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A B S T R A C T   

The subsurface chlorophyll maximum (SCM) is increasingly recognised as an important but understudied locus of 
primary production particularly in shelf seas. Here we report the results of a 4 year, repeat station, summer 
sampling programme (2013–2016) of a seasonally recurrent SCM in the Western English Channel. Interannual 
variability in phytoplankton community structure and chlorophyll distribution and intensity was strongly related 
to water column stability at the depth interval of the SCM and also to water temperature. The phytoplankton 
community was statistically distinct in each year. High stability, as evidenced by large Richardson numbers and a 
well-developed strong thermocline appeared to favour the growth of larger dinoflagellates (autotrophs or mix
otrophs) and diatoms. Such conditions led to development of the most intense SCMs and these were sometimes 
dominated by a single or a few key species most prominently in 2015 with near monospecific concentrations of 
the dinoflagellate Tripos fusus with average peak SCM chlorophyll concentrations of 7.3 ± 4.4 μg l− 1. By contrast, 
in years with low water column stability and intermittent turbulence at the thermocline (2014, 2016) there was 
greater chlorophyll dispersal and less intense SCM. In these low stability conditions, red fluorescent nano- 
phytoplankton, such as naked dinoflagellates, chlorophytes and prymnesiophytes, made a greater contribution 
to the community, possibly as a result of the advantages that motility and enhanced light utilisation efficiency 
confer within an SCM exposed to turbulence. It is also likely that turbulence disrupted the stability required by 
the larger dinoflagellates and diatoms. Several of the key SCM taxa were absent from surface waters including the 
dinoflagellates Tripos fusus, Tripos lineatus, and most of the Rhizosolenia/Proboscia diatoms, consistent with ad
aptations more suited to survival at depth in stratified waters. These traits include luxury nutrient uptake and 
storage and survival in low light (both groups) and mixotrophy (dinoflagellates). On the other hand, in 2013, 
diatoms including Pseudo-nitzschia spp. were abundant in both surface, SCM and bottom waters. The relatively 
cooler waters (11.6–12.1 ◦C on average in 2013 and 2016) were characterised by smaller diatoms (Chaetoceros 
spp. and Pseudo-nitzschia spp.) whereas the warmer waters (13.1 ◦C on average in 2014) contained larger diatoms 
(large Rhizosolenia spp., Lauderia annulata and Leptocylindrus danicus). There did not appear to be continuity of 
key species between years, other than for the dinoflagellate Tripos lineatus, which was significant in both 2013 
and 2014 and present in 2015. In any given year, there was no correspondence between the key spring bloom 
phytoplankton species as monitored in the nearby Western Channel Observatory L4 station and the key SCM 
taxa.   

1. Introduction 

Marine phytoplankton undertake around half of global photosyn
thesis, form the base of the ocean’s food chains and, via the marine 
biological carbon pump, draw down atmospheric CO2. The 

phytoplankton of shelf seas (<500 m water depth) are of particular 
importance, since they contribute ~ 15–30% of all oceanic primary 
production and despite their relatively small surface area (~8% of 
global total) are responsible for ~ 47% of the global annual export of 
particulate organic carbon (Jahnke, 2010; Wollast, 1998). Shelf sea 

* Corresponding author. 
E-mail address: dap@soton.ac.uk (D.A. Purdie).  

Contents lists available at ScienceDirect 

Continental Shelf Research 

journal homepage: www.elsevier.com/locate/csr 

https://doi.org/10.1016/j.csr.2024.105253 
Received 5 January 2024; Received in revised form 11 May 2024; Accepted 13 May 2024   

mailto:dap@soton.ac.uk
www.sciencedirect.com/science/journal/02784343
https://www.elsevier.com/locate/csr
https://doi.org/10.1016/j.csr.2024.105253
https://doi.org/10.1016/j.csr.2024.105253
https://doi.org/10.1016/j.csr.2024.105253
http://crossmark.crossref.org/dialog/?doi=10.1016/j.csr.2024.105253&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Continental Shelf Research 277 (2024) 105253

2

phytoplankton are also the base of food chains that support over 90% of 
global fish catches (Pauly et al., 2002). Understanding the impacts of 
climate change on shelf sea phytoplankton community structure is 
therefore of critical importance in order to predict the consequences for 
the carbon cycle and for fisheries. Moreover, shelf seas are particularly 
sensitive to climatic variation (Backhaus, 1996; Holt et al., 2010, 2016; 
Sharples et al., 2006), which given their ecological and biogeochemical 
significance, makes knowledge of shelf sea phytoplankton and their 
response to environmental variation especially valuable. 

Within seasonally stratified waters of high latitude and temperate 
shelf seas, considerable phytoplankton biomass is represented by the 
subsurface chlorophyll maximum (SCM) associated with the seasonal 
pycnocline (Cullen, 1982, 2015; Hickman et al., 2012; Holligan et al., 
1984a; Holligan and Harbour, 1977; Martin et al., 2010; Pingree et al., 
1978; Weston et al., 2005). These subsurface features have often been 
observed with maximum chlorophyll concentrations greater than 4 μg 
l− 1 (Holligan et al., 1984a, 1984b; Lips et al., 2010; Martin et al., 2010; 
Richardson et al., 2000) and in some cases greater than 40 μg l− 1 

(Sharples et al., 2001; Sullivan et al., 2010), and can be sustained for 
periods of months as stratification persists. The SCM is a key site of 
carbon fixation, and has been estimated to contribute on average, 
approximately 35 - ≥ 65 % of summer primary production (Hickman 
et al., 2012; Martin et al., 2013; Richardson et al., 1998; Weston et al., 
2005) and their total annual contribution is of the same order as (Fer
nand et al., 2013; Hickman et al., 2012; Williams et al., 2013) or greater 
than (Richardson et al., 2000) that of the spring bloom. This production 
has been associated with significant atmospheric carbon dioxide draw
down (Kitidis et al., 2012), a high potential for carbon export to depth 
(Goldman, 1993; Kemp and Villareal, 2013; Sharples et al., 2001) and 
vital provision of sustenance for the pelagic food web (Benoit-Bird and 
McManus, 2012; Heath and Beare, 2008; Richardson et al., 2000; Scott 
et al., 2010). Thus, there is ample evidence attesting to the biogeo
chemical and ecological significance of the shelf sea SCM, highlighting a 
particular need for an improved understanding of the ecology of key 
SCM phytoplankton taxa. 

This study focuses on the Western English Channel, a shallow 
(45–120 m) region of the NW European shelf with relatively weak tides 
that becomes stratified in the summer months (Dauvin, 2012; Pingree, 
1980) and develops an SCM associated with the seasonal thermocline 
(Fishwick, 2017; Holligan and Harbour, 1977; Holligan et al., 1984b; 
Pingree, 1975). Hydrography in the Channel is heavily influenced by 
ambient weather conditions and by the tide (Pingree, 1980), and 
marked variation in environmental conditions can occur between years 
(Barnes et al., 2015; Pingree, 1980; Smyth et al., 2010; Southward et al., 
2005b). Furthermore, the Western English Channel is reported to be one 
of the fastest warming regions of the NW European shelf (MCCIP et al., 
2008). The Western Channel is a transition area between the boreal 
Baltic and North Sea continental systems, and the temperate Atlantic 
Oceanic system (Dauvin, 2012; Southward et al., 2005a), therefore 
changes in phytoplankton characteristic of this area brought about by 
environmental variation may be representative of the wider NW Euro
pean shelf and possibly the temperate Atlantic. 

Long term studies of interannual variability of phytoplankton com
munities in the Western Channel have primarily targeted surface waters. 
Several studies of long-term variability have used weekly samples taken 
at Station L4 at water depths of 10 m including those of Barnes et al. 
(2015); Barton et al. (2020); Tarran and Bruun (2015); Widdicombe 
et al. (2010). A 14 year record from L4 has been used to predict 
increasing frequency of dinoflagellate blooms with increased warming 
and stratification (Xie et al., 2015). Others have used data from the 
Continuous Plankton Recorder (CPR) which samples from 7m depth 
(Beaugrand et al., 2000; Beaugrand and Reid, 2003). However, there 
have been no studies of interannual variability of the SCM, whilst recent 
studies have shown the phytoplankton taxa of the SCM in the Western 
Channel to be distinct from the surface community (Barnett et al., 2019, 
2022). 

The present study investigated chlorophyll water column structure, 
phytoplankton community structure, and associated environmental 
conditions of the SCM sampled at a coastal repeat station in the Western 
English Channel, over 2–3 week periods, during the summers of 
2013–2016, with the aim of establishing the environmental controls of 
interannual variability in SCM chlorophyll and phytoplankton commu
nity structure. The June – early July sampling interval coincides with the 
period during the development of summer stratification when the 
maximum strength of thermocline development coincides with maximal 
SCM chlorophyll as, for example, monitored by the weekly CTD casts at 
the Western Channel Observatory E1 buoy. 

SCM chlorophyll structure is described in terms of peak chlorophyll 
concentration, vertical thickness (measured at half the peak chlorophyll 
concentration), and the 50 m to SCM peak chlorophyll ratio (concen
tration of chlorophyll within top 50 m divided by SCM peak chlorophyll; 
hereafter denoted by Chl50m:ChlSCM – a measure of the extent of chlo
rophyll dispersal through the water column). The SCM phytoplankton 
community structure was analysed by flow cytometry and by inverted 
light microscopy. Interannual variation in SCM chlorophyll structure 
and phytoplankton community composition is assessed, and the influ
ence of environmental parameters, including (but not limited to) tem
perature, buoyancy frequency, the Richardson number, nutrient 
concentrations and ratios, salinity, wind speed and current velocity, is 
evaluated. 

The repeat station sampling formed part of a more extensive field 
programme in the Western English Channel and the results from these 
surveys in 2013 and 2015 are published in Barnett et al. (2019, 2022) 
respectively, while those of 2014 and 2016 are presented in the sup
plementary material (see Table 1 for a summary of the full data sets 
collected over the 4 years, including data availability). These comple
mentary studies include phytoplankton data from surface waters and 
deep waters (above and below the SCM) and the results are integrated in 
the discussion section. To provide a wider context, we also examined 
surface spring bloom (May–June) phytoplankton data from the Western 
Channel Observatory L4 buoy, (Widdicombe and Harbour, 2021) to 
assess any continuity or commonality with the spring bloom and SCM 
taxa. 

2. Methods 

2.1. Sampling 

Samples were collected from the repeat site (50◦05.670 N, 
004◦52.020 W ± 1.5 km; Fig. 1.) almost on a daily basis and over a range 
of different states of the semi-diurnal tide (Fig. 2.) in the summer 
stratified waters of the Western English Channel between 24th June – 
4th July in 2013, 17th June – 3rd July in 2014, 22nd June – 2nd July in 

Table 1 
Summary of the full data sets collected over the 4 years of study including 
availability.  

Year Sampling 
dates 

CTD cast 
and Chl a 
profiles 

Phytoplankton samples 
analysed 

Full data available 

SCM Surface Deep 

2013 24/6–4/7 52 12 4 4 Barnett et al. 
(2019) and 
supporting info. 

2014 14/6–3/7 53 25 14 14 This paper and 
supplementary 
material 

2015 19/6–2/7 40 40 11 10 Barnett et al. 
(2022) and 
supplementary 
material 

2016 17/6–30/ 
6 

53 27 8 8 This paper and 
supplementary 
material  
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2015 and 20th – 30th June in 2016. The repeat site had a water depth of 
approximately 66 m and was chosen based on past data revealing its 
location to be far enough away from the tidal mixing front to be 
permanently stratified in June/July, but also within a reasonable travel 
distance to permit regular sampling. 

A SeaBird SBE19plus V2 conductivity, temperature, depth (CTD) 
probe mounted with a Wet Labs ECO FLNTU fluorometer (sensitivity: 
0.025 μg chl/l; fluorescence excitation/emission wavelengths: 470/695 
nm) was used to collect vertical water column profiles of temperature, 
salinity and chlorophyll-fluorescence. The CTD system was typically 
deployed at a descent/ascent rate of 0.01–0.1 m s− 1 (rate slowed on 
approach to SCM), with a data acquisition rate of 2 Hz, which provided 
vertical resolution of 0.5–5 cm. Water samples were typically collected 
from the SCM during the up cast of the CTD frame using a Niskin sam
pling carousel (6 x 5 L Niskin bottles). Water samples were analysed for 
chlorophyll concentration, nutrient (nitrate, phosphate and silicate) 
concentrations, and phytoplankton community structure by CytoSense 
flow cytometry and inverted light microscopy. Note that samples for 
nutrient analysis and flow cytometric analysis were not collected in 
2013. 

Vertical profiles of buoyancy frequency, a measure of stratification, 
were computed from CTD data using SBE data processing software, 
where the buoyancy frequency was calculated using the Fofonoff adia
batic levelling method (Bray and Fofonoff, 1981). Current velocity and 
velocity shear was measured with a hull mounted RDI Workhorse 600 
kHz ADCP, which combined with CTD density measurements allowed 
for calculation of the Richardson number, a measure of the static sta
bility of the density stratification (Miles, 1961). Specifically, the 
Richardson number (Ri) was calculated for the depth interval of each 
SCM at the time of sampling, where Ri is defined as: 

Ri=
− g
ρ

δρδz
δU2 =

N2

S2 (6.1)  

where N is buoyancy frequency (s− 1), S is velocity shear (s− 1), g is 
gravitational acceleration (9.81 m s− 2), ρ is in situ density (Kg m− 3), z is 
depth (m) and U is horizontal velocity (m s− 1). 

Wind speed measurements were taken from the WCO L4 autonomous 
buoy situated at 50◦ 15.000 N, 004◦ 13.000 W (PML, 2017) for 2013 and 
2014, but in 2015 and 2016 wind speed was logged by an onboard 
AIRMAR PB150 weather station. Daily rainfall measurements were 

collected by the PML meteorological station Omni Instruments 6″ 
tipping bucket rain gauge (RG200) (Smyth, 2017), and daily solar 
insolation measurements for the longitude and latitude of the repeat site 
were taken from NASA’s CERES FLASHFlux project (NASA, 2018). 

2.2. Determination of chlorophyll concentration 

Samples for chlorophyll analysis were collected by passing 50 ml of 
water sample through a 25 mm Whatman GF/F filter and storing at 
− 20 ◦C prior to analysis. Analysis was conducted as soon as possible 
after collection to avoid error associated with degradation of pigment at 
− 20 ◦C (Graff and Rynearson, 2011). Chlorophyll was extracted in 90 % 
acetone via sonication and its concentration determined using a Turner 
Designs 10AU fluorometer based on the method of Welschmeyer (1994). 
The extracted sample was excited with blue light (436 nm) and the 
subsequent red fluorescence emission (680 nm) was recorded. Chloro
phyll values were used for CTD fluorometer calibration, and permitted 
identification of where water samples were collected within the SCM 
(Fig. 3a and b and 4a and b). 

2.3. Determination of nutrient concentrations 

Samples for nitrate, phosphate and silicate analysis were collected by 
filtering water samples through a 25 mm Whatman GF/F filter into a 15 
ml polypropylene tube, which was stored at − 20 ◦C prior to analysis. 
Samples were slowly thawed in a fridge, with regular mixing to allow for 
depolymerisation of dissolved silicate. Nitrate, phosphate and silicate 
concentrations were determined following standard colourimetric 
techniques as described by Grasshoff (1976) and Kirkwood (1996), 
using a SEAL Analytical QuAAtro segmented flow AutoAnalyser. 
Detection limits for total nitrate, phosphate and silicate were 0.03 μmol 
l-l (NIOZ, 2016), 0.01 μmol l-l (NIOZ, 2015a) and 0.02 μmol l-l (NIOZ, 
2015b) respectively (Stinchcombe, 2017). 

2.4. Phytoplankton community structure 

Phytoplankton community structure within the SCM was assessed 
using inverted light microscopy and CytoSense flow cytometry. Flow 
cytometry allowed for quantification and description (based on fluo
rescence signatures) of the pico-phytoplankton and the entire nano- 
phytoplankton population, not achievable with light microscopy. Mi
croscopy allowed for taxonomic identification of cells ≥10 μm, not 
possible with flow cytometry. Therefore, cells across the entire phyto
plankton size range were represented in this study. 

2.4.1. Phytoplankton identification, enumeration and biomass 
determination 

Samples for phytoplankton analysis by microscopy were collected by 
decanting 50 ml of water sample into a darkened glass bottle and pre
serving in Lugol’s iodine (1 % final concentration). Samples were ana
lysed based on the methods of Utermöhl (1958), with 10 ml of preserved 
sample settled in a sedimentation chamber for 24 h and cells then 
identified and counted using a Brunel SP951 inverted trinocular light 
microscope (individual cells were counted in all cases, whether they be 
part of a colony/chain or solitary). Cells were counted irrespective of 
trophic status since although the term phytoplankton may strictly refer 
to obligate photoautotrophs, some dinoflagellate and ciliate taxa may be 
mixotrophic or heterotrophic and are routinely included in phyto
plankton community counts (Olenina et al., 2006; Widdicombe et al., 
2010). 

Numerically dominant taxa (>50 cells per ml) were counted along a 
single middle transect under 100x or 250× magnification depending on 
cell size. Cryptophytes (>8 μm) and unidentified small naked di
noflagellates (10–20 μm and 20–25 μm) were also counted along a single 
middle transect at 250× magnification. All other cells ≥10 μm (cells 
generally unidentifiable below this threshold) were counted at 100×

Fig. 1. Location of the repeat study site (R1) in the Western English Channel 
and also the Western Channel Observatory station L4. 
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magnification during examination of the entire chamber base plate. 
Cells were identified to a species level where possible, but were 

identified to the genus level when species could not be differentiated 
accurately, e.g. Chaetoceros spp., Pseudo-nitzschia spp., Rhizosolenia spp. 
and Thalassiosira spp.. Any remaining unidentified diatoms were 
grouped as pennate or centric according to size (small: 20–40 μm length, 
medium: 40–65 μm length, large: 65–110 μm length; and small: 20–30 
μm diameter, medium: 30–50 μm diameter, large: 60–150 μm diameter 
respectively). Unidentified dinoflagellates and ciliates were also 
grouped according to size and with reference to cell wall structure where 
appropriate (e.g. 10–20 μm and 20–25 μm naked dinoflagellates, 10–30 
μm armoured dinoflagellates, and small (<20 μm), medium (20–40 μm) 
and large (>40 μm) aloricate ciliates). Some genera were classified into 
size categories, including Pleurosigma (small, medium and large: ~50 
μm, 80–170 μm and 170–200 μm length), Thalassiosira (extra small, 

small, medium and large: <10 μm, 10–25 μm, 25–45 μm and >45 μm 
height), Protoperidinium (small, medium and large: 10–30 μm, 30–65 μm 
and 65–120 μm diameter) and Rhizosolenia (small, medium and large: 
≤10 μm, 10–20 μm and >20 μm diameter). In the case of Rhizosolenia, 
small diameter cells appeared to be mainly Rhizosolenia setigera and 
Rhizosolenia imbricata, and medium and large diameter cells appeared to 
be mostly Rhizosolenia imbricata and Rhizosolenia styliformis across the 
four years. 

Cell biovolume was derived for each taxon or taxon size category 
based on the geometric shapes and formulae of Olenina et al. (2006). 
Dimensions of at least 30 cells per taxon or taxon size category (only less 
for rare taxa) were measured with the open-source software ‘ImageJ’. 
Cell carbon concentrations were estimated using the carbon - biovolume 
relationships of Menden-Deuer and Lessard (2000). 

Fig. 2. Time series plots of tidal height in the Western English Channel during the summer survey periods of 2013, 2014, 2015 and 2016. Red circles indicate when 
vertical water column profiles were collected at the repeat study site. Labels on the x axis are positioned to correspond with midnight (UTC) on the date detailed. 
Tidal data was taken from tide tables for Falmouth (Tidetimes.co.uk, no date). 
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2.4.2. Flow cytometric analysis of the phytoplankton community 
Samples for phytoplankton analysis by flow cytometry were 

collected by decanting 10 ml of water sample into a polypropylene tube, 
immediately fixing with glutaraldehyde (0.25 % final concentration) 
and freezing at − 80 ◦C. Samples were analysed with a CytoBuoy Cyto
Sense flow cytometer and CytoUSB v5.7.5.7 data acquisition software, 
using two sets of data acquisition settings; one optimal for small 
phytoplankton (pico-phytoplankton: <2 μm) and the other for larger 
phytoplankton (meso- and micro phytoplankton: 20–2000 μm; and 
nano-phytoplankton: 2–20 μm). Pico-phytoplankton data was acquired 
using a sideways scatter (SWS) trigger (25 mV) at a flow rate of 0.1 μl s− 1 

for 10000 cells, and pico-particles with a red fluorescence (RFL) signal 
<10 mV were manually removed from the dataset to ensure exclusion of 
non-phytoplankton pico-particles/debris/electronic noise. Meso-, 
micro- and nano-phytoplankton data was acquired using a red fluores
cence trigger (30 mV) at a flow rate of 10 μl s− 1 for 150 s or 10000 cells. 
Cell size derived from forwards scatter (FWS) was calibrated using 
Thermo Fisher Scientific nonfluorescent polystyrene microspheres of a 
range of diameters (1, 2, 6, 10, 15 μm). 

During data acquisition the CytoSense instrument recorded particle 
pulse shapes of FWS, SWS, RFL and orange fluorescence (OFL), enabling 
description of the phytoplankton community based on scatter and 
fluorescence properties using CytoClus v4.3.1.1 data processing soft
ware. For each sample a cytogram of total OFL vs. total RFL (TRFL) was 
constructed to identify cells containing phycoerythrin secondary pho
topigments (Jeffrey and Vesk, 1997), and a cytogram of total FWS and 

TRFL was generated to identify cell size. Clusters of orange fluorescing 
pico-phytoplankton (hereafter orange pico-phytoplankton), red fluo
rescing pico-phytoplankton (hereafter red pico-phytoplankton), orange 
fluorescing nano-phytoplankton (hereafter orange 
nano-phytoplankton), red fluorescing nano-phytoplankton (hereafter 
red nano-phytoplankton), and micro- and meso-phytoplankton could 
thus be resolved. As TRFL was calculated for each cell, the TRFL of the 
entire phytoplankton population and of each phytoplankton cluster 
could be determined and was used as a proxy for chlorophyll concen
tration, which in turn is a proxy for biomass. Note that as samples for 
flow cytometric analysis were not collected in 2013, most 
nano-phytoplankton <10 μm and all pico-phytoplankton within the 
SCM community during 2013 are not represented in this study. 

2.5. Statistical analysis 

One way analysis of variance (ANOVA) with post hoc Dunn’s pair
wise multiple comparison analysis was performed using SigmaPlot 13.0 
software to identify significant interannual differences in the SCM 
chlorophyll structure characteristics of thickness (measured at half peak 
intensity of the chlorophyll signal), peak chlorophyll concentration and 
Chl50m:ChlSCM. One way ANOVA with post hoc Dunn’s pairwise multiple 
comparison analysis was also performed to detect significant interan
nual changes in environmental variables that had the potential to 
significantly influence chlorophyll structure. These variables included 
SCM depth (as a proxy for mixed layer depth), SCM temperature 

Fig. 3. Temperature and chlorophyll profiles at the repeat site in the Western English Channel (cast numbers given in the bottom right hand corner of each plot, with 
phytoplankton sample IDs in brackets) collected during (a) June/July 2013 and (b) June/July 2014 (further details provided in Supplementary Table 2). The green 
line represents chlorophyll concentration determined from CTD chlorophyll-fluorescence, the blue dashed line temperature and the red circles where water samples 
were collected for phytoplankton analysis. The Richardson number for the thermocline level is at the top of each plot. 
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(measured at maximal chlorophyll concentration), buoyancy frequency 
(maximum value associated with the thermocline), Richardson number 
(determined for the depth interval of the SCM), wind speed (30–90 min 
before profile), current velocity (water column averaged), solar insola
tion (day before profile) and SCM nitrate concentration (nutrient status 
indicator). 

Phytoplankton community structure was investigated using PRIMER 
v6 software (Clarke and Gorley, 2006; Clarke and Warwick, 2001). 
Statistical analysis was conducted on phytoplankton carbon biomass 
data derived from microscope analysis of Lugol’s preserved phyto
plankton samples, and on phytoplankton TRFL (as a proxy for biomass) 
data collected from CytoSense cytometric analysis. Biomass/biomass 
proxy data was used instead of abundance data because it provides a 
more accurate representation of community structure when the com
munity includes taxa of a range of different sizes, and because biomass is 
of more biogeochemical relevance than abundance (Paasche, 1960). 
Data was standardised by dividing carbon biomass/TRFL values by the 
total biomass/TRFL for a given sample, then normalised by square root 
transformation to moderate the influence of dominant phytoplankton on 
similarity between samples. To explore similarity of community struc
ture among SCM samples collected at the repeat site over the years of 
study, cluster analysis with SIMPROF (Similarity Profile Analysis; sig
nificance level at 0.05) was performed, using the Bray-Curtis index as 
the measure of similarity. A threshold of 61 % similarity was applied to 
group microscope analysed phytoplankton samples by year, and a 
threshold of 87 % similarity was used to group CytoSense analysed 
phytoplankton samples by year. Post hoc analysis of similarity (one-way 
ANOSIM) was applied to determine the level of separation of community 
structure between years (given by global R value, where values close to 

0 indicate no separation and values close to 1 indicate high separation), 
and a non-metric multi-dimensional scaling (nMDS) plot was used to 
visually display the separation between samples. Samples with greater 
community resemblances were spatially closer than ones that were less 
similar. The stress level of the nMDS is a measure of how accurate a 
representation the ordination is, where a value below 0.2 is considered 
to indicate a good fit (Zuur et al., 2007). SIMPER (Similarity Percentage 
Analysis) was performed to investigate similarities within year clusters. 
SIMPER output was also used to identify contributions of each tax
on/phytoplankton cell size and fluorescence (red/orange) group to the 
(average) overall similarity within and dissimilarity between clusters, 
with a limit of 90 % cumulative contribution. 

To analyse the effects of environmental variables on community 
structure assessed by microscopy (carbon biomass data), and commu
nity structure assessed by flow cytometry (TRFL data), Redundancy 
Analysis (RDA; a constrained form of the linear ordination technique of 
principle component analysis) was performed using CANOCO 4.5 soft
ware (Lepš and Šmilauer, 2003). This multivariate analysis method se
lects the linear combination of environmental variables that produces 
the lowest total residual sum of squares in the phytoplankton data 
(Peterson et al., 2007). RDA was chosen because a Detrending Canonical 
Correspondence Analysis (DCCA) had identified the largest gradient in 
the environmental variables to be less than 2 standard deviation units, 
indicating a unimodal ordination method (Canonical Correspondence 
Analysis; CCA) would not be appropriate (Lepš and ̌Smilauer, 2003). For 
the RDA using carbon biomass phytoplankton data, log transformation 
was performed, and only taxa that contributed more than 5 % of com
munity biomass were selected for the analysis. For the RDA using TRFL 
data, values were standardised to the total community TRFL for each 

Fig. 3. (continued). 
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given sample, then square root transformed (ter Braak and Šmilauer, 
2002). Forward-selection was used to determine environmental vari
ables that significantly influenced phytoplankton distribution and 
community structure when analysed singly (marginal effects) or 
together with other forward-selected variables (conditional effects), and 
Monte Carlo permutation tests provided a measure of statistical signif
icance of each of the forward-selected environmental variables applied 
in the RDA. 

3. Results 

The results of the various measurements are presented in Figs. 3–12 
and Tables 1–4 and in the Supplementary material. In this section the 
results of the statistical analyses are presented. 

3.1. Environmental influence on SCM chlorophyll structure 

SCM peak chlorophyll concentration was significantly higher in 2015 
(average of 7.3 μg l− 1) compared to 2013 (p = 0.010), 2014 (p < 0.001) 
and 2016 (p < 0.001), when average peak chlorophyll values were 3.3, 
2.7 and 3.1 μg l− 1 respectively (Fig. 5b and Table 2). Chlorophyll con
centration within the top 50 m of the water column relative to SCM peak 
chlorophyll concentration (Chl50m:ChlSCM) was significantly less in 2013 
and 2015 (average ratios of 10.5 and 7.0) compared to 2014 (p = 0.003 
and <0.001 respectively) and 2016 (p = 0.015 and <0.001 

respectively), when Chl50m:ChlSCM averaged 21.7 and 19.3 respectively 
(Fig. 5c). Thus, chlorophyll was generally more dispersed in the water 
column in 2014 and 2016 compared to 2013 and 2015. 

The higher peak SCM chlorophyll concentrations and larger contri
butions of the SCM to water column chlorophyll in 2015 coincided with 
significantly greater stability at the depth interval of the SCM (average 
Ri of 9.07) than in 2014 (p < 0.001) and 2016 (p < 0.001) (Fig. 6a and 
Table 2), despite significantly lower stratification strength in 2015 (p <
0.001; Table 2). The increased stability in 2015 coincided with lower 
current velocities (average current velocity of 0.14 m s− 1) than in other 
years (2013: p = 0.011, 2014: p = 0.014, and 2016: p < 0.001) when 
current velocity was around 0.10 m s− 1 faster on average (Fig. 6c and 
Table 2). Thus, the lower peak SCM chlorophyll concentrations with 
higher Chl50m:ChlSCM in 2014 and 2016 compared to 2015 may be 
attributed to significantly reduced stability, with Richardson numbers 
averaging 0.42 and 0.62 respectively (Fig. 6a and Table 2). In 2013 the 
significantly lower Chl50m:ChlSCM relative to 2014 and 2016 may be 
ascribed to greater stability (average Ri of 3.64) than in 2014 (p =
0.004) and 2016 (p = 0.048) (Fig. 6a and Table 2). Despite greater 
stability in 2013, SCM peak chlorophyll concentrations were compara
tively low, coinciding with significantly lower SCM temperatures than in 
any other year (p < 0.02) (Fig. 6d and Table 2). The data from 2013 do, 
however, show that the thinnest and most intense SCM (SCMTLs) all 
occur when the wind speed was less than 8 ms− 1 suggesting that lower 
wind speeds favoured their development (Barnett et al., 2019). 

Fig. 4. Temperature and chlorophyll profiles at the repeat site in the Western English Channel (cast numbers given in the bottom right hand corner of each plot, with 
phytoplankton sample IDs in brackets) collected during (a) June/July 2015 and (b) June 2016 (further details provided in Supplementary Table 2). The green line 
represents chlorophyll concentration determined from CTD chlorophyll-fluorescence, the blue dashed line temperature and the red circles where water samples were 
collected for phytoplankton analysis. The Richardson number for the thermocline level is at the middle-right of each plot. 
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Other environmental parameters (Table 2) that significantly changed 
during the 4 years of study and had potential to influence SCM chloro
phyll structure include nutrient concentration (p = 0.017), solar inso
lation (p = 0.012), SCM depth (p < 0.001) and wind speed (p = 0.049). 
However, a robust association between these parameters and changing 
SCM chlorophyll structure over the years of study was not found. 

3.2. SCM phytoplankton community structure: cluster analysis 

3.2.1. Community structure by flow cytometry 
The relative contributions of the five cell size and fluorescence 

phytoplankton groups derived by flow cytometry (micro-and meso- 
phytoplankton, red nano-phytoplankton, orange nano-phytoplankton, 
orange pico-phytoplankton and red pico-phytoplankton) differed be
tween years (Fig. 7). A cluster analysis with ANOSIM using CytoSense 
TRFL data identified the SCM phytoplankton community to be statisti
cally distinct between the years of 2014–2016 (p = 0.001), and a global 

Fig. 4. (continued). 

Fig. 5. Boxplots (median, upper and lower quartile, and minimum and maximum values) of the SCM characteristics of (a) thickness, (b) peak chlorophyll and (c) 
Chl50m:ChlSCM for 2013–2016. 
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R of 0.93 (R statistic from pairwise tests varied from 0.81 to 1) indicated 
the sample clusters for each year were well separated. nMDS analysis 
provided a 2D spatial representation of the separation between samples 
from 2014, 2015 and 2016 based on their phytoplankton TRFL values, 
and a stress level of 0.03 verified the representation to be accurate 
(Fig. 8). 

In 2014 average similarity of samples was 90.9 %, and the top three 
contributors of this similarity were micro- and meso-phytoplankton 
(40.5 %), red nano-phytoplankton (39.7 %) and orange pico- 
phytoplankton (10.8 %). In 2015 average similarity of samples was 
89.8 %, and the top three phytoplankton groups responsible for simi
larity were micro- and meso-phytoplankton (62.5 %), red nano- 
phytoplankton (19.0 %) and orange pico-phytoplankton (9.6 %). In 
2016 average similarity was 89.4 %, and the top three phytoplankton 
groups accountable for this similarity were red nano-phytoplankton 
(36.7 %), orange pico-phytoplankton (22.8 %) and micro- and meso- 

phytoplankton (19.2 %) (Fig. 7 and Table 3). 

3.2.2. Community structure by microscopy 
The ≥10 μm community within the SCM identified using light mi

croscopy was either predominantly a mix of diatoms and dinoflagellates 
(2013, 2014 and 2016) or strongly dominated by dinoflagellates (2015) 
(Fig. 9). 

A cluster analysis with ANOSIM using biomass data showed the SCM 
phytoplankton community to be statistically distinct in each year (p =
0.001), and a global R of 0.98 (R statistic from pairwise tests varied from 
0.94 to 1) indicated the sample clusters for each year were well sepa
rated. An nMDS analysis provided a 2D spatial representation of the 
separation between samples from 2013, 2014, 2015 and 2016 based on 
their phytoplankton biomass values, and a stress level of 0.1 verified the 
representation to be accurate (Fig. 10). Taxa whose cumulative contri
bution to similarity within a year was approximately 90 % are given in 

Fig. 6. Boxplots (median, upper and lower quartile, and minimum and maximum values) for 2013 - 16 of environmental factors (a) Richardson number, (b) 
buoyancy frequency, (c) current velocity and (d) SCM temperature. 

Fig. 7. Phytoplankton community structure within the SCM at the repeat site in the Western English Channel in summer (June/July) 2014, 2015 and 2016 (details in 
Table 3), based on data compiled using CytoSense flow cytometry (no phytoplankton samples for CytoSense flow cytometry analysis were collected in 2013 or for 
sample t in 2015). 
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Supplementary Table 1. 
In 2013, average similarity of samples was 70.4 %, and the top five 

taxa to account for similarity were small Pseudo-nitzschia spp. (20.0 %), 
10–20 μm naked dinoflagellates (12.4 %), Tripos lineatus (10.5 %), 
Chaetoceros spp. (6.0 %) and Diplopsalis lenticula (5.6 %). In 2014 
average similarity of samples was 66.9 %, and the top five contributors 
of this similarity were 20–25 μm naked dinoflagellates (9.3 %), 10–20 
μm naked dinoflagellates (8.4 %), Tripos lineatus (8.0 %), Gyrodinium 
spp. (6.6 %) and Leptocylindrus danicus (6.5 %). In 2015, average simi
larity of samples was 67.6 %, and the top five taxa responsible for 
similarity were Tripos fusus (18.5 %), large aloricate ciliates (8.0 %), 
10–20 μm naked dinoflagellates (5.2 %), Tripos lineatus (4.8 %) and 
Proboscia truncata (4.7 %). In 2016 average similarity was 69.6 %, and 
the top 5 contributors of this similarity were Chaetoceros spp. (10.5 %), 
10–20 μm naked dinoflagellates (10.4 %), large aloricate ciliates (8.8 
%), 20–25 μm naked dinoflagellates (8.8 %) and Protoperidinium spp. 
(5.9 %) (Fig. 9 and Table 4). 

3.3. Environmental influence on SCM phytoplankton community 
structure from redundancy analysis 

3.3.1. Environmental influence on community structure by flow cytometry 
Environmental variables that accounted for the variance in TRFL of 

the phytoplankton groups derived by flow cytometry were assessed 
(Fig. 11 and Supplementary Table 3). In the ordination diagram (Fig. 11) 
the degree of association between the different phytoplankton groups 
and environmental variables is indicated by their proximity. Close 
proximity in the same or opposite direction indicates positive or nega
tive correlation, respectively, and the longer the arrow the stronger the 
correlation, whereas no proximity suggests a weak or no relationship. 
All canonical axes explained 99.9 % of the variance (p = 0.003), sug
gesting that the measured environmental variables explained almost all 
of the variation in the structure of the SCM community as assessed by 
flow cytometry over the 3 years, when all axes were analysed together 
(Supplementary Table 3). The eigenvalues (λ, dimensionless; Supple
mentary Table 3) associated with the environmental variables are shown 
in the order of the variance in the data they explained individually 
(marginal effects – λ1 in Supplementary Table 3), along with the sig
nificance of that variable (according to forward selection and a Monte 
Carlo permutations test; conditional effects - λa in Supplementary 
Table 3). The variables that were considered to be significant were 
buoyancy frequency (Buoyancy; λa = 0.41, p = 0.001), Richardson 
number (Ri; λa = 0.19, p = 0.002) and silicate concentration (Si; λa =

0.15, p = 0.002). 

The SCM community was consistently dominated by micro- and 
meso-phytoplankton when waters were highly stable with relatively 
higher SCM silicate concentration (2015 - mean Ri of 9.07, and mean 
silicate of 1.14 μmol l− 1; Table 2). Red nano-phytoplankton accounted 
for greater proportions of the community in waters with low stability 
(2014 and 2016 – mean Ri of 0.42 and 0.62 respectively; Table 2). Or
ange nano- and all pico-phytoplankton contributed more to the com
munity when silicate concentration in the SCM was lowest and when 
stratification was strongest (2016 - mean silicate of 0.61 μmol l− 1 

Table 2) (Fig. 11). 

3.3.2. Environmental influence on community structure by microscopy 
Environmental variables that accounted for the variance in the car

bon biomass of selected taxa (biomass greater than 5 % of community) 
were investigated (Fig. 12 and Supplementary Table 4). All canonical 
axes explained 87.8 % of the variance (p = 0.001), indicating the 
measured environmental variables explained the majority of the varia
tion in the structure of the SCM community as identified by microscopy 
over the 4 years samples were collected, when all axes were analysed 
together (Supplementary Table 4). The eigenvalues (λ, dimensionless; 
Supplementary Table 4) associated with the environmental variables are 
shown in the order of the variance in the data they explained individ
ually (marginal effects – λ1 in Supplementary Table 4), along with the 
significance of that variable (according to forward selection and a Monte 
Carlo permutations test; conditional effects - λa in Supplementary 
Table 4). The variables that were considered to be significant were sil
icate concentration (Si; λa = 0.18, p = 0.001) temperature (Temp; λa =

0.12, p = 0.002), Richardson number (Ri; λa = 0.10, p = 0.002), nitrate 
to phosphate ratio (Ni:P; λa = 0.05, p = 0.01), nitrate to silicate ratio (Ni: 
Si; λa = 0.06, p = 0.007) and phosphate concentration (P; λa = 0.04, p =
0.038). 

Dinophysis acuminata and small naked dinoflagellate biomass was 
present in relatively similar amounts in all years but increases in 
biomass were found in association with lower stability (Fig. 12). Ciliates 
were a noteworthy inhabitant of the SCM in all years, but increased 
biomass was most strongly correlated with greater silicate concentra
tions (Fig. 12). In 2013 and 2016, smaller diatoms (generally <400 μm3 

in volume: Chaetoceros spp. and Pseudo-nitzschia spp.) and smaller di
noflagellates (<15000 μm3 in volume: Prorocentrum micans and Diplo
psalis lentiula) were common, found in SCM waters that were relatively 
cooler (mean temperature of 11.6 and 12.1 ◦C in 2013 and 2016 
respectively; Table 2), and in the case of 2016, had the lowest silicate 
concentrations (mean of 0.61 μmol l− 1) and Ni:P ratios (mean of 1.77) 
(Fig. 12). Nutrient data is not available for 2013, thus no relationship 
between taxa and nutrient concentrations or ratios can be derived. In 
2014, large Rhizosolenia spp., Lauderia annulata, Leptocylindrus danicus, 
Gyrodinium spp. and Polykrikos spp., particularly common within the 
SCM in this year, were strongly correlated with warmer waters and 
greater silicate concentrations and Ni:P ratios (mean temperature of 
13.1 ◦C, ≥1 ◦C warmer on average than in other years, and mean silicate 
concentration and Ni:P ratio of 1.39 μmol l− 1 and 6.48 respectively; 
Table 2) (Fig. 12). In 2015 the SCM community was typically dominated 
by Tripos fusus, strongly correlated with high stability and associated 
with relatively increased phosphate and silicate concentrations (mean Ri 
of 9.07, and mean phosphate and silicate of 0.15 and 1.14 μmol l− 1 

respectively; Table 2). Extra small Thalassiosira spp., Dinophysis acuta 
and Dictyocha spp., also common in 2015, were similarly related to these 
conditions (Fig. 12). 

4. Discussion 

4.1. Influence of environmental variation on SCM chlorophyll structure 

Chlorophyll structure of the SCM, assessed in terms of thickness, 
peak chlorophyll concentration and Chl50m:ChlSCM, varied significantly 
over the four years of study, notably with higher peak SCM chlorophyll 

Fig. 8. nMDS plot representing the similarity in SCM phytoplankton commu
nity structure at the repeat site in the Western English Channel between 2014 
(green triangles), 2015 (dark blue inverted triangles) and 2016 (light blue 
squares), based on CytoSense TRFL values. The 2D stress value is included, 
dotted outlines represent a sample similarity level of 87 % and each sample is 
labelled with its sample ID. 
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Fig. 9. Phytoplankton community structure within the SCM at the repeat site in the Western English Channel in summer (June/July) 2013, 2014, 2015 and 2016 
(details in Table 4), based on data compiled using inverted light microscopy. Diatom taxa carbon biomass is indicated by blue colouration and dinoflagellate taxa 
carbon biomass by red colouration. Full phytoplankton counts are given in the supplementary material. 
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concentrations in 2015 (mean and standard deviation of 7.3 ± 4.4 μg 
l− 1; Table 2) relative to other years, and higher Chl50m:ChlSCM in 2014 
(21.7 ± 9.1) and 2016 (19.3 ± 7.0) compared to 2013 (10.5 ± 3.5) and 
2015 (7.0 ± 4.0) (Fig. 5 and Table 2; details provided in Supplementary 
Table 2). 

4.1.1. Influence of water column stability (Richardson number) 
In 2013 and 2015 stability at the depth interval of the SCM was 

significantly greater than in 2014 and 2016 (Fig. 6a), and this higher 

stability coincided with lower Chl50m:ChlSCM (less chlorophyll dispersal 
in the water column) (Fig. 5c), and in 2015 also coincided with partic
ularly high peak chlorophyll concentrations (Fig. 5b). Several of the Ri 
values for 2014 and 2016 are less than 0.25, values taken as the 
necessary condition for the onset of turbulence (Miles, 1961; Sharples 
and Simpson, 2012). Stability was the only variable that had an asso
ciation with chlorophyll structure in all four years, suggesting that in 
any given year, the degree of velocity shear at the depth interval of the 
SCM was key for governing chlorophyll structure. The strength of 
stratification, given by buoyancy frequency (Table 2), was also found to 
be significantly lower in 2015 (Fig. 6b) compared to the other years but 
there was no consistent relation of chlorophyll structure to buoyancy 
frequency over the 4 years. 

The decreased stability and turbulent mixing in 2014 and 2016 are 
associated with lower Chl50m:ChlSCM, indicating more dispersal of 
chlorophyll through the water column. This is mainly manifest as 
increased chlorophyll beneath the SCM, suggesting erosion of, and 
sedimentation from the SCM. The greater stability in 2013 and 2015, 
likely minimised chlorophyll dispersal from the SCM to the surrounding 
water column and is consistent with the lower Chl50m:ChlSCM in 2013 
and 2015. A major source of turbulence in the shelf sea environment is 
tidal generation (Pingree, 1975), and the lower current velocities in 

Fig. 10. nMDS plot representing similarity in SCM phytoplankton community 
structure at the repeat site in the Western English Channel between 2013 (red 
circles), 2014 (green triangles), 2015 (dark blue inverted triangles) and 2016 
(light blue squares), based on carbon biomass data from inverted light micro
scopy. The 2D stress value is included, dotted outlines signify a similarity level 
of 61 % and each sample is labelled with its sample ID. 

Fig. 11. Ordination diagram generated from redundancy analysis (RDA) of the 
flow cytometry results. The triplot shows cell size and fluorescence (red/or
ange) phytoplankton groups (thin blue lines), environmental variables identi
fied to describe a significant portion of the variability in the phytoplankton data 
by the RDA (thick black lines), and samples (closed circles, where colours refer 
to year groups: green = 2014, dark blue = 2015, and light blue = 2016). Mic- 
Mes- refers to micro- and meso-phytoplankton, O nano-is orange nano- 
phytoplankton, R nano-is red nano-phytoplankton, O pico-is orange pico- 
phytoplankton, and R pico-is red pico-phytoplankton. The significant environ
mental variables included buoyancy frequency (buoyancy; s− 1), Richardson 
number (Ri) and silicate concentration (Si; μmol l− 1). 

Fig. 12. Ordination diagram generated from redundancy analysis (RDA) from 
the results of microscopy. The triplot shows taxa carbon biomass (thin blue 
lines), environmental variables identified to describe a significant portion of the 
variability in the phytoplankton taxa data by the RDA (thick black lines), and 
samples (closed circles, where colours refer to year groups: red = 2013, green 
= 2014, dark blue = 2015, and light blue = 2016). Only species with ≥15 % 
goodness of fit with the environmental variables are included in the ordination 
diagram. Naked di refers to small (10–25 μm) naked dinoflagellates not iden
tified to genus/species, Dacumina is Dinophysis acuminata, Pseudo is Pseudo- 
nitzschia spp., Diplopsa is Diplopsalis lenticula, Chaetoce is Chaetoceros spp., 
Pmicans is Prorocentrum micans, Tfusus is Tripos fusus, XS Thala is Thalassiosira 
spp. < 10 μm height, Dictyoch is Dictyocha spp., Dacuta is Dinophysis acuta, 
Polykrik is Polykrikos spp., Gyro is Gyrodinium spp., Ldanicus is Leptocylindrus 
danicus, L Rhizo is Rhizosolenia spp. > 20 μm in diameter, and Lauderia is 
Lauderia annulata. The significant environmental variables included silicate 
concentration (Si; μmol l− 1), temperature (temp; ◦C), Richardson number (Ri), 
nitrate to phosphate ratio (Ni:P), nitrate to silicate ratio (Ni:Si) and phosphate 
concentration (P; μmol l− 1). Note no nutrient data is available for 2013, thus no 
relationship between taxa and nutrient concentrations or ratios can be derived 
based on this ordination. 
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2015 can be related to tidal phase since the majority of profiles were 
collected during late spring to mid neap tides when tidal currents would 
be weakening/weakest. Reduced tidal generated turbulence therefore 
may account for the greater stability recorded during the 2015 study 
period. 

4.1.2. Influence of temperature 
In 2013, in spite of increased stability, peak chlorophyll concentra

tions within the SCM were relatively low (Fig. 5b) compared to those of 
2015, suggesting another environmental factor may have been limiting 
growth of the phytoplankton community within the SCM. Temperature 
within the SCM was found to be significantly lower in 2013, on average 

by 0.4–1.5 ◦C (Table 2), than in 2014–2016 (Fig. 6d). Given that tem
perature is a fundamental governing factor of phytoplankton growth and 
processes required for growth, such as resource attainment (Eppley, 
1972; Moisan et al., 2002; Raven and Geider, 1988), the lower tem
perature in 2013 may have accounted, at least in part, for the relatively 
low peak SCM chlorophyll concentrations observed. On the other hand, 
the association between lower temperature and lower peak chlorophyll 
concentration may simply have been a reflection of the specific physi
ology, life history and biological interactions of the phytoplankton that 
were dominating the SCM at the lower temperatures of that year. 
Temperature within the SCM was significantly higher in 2014, by at 
least 1 ◦C on average (Table 2), relative to the other three years. This 
higher temperature was not accompanied by increased chlorophyll, 
although it may have influenced phytoplankton community structure 
(see 4.3 below). 

4.2. Environmental controls on SCM phytoplankton community structure 
assessed by flow cytometry and microscopy 

SCM phytoplankton community structure as analysed by flow 
cytometry was statistically distinct in every year of study (Figs. 7 and 8 
and Table 3) according to environmental characteristics (stratification 
strength, stability and silicate concentration; Supplementary Table 3) 
specific to each year (Fig. 11). Micro- and meso-phytoplankton were 
consistently dominant within the SCM when waters were highly stable 
(Ri mean and standard deviation of 9.07 ± 7.83; Table 2) and silicate 
concentrations were relatively high (1.14 ± 0.63 μmol l− 1; Table 2) as 
observed in 2015 (Figs. 7 and 11). This association between the domi
nance of larger (>20 μm) phytoplankton and stability and silicate con
centrations largely reflects the physiology of the larger cells. 

Community structure of the ≥10 μm phytoplankton within the SCM 
as identified by light microscopy also varied distinctly over the four 
years (Figs. 9, 10 and 12 and Table 4) according to the environmental 
conditions (silicate concentration, temperature, stability, nitrate to 
phosphate and silicate ratios and phosphate concentration; 

Table 2 
Mean and standard deviation of SCM characteristics and environmental vari
ables during the summer field surveys of 2013, 2014, 2015 and 2016. Nutrient 
concentrations correspond to the depth of the SCM peak.   

2013 2014 2015 2016 

SCM thickness (m) 4.0 ± 3.2 6.3 ± 3.4 4.1 ± 3.1 7.6 ± 6.5 
SCM peak chl conc. 

(μg l− 1) 
3.3 ± 0.8 2.7 ± 0.8 7.3 ± 4.4 3.1 ± 1.8 

Top 50 m chl (mg 
m− 2) 

33.2 ± 9.3 51.9 ± 6.9 42.3 ± 21.5 48.6 ± 12.2 

SCM depth (m) 23.0 ± 3.2 26.2 ± 5.0 28.1 ± 2.5 21.7 ± 5.4 
SCM temp. (⁰C) 11.6 ± 0.3 13.1 ± 0.7 12.0 ± 0.2 12.1 ± 0.3 
SCM salinity 35.2 ± 0.04 35.2 ± 0.04 35.3 ± 0.01 35.3 ± 0.06 
Buoyancy freq. (s− 1) 0.0025 ±

0.0009 
0.0029 ±
0.0012 

0.0016 ±
0.0005 

0.0036 ±
0.0015 

Richardson no. 3.64 ± 2.88 0.42 ± 0.41 9.07 ± 7.83 0.62 ± 0.66 
Wind speed (m s− 1) 4.6 ± 1.9 6.4 ± 3.3 5.6 ± 2.2 6.8 ± 2.3 
Current velocity (m 

s− 1) 
0.25 ± 0.12 0.24 ± 0.09 0.14 ± 0.09 0.28 ± 0.06 

Solar insolation 
(kWh m− 2 d− 1) 

4.34 ± 1.23 6.49 ± 1.34 5.62 ± 1.68 4.40 ± 1.78 

Rainfall (mm d− 1) 0.9 ± 1.3 2.7 ± 3.3 0.3 ± 0.7 0.2 ± 0.6 
Nitrate (μmol l− 1) – 0.55 ± 0.20 0.33 ± 0.35 0.39 ± 0.12 
Silicate (μmol l− 1) – 1.39 ± 0.66 1.14 ± 0.63 0.61 ± 0.16 
Phosphate (μmol l− 1) – 0.10 ± 0.05 0.15 ± 0.09 0.22 ± 0.05  

Table 3 
The top three contributors to similarity within each year based on phytoplankton data compiled using CytoSense flow cytometry (no phytoplankton samples for 
CytoSense flow cytometry analysis were collected in 2013). Average similarity within each year is also given.   

Top three contributors to similarity (with % contributions) 

2013 2014 2015 2016 

1. – Micro- and meso-phytoplankton (40.51) Micro- and meso-phytoplankton (62.50) Red nano-phytoplankton (36.69) 
2. – Red nano-phytoplankton (39.65) Red nano-phytoplankton (18.97) Orange pico-phytoplankton (22.76) 
3. – Orange pico-phytoplankton (10.84) Orange pico-phytoplankton (9.62) Micro- and meso- phytoplankton (19.19) 

Cumulative contribution (%) – 91.00 91.09 78.63 
Average similarity (%) – 90.88 89.78 89.37  

Table 4 
The five greatest contributors to similarity within each year based on phytoplankton data compiled using inverted light microscope analysis. Average similarity within 
each year is also given.   

Top five contributors to similarity (with % contributions) 

2013 2014 2015 2016 

1. S Pseudo-nitzschia spp. (20.03) 20–25 μm naked dinoflagellates 
(9.25) 

Tripos fusus (18.45) Chaetoceros spp. (10.53) 

2. 10–20 μm naked dinoflagellates 
(12.42) 

10–20 μm naked dinoflagellates 
(8.38) 

L aloricate ciliates (8.02) 10–20 μm naked dinoflagellates 
(10.38) 

3. Tripos lineatus (10.49) Tripos lineatus (7.97) 10–20 μm naked dinoflagellates 
(5.24) 

L aloricate ciliates (8.79) 

4. Chaetoceros spp. (5.97) Gyrodinium spp. (6.60) Tripos lineatus (4.76) 20–25 μm naked dinoflagellates 
(8.76) 

5. Diplopsalis lenticula (5.57) Leptocylindrus danicus (6.46) Proboscia truncata (4.73) L Protoperidinium spp. (5.90) 

Cumulative contribution 
(%) 

54.47 38.66 41.21 44.36 

Average similarity (%) 70.38 66.87 67.59 69.59  
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Supplementary Table 3) specific to each year (Fig. 12). While several key 
taxa occur throughout, each year is characterised by different dominant 
species (Fig. 9). 

Red nano-phytoplankton (such as small naked dinoflagellates, 
chlorophytes and prymnesiophytes as observed by flow cytometry; de
tails in Table 3) accounted for a greater proportion of the community, 
often being dominant, in waters with lower stability (Ri < 0.7 on 
average; Table 2), as observed in 2014 and 2016 (Figs. 7 and 11). The 
greater instability, frequently resulting in turbulence (Ri < 0.25) was 
likely unfavourable to the development of a stable niche required by the 
larger phytoplankton, the diatoms and dinoflagellates of the SCM (Kemp 
et al., 2000; Kemp and Villareal, 2018). Two key traits that combined 
may have enabled high contributions and often dominance of 
nano-phytoplankton within the SCM in low stability conditions, are (1) 
motility (Kamykowski and McCollum, 1986; Sommer, 1988), facili
tating their maintenance and subsequent growth within the SCM, and 
limiting losses due to turbulent dispersal; and (2) enhanced light uti
lisation efficiency (Tilstone et al., 1999; Uitz et al., 2008), potentially 
enabling faster chlorophyll synthesis in the low light conditions of the 
SCM relative to other phytoplankton, which in turn could act to coun
terbalance losses to turbulent dispersal. However, low stability condi
tions were associated with relatively low peak SCM chlorophyll 
concentrations (Fig. 5b and Table 2), suggesting that turbulent dispersal 
may have ultimately prevented significant proliferation of the red 
nano-phytoplankton community at the depth of the SCM. Moreover, as 
phytoplankton-grazer contact rates are dependent upon turbulence 
(Lewis et al., 2017; Rothschild and Osborn, 1988) and the main grazers 
of small phytoplankton have growth rates that are comparable to their 
prey (Kiørboe, 1993), grazing may also have had a key role in restricting 
proliferation of the red nano-phytoplankton population. 

Also increasing in dominance with increased instability were larger 
naked dinoflagellates and Dinophysis spp. (Figs. 9 and 12) particularly in 
2014, with motility, again a likely key favourable trait. Similarly, cili
ates were a significant component of the SCM community in 2014–2016 
(Fig. 9), but increased ciliate biomass was found when silicate concen
trations were higher. Ciliates are typically mixotrophic or heterotrophic 
and therefore their distribution may often be strongly dependent on 
specific prey (Löder et al., 2011; Smetacek, 1981). Their association 
with higher silicate concentrations may reflect a predication for di
noflagellates, flagellates and/or lightly silicified diatoms, such as Lep
tocylindrus danicus. 

In 2013, 2014 and 2016 temperature and nutrients (silicate con
centration and the Ni:P ratio) emerged as the most important environ
mental variables governing phytoplankton taxa (Fig. 12), and the SCM 
community from microscope counts was predominantly a mixed 
assemblage of diatoms and dinoflagellates (Fig. 9). However, in 2013 
and 2016 smaller diatoms (generally <400 μm3 in volume: Chaetoceros 
spp. and Pseudo-nitzschia spp.) and smaller dinoflagellates (<15000 μm3 

in volume: Prorocentrum micans and Diplopsalis lentiula) were common 
(Fig. 9), identified in SCM waters that were relatively cooler (11.6 ± 0.3 
and 12.1 ± 0.3 ◦C in 2013 and 2016 respectively; Table 2), and in the 
case of 2016, had the lowest silicate concentrations (0.61 ± 0.16 μmol 
l− 1) and Ni:P ratios (1.77 ± 0.32). In contrast, in 2014, common diatoms 
were larger (>1000 μm3 in volume: large Rhizosolenia spp., Lauderia 
annulata and Leptocylindrus danicus) and so too were the common di
noflagellates (>15000 μm3 in volume: Gyrodinium spp. and Polykrikos 
spp.; Fig. 9). These larger taxa were found in SCM waters that were 
relatively warmer (13.1 ± 0.7 ◦C; Table 2), and with the highest 
recorded silicate concentrations (1.39 ± 0.66 μmol l-1) and Ni:P ratios 
(6.48 ± 3.71) (Fig. 12). Diplopsalis lenticula, Gyrodinium spp. and Poly
krikos spp. are heterotrophic, thus, their occurrence may simply indicate 
the presence of suitable prey rather than the environmental conditions 
they were exposed to within the SCM. Small diatoms tend to have higher 
growth rates (Chisholm, 1992), with Pseudo-nitzschia spp. and Chaeto
ceros spp. both characterised by inherently high rates of growth (>1 
division d− 1 (Montagnes and Franklin, 2001; Pan et al., 1993)). Given 

that diatom growth rates tend to follow a linear response with increasing 
temperature (Montagnes and Franklin, 2001), it is possible that the 
faster growth rates of these particular small diatoms compensated 
somewhat for reduced growth related to cooler waters, enabling their 
significant propagation within the SCM in lieu of larger diatoms, as 
observed in 2013 and 2016. On the other hand, the warmer waters of 
2014 likely favoured increased proportions of larger diatoms (large 
Rhizosolenia spp., Lauderia annulata and Leptocylindrus danicus) within 
the SCM due to the positive effects of temperature on growth and sub
sequent chlorophyll proliferation within the SCM (Eppley, 1972; Moisan 
et al., 2002; Montagnes and Franklin, 2001; Raven and Geider, 1988). It 
has been shown for Leptocylindrus danicus that cell division rates more 
than double between 10 and 15 ◦C (Verity, 1982). 

Location of the SCM between 5 and 15 m below the base of the 
thermocline is evident in several of the CTD profiles in 2016 (Fig. 4b) 
and is consistent with the low stability values determined for the depth 
interval of the SCM (Fig. 6a; Supplementary Table 3) as turbulence is 
largely dissipated at the thermocline boundaries (Sharples et al., 2001). 
Strong stratification reducing nitrate flux into the thermocline may act 
to decouple the nitracline from the thermocline (Bjørnsen et al., 1993; 
Cullen and Eppley, 1981; Holligan et al., 1984c; Karlson et al., 1996; 
Kononen et al., 2003). As SCM phytoplankton remove available nutri
ents from within the thermocline, the nitracline deepens, which in turn 
causes the SCM to deepen (generally in association with the upper 
nitracline) as phytoplankton respond to utilise nutrients as deep as 
possible in the nitracline to support growth (Bjørnsen et al., 1993; 
Sharples et al., 2001). This scenario would favour taxa with motility and 
the dominant groups within the SCM in 2016 include red 
nano-phytoplankton and orange pico-phytoplankton (Fig. 7), known to 
be motile, for example Synechococcus can migrate at rates of up to 2 m 
per day (Ehlers and Oster, 2012). In 2014 there are also a few instances 
of SCM below the thermocline and these are associated with increased 
nano- but not pico-phytoplankton. These findings are consistent with 
those of Karlson et al. (1996), who identified significant populations of 
<3 μm phytoplankton, including pico-eukaryotes and Synechococcus, 
within SCM located 5–10 m below the thermocline in the summer 
stratified waters of the Skagerrak. 

The increased contributions of orange nano-phytoplankton and pico- 
phytoplankton were also found in SCM waters with reduced silicate 
(0.61 ± 0.16 μmol l− 1 in 2016; Figs. 7 and 11 and Table 3). This rela
tionship may reflect silicate accumulation by the orange pico- 
phytoplankton population (Baines et al., 2012; Ohnemus et al., 2016). 

4.3. Dominant taxa of the SCM 

In this summary, in addition to the repeat station data, we synthesise 
also the results of the wider surveys of 2013 as reported in Barnett et al. 
(2019); 2014 in Supplementary Table 5; 2015 as reported in Barnett 
et al. (2022); 2016 in Supplementary Table 6 (see Table 1 for summary 
of all data and availability). 

4.3.1. 2013 diatoms: Pseudo-nitzschia spp., Rhizosolenia/Proboscia 
dinoflagellates: Tripos lineatus 

Where diatoms dominated the SCM, Pseudo-nitzschia spp. typically 
made up > 70% of the diatom biomass at the repeat station and at the 
other sampled Western Channel sites, with the exception being the most 
seaward, where a Rhizosolenia/Proboscia association was dominant 
(Barnett et al., 2019). Pseudo-nitzschia is a cosmopolitan genus regularly 
found within SCMs in the coastal ocean globally (Trainer et al., 2012), 
and is annually recurrent in the Western Channel (Downes-Tettmar 
et al., 2013; Widdicombe et al., 2010). High concentrations of Pseudo-
nitzschia spp. are especially associated with increased stratification sta
bility and are commonly observed in thin layers such as those typical of 
the 2013 profiles (Fig. 3a), (Du et al., 2016; McManus et al., 2008; 
Peterson et al., 2007; Rines et al., 2002; Ryan et al., 2010). The 
well-formed thermoclines and greater stability in 2013 would therefore 

M.L. Barnett et al.                                                                                                                                                                                                                              



Continental Shelf Research 277 (2024) 105253

15

have provided an ideal niche for Pseudo-nitzschia. Significantly, Pseu
do-nitzschia spp. was present in high concentrations in the surface waters 
and in the deep water below the SCM (Barnett et al., 2019), suggesting 
that it was equally adapted to blooming in the surface waters. Rhizoso
lenia/Proboscia were also present in the surface waters which may reflect 
their adaptation for buoyancy regulation (Moore and Villareal, 1996; 
Woods and Villareal, 2008). 

Where dinoflagellates were abundant in the SCM, small naked di
noflagellates and Tripos lineatus were the most common. T. lineatus is 
primarily photosynthetic (Rivkin and Voytek, 1985) and is a strong 
swimmer (Nielsen, 1991). Furthermore, as a relatively large and arm
oured dinoflagellate, smaller copepods avoid it (Verity and Paffenhofer, 
1996). Such characteristics make it well adapted to thrive in the SCM. 
Unlike for Pseudo-nitzschia spp. T. lineatus was absent from the surface 
waters, supporting the assumption of a unique adaptation to the SCM 
niche. 

4.3.2. 2014: dinoflagellates: naked and Tripos lineatus; diatoms: 
Leptocylindrus danicus 

In contrast to 2013 and 2015, no single genus/species was dominant 
in 2014. Smaller phytoplankton were more significant, primarily red 
nano-phytoplankton including naked dinoflagellates. Heterotrophic di
noflagellates, primarily Gyrodinium and Polykrikos were more abundant 
than in other years contributing around 20% of biomass. Other than 
heterotrophs the main contributor was T. lineatus (as for 2013). In the 
rarer well-formed SCM, diatoms contributed up to 50% of the biomass, 
with Leptocylindrus danicus as the major contributor with between 67% 
and 94% of the diatom total biomass. L. danicus has been recorded as a 
major contributor to summer deep chlorophyll maxima in the North- 
western Mediterranean (Estrada et al., 1993). In general, it appeared 
that the increased instability at the level of the SCM evidently favoured 
the increase in smaller, motile phytoplankton, that were better adapted 
to these conditions than the larger diatoms and dinoflagellates, but that 
the higher temperatures nevertheless enhanced diatom growth. 
T. lineatus was absent from surface waters while L.danicus was rare 
(Supplementary Table 5). 

4.3.3. 2015: dinoflagellate: Tripos fusus 
In 2015 the SCM community was overwhelmingly dominated by 

Tripos fusus (Fig. 9), where waters at the depth interval of the SCM were 
highly stable (Ri of 9.07 ± 7.83; Table 2) (Fig. 12). T. fusus was observed 
to dominate SCMs, not only in the Western Channel but also in the Celtic 
Sea (Barnett et al., 2022). A prevalence of dinoflagellates has often been 
observed in more stable waters (Baek et al., 2007b; Cushing, 1989; 
Pingree et al., 1978), likely because motility enables these phyto
plankton to access nutrient rich waters below the thermocline (Baek 
et al., 2009a; Eppley et al., 1968). In all other years, when stability was 
typically considerably less, the ≥10 μm phytoplankton community was 
more of a mixed assemblage of diatoms and generally smaller di
noflagellates (Fig. 9). Traits that may have enabled the dominance of 
T. fusus over other motile phytoplankton include luxury consumption of 
nutrients (Baek et al., 2008a), mixotrophy, considerable physiological 
flexibility (Baek et al., 2007b, 2008b; Johns and Reid, 2001), and means 
of limiting predation pressure, including anoxia (Onoue, 1990; Spatharis 
et al., 2009) and elongate apical horns (Hamm and Smetacek, 2007; 
Smetacek, 2001). The dominance of T. fusus was also associated with 
relatively higher/intermediate silicate concentrations (1.14 ± 0.63 
μmol l− 1; Table 2), and, to a lesser extent, phosphate concentrations 
(0.15 ± 0.09 μmol l− 1) in 2015; (Table 2; Supplementary Table 2) 
(Fig. 12). This relation to silicate is potentially reflective of the absence 
of a dominant diatom population at the SCM utilising the silicate supply, 
and the relation to phosphate may be indicative of the lesser growth 
dependence of T. fusus on phosphate relative to nitrate (Baek et al., 
2008a). T. fusus was absent from surface waters, again suggesting an 
adaptation only to the SCM niche. In the less well developed SCM, 
Dinophysis spp. and ciliates were more prominent in 2015. 

4.3.4. 2016: mixed: orange pico-phytoplankton; naked dinoflagellates; 
diatom: Chaetoceros spp 

The dominant phytoplankton in the SCM in 2016 constituted the 
smallest size community in any year with naked dinoflagellates/red 
nano-phytoplankton and orange pico-phytoplankton the main contrib
utors. Similar to 2014, it appeared that the increased instability and 
turbulence evident at the SCM favoured the smaller phytoplankton. A 
further characteristic was the common development of the SCM some 
5–15 m below the thermocline. This may indicate that the nutricline was 
decoupled from the thermocline favouring a smaller motile phyto
plankton population. The SCMs were commonly also much thicker than 
other years. As for 2014, in some of the best-formed SCMs, diatoms 
made up around 50% of the biomass with Chaetoceros spp. contributing 
66–99% of the diatom total biomass. Chaetoceros spp. has been observed 
in deep summer blooms in the Northwater (Booth et al., 2002); as a 
major component of summer deep chlorophyll maxima in the 
North-western Mediterranean (Estrada et al., 1993), and as a predomi
nant contributor to summer DCM in the NE Atlantic (Latasa et al., 2017). 
Chaetoceros spp. was very rare in the surface waters that were dominated 
by small (nanoplankton) naked dinoflagellates, heterotrophic di
noflagellates and ciliates where these groups also made up 40–90% of 
the SCM biomass. 

4.3.5. Contrasts in species distributions and adaptations: SCM versus 
surface water taxa 

Taxa that were key components of the SCM phytoplankton in any 
given year show distinctive distributions with regard to their presence in 
the rest of the water column. In 2013, Pseudo-nitzschia spp., a dominant 
component of the SCM was equally abundant in the surface and deep 
waters (Barnett et al., 2019). In fact, Pseudo-nitzschia spp., is regularly 
abundant in summer surface waters monitored at the L4 site (Widdi
combe et al., 2010) and accounted for 100% of the diatom community 
there in August 2009 (Downes-Tettmar et al., 2013), consistent with its 
documented ubiquity in the coastal ocean (Trainer et al., 2012). By 
contrast, other diatoms that were significant SCM taxa (L. danicus in 
2014 and Chaetoceros spp. in 2016) were very rare in surface waters. 
Chaetoceros spp. feature as regular spring and summer surface bloom 
taxa at the L4 (1992–2007) time series (Widdicombe et al., 2010). It 
therefore appears that these diatom taxa, while a common component of 
the surface spring and summer blooms are also adapted to shallow SCM 
that form as stratification develops in the summer. On the other hand, 
the dinoflagellates T. lineatus (significant in the SCM in 2013 and 2014 
and present in 2015) and T. fusus (dominant in 2015) were not present in 
surface waters, apparently signifying adaptations uniquely for the SCM 
niche. These dinoflagellates are both mixotrophs with a range of stra
tegies, as mentioned above, that would allow them to subsist pending 
intermittent nutrient input including phagotrophy, luxury nutrient up
take and survival in low light (Baek et al., 2007a, 2008b, 2009b). 
Similarly the Rhizosolenia/Proboscia diatoms may be significant com
ponents of the SCM but are not observed in surface blooms, in keeping 
with their adaptation to stratified conditions (Kemp and Villareal, 
2018). 

4.3.6. Interannual continuity and extent of the SCM community 
In the four years monitored, the SCM in the Western English Channel 

had distinctly different phytoplankton community structure. There was 
some limited continuity, as demonstrated by the SCM-adapted mixo
trophic dinoflagellate, T. lineatus, which was significant in 2013 and 
2014 and present, albeit in much lower levels in 2015. The distinct year 
on year differences were developed over a broader area of the Western 
English Channel extending into the Celtic Sea. A survey of surface (4 m 
depth) samples from the Western Channel and Celtic Sea noted a change 
from a microphytoplankton-dominated community in 2013 to a nano
phytoplankton dominated community in 2014 that also had a greater 
presence of ciliates (Capuzzo et al., 2022). This is a similar pattern to 
that of the Western Channel SCM. Likewise, in 2015, the dinoflagellate 
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T. fusus was dominant in the Western Channel SCM and also in SCM 
sampled in the Celtic Sea (Barnett et al., 2022). 

4.3.7. Lack of commonality between SCM and surface spring bloom taxa 
To investigate any potential commonality between surface water 

spring bloom species and summer SCM species the data from the 
Western Channel Observatory L4 monitoring (10m samples) was 
inspected for the days of highest phytoplankton abundance in the spring 
(May–June) interval (Widdicombe and Harbour, 2021). In 2013 and 
2014 there was no overlap between the dominant spring bloom taxa and 
those of the SCM, and in both years Phaeocystis was the main L4 taxa. In 
2015, T. fusus comprised around 25% of the phytoplankton for one day 
only and was otherwise less than 1% and there was no other overlap. In 
2016 there was little evidence of a spring bloom, but with Phaeocystis the 
most important taxa. While there was little evidence of spring 
bloom/SCM species commonality in the years monitored here, some 
taxa dominant in the SCM including Pseudo-nitzschia spp. (2013) and 
Chaetoceros spp. (2016) have been prominent in the spring bloom 
monitored at L4 in earlier years (Widdicombe et al., 2010). Conse
quently, it is likely that the distinct community composition seen at the 
repeat station presented in our present study result from hydrographic 
and ecosystem interactions around the time of sampling, rather than 
strongly connected to potential seed populations remaining from the 
spring bloom. 

5. Conclusions 

Repeat sampling of the summer (late June to early July) stratified 
waters of the Western English Channel over the years 2013–2016, re
veals interannual variability in environmental conditions, SCM chloro
phyll structure and phytoplankton communities. 

High water column stability at the depth of the SCM, as evidenced by 
large Richardson numbers and a well-developed strong thermocline, 
favoured the growth of larger dinoflagellates (autotrophs or mixotrophs) 
and diatoms. Such conditions led to development of the most intense 
SCMs and these were sometimes dominated by a single or a few key 
species including the dinoflagellates Tripos fusus and Tripos lineatus, and 
the diatoms Leptocylindricus danicus and Rhizosolenia/Proboscia. Most 
notably, in 2015, up to 85% of the SCM phytoplankton biomass 
comprised the dinoflagellate T. fusus, coinciding with the most stable 
conditions observed over the 4 years. In 2015 T. fusus was also dominant 
in SCMs in the Celtic Sea evidencing the widespread dispersal of key 
species. The highest peak SCM chlorophyll concentrations were also 
observed in 2015 (7.3 ± 4.4 μg l− 1) in association with greater stability 
at the depth interval of the SCM (Ri of 9.07 ± 7.83), which was related 
to significantly lower current velocities (0.14 ± 0.09 m s− 1). There did 
not appear to be continuity of key species between years, other than for 
the dinoflagellate T. lineatus, which was significant in both 2013 and 
2014 and present in 2015. 

Low water column stability and intermittent turbulence (low Ri) in 
2014 and 2016 led to greater chlorophyll dispersal in the water column 
relative to 2013 and 2015 particularly below the SCM. Red fluorescent 
nano-phytoplankton, such as naked dinoflagellates, chlorophytes and 
prymnesiophytes, made a greater contribution to the community, 
possibly as a result of the advantages that motility and enhanced light 
utilisation efficiency confer within an SCM exposed to turbulence. It is 
also likely that turbulence disrupted the stability required by the larger 
dinoflagellates and diatoms. Orange fluorescent nano-phytoplankton 
and pico-phytoplankton, such as cryptophytes, Synechococcus, chlor
ophytes and prymnesiophytes, were also more important in the SCM 
community when the SCM was 5–15 m deeper than the thermocline. 

Several of the key SCM taxa were absent from surface waters 
including the dinoflagellates T. fusus, T. lineatus, and most of the Rhi
zosolenia/Proboscia diatoms, consistent with adaptations more suited to 
survival at depth in stratified waters. These traits include luxury nutrient 
uptake and storage and survival in low light (both groups) and 

mixotrophy (dinoflagellates only). On the other hand, on separate oc
casions, diatoms including Pseudo-nitszchia spp. were abundant in both 
surface, SCM and bottom waters. In any given year, there was no cor
respondence between the key spring bloom phytoplankton species as 
monitored in the nearby Western Channel Observatory L4 station and 
the key SCM taxa. 

A further key relationship was that of SCM temperature, with cooler 
waters (11.6–12.1 ◦C on average) in 2013 and 2016 favouring smaller 
diatoms (Chaetoceros spp. and Pseudo-nitzschia spp.), and slightly 
warmer waters (13.1 ◦C on average) in 2014 favouring larger diatoms 
(large Rhizosolenia spp., Lauderia annulata and Leptocylindrus danicus). 
This relationship between temperature and size may be significant for 
carbon export to depth, and for the occurrence of toxic species (Pseudo- 
nitzschia spp.). 
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