.94, p ≤
0.001) and nanoeukaryotes (r = 0.66, p = 0.015). Highest concentra
tions of POM were observed during periods of high production, i.e. 
blooming events in spring and autumn. Whilst no positive correlation of 
POC, PON and PP with the primary producers investigated here was 
found, algal and bacterial cells did show positive correlation, specifically 
with PON (r = 0.52, p = 0.071 and PON: r = 0.53, p = 0.065, for algae 
and heterotrophic bacteria respectively). A regression analysis with Chl 
a provided evidence of autochthonously produced POM (Fig. 5), sug
gesting that larger planktonic groups (> 20 μm), such as diatoms, might 
drive productivity. POC and PP yielded high regression coefficients with 

Fig. 4. Pico- and nanoplanktonic community structure: Synechococcus (blue), cryptophyte (green), picoeukaryotes (orange), nanoeukaryotes (red) and coccoli
thophores (grey). A shows abundance in cell counts mL− 1, B shows relative contribution towards the community. Data presented as monthly averages from May 2021 
to May 2022. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2 
Seasonal organic matter dynamics at monitoring station: Concentrations of DOP 
(μmol L− 1), POC, PON and PP (μg L− 1) and stoichiometric ratios of the POM 
pool. Values and ratios are presented as seasonal means (± SD), with winter DOP 
measurements were below detection limit (BDL).

Summer Autumn Winter Spring

DOM DOP 0.24 ± 0.05 0.01 ± 0.01 BDL 0.12 ± 0.2
POM POC 202 ± 29 171 ± 32 202 ± 92 259 ± 21

PON 23 ± 11 74 ± 41 46 ± 11 65 ± 13
PP 1.6 ± 0.1 1.7 ± 0.3 2.3 ± 0.8 2.5 ± 0.2
C:N 10 ± 4 4 ± 3 5 ± 3 4 ± 1
N:P 14 ± 7 42 ± 20 23 ± 13 27 ± 7
C:P 123 ± 20 105 ± 31 86 ± 22 105 ± 1
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Chl a (R2 = 0.76 and 0.74, respectively), whereas PON (R2 = 0.37) 
indicated a substantial amount of fixed N originating from allochtho
nous sources outside of the system.

Analysis of storm- or wastewater overflow events reported for the 
Solent as the receiving water body revealed no correlation between PON 
and PP and spill duration (r = 0.113, p = 0.475 for PON and r = 0.224, p 
= 0.153 for PP). A correlation of spill duration and seasonal mean dis
solved nutrient concentrations, however, showed substantial external 
nutrient inputs and caused nutrient anomalies for NO3

− (r = 0.519, p <
0.001) and PO4

3− (r = 0.412, p < 0.01). A linear regression between 
outfall duration and these anomalies revealed an excess nutrient input of 
0.193 ± 0.061 μmol NO3

− L− 1 (p < 0.01) and 0.007 ± 0.002 μmol PO4
3−

L− 1 (p < 0.001), over a spill duration of one hour.

4. Discussion

4.1. Assessing the threat on coastal settings from stormwater and sewage 
spills

Salinities measured (33–34 psu) clearly identify the monitoring 
location as marine rather than a transitional water body heavily influ
enced by freshwater inflow. Hence, we argument that our monitoring 
station indeed represents the Solent water body, rather than the inter
tidal Langstone Harbour. Due to near complete drainage of Langstone 
Harbour into the Solent, with water levels within the intertidal are 
lowering to 0.5 m during low tide, we conclude it to be a point source of 
nutrient pollution into the Solent. Further, due to the hydrological fea
tures in the eastern Solent and an sewage outflow pipe within the Solent 
estuarine Straight, complete flushing takes approximately 2 days or 4 
full tidal cycles(Levasseur, 2008), hence nutrient pollution can persist at 
the monitoring station. Throughout the time of monitoring (May 2021 – 
May 2022), periodic elevations in dissolved inorganic nutrient loading 
occurred and could be attributed to 22 stormwater and sewage outfall 
incidents, amounting to a total of 500.76 h of spillage (Supplementary 
data). Around 85 % of the N-delivery by wastewater effluent into UK 
water bodies is associated with dissolved NO3

− and indeed, NO3
− levels at 

the monitoring station increased following such outfall incidents (Naden 
et al., 2016). Elevated nitrogen loading amounted to 0.193 ± 0.061 
μmol excess N L− 1 h− 1 of spill duration. Likewise, PO4

3− loading was 
elevated (0.007 ± 0.002 μmol excess P L− 1 h− 1 of spill duration) 
following outflow incidents, thus indicating that these discharges did 
not comply with the UWWTD Directive (Boyes and Elliott, 2006). Water 
companies in the UK are obligated to monitor the duration but not the 
volume of discharge, and discharges during exceptional rainfall are 

largely permitted. As such, an accurate evaluation of the amount of 
nutrient pollution remains largely enigmatic (Hammond et al., 2021). 
Here, based on flow rates presented in Hammond et al. (2021), scaled to 
a population size of 400,000, a first attempt of calculating an average 
amount of nutrient anomalies per year caused by the reported spill in
cidents was made. During the monitoring period (500.76 h of spill 
duration), the Solent received 30.3 ± 9.9 metric tons of NO3

− and 2.7 ±
0.6 metric tons of PO4

3− . For the whole year of 2021, 810.77 h of spills 
were recorded and 689.74 h for 2022, thus with an average of 750.25 h 
of spill duration per year, the Solent receives 45.4 ± 14.8 metric tons of 
NO3

− yr− 1 and 2.5 ± 0.5 metric tons of PO4
3− yr− 1 from sewage and 

stormwater outfalls. These estimates are lower than modelled estimates 
of 100–1000 t NO3

− yr− 1 and 10–100 t PO4
3− yr− 1 reported by Naden 

et al. (2016) and Bell et al. (2021). However, the estimates calculated 
here are likely much higher in reality, due to unreliable or non-apparent 
event duration monitoring by the operator, with reports made for only 
~70 % of all stormwater and sewage overflows in 2020, which likely has 
not substantially increased since (Hammond et al., 2021). Although the 
excess amount of N and P delivered by stormwater and sewage spills are 
of comparably smaller magnitude than other influxes such as benthic 
pelagic nutrient coupling (Rühl et al., 2020), lateral transport by waves 
and tidal regime (Lønborg et al., 2021) or submarine groundwater 
discharge often exceeding riverine delivery (Santos et al., 2021). How
ever, excess nutrients documented at the outflow of Langstone Harbour 
indicates a direct influence of such outfalls on water column nutrient 
loading in the Solent, which, given reasonable slow hydrological 
flushing might persist for several days (Levasseur, 2008). In fact, the N- 
loading measured surpassed winter mean threshold values (18 μmol 
L− 1) for coastal water bodies set by the EU Water Framework Directive 
(WFD; 2000/60/EC), implying a direct contribution of these outfalls to 
Langstone Harbour being assigned a ‘moderate ecological status' and the 
Solent a subject to eutrophication (Painting et al., 2016). However, it 
should be noted here that much of the data for the ecological status of 
the region by the Environmental Agency are now 8 years out of date and 
could be an underestimation considering that the number of reported 
sewage spills has more than doubled since 2015 (https://www.gov.uk/ 
government/publications/water-and-sewerage-companies-in-englan 
d-environmental-performance-report-2022/southern-water-epa-data-re 
port-2022). In comparison to other UK counties, Hampshire is subjected 
to fewer such outfalls than other counties, with <8000 incidents in 
Hampshire in 2021 and 2022 compared to Cornwall (> 25,000) or 
Devon (>50,000) (Fig. 1). It is therefore likely that coastal settings, 
including those under RAMSAR or SSSI status in other counties and 
countries with temperate coastlines experience increased anthropogenic 

Fig. 5. Regression between chlorophyll a and particulate matter, including all sampling points between May 2021 and May 2022. POC (orange pyramids), PON 
(green diamonds) and PP (blue circles), dotted regression lines and respective R2 values. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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nutrient input from stormwater and sewage spills, causing intensified 
eutrophication, hypoxia and associated increased risk of macroalgal 
settling and harmful algal blooms (Boyes and Elliott, 2006; Menesguen 
et al., 2014). In fact, coastal settings throughout the Solent and English 
Channel, including Langstone Harbour, have seen a surge in occurrence 
of Ulva spp. beds contributing to poor ecological status of the coastal 
ocean (Tappin and Millward, 2015).

4.2. Seasonal-driven differences in environmental conditions

Water temperatures ranged between 8.5 and 9.2 ◦C in winter and 
17.4–20.2 ◦C in summer, representative for the Solent and English 
Channel (Table 1). However, 20.2 ◦C recorded in July and August 2021 
was above typical average temperatures of 18 ◦C, indicating a period of 
localised warming which could be classified as a short-term marine 
heatwave (Widdicombe et al., 2010; Hobday et al., 2016). There was 
strong seasonality in environmental conditions, whereby increased 
temperatures and associated increased light, rather than nutrient 
availability led to the succession of the microbial community observed 
in summer (Smyth et al., 2010) (Fig. 4). The observed reduction in 
dissolved nutrient concentrations in spring coincided with the increase 
in planktonic abundance, suggesting that consumption of the dissolved 
nutrients led to diminished availability of inorganic nutrients over the 
summer months (0.89 ± 0.56 μmol NO3

− L− 1 and 0.09 ± 0.03 μmol PO4
3−

L− 1), whereby a N:P ratio (10 ± 3) establishes the study site as a pre
dominantly N-limited system (Fig. 2). Further, increased freshwater 
input of nutrients into the system or consumption by macrofauna could 
possibly contribute to decreased nutrient concentrations at the moni
toring site, which however seem unlikely due to clearly marine water 
body. Despite a N-limited water column, enhanced planktonic abun
dance and biomass was observed during summer, and blooms occurred 
both in spring and autumn as evident from the distinct peaks in Chl a 
observed in March, May and August (Fig. 3). The larger abundance of 
planktonic organisms appeared to be the main driver for the decrease in 
inorganic nutrient concentrations during spring, increased production 
and recycling of organic matter at the offset of the blooming event could 
maintain phytoplankton abundance and biomass throughout the sum
mer. Moreover, enhanced planktonic activity also produces DOP 
(Reynolds et al., 2014), here suggested by the correlation with DOP, that 
could further support primary production over the nutrient limited 
summer months, as DOP is remineralised by heterotrophic bacteria, or 
possibly directly accessed by phytoplankton (Dyhrman and Ruttenberg, 
2006; Diaz et al., 2018; Breton et al., 2022). Increases in inorganic nu
trients were observed between September and October and are likely the 
result of the breakdown of density stratification, mixing NO3

− into sur
face waters, and enhanced nitrification activity following the break
down of late summer phytoplankton blooms (Smyth et al., 2010).

4.3. Seasonality in microbial community structure

At the monitoring station, water temperature and increased light 
availability are likely responsible for shaping the planktonic community 
on a seasonal scale (Trombetta et al., 2019, 2021). A similar trend in 
phytoplankton abundance and community structure has previously been 
observed at the Western Channel Observatory (WCO), Plymouth, UK 
(Widdicombe et al., 2010). Moreover, additional data on larger phyto
plankton groups at WCO shows that diatoms display maximum growth 
rates, specifically under elevated nutrient availability, and thus are 
mainly associated with the spring bloom (Widdicombe et al., 2010). 
Although microalgal abundances were not determined in this study, this 
pattern could be inferred from the observed reduction in DSi during 
March (− 77 %, ΔDSi 5.27 ± 2.54 μmol L− 1) (Fig. 2), indicating that 
diatom species were likely major contributors to the observed peak in 
Chl a biomass. Likewise, the observed blooming event in late summer 
coincided with a sudden decrease in DSi in August(− 19 %, ΔDSi 0.93 ±
0.18 μmol L− 1) (Fig. 2), thus suggesting diatoms contribute substantially 

to primary production in the Solent (Breton et al., 2022; Wei et al., 
2022). This is further supported by the weak correlation of Synecho
coccus and Chl a observed, whereas eukaryotic organisms had a higher 
relative contribution towards Chl a. This is in line with observations in 
the western English Channel, where the autumn bloom was associated 
with diatoms (Widdicombe et al., 2010).

Zooplankton grazing exerts an important top-down control on 
phytoplankton biomass, specifically in highly productive coastal settings 
(Widdicombe et al., 2010; Bresnan et al., 2015; Chen et al., 2016). 
Zooplankton grazers are found increasingly abundant between March 
and August, following planktonic blooming events (Bresnan et al., 
2015). It is highly likely that the peaks in pheophytin a observed during 
summer were associated with increased grazing pressure as a conse
quence of higher food availability, rather than increased planktonic 
mortality alone (Chen et al., 2016). Although Synechococcus and nano
eukaryotes correlated strongly with pheophytin a, peaks in pheophytin a 
were more likely the result of the dying off of larger cells following the 
breakdown of the blooming events (Fig. 3). Moreover, the warming 
event observed in July and August 2021 contributed to high pheophytin 
a concentrations, likely due to cell senescence and mortality, increasing 
the grazing pressure further (Chen et al., 2016). During this period, 
pheophytin a peaked (3.6 μg L− 1), whilst Chl a decreased to the lowest 
concentration (0.6 μg L− 1) observed throughout the year-long moni
toring (Fig. 3). Simultaneously, Synechococcus decreased (− 42 %) and 
nanoeukaryotes decreased (− 26 %) in abundance between July and 
August, suggesting increased grazing pressure following the breakdown 
of the spring bloom, in conjunction with higher mortality.

4.4. Seasonal organic matter dynamics

The community structure of primary producers and their produc
tivity sets the control on organic matter and carbon fixation on an 
annual scale throughout the Solent and English Channel (Litt et al., 
2010; Martinez-Vicente et al., 2010). However, the pico- and nano
eukaryotic primary producers determined at our monitoring station did 
not seem to explain seasonal variability in POM. Instead, correlation 
with algal and bacterial cells suggest that organic material derived from 
larger planktonic organisms or macrophytes and its bacterial degrada
tion drives POM dynamics, which has also been suggested at the WCO 
(Martinez-Vicente et al., 2010). Indeed, higher POM concentrations 
were found in spring and summer due to enhanced planktonic abun
dance and productivity, and subsequent remineralisation processes. The 
POM pool generally contains higher amounts of phytoplankton derived 
organic matter during the more productive spring and summer season, 
whilst organic detritus comprises the majority in autumn and winter 
(Martinez-Vicente et al., 2010). There was low seasonal variability in 
POM observed at our monitoring site, and the POM versus Chl a 
regression suggested that the majority of POM, at least POC and PP, was 
produced autochthonously (Fig. 5). However, heterotrophic activity 
could greatly influence POM formation and Litt et al. (2010) associated 
enhanced bacterial activity to the offset of blooming events and the 
subsequent breakdown of accumulated organic matter. In fact, dissolved 
oxygen was lowest (6.7–7.6 mg L− 1) between June and October, sug
gesting increased heterotrophic activity, alongside higher water tem
peratures, which also contributed to lower oxygen concentrations. 
Heterotrophic bacterial abundance was higher in summer (up to 1.2 ×
106 cell counts mL− 1) and decreased substantially in winter (below 0.3 
× 106 cell counts mL− 1). Increased biological oxygen consumption 
would suggest enhanced respiration within the system, exceeding 
photosynthetic activity (Martinez-Vicente et al., 2010). Whilst these 
explanations hold for POC and PP, the majority of PON was found to be 
of allochthonous origin. Highest PON concentrations were measured in 
spring and autumn, corresponding to enhanced phytoplanktonic abun
dance and biomass following blooming events, whilst PON was lowest in 
summer, during which phytoplanktonic abundance was highest. Wyatt 
et al. (2010) associated intensifying drawdown of atmospheric ammonia 
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(NH3) to elevated surface ammonium (NH4
+) concentrations, a preferred 

nitrogen source to marine microbes, which is specifically important 
during the N-limited conditions during summer. Atmospheric deposition 
of nitrogen can thus be considered an allochthonous source of N (Wyatt 
et al., 2010). This is likely the case at our monitoring site in summer, 
during which the dissolved organic fraction of nutrients dominated the 
total pool of available nutrients (Fig. 2). Elevated signals of PON in 
spring and autumn could further be associated to increased inflow of N 
from external sources, such as riverine and urban runoff, tidal flushing 
or macroalgal fragmentation carrying organic material (Dailer et al., 
2010; Naden et al., 2016). Given that our monitoring station is clearly a 
marine water body, it can also be inferred that more frequent precipi
tation and associated stormwater and sewage releases are most likely 
sources of increased N loading to the Solent (Naden et al., 2016).

5. Conclusion and broader perspective

This study revealed a substantial amount of excess nutrient input into 
the Solent, contributing to its poor ecological status. However, the 
phytoplanktonic community, crucial for assessing ecological health in 
coastal areas, and biogeochemical functioning did show acclimation to 
nutrient pollution and resilience to the periodic excess input. Seasonal 
variations in environmental conditions, mainly temperature and light 
availability, rather than nutrient availability, drove phytoplankton 
abundance and biomass and associated organic matter dynamics. 
Despite adaptation to sub-annual environmental fluctuations, influxes of 
excess nutrients from stormwater and sewage overflows raise concerns 
about coastal eutrophication and impacts on the planktonic community, 
and subsequently, impacts on ecosystem functioning and biogeochem
ical cycling in the coastal ocean. These monitoring efforts in the Solent 
provide valuable insights applicable to similar coastal settings, empha
sizing the need for long-term monitoring to better understand ecosystem 
changes and to inform management and protection plans, especially in 
light of increasing anthropogenic disturbances and progressing climate 
change. A network of monitoring stations such as Langstone Harbour, 
focusing on small planktonic communities and the cycling of nutrients 
and carbon, is needed for other coastal areas on the Southcoast of the 
UK, to reflect location-specific hydrographical features and to support 
effective management efforts.

CRediT authorship contribution statement

Lukas Marx: Writing – review & editing, Writing – original draft, 
Visualization, Validation, Methodology, Investigation, Formal analysis, 
Data curation, Conceptualization. Michelle Hale: Writing – review & 
editing, Resources, Project administration, Funding acquisition. B.B. 
Cael: Writing – review & editing, Methodology, Formal analysis, Data 
curation. Sarah Reynolds: Writing – review & editing, Methodology, 
Funding acquisition, Formal analysis, Data curation, Conceptualization.

Funding

This work was supported by the University of Portsmouth Faculty of 
Science and Health PhD bursary scheme.

Declaration of competing interest

The authors declare that the research was conducted in the absence 
of any commercial or financial relationships that could be construed as a 
potential conflict of interest.

Acknowledgements

The authors thank the Institute of Marine Sciences (IMS) Portsmouth 
for access and resources.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.marpolbul.2025.117982.

Data availability

The data for this research is made available in the supplementary 
data.

References

Bell, V.A., Naden, P.S., Tipping, E., Davies, H.N., Carnell, E., Davies, J.A.C., Wu, L., 2021. 
Long term simulations of macronutrients (C, N and P) in UK freshwaters. Sci. Total 
Environ. 776, 145813.

Boyes, S., Elliott, M., 2006. Organic matter and nutrient inputs to the Humber estuary. 
England. Marine pollution bulletin 53 (1–4), 136–143.

Bresnan, E., Cook, K.B., Hughes, S.L., Hay, S.J., Smith, K., Walsham, P., Webster, L., 
2015. Seasonality of the plankton community at an east and west coast monitoring 
site in Scottish waters. J. Sea Res. 105, 16–29. https://doi.org/10.1016/j. 
seares.2015.06.009.

Breton, E., Goberville, E., Sautour, B., Ouadi, A., Skouroliakou, D.I., Seuront, L., 
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