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A B S T R A C T   

A healthy marine ecosystem is a fully functioning system, able to supply ecosystem services whilst still main
taining resilience to human-induced environmental change. Monitoring and managing the health of resilient 
marine ecosystems requires indicators that can assess their biodiversity state and food web functioning. Plankton 
are crucial components of pelagic habitats, occupying the base of the pelagic food web. Larger plankton have 
long been used to monitor ecosystem productivity and biodiversity due to their identification via traditional light 
microscopy. In contrast, the regular monitoring of pico- and nanoplankton (<20 µm; hereafter called “tiny 
plankton”) only started with the development of flow cytometry techniques, which has limited their inclusion as 
ecosystem health indicators. 

Four UK plankton surveys have sampled and identified these tiny plankton for up to 14 years, providing an 
opportunity to test their suitability as indicators of ecosystem state. We investigated six groups of tiny plankton, 
including heterotrophic nanoeukaryotes, photosynthetic nanoeukaryotes, photosynthetic picoeukaryotes, and 
Synechococcus cyanobacteria, and two groups of heterotrophic bacteria. Flow cytometry and light microscopy 
data from an inshore Western English Channel station revealed that 99.98 % of plankton abundance and 71 % of 
plankton biomass was derived from tiny plankton cells too small to be quantified accurately under a light mi
croscope and thus not adequately considered in assessments of pelagic habitats. 

Different UK marine and coastal regions showed consistency in peak abundances of these tiny plankton. We 
used a novel wavelet coherence method to identify time-based relationships between tiny plankton and envi
ronmental variables linked to human pressures. Relationships were found between nitrogenous nutrients and all 
tiny plankton groups, most commonly at sub-annual to annual time scales. Photosynthetic picoeukaryotes, 
heterotrophic nanoeukaryotes, and HNA-bacteria were associated with high sea surface temperatures. Given the 
here established relationship between tiny plankton and environmental variables, and their importance in the 
full plankton assemblage, we recommend that, alongside existing microplankton lifeforms, tiny plankton groups 
can be used as plankton lifeforms, either individually or in combination, to inform biodiversity indicators that 
meet policy obligations under the EU Marine Strategy Framework Directive (MSFD), (Oslo-Paris Convention) 
OSPAR strategies, and the UK Marine Strategy.   
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1. Introduction 

Recent policy initiatives, such as the United Nations Sustainable 
Development Goals and the Kunming-Montreal Global Biodiversity 
Framework explicitly recognise the role that marine biodiversity plays 
in delivering critical ecosystem services (Scharlemann et al., 2020). 
Rather than compartmentalising the ecosystem, they take a holistic 
approach to management, considering all species and habitats, 
including plankton. The European Union Marine Strategy Framework 
Directive (MSFD), and the UK’s post-Brexit equivalent, the UK Marine 
Strategy (UKMS), are more explicit and require assessment of plankton 
biodiversity indicators against targets representing Good Environmental 
Status (Borja et al., 2010; Ferreira et al., 2011; McQuatters-Gollop et al., 
2022). The state of plankton biodiversity is indicative of the state of the 
wider pelagic habitat, with plankton forming the base of the marine food 
web and consequently supporting global food provision (Capuzzo et al., 
2018; Fenchel, 1988). More specifically, phytoplankton biodiversity 
supports multiple ecosystem services including carbon and nutrient 
cycling and oxygen production (Naselli-Flores and Padisák, 2022), and 
can contribute around 50 % of global primary production (Falkowski 
and Raven, 2007). Most nutrients are recycled in the upper pelagic zone 
through respiration and consumption, and their concentrations vary 
according to the regional food web. Understanding how plankton 
communities respond to changes in anthropogenic pressures, such as 
climate change and nutrient loading, is therefore key to managing and 
protecting the marine environment sustainably and preserving essential 
ecosystem services. 

Plankton size is a fundamental trait directly connected to their 
physiology that controls growth and interaction with their environment 
(Marañón, 2015). Plankton size structure is a key determinant in how 
efficiently energy is transferred from primary producers up to plank
tivorous fish (Atkinson et al., 2021; Mehner et al., 2018). In contrast to 
microplankton (>20–200 µm) that seasonally dominate coastal systems, 
pico- and nano-plankton (<20 µm) dominate oligotrophic, open water 
and nutrient-poor regions with complex food webs and limited carbon 
export to higher trophic levels (Agawin et al., 2000; Chavez et al., 2011). 
This domination by tiny plankton has been encountered in large strati
fying areas of the Northwest European shelf, where the tiny phyto
plankton can dominate in summer. Increased stratification and reduced 
summer nutrient supply in the Western English Channel, as seen under 
climate warming, favour the dominance of the photosynthetic pro
karyote (bacteria) Synechococcus, whose small size and lack of essential 
fatty acids has been linked to a 50 % summer decline in copepod 
abundance over the last 60 years (Schmidt et al., 2020). Such studies 
reveal the important effect that cell size has on marine productivity. 

Globally, many plankton time-series datasets exist, especially in the 
Northeast Atlantic (O’Brien et al., 2017). Many of these underpin na
tional and international policy and decision making (McQuatters-Gollop 
et al., 2022; Ostle et al., 2021). However, the majority of these time- 
series focus on the abundance of larger photosynthetic micro
phytoplankton (predominantly > 20–200 µm in size), microzooplankton 
(predominantly 20–200 µm in size), or bulk indicators such as chloro
phyll to evaluate measures of ocean primary productivity and plankton 
community structure (Devlin et al., 2009; Devlin et al., 2007; Holland 
et al., 2023b; McQuatters-Gollop et al., 2019; O’Brien et al., 2017). 
These long-term, light microscope-based time-series are important to 
understand change in ecosystem structure and functioning and to inform 
policy mechanisms (Bedford et al., 2020), but the emphasis on larger 
plankton can neglect or under-emphasise an important portion of the 
plankton community, which includes the photosynthetic picoplankton 
(defined here as < 3 µm) and the nanoplankton (2–20 µm). These groups 
can be 3 orders of magnitude more abundant than microphytoplankton, 
depending on oceanographic conditions (Agawin et al., 2000). 
Furthermore, they can make up the majority of photosynthetic biomass 
during the productive season (Pedrotti et al., 2017). Marine microbes 
are largely responsible for the redistribution of oceanic carbon, 

converting an estimated > 95 % of recalcitrant dissolved organic matter 
into forms digestible by marine organisms (Turner, 2015). This con
version is indirectly performed by heterotrophic organisms - 
zooplankton, microzooplankton (single eukaryotic microbial cells) and 
bacteria. The rate of heterotrophy in bacteria is estimated to be 15 % and 
is 30–70 % for microzooplankton (20–200 µm in size). Together these 
rates can be larger than the heterotrophic consumption rate in meso
zooplankton over 200 µm, estimated at 20–35 % (Turner, 2015). Pico
plankton that are consumed by zooplankton also contribute to carbon 
export through excretion and sinking of marine snow, which would 
otherwise remain mainly at the surface due to the small size of pico
plankton (Turner, 2015). Plankton < 20 µm (henceforth called “tiny 
plankton”) comprise a wide variety of functional roles but, with a few 
notable exceptions (González-García et al., 2023), have rarely been part 
of any long-term continuous monitoring program. Their presence can 
contribute to some indicators (e.g. chlorophyll), but their small/soft 
bodied forms are often difficult to enumerate using light microscope 
counts of Lugol’s or formalin-preserved cells. 

While there are very few long-term (i.e. > 30 years) data series that 
include the tiny plankton, there has been an increase in the collection of 
tiny plankton data over the last 20 years as routine use of flow cytometry 
in marine biological time-series surveys has provided a technique that 
identifies and quantifies these tiny plankton (Li and Dickie, 2001; Zub
kov and Burkill, 2006). Until recently, policy makers had no information 
about what changes in plankton communities mean in terms of biodi
versity assessments and ecosystem services and the types of manage
ment measures to implement. To address this gap, a plankton indicator 
has been developed to inform on the state of plankton diversity under 
MSFD and UKMS (McQuatters-Gollop et al., 2019; McQuatters-Gollop 
et al., 2022; McQuatters-Gollop et al., 2023; OSPAR, 2017). This indi
cator groups plankton taxa by functional traits, such as size, trophy, and 
motility, creating ‘lifeforms’ (McQuatters-Gollop et al., 2019; Ostle 
et al., 2021; Tett et al., 2007). Changes in lifeforms can then be linked to 
changes in environmental pressures such as climate change or nutrient 
loading (Bedford et al., 2020; Holland et al., 2023b). This flexible 
method can use data from disparate plankton surveys, regardless of 
sampling method, level of taxonomic identification, and enumeration 
procedure (McQuatters-Gollop et al., 2019). The use of lifeforms has 
contributed to a successful integration of various plankton datasets from 
across the UK and northern Europe to better inform the biodiversity 
assessments under both the MSFD and UKMS (McQuatters-Gollop et al., 
2019; McQuatters-Gollop et al., 2022; OSPAR, 2017) and has identified 
shelf-wide and more regional trends in plankton lifeforms (Bedford 
et al., 2020). The lifeform indicator approach, so far, only includes 
lifeforms based on light microscopy, but the indicator’s flexible nature 
means that lifeforms can be created based on routinely measured tiny 
taxa (e.g. pico- and nano-plankton) providing a valuable dataset to 
interrogate and understand changes at the base of the food web. 

In this study we use tiny and microplankton data from four UK time- 
series using several sampling methods and counted by flow cytometry 
and light microscopy to assess how tiny plankton can be used as in
dicators of GES in temperate marine seas. Our specific aims were (1) to 
demonstrate that tiny plankton are important marine pelagic compo
nents in terms of abundance and biomass; (2) to test seasonal variability 
and long-term trends in tiny plankton abundance in relation to envi
ronmental variables; (3) to propose a set of tiny plankton lifeforms that 
could be assessed routinely at UK monitoring sites; and (4) to consider 
how these tiny plankton data could be integrated into current UK and 
OSPAR assessments of marine ecosystem health. 

2. Methods 

2.1. Plankton lifeforms and traits 

An indicator of change based on the abundances of plankton func
tional types, or lifeforms, is used in the implementation of the MSFD and 
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UKMS for assessing biodiversity (Holland et al., 2023a; McQuatters- 
Gollop et al., 2019; McQuatters-Gollop et al., 2023). We define life
form operationally as 

the set of traits that identifies a functional group of plankters, thus 
the set of species (observed to possess these traits) that are supposed 
to respond in similar ways to ecohydrodynamic conditions and 
which are similar in their biogeochemical and trophic interactions. 

This approach is derived from Margalef (1978) (see also Wyatt 
(2014)), who grouped phytoplanktonic lifeforms by traits related to 
survival in specific hydrodynamic conditions, and distinguished diatoms 
and dinoflagellates on this basis. As with the use of plankton functional 
traits in models (Le Quere et al., 2005), the approach aggregates the 
organisms responsible for pelagic habitat structure and function into a 
small number of packages. It has practical advantages in that it allows 
the use of plankton data identified at different taxonomic resolutions, 
which has suited the UK’s integrated but diverse plankton monitoring 
programme. However, it is currently only applied to zooplankton and 
larger phytoplankton (>5 µm, but mostly > 20 µm). 

2.2. Monitoring and grouping the tiny plankton 

Size is an important descriptor for the categorisation of plankton. 
The categorisation of planktonic organisms as belonging to the pico
plankton (0.2–––2 µm), nanoplankton (2–––20 µm) or microplankton 
(20–––200 µm) derives from Sieburth et al. (1978), likely based on what 
passed through certain sizes of pore in membrane filters or the mesh 
apertures in nets. This is inexact, because plankton shapes diverge 
widely from those of spheres. In this paper, size group boundaries are 
understood as fuzzy, with the upper picoplankton size boundary set at 3 
µm, as in Tarran and Bruun (2015), and noting that some studies set the 
boundary at 5 µm (De Vargas et al., 2015). For routine light microscopy 
purposes, 4 to 5 µm is the lower size-threshold of what can be reliably 
identified and counted as phytoplankton. Other optical methods, such as 
flow cytometry (Tarran and Bruun, 2015), can identify and count 
phytoplankton below this limit, and sort into aggregate groups con
sisting of many different plankton taxa. Flow cytometry makes multiple 
measurements on cells using their optical light scattering and fluores
cence properties (cell pigments for photosynthetic cells or specific, 
introduced dyes for non-photosynthetic cells) at rates up to 1000 s of 
cells per second which can be used to discriminate and enumerate the 
major components of pico-and nano-plankton communities within mi
nutes (Zubkov and Burkill, 2006). Thus, heterotrophic bacteria, photo
synthetic prokaryotes (cyanobacteria), and different size classes of 
photosynthetic and heterotrophic eukaryotes can be distinguished 
through the differences in light scattering and fluorescence properties. 

Nanoplankton (generally 2–20 µm in size) include a diverse array of 
single-celled photosynthetic and non-photosynthetic eukaryotic 
plankton as well as parasitic plankton (Vaulot et al., 2008). The 
photosynthetic varieties, called photosynthetic nanoeukaryotes, contain 
mostly flagellated algal cells, some coccoid forms, and some diatoms. 
This intermediate-sized group is found in open ocean and coastal waters 
but thrives in nutrient-rich waters and can make up 70 % of the 
photosynthetic biomass (Pedrotti et al., 2017). Many photosynthetic 
eukaryotic nanoplankton species are mixotrophic, grazing on bacteria in 
the same way that heterotrophic non-photosynthetic eukaryotic 
plankton do but with the added advantage of also being able to obtain 
energy through photosynthesis (Hartmann et al., 2012; Zubkov and 
Tarran, 2008). 

The picoplankton (<2 µm) consists of viruses, heterotrophic pro
karyotes and archaea, photosynthetic prokaryotes (cyanobacteria), and 
eukaryotic single cells. Prokaryotic groups include Synechococcus, a 
genus of photosynthetic single-celled cyanobacterium, high nucleic acid 
(HNA) bacteria-and low nucleic acid (LNA)-bacteria (the latter two 
named by Li, et al., (1995) based on the relative amount of DNA using 
fluorescent DNA labels). LNA-bacteria were originally thought to be 

inactive although that has subsequently been disproved (Hu et al., 
2022). These latter two groups are prokaryotes that have different 
amounts of nucleic acid content in their cells but represent a diverse 
array of heterotrophic species. LNA-bacteria can make up 20–90 % of 
freshwater and marine bacterial diversity, and are the smallest bacteria, 
with low growth rates and lower in biovolume than HNA-bacteria in 
marine systems but with the ability to increase their surface area to 
increase nutrient uptake (Hu et al., 2022). Picoplanktonic eukaryotes 
include tiny coccoid and flagellated cells in what is now known as the 
supergroup Stramenopiles (e.g. diatoms and dinoflagellates), and within 
the supergroup Archaeplastida, the Chlorophyceae (e.g. green algae) 
(Adl et al., 2019). In this study we only consider two subcategories of 
picoplankton, photosynthetic picoeukaryotes and Synechococcus, 
because these are the only groups for which long-term, quantitative 
monitoring data exist. 

We extended the lifeform approach and applied it by grouping tiny 
plankton taxa identified by flow cytometry and microscopy based on 
common traits of cell size, trophic mode of nutrition, and flow cytometry 
fluorescence colour (Table 2). We used tiny plankton group definitions 
in line with Thyssen et al. (2022) and BODC vocabulary standards 
(https://vocab.nerc.ac.uk/collection/F02/current/). We also identified 
common habitat characteristics and main predators of similarly 
described groups from the literature. To examine change in tiny 
plankton over time and how these relate to environmental variables, we 
concentrated on groups with consistent time-series datasets > 5 years in 
length in UK waters. 

2.3. Tiny plankton data 

Flow cytometry pico- and nano-plankton data were acquired from 
the L4 station at the Plymouth Marine Laboratory (PML) Western 
Channel Observatory (www.westernchannelobservatory.org.uk, 
referred to as L4), Marine Directorate of the Scottish Government’s 
Scottish Coastal Observatory monitoring site at Stonehaven (SCObs SH), 
and the Marine Biological Association’s Water and Microplankton 
Sampler (CPR WaMS), an automated sampler fitted within the payload 
of the Continuous Plankton Recorder, which is towed in the Western 
Channel between Roscoff, France, and Plymouth, UK (Stern et al., 2023; 
Stern et al., 2015). Four pico- and nano-plankton datasets collected from 
these programs were identified as having adequate time-series (>5 
years) for analysis and consistently-identified functional groups within 
UK waters (Fig. 1; S1). All of these samples were analysed by a single 
analyst using a common methodology for flow cytometry (see below), 
either live or from preserved samples, as described in Tarran and Bruun 
(2015). Additionally, data for light microscopically counted photosyn
thetic nanoeukaryotes and heterotrophic nanoeukaryotes were obtained 
from the Scottish Association of Marine Science Lorn Pelagic Observa
tory (LPO). 

All four datasets were used to identify the tiny plankton lifeforms and 
investigate monthly, seasonal, and interannual changes in tiny plankton 
(Fig. 2). L4 was the longest dataset assembled and had the most com
plete sampling coverage with supporting environmental data and so was 
also used to quantify the role of tiny plankton in plankton community 
abundance and biomass and to investigate coherence with environ
mental pressures (Table 1, Fig. 2). 

2.4. Estimating tiny plankton abundance and biomass 

To provide an estimate of the proportion of tiny plankton, data from 
2007 to 2020 at Plymouth’s L4 station were used to analyse the abun
dance and biomass across the size spectrum from bacteria to fish larvae 
(Fig. 3). During this period, plankton were analysed using flow cytom
etry, light microscope analysis of settled water samples, and light mi
croscope analysis of net catches, making it the most complete plankton 
dataset across the size spectrum available in this study and in the UK. 

The flow cytometric methods (see section 2.2) used surface values 
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from the most recent dataset stored at BODC (Tarran and May, 2019, 
2020, 2021) and used seasonally averaged, L4-specific estimates of cell 
biovolume based on filtration through filters of variable pore size. Cell 
dimensions were then converted to carbon values using a carbon con
version factor of 0.22 pgC µm3 (Booth, 1988). Bacteria (i.e. HNA- and 
LNA- bacteria) were the only taxon for which L4-specific measurements 
were not used; instead, conversion factors from Heywood et al. (2006) 
were applied. 

For the microplankton functional groups enumerated by light mi
croscopy at L4 (Fig. 3), the most recent dataset available from BODC 
(Widdicombe and Harbour, 2021) of samples settled with the Utermöhl 
method was used (Utermöhl, 1958). To enumerate abundance, around 
300 individual taxa at 613 sampling timepoints were used as described 
in Widdicombe et al. (2010) with L4-specific dimensions approximated 
to simple geometric shapes to estimate volume per cell, from which 
carbon mass was calculated from standard equations of Menden-Deuer 
and Lessard (2000). Zooplankton samples were collected using 631 
timepoints of replicate 0–50 m tows with a 200 µm WP2 net, analysed as 
described in Atkinson et al. (2015). Seasonal, L4-specific measurements 
of the length of the component taxa were then converted to carbon as 
described in McEvoy et al. (2022). 

All the component abundance and biomass values of the taxa from 
the L4 site were summed into the component functional groups as 
defined by their lifeform allocations (McQuatters-Gollop et al., 2019) 
and into the tiny plankton groups used in this paper. Long-term monthly 
mean values were obtained for each lifeform and then averaged to 
provide the annual means (Fig. 3). 

2.5. Seasonal, intra- and inter- annual changes in tiny plankton in UK 
waters 

The pico- and nano-plankton data were aggregated to the tiny 
plankton groups listed in Table 2 by the individual data providers within 
each of the four sampling programmes. Where multiple years of data 
were available, monthly means were calculated for the top 10 m of 
vertical profiles, to improve comparability between sampling sites 
(Fig. 4). These monthly means were used to calculate seasonal means for 
the duration of each time-series (Fig. 4). 

2.6. Links between tiny plankton and environmental variables in the 
Western Channel 

With approximately weekly sampling spanning a 14-year period, the 
L4 dataset is the longest and most comprehensive dataset available for a 
more detailed analysis. Various statistical methods have previously been 
used to discriminate long-term trends from seasonal and shorter-term 
variability in environmental time-series. These include Generalised 
Additive Models (GAM) (Zarauz et al., 2008) and spectral analysis by 

Fig. 1. Sampling locations of pico- and nano-plankton time-series datasets in 
the UK and nearby waters that were analysed for this study. 

Fig. 2. The use of each dataset for the four types of tiny plankton analysis varies depending on the research question and the type of data (Table 1). Where the L4 
dataset has been used for each of the questions, the other three datasets were used to identify the tiny plankton lifeforms and monthly, seasonal and interannual 
changes in tiny plankton. 
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fitting Fourier series (Defriez et al., 2016). However, these methods 
assume a stationary time-series and do not account for strong seasonal 
variability. The more recently developed method of wavelet analysis 
estimates the spectral characteristic of an environmental signal as a 
function of time. The method has been used to explore variability in 
seasonal chlorophyll patterns across ecosystems (Winder and Cloern, 
2010) and to examine spatial synchrony of plankton dynamics (Shep
pard et al., 2019). Here, we apply this method to the tiny plankton 
abundance time-series and extend it to examine the relationship be
tween the timescales of variability in these time-series and those of the 
matching environmental variables of temperature and nutrients. 

For L4 data we linearly interpolated a daily sequence between the 
available weekly plankton, sea surface temperature (SST), and nutrient 
time-series data using the interp1 function in Matlab. Then, a timescale- 
specific analysis of fluctuations, carried out over timescales longer than 
the weekly sampling interval, was performed. 

All L4 tiny plankton and environmental variable time-series included 
a strong seasonal variability. A continuous wavelet transformation was 
applied to the daily data to disaggregate variability by timescale 
(Addison, 2017). The wavelet transformation allows the following of 
fluctuations at a particular timescale so both intra-annual and multi- 
annual fluctuations in the data can be examined. The timescales exam
ined using the wavelet-transformed data ranged from one cycle every 
14 days to one cycle every 10 years, in increments of 5 percent. The 
Morlet wavelet is a complex plane wave oscillation localised by a 
Gaussian envelope, see (Sheppard et al., 2019; Sheppard et al., 2017) for 
detailed method description. The central frequency of the mother 
wavelet was 1; this means that at all scales, the width parameter of the 
envelope was equal to the timescale of the oscillation. This trans
formation yields a magnitude and phase for all times and timescales of 
oscillation in the data. 

The tendency of wavelet components was drawn from two variables 
to maintain a particular phase difference at a particular timescale; this is 
known as the phase coherence of the variables. Variables incorporating 
correlated fluctuations at a particular timescale will have high coher
ence with near-zero phase shift; alternatively, high coherence with a 
large phase shift indicates a lagged or negative correlation. Note that the 
fewer cycles of oscillation that are available at a particular timescale, the 
more likely the unrelated data will exhibit an arbitrary phase relation
ship over the length of the time-series which can manifest as bias in 
observed coherence values and lower statistical power at the longest 
timescales. 

Artificial surrogate data were used to test for significant timescale- 
specific coherence between two time-series. This method ranks the 
observed coherence relative to a distribution of artificial coherence 
values generated under the null hypothesis of no association, taking 
account of the spectral characteristics of the data and its autocorrelation 
(Schreiber and Schmitz, 2000) using the methods presented in Sheppard 
et al. (Sheppard et al., 2019; Sheppard et al., 2017) in Matlab (alter
natively see the R package wsyn (Reuman et al., 2021)). 

The tendency towards highly-ranked coherence in each of the three 

timescale bands, compared to surrogate data, was then further exam
ined. The mean rank found in a band of timescales can be compared to 
the distribution of possibilities consistent with the null hypothesis, and 
thus a p-value is obtained for the band (Sheppard et al., 2019; Sheppard 
et al., 2017). Timescale bands of 14 days to six months (short timescale), 
six months to 2 years (bracketing the annual fluctuation), and 2 years to 
10 years (long timescale) were tested. 

Having determined the pairs of time-series for which wavelet 
coherence was significant, the typical phase difference between each 
pair in each timescale band was evaluated (Fig. S3). First, the circular 
mean (over time) phase difference between wavelet components was 
evaluated for each timescale. Then the circular mean (over timescales) 
of these values was evaluated inside each band; this is called the “typical 
phase difference”. If the coherence was deemed significant in a band 
(ranked higher than 95 percent of surrogates in the band, as above) then 
the transform status of the time-series, either in-phase or in antiphase, 
was reported for this band (Table 3, Tables S1–S3). If the typical phase 
difference had a magnitude less than pi/2 rad the transforms are in- 
phase; in this range of timescales the maxima in one time-series tend 
to coincide with the maxima in the other time-series. If the transforms 
were in phase across a range of timescales this means the time-series 
tend towards positive correlation; henceforth we will refer to an in- 
phase relationship in a particular timescale band as a positive relation
ship between the variables at those timescales. If the typical phase dif
ference had a magnitude greater than pi/2 rad the transforms are in 
antiphase; in this range of timescales the maxima in one time-series tend 
to coincide with the minima in the other time-series. If the transforms 
are in antiphase across a range of timescales this means the time-series 
tend towards negative correlation; henceforth we will refer to an anti
phase relationship in a particular timescale band as a negative rela
tionship between the variables at those timescales. 

The data were limited especially in testing coherence of cycles of 
multi-year blocks. This was an exploratory analysis of a large number of 
tests, which meant that 5 % of relationships would have returned a p- 
value < 0.05 purely by chance. A decision was made, however, to 
exclude Bonferroni correction at p < 0.05 significance threshold, as that 
only selects the strongest coherence relationship with such a large 
dataset, and we avoid the loss of relatively strong ecologically important 
relationships at this exploratory stage. We therefore do not refer to the 
relationships as significant, but instead use the p value to estimate the 
strength of the identified relationships. 

3. Results 

3.1. Tiny plankton datasets in UK waters 

Six groups of tiny plankton routinely quantified using mainly flow 
cytometry were identified for this study based on their year-long high 
abundances and strong repeatable annual cycles (Table 2). Table 2 
broadly states which types of taxa might be represented in these groups 
based on the systematic classification of Adl et al. (2019) but is not 

Table 1 
A summary of UK pico- and nano-plankton datasets. All datasets were collected via flow cytometry, apart from photosynthetic nanoeukaryotes at LPO, which were 
recorded via microscopy. N/A- data not available. L4 = Plymouth Marine Laboratory (PML) station L4, LPO = Lorn Pelagic Observatory station, SCObs SH = Marine 
Directorate of the Scottish Government’s Scottish Coastal Observatory monitoring site at Stonehaven, and CPR WaMS = the Marine Biological Association’s 
Continuous Plankton Recorder Water and Microplankton Sampler.  

Group L4 LPO CPR WaMS SCObs SH 

Sampling depth 0 and 10 m (discrete) 1 m 10 m 0–10 m (integrated) 
Sampling area Western Channel Western Scotland Western Channel Eastern Scotland 
Heterotrophic nanoeukaryotes 2007–2021 2010–2022 (microscopy) N/A N/A 
Photosynthetic nanoeukaryotes 2007–2021 2010–2022 (microscopy) 2011–2016 2015–2021 
Photosynthetic picoeukaryotes 2007–2021 N/A 2011–2016 2015–2021 
Synechococcus 2007–2021 N/A 2011–2016 2015–2021 
LNA-bacteria 2007–2021 N/A N/A 2015–2021 
HNA-bacteria 2007–2021 N/A N/A 2015–2021  
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Table 2 
Groups identified in this study by flow cytometry (FC) or microscopy, along with their standard definitions according to the British Oceanographic Data Centre (BODC), mapped to lifeform traits based on: cell size: 
picoplankton=<3µm, nanoplankton = 2–20 µm; flow cytometry fluorescence: OF = orange fluorescence (from phytoerythrin), RF = red fluorescence (from chlorophyll), GF = green fluorescence after cell staining; trophy: 
A = autotroph, M = mixotroph (can consume prey and photosynthesize), H = Heterotroph, saprotroph or osmotroph (consuming organic nutrients or prey); main predators: H + M = heterotrophic (phagotrophic) and 
mixotrophic plankton, NANF = nanoflagellates, MICR = microplankton (ciliates, dinoflagellates); and preferred habitat.  

Taxa Size 
group 

Size 
(µm)  

BODC FC 
category 

Definition of FC group (BODC) Systematic lineage Lifeform 
assignment 
trait 

Trophy: 
A/M/H 

Main 
predators 

Preferred habitat References 

Heterotrophic 
nanoeukaryotes 

nano <20  None Nanophytoplankters without pigment 
fluorescence 

Eukaryota: Stramenopiles (Bicosoecida, 
Placidida Pirsonia, uncultured MArine 
STramenopiles e.g, MAST-3) 
Alveolata: (Dinoflagellata, Colpodellida, 
Perkinsidae) 
Rhizaria: (Cercozoa, Vampyrellida) 
Opisthokonta: (Choanoflagellata) 
Nucletmyceta: (Fungi, Cryptomycota) 
Euglenid 

Size H H + M, 
NANF, 
MICR 

ubiquitous, can be 
variable depending on 
plankton dynamics. 
Higher contribution in 
upwelling regions. 

(Adl et al., 2019; Buck et al., 1996; 
Kang and Kang, 2023; Robinson 
et al., 2006; Sanders et al., 2000; 
Schoenle et al., 2019; Vázquez- 
Domínguez et al., 2008) 

Photosynthetic 
nanoeukaryotes 

nano <20  F0200005 Red only fluorescing eukaryote 
nanophytoplankters 

Eukaryota: Stramenopiles (MAST, 
Bacillariophyceae) 
Alveolata (Dinoflagellata, Ciliophora), 
OHaptophyta (Prymnesiophyceae) 
Archaeplastida (Prasinophyceae) 
Cercozoa (Chlorarachnea) Excludes 
coccolithophores and cryptomonads 

size, RF A, M H + M, 
MICR 

ubiquitous, largest 
contribution when 
nutrients low 

(Adl et al., 2019; Cavalier-Smith, 
2018; Hirakawa et al., 2011; Yung 
et al., 2022) 

Photosynthetic 
picoeukaryotes 

pico < 3  F0200004 Red only fluorescing eukaryote 
picophytoplankton 

Eukaryota: Stramenopiles, 
Prymnesiophyceae, Chlorophyceae 

size, RF A + M H + M 
NANF, 
viruses 

ubiquitous, largest 
contribution when 
nutrients low 

(Buck et al., 1996; Kirkham et al., 
2011; Not et al., 2004; Robinson 
et al., 2006; Yung et al., 2022) 

Synechococcus pico < 3  F0200003 Orange fluorescing prokaryote 
picophytoplankton 

Bacteria (Cyanobacteria, 
Cyanophyceae) 

size, OF A H + M 
NANF, 
viruses 

well-illuminated, low- 
nutrient, stratified waters 
above 6 ◦C 

(Buck et al., 1996; Cavalier-Smith, 
2018; Flombaum et al., 2013; 
Flombaum et al., 2020; Robinson 
et al., 2006; Schmidt et al., 2020; 
Ting et al., 2002; Visintini et al., 
2021; Yung et al., 2022) 

LNA (‘low- 
nucleic-acid’ 
bacteria) 

pico < 3  F0200011 Stained by green emitting fluorescent 
dye that binds to nucleic acid. Low 
fluorescence intensity and sideward 
light scatter (SSC) properties 

Bacteria: Alphaproteobacteria SAR11, 
Gammaproteobacteria SAR86, 
Betaproteobacteria, Acidimicrobiia, 
Bacteroidia, Firmicutes, Fibrobacter 

size, GF- H H + M 
NANF 

ubiquitous, oligotrophic 
systems, open ocean 

(Buck et al., 1996; Hu et al., 2020; Hu 
et al., 2022; Longnecker et al., 2005; 
Mary et al., 2006; Robinson et al., 
2006) 

HNA (‘high- 
nucleic-acid’ 
bacteria) 

pico < 3  F0200010 Stained by green emitting fluorescent 
dye that binds to nucleic acid. High 
fluorescence intensity and sideward light 
scatter (SSC) properties 

Bacteria: diverse lineages, alpha- and 
gammaproteobacteria, Acidimicrobiia, 
Bacteroidia, Acinobacteria. Some 
taxonomic overlap with LNA-bacteria 

size, GF+ H H + M, 
NANF 

ubiquitous, can occur in 
low nutrient systems 

(Buck et al., 1996; Hu et al., 2020; Hu 
et al., 2023; Longnecker et al., 2005; 
Robinson et al., 2006)  
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exhaustive. In fact, the genus Synechococcus is a species complex with 20 
different genetic clades (Sohm et al., 2016). The other groups comprise 
multiple species. 

3.2. Tiny plankton abundance and biomass in the Western Channel 
(station L4) 

Abundance and biomass differed across all plankton groups, ranging 
in size from bacteria to fish larvae, between 2007 and 2020 at station L4 
in the Western Channel, UK (Fig. 3) with abundance and biomass for the 

Fig. 3. Plankton functional group abundance (a) and biomass (b) from 2007 to 2020 at station L4 in the Western Channel. Red bars represent taxa best quantified by 
flow cytometry (Table 1), green bars by light microscope analysis of settled water samples, and blue bars by microscope analysis of net catches. Taxa represented in 
red are not routinely used as policy indicators due to lack of time-series datasets. Only the major biomass contributing functional groups of the others (green and 
blue) are illustrated for clarity. Functional groups are ranked according to mean abundance within each sampling method. Biomass values for functional groups are 
based on conversions from linear dimensions measured at L4; see section 2.4 for more detail of the methods. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Seasonal mean total counts (cells per mL) over the complete time-series available for station L4 from 2007 to 2021 (red), SCObs SH (green) from 2015 to 
2018, the Western Channel (CPR WaMS, blue) from 2011 to 2016, and LPO (purple) from 2010 to 2017. a) Heterotrophic nanoeukaryotes, b) Photosynthetic 
nanoeukaryotes, c) Photosynthetic picoeukaryotes d) Synechococcus, e) LNA-bacteria, and f) HNA-bacteria at. All abundances were derived from flow cytometry, 
except those at LPO, which were microscopically counted. The shaded area around each mean represents one standard deviation. (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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plankton groups increasing from the larger size plankton (fish larvae and 
eggs) to the very tiny plankton. Based on the combined abundance and 
biomass conversion factors described in section 2.4, the nano- and pico- 
plankton together (i.e. those groups derived from flow cytometry data 
and indicated in red in Fig. 3) comprise 99.98 % of abundance and 71 % 
of biomass of all plankton. 

These percentage calculations are highly dependent on both the 
abundance and biomass conversion factors used for each of the micro
scopic and flow cytometry approaches. To provide an independent 
assessment of the veracity of these figures, the data in Fig. 3 were used to 
construct normalised biomass size spectra (NBSS; Mehner et al., 2018, 
Atkinson et al., 2021). We also constructed the equivalent NBSS derived 
only from light microscope counts and microscope-based cell di
mensions (which included only the microscope-based nanoplankton, 
without the flow cytometry data). The inclusion of the flow cytometry 
data and flow cytometry-based carbon conversions yielded a median 
NBSS slope value of − 1.113, while excluding them yielded a much 
shallower (less negative) slope of − 0.964. The former is close to the 
overall median value (-1.131) from a meta-analysis of aquatic environ
ments (Atkinson et al., 2021), while the value without flow cytometry 
data is substantially less, and does not fit with theoretically-derived size- 
based models of energy transfer (Quinones et al., 2003). This finding 
supports the need for flow cytometry data to provide a holistic view of 
plankton which fully captures their size structure. Although fixed vol
ume to carbon conversions provide only crude estimates of carbon 
content, the fact that the slope of the size spectrum is close to the global 
median shows that the overall balance of pico- and nano-size cells 
compared to the larger plankton is within the expected range at the L4 
site. 

The most abundant groups from all lifeforms collected at the long- 
term L4 site were the heterotrophic bacteria (HNA-, LNA- bacteria), 
Synechococcus, photosynthetic picoeukaryotes, photosynthetic nano
eukaryotes and heterotrophic nanoeukaryotes. The latter’s average 
abundance (and biomass by virtue of using the same carbon conversion 
factor) was almost identical to that of photosynthetic nanoeukaryotes. 
The biomass results were similar with heterotrophic (HNA- and LNA-) 
bacteria and photosynthetic nanoeukaryotes comprising the highest 
biomass groups. In summary, tiny cells (<20 µm) were both more 
abundant and higher in biomass than microphytoplankton, 
zooplankton, and fish, revealing the importance of these flow 
cytometry-derived groups, even in inshore waters such as those at the 
Plymouth L4 site. 

3.3. Seasonal, intra- and inter- annual changes in tiny plankton in UK 
waters 

There are broad similarities in the seasonality of six tiny plankton 
groups across all four sites spanning an eight degree range of latitudes 
(Fig. 4). Photosynthetic nanoeukaryotes and photosynthetic picoeu
karyotes showed an elevated abundance from spring to autumn with 
maximum levels in the summer. The abundances of microscopically 
determined photosynthetic nanoeukaryotes at the LPO station were 
much lower than others, even at the other Scottish site, SCObs SH, whilst 
less disparity was observed in heterotrophic nanoeukaryote counts. 
Methodological differences may account for this discrepancy. Different 
dynamics in photosynthetic nanoeukaryotes were observed across sites, 
possibly resulting from net response of different nano-sized plankton 
communities to abiotic and biological drivers. However, all sites showed 
elevated abundances of the nanoplankton groups from spring to autumn 
indicating common responses to broad-level drivers. Synechococcus had 
a narrower bloom period, with a single peak in abundance that started in 
June and peaked in July/August across three time-series, indicating a 
single summer bloom. Both LNA- and HNA-peaked in June at both 
SCObs SH and L4 although at different abundance levels. LNA-bacteria 
had a second autumn peak at L4 that may relate to the specific condi
tions at that site. 

Interannual variability in pico- and nano-plankton abundance can 
clearly be seen across all time-series datasets (Fig. 5, Fig. 6). The sea
sonal cycle is evident throughout, with some months showing anoma
lous peaks in abundance at separate sites. For example, in 2018 there 
were high abundances of all three groups of tiny plankton recorded at 
Stonehaven (SCObs SH), while L4 only showed a peak in Synechococcus 
but not in photosynthetic nanoeukaryotes or photosynthetic picoeu
karyotes. In 2016 there were elevated abundances of photosynthetic 
nanoeukaryotes recorded at the Lorn Pelagic Observatory (LPO) and in 
the CPR WaMS samples collected in the Western Channel. All groups 
showed an annual periodicity that may relate to seasonal drivers. 
Notably, heterotrophic nanoeukaryote abundances were still important 
in winter months at all sites. In the Western Channel, there are instances 
where group abundances between the two Channel time-series, L4 and 
CPR WaMS, vary (e.g. Synechococcus in 2013). This suggests spatial 
patchiness between the geographical ranges of these two sampling sites 
– L4 is a single station while CPR WaMS spans the English Channel. 
Where photosynthetic nanoeukaryotic data from light microscopy are 
available for both LPO and SCObs SH, there is remarkable consistency in 
their abundance patterns, although LPO had reduced cell counts 
compared to SCObs SH. A further exploration of seasonality between 
Synechococcus, photosynthetic picoeukaryotes, and photosynthetic 
nanoeukaryotes at L4 (Fig. S2) showed years where peak abundance of 
either Synechococcus or photosynthetic picoeukaryotes was at their 
highest. In those years, we observed only Synechococcus or photosyn
thetic picoeukaryotes dominated, but not both. 

The seasonality of HNA- and LNA-bacteria both had a clear summer 
peak in abundance. HNA-bacteria (mean HNA-bacteria across both sites 
= 5.17x 105e cells/ml) are distinguished by greater mean monthly 
abundances than those of LNA-bacteria (mean LNA-bacteria across both 
sites = 2.62x105e cells/ml) at both stations. HNA-bacteria had 39 % 
greater mean annual abundance at L4 than at ScOBS SH (Fig. 4). 

3.4. Links between tiny plankton and environmental variables in the 
Western Channel 

The six tiny plankton groups (photosynthetic nanoeukaryotes, het
erotrophic nanoeukaryotes, photosynthetic picoeukaryotes, Synecho
coccus, and LNA- and HNA-bacteria) and six environmental variables at 
station L4 (SST, phosphate, silicate, nitrate, nitrite, and ammonia) were 
tested for timescale-specific relationships using wavelet analysis 
(Table 3). The high frequency (weekly samples) and long temporal 
resolution (~14 years) of the data revealed relationships between some 

Table 3 
Summary of coherence relationships with p > 0.05: on sub-annual (<1 year), 
annual (variation peaking at frequency of 1/year), or multi-annual scales based 
on Western Channel Observatory L4 time series data.  

Plankton group Sub-annual 
(seasonal) 

Annual Multi- 
annual 

Heterotrophic 
nanoeukaryotes  

SST (+ve) 
Nitrate (-ve) 
Silicate (-ve) 
Phosphate 
(-ve) 

Nitrite (-ve) 

Photosynthetic 
nanoeukaryotes 

Nitrite (-ve) 
Phosphate (-ve) 

Nitrite (-ve) 
Nitrate (-ve) 
Silicate (-ve) 
Phosphate 
(-ve) 

Silicate 
(+ve) 

Photosynthetic 
picoeukaryotes 

SST (-ve) SST (+ve) 
Nitrate (-ve)  

Synechococcus Nitrite (-ve)   
LNA- bacteria Nitrite (-ve)   
HNA- bacteria SST (-ve) SST (+ve) 

Nitrate (-ve)   
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plankton groups and environmental variables at sub-annual (seasonal), 
annual and multi-annual timescales (Table 3; Fig. S1), identified by 
highly ranked wavelet coherence compared to surrogates. 

At sub-annual timescales, six plankton-environmental relationships 
with p < 0.05 were identified; three included negative relationships 
with nitrite and two with SST. Of the tests at annual timescales, twelve 

relationships with p < 0.05 were identified for nitrate (4), SST (3), 
phosphate (2), silicate (2), and nitrite (1), although negative relation
ships with nutrients at this timescale probably only indicate that the 
growing season coincides with summer when nutrients are low. Only 
two relationships, between heterotrophic nanoeukaryotes and nitrite, 
and photosynthetic nanoeukaryotes and silicate, were identified with p 

Fig. 5. Monthly mean abundances of eukaryotic tiny plankton groups (where available) for (a-b) heterotrophic nanoeukaryotes, (c-f) photosynthetic nanoeukaryotes, 
and (g-i) photosynthetic picoeukaryotes from L4, LPO, SCObs SH and CPR-WaMS between 2006 and 2022. Labels on the x axis mark the start of each year. Note – Y- 
axis scales are consistent across datasets for each tiny plankton group, but differ between groups to display the variability in each time-series more clearly. 
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< 0.05 over longer (multi-year) timescales, although data availability is 
most limited for this timescale. 

The results of photosynthetic picoeukaryote abundance and SST 
wavelet analysis are shown here as an example (Fig. 7; Full pairwise 
significance tests of results are in Tables S1–S3). The high magnitude of 
the wavelet transformation at the annual timescale for both picoeukar
yote abundance and SST indicated strong seasonal variability (Fig. 7C, 
D). The coherence testing revealed a positive relationship between the 
fluctuations at the annual timescale, and a negative relationship be
tween the rapid intra-annual fluctuations (Fig. 7E). 

Components of the nitrogen cycle were found to have coherence with 
all six tiny plankton groups. Negative relationships were found between 
photosynthetic nanoeukaryotes, Synechococcus, and LNA-bacteria and 
nitrite at sub-annual timescales. Photosynthetic nanoeukaryotes and 
heterotrophic nanoeukaryotes had the highest number of coherent re
lationships with nutrients across all timescales, almost all of which were 
negative. Silicate was the only environmental variable to show a positive 
multi-annual relationship with photosynthetic nanoeukaryotes; many 

taxa in this group, such as small diatoms and small silicoflagellates, 
contain silica. Nitrite showed a negative multi-annual relationship with 
heterotrophic nanoeukaryotes. A possible cause would be heterotrophic 
decomposition of dissolved organic nitrogen sources. 

Photosynthetic picoeukaryotes, heterotrophic nanoeukaryotes, and 
HNA-bacteria were the only groups that showed direct relationships 
with SST; these were negative at sub-annual timescales, but positive at 
annual timescales, likely because growth is higher in summer than 
winter (Fig. 7). Synechococcus showed a negative relationship with ni
trite but no relationship with SST, despite its persistent summer abun
dance peak evident in Figs. 3 and 4. However, even the relationship 
between Synechococcus and nitrite was only at a sub-annual timescale. 

It should be noted that the phase relationships found between tiny 
plankton and SST and tiny plankton and nutrients are complicated, with 
sub-annual timescale negative relationships with SST indicating a pos
itive association with colder water, and various phase relationships at 
the annual scale reflecting the relative timing of the annual peak in each 
variable. 

Fig. 6. Monthly mean abundance of bacterial tiny plankton groups (where available) for (a-c) Synechococcus, (d-e) LNA-bacteria, and (f-g) HNA-bacteria between 
2006 and 2022. Labels on the x axis mark the start of each year. Note – Y-axis scales are consistent across datasets for each tiny plankton group, but differ between 
groups to display the variability in each time-series more clearly. 
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4. Discussion 

This paper provides the first regional description of the tiny plankton 
community in UK coastal and marine ecosystems, addressing four key 
questions relating to their potential use in marine ecosystem status as
sessments: Are nano- and pico- plankton important components of the 
plankton? Can the seasonality and variability of tiny plankton groups 
connect to environmental variables? Which nano- and pico- plankton 
lifeforms can be defined and assessed routinely? How can tiny plankton 
data be integrated into the current assessment process for marine 
ecosystem health? 

4.1. Importance of the tiny nano- and pico-plankton (tiny plankton) 

The outcomes of the Plymouth L4 analysis demonstrate the impor
tance of the tiny plankton at the Plymouth L4 station (Fig. 3); in 
particular, the six tiny plankton groups identified in this paper. On 
average these groups contributed 71 % of the planktonic biomass be
tween 2007 and 2020. While few other time-series can match both the 
duration and the full-size spectrum coverage of the L4 series, numerous 
papers (Clark et al., 2022; Schmidt et al., 2020; Uitz et al., 2010) 
document the importance of tiny plankton in temperate coastal and 
open waters. Bolaños et al. (2020) used flow cytometry to show 
phytoplankton < 20 µm in diameter were the main contributors to 
phytoplankton biomass in the Western North Atlantic and Tett et al. 
(1988) estimated that photosynthetic nanoeukaryotes represented 74 % 
of chlorophyll and 69 % of carbon fixation at the Lorn observatory in 
spring and summer. Estimated rates of bacterial heterotrophy are 
considerable, at 15 % (Turner, 2015), whilst ciliates smaller than 30 μm 
consume 72 % picoplankton and 28 % nanoplankton (Rassoulzadegan 
et al., 1988). There are phenologically-dependent trophic relationships 
between picoplankton and nanoplankton; ocean dynamics determine if 
heterotrophic nanoeukaryotes are controlled by their prey or by pred
ators in the Atlantic (Vázquez-Domínguez et al., 2008). 

The role of tiny plankton, previously thought to be of major signifi
cance mostly in oligotrophic regimes (Agawin et al., 2000; Hartmann 
et al., 2012; Morris et al., 2002), is becoming increasingly important at 
the coastal L4 station as the ocean warms. Changes are already evident, 
moving from a diatom-dominated regime to domination by smaller, 
non-diatom, cells (Widdicombe et al., 2010). These changes have seen 
pico-sized plankton dominating in the summer stratified NW European 
shelf waters, as they can utilise the much lower summer nutrient con
centrations in surface waters (Schmidt et al., 2020). With increasing 
zooplankton diversity (reviewed by Harris (2010)) and reductions in 
total copepod abundances over the last 50 years (Schmidt et al., 2020), 
we hypothesise that food webs will alter (see Fig. 8), increasing in their 
complexity with consequences for the efficiency of energy transfer to 
higher trophic levels, and to the biodiversity of predators adapting to 
different feeding strategies. 

4.2. Seasonality and variability of tiny plankton groups and relationship 
to environmental variables 

The annual cycles of the six tiny plankton groups examined here 
were largely consistent across latitudes with some seasonal regularity. 
Abundances were mostly measured using flow cytometry to distinguish 
between size and pigment groups. Our exploratory wavelet coherence 
analysis without Bonferroni corrections showed 20 associations with 
environmental variables. However, with only 14 years of data, the ca
pacity for multi-year comparisons was limited, so these results are only 
indicative of trends. We recommend further testing of specific re
lationships with additional data, particularly long-term seasonal pat
terns that may be masked when aggregated at annual or multi-annual 
timescales for improved ecological interpretations. We also show that 
our results are in line with similar studies on tiny plankton in the 
Atlantic, detailed below, and from seasonal abundance at L4 reported by 
Tarran and Bruun (2015). 

Most of the coherence results involve short-term correlations with 
SST and nitrogenous nutrients. Smaller cells take up nutrients more 
efficiently, and their growth rate is higher than that of microplankton 
(Marañón, 2015). Negative annual relationships found between 
plankton groups and nitrogenous nutrients are likely caused by the 
depletion of nitrate levels that peak in winter and become depleted after 
the spring bloom at station L4, and then are biologically regenerated 
into nitrogen, sustaining summer phytoplankton (Ward et al., 2011). 
Synechococcus and photosynthetic picoeukaryotes had similar summer 
peak seasonal timing. However, these groups differed in their timescale 
of response to nitrogenous nutrients and showed opposing trends in 

Fig. 7. Example of wavelet analysis performed on the SST and photosynthetic 
picoeukaryote time-series at station L4 showing time-scale relationships be
tween these variables. The top two panels show the (interpolated) time-series; 
the middle two panels show the amplitude of their wavelet transforms, as a 
function of time (x axis) and timescale of variation (y axis; measured in days) to 
show the frequency of occurrence of both these variables together for SST (left) 
and picoeukaryotes (right). Yellow represents high amplitude and blue repre
sents low amplitude. The middle panels show the most common frequency of 
these variables is 365 days (annually). The bottom panel shows their wavelet 
phase coherence as a function of timescale. The red cross at 1 indicates 
coherence ranked > 95 % of null surrogates (p < 0.05); red cross at 0 indicate 
> 95 % significance. This shows “in phase” coherence at 365 days at amplitude 
1, with amplitude 0 showing no timescale relationship at all between these 
variables. See Tables S1-S3 for complete results. (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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when one or the other was at its maximum abundance (Fig. S3), also 
observed by Schmidt et al. (2020). This points to competition for nu
trients or exploitation of different nutrient niches, with Synechococcus 
having superior abilities to operate in oligotrophic conditions of low 
light at the deep chlorophyll-a maximum, exploiting the higher con
centrations of limiting nutrients like iron and nitrate (Sohm et al., 2016). 
Despite its peak summer abundance, no association was found between 
SST and Synechococcus here, which is in contrast to other work (El Hag 
and Fogg, 1986). This genus has 20 ecotypes and northern ecotypes 
show different responses than SST- influenced tropical to subtropical 
ecotypes (Bolaños et al., 2020; Sohm et al., 2016). Photosynthetic 
picoeukaryote abundance had a positive timescale relationship to SST 
reflecting better conditions for growth and feeding over the year. At sub- 
annual levels photosynthetic picoeukaryote abundance had a negative 
timescale relationship to SST that may reflect responses to different sub- 
annual-scale events or conditions, such as nutrient availability due to 
SST-induced summer stratification. Schmidt et al. (2020) reported 
picoeukaryotes increase in abundance especially at the onset of spring to 
early summer as growth conditions and nutrient availability improves 
but decline from mid-summer as nutrients become depleted and Syn
echococcus’s physiological advantages allow them to outcompete 
photosynthetic picoeukaryotes. 

We found LNA-bacteria were less abundant than HNA-bacteria and 
revealed different coherence to environmental drivers at different 
timescales. Small and slow-growing LNA-bacteria (that include the most 
numerous SAR11 bacteria) are reportedly less abundant that HNA- 

bacteria in marine coastal waters, and negatively correlated with chlo
rophyll-a (Hu et al., 2022). This supports the lower LNA abundances we 
observed, although relationships with dissolved nitrogen are likely 
complex and dependent on variable conditions (Vázquez-Domínguez 
et al., 2008). Of significance, photosynthetic picoeukaryotes and HNA- 
bacteria were positively coherent to SST but negatively to nitrate at an 
annual level. However, at sub-annual timescales both these groups were 
negatively associated with SST. Heterotrophic nanoeukaryote groups 
shared this association at the annual timescale with nitrate and SST. This 
suggests complex, interdependent dynamics at play. Heterotrophic 
nanoeukaryotes contain bacterivores that are estimated to ingest 17 % of 
available bacterial prey in meso- and oligotrophic Atlantic regions 
(Zubkov et al., 1998). At summer peak SST, picoplankton dominate 
plankton at L4 (Schmidt et al., 2020), strengthening the microbial loop 
(Marañón, 2015), and leading to increased bacteriovory of heterotro
phic nanoeukaryotes on HNA-bacteria. Clark et al. (2022) may provide 
insights into relationships we found with dissolved nitrogen, noting 
short-term nitrite is the result of competitive resource sharing from 
short-term autotrophic production and heterotrophic breakdown of 
dissolved organic nitrogen. Ultimately nitrification influences nutrient 
limitation patterns for primary production (Clark et al., 2022). Human- 
influenced ocean warming, stratification, and nutrient enrichment also 
affect the microbial nitrogen cycle and also the levels of oxygenation 
resulting from anaerobic bacterial metabolism (Hutchins and Capone, 
2022). 

Fig. 8. Simplified schematic illustrating some examples of food chains from primary producers to fish that may emerge from warming, increase in stratification, and 
nutrient stress/imbalance. This schematic purposefully simplifies the complexity of real food webs which may involve, for example, varying predator and prey sizes, 
mixotrophy and multiple alternative pathways. The classic “textbook” food chain from diatoms to copepods to fish is illustrated on the right, and various works (e.g. 
(Capuzzo et al., 2018; Holland et al., 2023b; Jaspers et al., 2023; Legendre and Rassoulzadegan, 1995; Schmidt et al., 2020)) suggests that we are moving away from 
this to alternative pathways towards the left of the figure. The grey funnels signify that in these alternative food chains, the larger number of trophic steps and/or the 
base of the food web being smaller sized, sometimes lower quality food would yield lower efficiencies of energy transfer to higher trophic levels. Bubble colours are as 
in Fig. 3, showing the importance of flow cytometry-derived data (red bubbles) to understand these alternative food chains. (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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4.3. Which nano- and pico-plankton lifeforms can be defined and 
assessed routinely? 

Lifeforms are constructed by using a set of common traits that 
identifies a functional group of plankton taxa that respond in a similar 
way to ecohydrodynamic conditions and are similar in their biogeo
chemical and trophic interactions (Tett et al., 2008). For assessment 
purposes (as indicators), lifeforms should also be practical, easy to 
quantify, and able to inform management actions and priorities. The 
abundances of these six tiny plankton groups can be measured reliably 
and show timescale sensitivity to environmental variables related to 
human pressures, which supports the development of tiny plankton 
lifeforms for biodiversity assessments. 

Tett et al. (2022) distinguished recognition traits used to identify an 
organism as belonging to a particular taxon; assignment traits used to 
allocate a taxon to a lifeform; adaptive traits that allow organisms to live 
in particular environments; and biogeochemical traits and trophic traits 
that relate to organisms’ roles in ecosystems. The last three may be 
grouped as functional traits and help identify the reasons behind life
form changes. Characteristics used in flow cytometry, such as red fluo
rescence and size, assign tiny plankters to lifeforms such as 
nanophytoplankter at the same time as the instrument recognises an 
object as a plankter, while the red fluorescence (which distinguishes 
most nanophytoplankters from cryptomonads) also points to the or
ganism’s functional role as an autotroph or mixotroph. More generally, 
the size, fluorescing pigment type, and nucleic acid content form func
tional traits relating to niche adaption and trophic and biogeochemical 
roles. Photosynthetic pigment fluorescence distinguishes the photo- 
autotrophs (some of which may be mixotrophs) from organisms with 
other nutritional modes, whilst size is certainly a functional trait in 
relation to niche and trophic role. The third criterion is the most relevant 
to management. If the abundance of a particular lifeform, which forms 
the basis of the indicator, changes in the overall abundance or seasonal 
cycle of that lifeform and is causally linked to an anthropogenic pres
sure, implying consequences for ecosystem services, then mitigation of 
the associated pressure can be taken (Graves et al., 2023). The six life
forms of tiny plankton that we have distinguished here meet these 
criteria and should therefore be considered in pelagic biodiversity 
assessment for policy. However, further research to elicit causal links to 
pressures or final ecosystem services should be conducted as time-series 
of tiny plankton are extended. 

4.4. Recommendations for how tiny plankton data can be integrated into 
the current assessment processes for marine ecosystem health 

Our examination of the seasonal and interannual patterns of tiny 
plankton across four UK time-series datasets revealed tiny plankton 
groups are highly abundant and show consistent pattern of responses to 
environment drivers with time-scale associations to measurable, 
anthropogenic pressures. These findings increase our understanding of 
the dynamics of tiny plankton groups, which we found to be a dominant 
factor in our understanding of overall plankton biomass and abundance 
in UK waters. The links to environmental pressures demonstrated 
through time-series wavelet analysis suggest the potential of tiny 
plankton lifeforms to provide additional, critical information within the 
pelagic habitats biodiversity indicators. We therefore recommend the six 
tiny plankton groups explored here for inclusion in future pelagic hab
itats biodiversity assessments for policy, such as those required under 
the MSFD and UKMS (Holland et al., 2023a; McQuatters-Gollop et al., 
2019; McQuatters-Gollop et al., 2023). 

In addition to using lifeform time-series to understand the effects of 
pressures on the pelagic environment, lifeforms can also be examined in 
pairs to reveal further information about changes in different aspects of 
plankton community functioning such as energy flows, benthic-pelagic 
coupling, and food web structure (McQuatters-Gollop et al., 2019; Tett 
et al., 2008). Of the tiny plankton groups assessed within this study, we 

recommend the relative ratios of Synechococcus and picoeukaryotes (as 
demonstrated by Schmidt et al. (2020)), and of Synechococcus and 
photosynthetic nanoeukaryotes (to demonstrate size structure changes) 
as candidates for lifeform pairs. Both can inform climate-change con
sequences to ecosystem services, notably tendency towards oligotrophy 
with increasing SST and/or reduced vertical mixing. 

Our timescale relationship results show complex, potentially co- 
dependent relationships between dissolved nitrogenous and 
phosphate-containing nutrients, heterotrophic bacteria, Synechococcus, 
photosynthetic pico- and nano-eukaryotes and heterotrophic nano
eukaryotes, especially in nutrient depleted conditions. The response of 
these tiny plankton lifeforms is of relevance to management as nitrogen 
is introduced directly through land run-off or is an indirect consequence 
of climate change-induced ocean warming and stratification, along with 
oceanic cycling. Ratios of lifeforms with different trophic traits, such as 
heterotrophic nanoeukaryotes paired with photosynthetic pico- and 
nano-eukaryotes, may inform energy transfer balance and ecosystem 
state on productivity and food webs. Differences in the utilisation of 
dissolved nitrogen could also be a measure of primary production and 
food web energy transfer. Elevated abundance of Synechococcus would 
lead to a dominance of nutritionally poor food because they lack in 
polyunsaturated fatty acids (PUFA) (Schmidt et al., 2020), while other 
picoplankton, such as Pinguiophytes, do contain PUFA (Sang et al., 
2012). The poor nutritional quality of Synechococcus could thus impair 
the efficiency of energy transfer to planktivorous fish (Schmidt et al., 
2020) (Fig. 8). We recommend further exploration of the co-dependent 
relationships between heterotrophic nanoeukaryotes, photosynthetic 
nanoeukaryotes, HNA-bacteria, and LNA-bacteria and nutrients in other 
UK sites as data become available. 

Considering the differences in response times between tiny plankton 
and other lifeforms, tiny plankton lifeforms may be paired with existing 
microplankton lifeforms to understand how sub-annual timescale re
sponses link to larger plankton community dynamics (McQuatters-Gol
lop et al., 2019; Tett et al., 2008). For example, an ecologically 
meaningful pair could be large phytoplankton and total picoplankton 
(photosynthetic picoeukaryotes + Synechococcus), as the former are the 
optimal size for grazing by copepods while there is little evidence of 
grazing on the latter (Djeghri et al., 2018). Another potential lifeform 
pair could be dinoflagellates and total tiny plankton which could offer 
information about predator/prey relationships and controls over the 
summer dinoflagellate community. 

5. Conclusions 

Tiny plankton can make up 71 % of plankton biomass but their small 
size means that they are under-represented in traditional analyses of 
time series with light microscopy. We have identified six potentially 
informative tiny plankton lifeforms to support ecosystem state assess
ments using a novel wavelet-based coherence method to measure time- 
scale relationships. These tiny lifeforms can be monitored routinely with 
flow cytometry and show consistent relationships with nutrients and sea 
surface temperature, both of which are linked to human pressures. 
Heterotrophic nanoeukaryotes, photosynthetic nanoeukaryotes, photo
synthetic picoeukaryotes, Synechococcus, and HNA- and LNA-bacteria all 
show promise as lifeforms to diagnose the changing function of pelagic 
food webs. We also show the need for long-term monitoring of tiny 
plankton across multiple sites to establish pressure-state relationships to 
make robust evidence-based decisions. 
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