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The effect of environmental change in structuring the phytoplankton

communities of the coastal waters of the Eastern English Channel was

investigated by applying a trait-based approach on two decades (1996-2019)

of monitoring on diatoms and Phaeocystis. We show that phytoplankton

species richness in an unbalanced nutrient supply context was influenced by

wind-driven processes, ecological specialization for dissolved inorganic

phosphorous, temporal niche differentiation, and a competition-defense

and/or a growth-defense trade-off, a coexistence mechanism where weak

competitors (i.e., slower growing) are better protected against predation.

Under the influence of both environmental perturbations (e.g., wind-driven

processes, freshwater influence, unbalanced nutrient levels) and biotic

interactions (e.g., competition, predation, facilitation), phytoplankton species

exhibited specific survival strategies such as investment on growth, adaptation

and tolerance of species to environmental stresses, silicification and resource

specialization. These strategies have led to more speciose communities, higher

productivity, functional redundancy and stability in the last decade. Our results

revealed that the unbalanced nutrient reduction facilitated Phaeocystis blooms

and that anthropogenic climate warming and nitrate reduction may threaten

the diatom communities of the eastern English Channel in a near future. Our
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results provide strong support for biogeographical historical and niche-based

processes in structuring the phytoplankton community in this temperate

region. The variety of species responses that we characterized in this region

may help to better understand future changes in pelagic ecosystems, and can

serve as a basis to consider functional approaches for future

ecosystem management.
KEYWORDS

biodiversity, community assembly, diatoms, environmental change, functional traits,
Phaeocystis, phytoplankton community, temporal niche partitioning
Introduction

Species functional traits reflect what species do, how they

interact with and how they influence their environment (Violle

et al., 2007). Trait-based approaches may therefore prove

beneficial to significantly improve our knowledge of the

interaction between community assembly and structure,

species diversity and ecosystem functioning (McGill et al.,

2006; Mayfield and Levine, 2010; Cadotte et al., 2011;

Cardinale et al., 2012; Borja, 2014; 2015; De Laender et al., 2016).

Community ecologists typically infer the ecological

processes of community assembly by considering that any

local community is a subset of a regional species pool shaped

by biogeographical and historical effects (Weiher et al., 1998;

Grime, 2006): species thriving local community have

successfully passed a hierarchy of ecological filters, including

dispersal limitation, abiotic and biotic constraints (Zobel, 1997;

Weiher et al., 1998; Grime, 2006). While the functional identity

of a community often reflects optimal ecological strategies (e.g.,

predation avoidance, Ackerly, 2003; Muscarella and Uriarte,

2016), functional diversity - in combination with null

modelling - informs on the degree of niche overlap (functional

convergence/similarity of a community as a proxy) and therefore

on the mechanisms of community assembly (Mason et al., 2013).

While over-dispersion of functional traits related to resources

use is related to competition driven by niche differences (Mc

Arthur and Levins, 1967; Cornwell and Ackerly, 2009), an

under-dispersion reflects asymmetric competition for one

limiting resource and/or abiotic filtering (Cornwell and

Ackerly, 2009; Mayfield and Levine, 2010). However,

facilitation, another biotic process known to occur in all

environmental conditions (McIntire and Fajardo, 2014), may

lead to a similar functional diversity outcome (Münkemüller

et al., 2020 and references therein). Accordingly, over-dispersion

is expected in the case of asymmetric facilitation (i.e., one species

favors another) whereas under-dispersion is expected in the case

of symmetric facilitation (i.e., species favor each other) (Gallien

et al., 2018).
02
According to the modern coexistence theory (Chesson,

2000), coexistence under limiting resource conditions is

maintained only if species either exhibit sufficient niche

differentiation with respect to resource use, or are functionally

similar (i.e., fitness equalities). As the result of competition

among species (Winder, 2009) or an increase in spatio-

temporal environmental variability (e.g., Adler et al., 2006;

Stein et al., 2014), niche differentiation can be achieved by a

multitude of processes, including resource niche partitioning

(e.g., Cardinale, 2011) and temporal niche differentiation

(Shimadzu et al., 2013), the latter implying specialization of

species to specific temporal niches (e.g., Carscadden et al., 2020;

Gao et al., 2020). Although trait trade-offs (e.g., the defense-

growth trade-off, Ehrlich et al., 2020) promote coexistence (e.g.,

Kneitel and Chase, 2004; Litchman et al., 2007) by reducing the

effect of differences among competitive ability of species, niche

differentiation is required for stabilization of coexistence

(Chesson, 2008).

The ‘niche complementarity effect’ hypothesizes that more

diverse communities are more likely to favor species which use

different resources, while the ‘selection effect’ promotes highly

productive species (Tilman et al., 1997; Loreau, 2000). Both

mechanisms facilitate ecosystem functioning (Worm et al., 2006;

Ptacnik et al., 2008; Cardinale et al., 2012). Ecosystem functions

may also be driven by mechanisms such as the particular traits of

the dominant species within a community (the so-called ‘mass

ratio hypothesis’; Grime, 2006) or be induced by changes in

population densities or species composition (Spaak et al., 2017).

Given specialists (i.e., species with narrow niche breadth

resulting from their preference to particular environments/

habitat; see Levins, 1962 and Carscadden et al., 2020) are

considered to be more efficient at capturing and consuming

resources than generalists (i.e., species with broad environmental

tolerance), a loss of specialists is expected to greatly affect

material and energy transfer in ecosystems (Olden et al., 2004;

Alexander et al., 2016), with putative consequences on

ecosystem functioning. More diverse communities may also

stabilize ecosystem processes and functions by steadying the
frontiersin.org
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overall biomass of communities (the so-called ‘portfolio effect’;

Figge, 2004; Duffy, 2009) as a result of asynchrony in species

fluctuations (i.e , compensation dynamics), evenness,

overyielding, and how temporal variability in biomass scales

with its mean (Cottingham et al., 2001). Increase in temporal

stability may also be the result of a decrease in temporal

variability of the dominant species (Steiner et al., 2005).

The Eastern English Channel (EEC) is a well-mixed

mesoeutrophic sea under the influence of multiple

environmental stressors such as temperature rise (McLean

et al., 2019) and the effects of nutrient abatement measures

implemented to reverse cultural eutrophication in the northwest

European shelf seas (OSPAR, 1988; European Union, 1991a;

European Union, 1991b). Over the last decades, these

management measures led to a trend reversal in anthropogenic

nutrients (Talarmin et al., 2016; Lheureux et al., 2021), with an

increase in phosphate limitation in different marine coastal

ecosystems (Loebl et al., 2009; Burson et al., 2016; Talarmin

et al., 2016). Despite that reduction in nutrients loads to coastal

wa t e r s , Phaeo c y s t i s (Phy lum Hap tophy t a , C l a s s

Coccolithophyceae) - which forms the bulk of phytoplankton

biomass with diatoms and is considered as a symptom of

eutrophication (Tett et al., 2007; Burson et al., 2016; Breton

et al., 2021) - still forms impressive spring blooms in the EEC

(2006; 2017; 2021; Breton et al., 2000) and similar unexpected

consequences have been observed elsewhere for diatoms

abundance and chlorophyll a (McQuatters-Gollop et al., 2007;

Duarte et al., 2009; Alvarez-Fernandez et al., 2012; Wiltshire

et al., 2015; Xu et al., 2020). While an improvement in light

conditions has been suggested as a potential triggering

mechanism for phytoplankton increase (e.g., McQuatters-

Gollop et al., 2007; Xu et al., 2020), and as important for the

maintenance of high Phaeocystis biomass given the higher light

requirements of this microalga in comparison to diatoms

(Jahnke, 1989; Peperzak et al., 1998; Breton et al., 2017); there

is still a critical lack of full understanding of the underlying

processes behind these unexpected observations. Phytoplankton

increase could have been also induced by changes in seawater

temperature, nutrient concentrations, and/or nutrient ratios

observed in the study area.

Here, we applied a trait-based approach, null modelling and

probabilistic hypervolumes to time-series (1996-2019) of

diatoms and Phaeocystis collected in the EEC in order to (i)

understand long-term changes in the assembly, structure and

dynamic of species assemblages in relation to changing

environmental conditions, especially unbalanced nutrient

conditions, (ii) investigate the impact of environmental

changes on different aggregate ecosystem functions and

properties, and (iii) explore the role played by biodiversity on

ecosystem functioning.
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Material and methods
Monitoring datasets

Nutrient data (dissolved inorganic phosphorous [DIP],

dissolved inorganic silica [DSi], and dissolved inorganic

nitrogen as the sum of nitrates, nitrites and ammonium

[DIN]), chlorophyll a (Chla, μg L-1), Particulate Organic

Nitrogen (PON, μg L-1) and phytoplankton were collected at

high tide by means of a Niskin Water Sampler (8 L) from

subsurface (2m depth) samples originating from the coastal

station “C” in the Eastern English Channel (50°40’75 N; 1°

31’17E, 20-25 m maximum depth) that belongs to the French

coastal monitoring network SOMLIT (https://www.somlit.fr/).

Nutrient concentrations were analyzed according to Aminot and

Kérouel (2004) using autoanalyzer systems (Technicon,

Alliance, and Seal Instruments), except for ammonium (NH4).

Ammonium concentrations were assessed by spectrometry up to

2008 according to Koroleff (1970) and Solorzano (1969) and by

fluorimetry from 2009 according to Holmes et al. (1999) and

Taylor et al. (2007). Chlorophyll a was estimated by fluorometry

(Lorenzen, 1967) from a 100-250 ml sample of seawater filtrated

through glass fiber filters (Whatman, GF/F, 25 mm) and free of

pigment (extraction in acetone 90% in the dark at 4°C for 12h).

PON was assessed on a NA2100 Frisons CHN analyzer

according to Aminot and Kérouel (2004).

Subsurface temperature (SST, °C) and salinity (S), and the

mean diffuse attenuation coefficient for downwelling irradiance

(Kd, m−1) were assessed from instantaneous vertical CTD

profiles with a Conductivity Temperature Depth (CTD)

Seabird profiler equipped with a Photosynthetically Active

Radiation (PAR, E m−2 d−1) sensor (QSP 2300; Biospherical

Instruments). Seawater density (D, kg m-3) was calculated from

the CTD data using SST, S and pressure (db), and the 1980

UNESCO International Equation of State (IES80, Millero et al.,

1980; Millero and Poisson, 1981). The vertical stratification

index (VSI) was calculated over the water column using

separately temperature and density data according to the

general formula:

VSI = Sðxz − xz−1) (1)

where X is the observed temperature or density value at a given

depth z (m).

The average daily PAR experienced by phytoplankton in the

water column, for a 6-day period before sampling, was obtained

from Kd and global solar radiation (GSR, Wh m-2) from the

Copernicus Atmosphere Monitoring Service (CAMS) radiation

service (http://www.soda-pro.com/web-services/radiation/cams-

radiation-service) using the formula of Riley (1957). GSR was
frontiersin.org
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converted into PAR by assuming PAR to be 50% of GSR and by

considering 1 W m−2 = 0.36 E m−2 d−1 (Morel and Smith, 1974).

Local and regional meteorological data are described in

Table S1 and details on large-scale hydro-climatological

indices (the Northern Hemisphere Temperature (NHT), the

East Atlantic (EA), the North Atlantic Oscillation (NAO), and

the Arctic Oscillation (AO) are given in Lheureux et al. (2021).

Information on the East Atlantic Western Russian (EAWR)

pattern, one of most prominent teleconnection patterns that

affects Eurasia throughout year, can be found at https://www.

cpc.ncep.noaa.gov/data/teledoc/eawruss.shtml/.

Biological samples of diatoms and Phaeocystis were fixed

with Lugol-glutaraldehyde solution (1% v/v; a fixative that does

not disrupt Phaeocystis colonies; Breton et al., 2006) and

examined using an inverted microscope (Nikon Eclipse

TE2000-S) with 100-400x magnification after sedimentation in

5–25 mL Hydrobios chambers. Biovolume measurements were

made over the entire period using standard geometric forms

according to Hillebrand et al. (1999). Abundance and biovolume

of Phaeocystis colonial cells were counted according to Rousseau

et al. (1990). Carbon biomass of diatoms and Phaeocystis (mg C
l−1) were calculated using the carbon conversion factors of

Menden-Deuer and Lessard (2000) and the value of 89.5 pg C

cell–1 (van Rijssel et al., 1997), respectively. The list of diatom

species is provided in Supplementary Table S2, with information

about occurrence frequency (%), and species average abundance

(N L-1) and biomass (μg C L-1). Note that a subset of the

phytoplankton count datasets used in this study has been

previously published (Breton et al., 2021).

Given that at least some 80% of the total biomass are

required to be representative of the functional identity of the

communities (Pakeman and Quested, 2007; see ‘Functional

diversity metrics’ sub-section), available flow cytometry data of

cryptophytes, picoeukaryotes and Synechococcus over the period

2009-2019 were used to ensure the dominant contribution of

diatoms and Phaeocystis to total phytoplankton biomass. For

flow cytometry, 5mL samples were fixed with glutaraldehyde

(1.33% v/v) and kept at -80°C until analysis (FACSCan, BD

Biosciences; Marie et al., 1999; abundance data are available at

https://www.somlit.fr/). Dinoflagellates (auto- and mixotrophic)

were counted by microscopy to complete the phytoplankton

datasets. Identifications were made at the species level when

possible, according to Schiller (1931–1937); Gómez and Souissi

(2007); Hoppenrath et al. (2009) and Maar et al. (2002). Carbon

biomass of auto- and mixo- dinoflagellates and cryptophytes

were obtained from biovolume measurements according to

Hillebrand et al. (1999) and the carbon conversion factors of

Menden-Deuer and Lessard (2000). Carbon biomass of

Synechococcus spp. and picoeukaryotes were determined using

the carbon conversion factors of 154 fgC cell−1 and 1319 fgC

cell−1 (Buitenhuis et al., 2012), respectively.
Frontiers in Marine Science 04
Phytoplankton species traits

For each of the 74 diatom species and Phaeocystis, biovolume

(V, μm3),Maximum Linear Dimension (MLD, μm), and the surface

to biovolume cell ratio (S/V ratio) were calculated from the median

values of microscopic measurements realized over the entire period

(Breton unpublished data). The apparent degree of silicification (i.e.,

1: slight; 2: medium; 3: heavy) was based on Hasle and Syvertsen

(1996) and Hoppenrath et al. (2009). The potential degree of

coloniality for diatoms (i.e., 0: None; 1:<5 cells; 2: 5-20 cells; 3:

>20 cells; 4>50 cells) was assessed through the cultivation of each

diatom species under F/20 medium and with a light:dark cycle of

12:12h at an irradiance of 400 μmol photons m-2 s-1 (Daylight

HQIT-WD 250 W F, OSRAM Gmbh, Műnchen, Germany).

Biovolume is a key trait that relates to various

ecophysiological attributes for resource acquisition,

reproduction and predator avoidance (Litchman and

Klausmeier, 2008; Karp-Boss and Boss, 2016). Species with

high S/V cell ratio and long cellular chain length - that favor

cell suspension in the water column and increase nutrient flux -

have a great competitive ability under nutrient limitation

(Grover, 1989; Karp-Boss et al., 1996; Tabakabayashi et al.,

2006; Musielak et al., 2009; Lovecchio et al., 2019). Higher S/V

cell ratio and weaker silicified species have also been related to

lower silica requirement under laboratory (Leynaert et al., 2004)

and DSi limitation conditions (Martin-Jézéquel et al., 2000;

Martin-Jézéquel and Lopez, 2003). Cell elongation enhances

both cell buoyancy (Grover, 1989; Naselli-Flores et al., 2021)

and protection against photo-inhibition, especially for larger

cells because of a lower cross-section for photoinactivation of

PSII, and lower maximum metabolic rates than for smaller cells

(Key et al., 2010; Schwaderer et al., 2011). Prey biovolume

(Litchman and Klausmeier, 2008), the degree of coloniality

(Bjærke et al., 2015), and the apparent degree of silicification

(Pančić et al., 2019), reflect resource use and/or requirement and

mirror ecological processes/functions linked to predation. A

composite defense trait was then built based on the

methodology described in Breton et al. (2021), i.e., by

summing the scores of each of following traits: (i) the capacity

to produce mucous or toxins (Yes: 1; No: 0), (ii) the presence of

setae and/or spicules – which favor buoyancy; Van den Hoek

et al., 1995 – (Yes: 1; No: 0), (iii) the degree of silicification (1:

slight; 2: medium; 3: heavy), and (iv) coloniality (0: None; 1:<5

cells; 2: 5-20 cells; 3: >20 cells; 4>50 cells). More detail can be

found in the supplementary material of Breton et al. (2021). All

the trait values used in this study are given in supplementary

data. Note that a subset of this dataset has been previously

published (Breton et al., 2021).

The chlorophyll a-to-carbon ratio for phytoplankton (Chl a/

C ratio, in μgChl a μgC -1) was calculated using microscopic

counts. The cell carbon was computed from the equations of
frontiersin.org
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Menden-Deuer and Lessard (2000). Although the Chl a/C ratio

is not a trait sensu strictissimo (Litchman and Klausmeier, 2008),

it stems from processes linking the traits of species and the

alleviation (or accentuation) of external limiting factors such as

light/nutrients availability, in particular nitrogen (Thackeray

et al., 2008; Jakobsen and Markager, 2016). This ratio is

known to be a relevant proxy of phytoplankton growth rate

(Cloern et al., 1995; Le Bouteiller et al., 2003).

Functional diversity metrics

In addition to species richness and Pielou’s indices (Pielou,

1966, Step 1, Figure 1), we characterized the functional structure

and functional diversity of phytoplankton communities by

means of the (i) Community-Weighted Mean (CWM; the
Frontiers in Marine Science 05
mean trait value among each community weighted by the

relative biomass of each species; Garnier et al., 2004), (ii)

functional richness (FRic), (iii) functional evenness (FEve),

and (iv) Rao Quadratic entropy (RaoQ). CWM is a proxy of

functional identity, i.e., the optimal trait strategy (Ackerly, 2003;

Muscarella and Uriarte, 2016). Functional richness corresponds

to the volume of functional niche space filled by a species within

a community (Villéger et al., 2008). Functional evenness is the

regularity with which species biomass in a community is

distributed along the minimum spanning tree that links all

species in the multidimensional trait space (Mason et al.,

2005). RaoQ is the sum of pairwise distances between species,

weighted by the relative biomass within the multidimensional

trait space (Botta-Dukát, 2005). This index is a relevant proxy of

functional divergence and was selected over other similar

metrics for its ability to detect assembly rules significantly

better (Botta-Dukát and Czúcz, 2016).

The precision of functional diversity indices, especially FRic

and FEve, is sensitive to the incompleteness in species and/or

traits data (Pakeman, 2014). Here, we considered 74 diatom

species and Phaeocystis, which represented the majority of the

phytoplankton species richness in coastal waters of the EEC

(2021; Breton et al., 2017). Auto-/mixo dinoflagellates included

10 species (see Breton et al., 2021, Table S3). For smaller

phytoplankton, which cannot be accurately identified by

microscopy, several molecular surveys in the area (e.g., 2016;

Genitsaris et al., 2015) have previously found that pico

eukaryotes were dominated by prasinophyceans (Micromonas

spp., Bathycoccus spp.), Teleaulax spp. and Plagioselmis spp. for

cryptophytes, and Emiliania huxleyi for coccolithophorids.

The functional indices for the diatoms and Phaeocystis

communities were calculated from the biovolume, the

apparent degree of silicification, coloniality, the S/V cell ratio,

and MLD. For each observation (i.e., sampling unit), the

functional metrics were computed on log-transformed species

biomass to reduce a potential influence of the most abundant

species using the R package ‘FD’ (Functional Diversity; Laliberté

and Legendre, 2010). For FRic, FEve, and RaoQ, a preliminary

principal coordinate analysis (PCoA; ‘vegan’ package; Oksanen

et al., 2011) was performed to calculate the multidimensional

trait space for each sampling day. Functional diversity was

computed from a dissimilarity matrix calculated using both

the PCoA axes - as new functional traits - and the Gower

distance (Gower, 1971). The Gower distance allows traits of

different types, including ordinal (Podani, 1999; Table I), to be

included. A square-root transformation (‘sqrt’) - or a Lingoes

correction for negative values (Lingoes, 1971) - was applied

when the distance matrix “species × species” was not Euclidean.

Ecological specialization metrics

Ecological specialization (Step 2, Figure 1) was estimated by

means of the multi-dimensional Outlying Mean Index (OMI,
FIGURE 1

The 5 main steps in our statistical methodology to explore the
link between the environment, phytoplankton biodiversity, and
ecosystem functioning, and the underlying mechanisms and
processes. Step 1: characterization of the plankton community
trait distributions and biodiversity; Step 2: characterization of the
ecological specialization of the phytoplankton community; Step
3: exploration of the mechanisms/niche-based processes of
phytoplankton coexistence (SES, Standardized Effect Size); Step
4: Calculation of different ecosystem properties (phytoplankton
biomass [µgC L-1], Nitrogen Use Efficiency [NUE, mg C–1 mM–1],
Stability, and functional redundancy); Step 5: Time-series
analysis. H, unidimensional niche; Tol, environmental tolerance;
Env, environmental variables; CWM, community-weighted mean;
RaoQ, functional divergence; FEve, functional evenness; Fric,
functional richness; FRed, functional redundancy; GLS,
Generalized Least Squares; GAM, Generalized Additive Models.
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hereafter called ‘environmental tolerance’; Dolédec et al., 2000)

and uni-dimensional niche breadth analysis using the ‘ade4’

(Chessel et al., 2004; Dray et al., 2007) and ‘hypervolume’ R

packages (Blonder et al., 2014). Environmental tolerance was

based on species biomass, considering SST, salinity, wind stress,

nutrients, and PAR. Unidimensional niche breadth (DIN, DIP,

DSi, PAR, SST, and salinity) was determined from kernel density

using (i) the environmental conditions encountered by each

species, (ii) a Silverman bandwidth estimator and (iii) a 0%

quantile threshold (Blonder et al., 2014). Niche breadth and

environmental tolerance reflect the range of an abiotic factor

determining the distribution and species biomass of a species,

respectively. Advantages and disadvantages of each method are

detailed in Breton et al. (2021). Considering one ecological

dimension, we then calculated the Community-Weighted

Mean (CWM; see ‘Functional diversity metrics’) of the niche

breadth to estimate the degree of ecological specialization at the

community scale. A decrease in any CWM of the niche breadth

for one dimension mirrors an increase in the degree of ecological

specialization of the phytoplankton community.
Niche based-processes of
community assembly

The inference of environmental filtering and biotic

interactions (Step 3, Figure 1) were estimated from the

deviation (Standardized Effect Size [SES]; Gotelli and McCabe,

2002) between functional diversity metrics (FRic, FEve, and

RaoQ) calculated on a given (i.e., observed) phytoplankton

community and functional values obtained from a random

community: for each sampling date, trait data were

randomized arbitrarily (times=1000; ‘permatfull’ in the ‘vegan’

R package), while maintaining species richness and abundance

constant. SES was calculated as follows:

SES =
xobs − �xran

sran
(2)

where xobs is the observed values of functional metric at a given

date; �xran is the mean; and sran is the standard deviation of the

functional diversity of randomly assembled communities.

Assuming a normal distribution of the random communities,

the traits derived from the sampling dates falling into the 95th (or

higher) percentile of the random distribution were considered

‘over-dispersed’ (i.e., niche differentiation being the major

process driving community assembly); trait falling into the 5th

(or lower) percentile were considered ‘under-dispersed’ (i.e.,

environmental filtering as the major process).

The degree of temporal synchrony (h) between diatom and

Phaeocystis species and the variance ratio (VR) were calculated

for each year on monthly-averaged species biomass according to

Gross et al. (2014) and Schluter (1984), respectively, using the

‘codyn’ R package (Hallett et al., 2020):
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h =
1
noi

corr  (Yi, o
j≠1
Yj) (3)

and

VR = o
n
i=1Var   (Yi) + 2(on−1

i=1on
j=i+1Cov(Yi,Yj))

on
i Var(Yi)

(4)

where n is the number of species, and Yi and Yj, the biomass

of the species i and that of all other species than species

i, respectively.

The approach of Gross et al. (2014) for synchrony

calculation was preferred to the equation of Loreau and de

Mazincourt (2008) because it equally weights species. This index

varies between -1 (perfect asynchrony) and 1 (perfect

synchrony). The variance ratio, VR = 1 indicates that species

do not covary, whereas VR > 1 or<1 indicates predominately

positive (i.e., synchronous dynamics) and negative (i.e.,

compensatory dynamics) covariance among species,

respectively (Schluter, 1984). To test if the observed VR value

was significantly different from 1, a thousand null communities

were created by randomly selecting different starting points for

each species’ time series, allowing species biomass to vary

independent ly wh i l e ma in ta in ing . w i th in- spec i e s

autocorrelation (Hallett et al., 2020). VR is considered to be

significantly different from 1 when the observed VR value falls

outside of the 2.5th and the 97.5th percentiles of the

null distribution.

Potential temporal niche partitioning and its causes (niche

shift vs niche packing/expansion processes) were assessed

between successive pairs of phytoplankton communities by

considering the DIP dimension (i.e., the hypothesized main

limiting resource for growth, see Loebl et al., 2009; Burson

et al., 2016; Talarmin et al., 2016) and using the function

kernel.beta (Carvalho and Cardoso, 2020; Mammola and

Cardoso, 2020) from the ‘BAT’ R package (Cardoso et al.,

2014) and by choosing the Jaccard similarity index. Niche shift

corresponds to change in niche position of a given species from

one community to another (i.e., occupation of a different niche

space between two successive communities); niche packing/

expansion corresponds to the differences in niche breadth

between two successive communities.
Ecosystem properties

Here, we focused on five ecological properties that are

important for ecosystem functioning and for which data for

their calculation were available: (i) phytoplankton biomass and

(ii) its variability, (iii) the temporal stability of community-level

biomass (reviewed in Cottingham et al., 2001; Loreau et al.,

2002), (iv) the Nitrogen Use Efficiency (NUE; Ptacnik et al.,

2008), and (v) functional redundancy (FRed). Temporal stability

of community-level biomass - the inverse coefficient of variation
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of biomass - was calculated on monthly log-transformed time-

series of diatom and Phaeocystis carbon biomass using the

‘codyn ’ R package (Hallett et al., 2020). Given that

communities mainly composed of functionally redundant

species may improve ecosystem resilience and stability (e.g.,

Biggs et al., 2020), FRed - the difference between Simpson’s

diversity and RaoQ (de Bello et al., 2007) computed using the R

package ‘SYNCSA’ (Debastiani and Pillar, 2012) - reflects

ecosystem sustainability and the buffer capacity of

communities to counteract environmental disturbances. NUE

(biomass per unit of nitrogen available mg C–1 mM–1) was

calculated as:

NUE = biomass=(DIN + PON) (5)

where DIN and PON are in mM. We did not consider the

possibility of organic nitrogen uptake by phytoplankton due to

lack of available measuring equipment. Phytoplankton of the

English Channel and the southern North Sea has been found to

primarily use dissolved inorganic nitrogen (L’Helguen et al.,

1993; Moneta et al., 2014).
Data analyses

For each variable, we successively (i) calculated monthly

average, (ii) applied the Kalman smoothing filter (Kalman, 1960)

for data completion if needed, and (iii) decomposed the

completed time-series for seasonal adjustment (i.e., without

the seasonal component) using the Loess method (Cleveland

and Cleveland, 1990). Data completion and seasonal adjustment

were performed using the R packages ‘stlplus’ (Hafen, 2016) and

‘imputeTS’ (Moritz and Bartz-Beielstein, 2017; Moritz, 2018),

respectively. Before, Phaeocystis and diatom biomasses were log

(x+1)-transformed. Note that an arbitrary time window of 5

years was chosen for time-series decomposition. To build an

index of the wind conditions at a regional scale, we performed a

PCA (‘ade4’ R package) on monthly wind values and their

variations (CV), considering four regional weather stations

monitored by Meteo-France (Dunkirk, Calais, Boulogne/mer,

and Abbeville). A second PCA was calculated to summarize the

abiotic conditions encountered by phytoplankton over the study

period. Given that environmental heterogeneity may favor niche

differentiation by increasing niche availability (e.g., Stein et al.,

2014), and because nutrient ratios may play an important role in

the outcomes of competitive interactions, the CV of SST,

salinity, seawater density, PAR, each nutrient between each

pair of consecutive months, and the DIP/DIN, DSi/DIP and

DSi/DIN molar ratios were considered in the PCA in addition to

mean values. To explore the link between niche breadths along

the different niche dimensions that we investigated (DSi, DIN,

DIP, SST, salinity, and PAR) and to define the ecological

specialization index of the phytoplankton community, we

performed a third PCA on the CWMs of niche breadth of the
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different niche dimensions and environmental tolerance. Prior

the three PCAs, skewness of the data was removed to reach

normality and all variables were z-transformed to have a mean of

zero and a standard deviation of one (‘caret’ package; Kuhn

et al., 2016).

To explore the driver-response relationships of the

phytoplankton community patterns/ecosystem properties to

the environment, we successively calculated (step 5, Figure 1)

cumulative sums (Cusum, Ibañez et al., 1993; Kirby et al., 2009;

Regier et al., 2019) and performed Generalized Least Squares for

linear regression modelling (GLS, Aitken, 1936) or Generalized

Additive Models (GAM, Hastie and Tibshirani, 1990) for non-

linear modelling. The Cusum method is particularly well-

adapted to the study of environmental time-series because of

its robustness for handling incomplete, non-normal, noisy data

(Regier et al., 2019), and its potential to reduce the risk of

misinterpretation which may result from the use of standard

relationship analysis between variables (Regier et al., 2019).

However, while previous studies correlated Cusum-

transformed variables to explore the relationships between

biotic patterns and the environment (e.g., Ibañez et al., 1993;

Breton et al., 2006; Glibert, 2010), such an approach violates the

assumption of variable independence and is strongly

discouraged (Cloern et al., 2012; Regier et al., 2019; but see

Lancelot et al., 2012); instead, relationships are assessed by

visually evaluating parallelism between Cusum-transformed

variables using Cusum charts (Regier et al., 2019 and

references therein). By contrast, GLS models and GAM allow

accounting for the autocorrelation in time series data, and,

therefore, a more quantitative assessment of the driver-

response relationships and valid hypothesis testing. Cusum for

each time series were obtained by subtracting the mean from all

values of the given monthly time-series, and progressively

adding the residuals. The Cusum function, called v in the

formula, is calculated iteratively as follows (Ibañez et al., 1993;

Kirby et al., 2009; Regier et al., 2019):

vt  = vt−1 + (xt − �x) (6)

where xt is the monthly averaged variable at time t (ranging from

1 to n), and �x is the variable averaged over the whole period of

investigation. As a result, the distribution of the Cusum-

transformed variables has a mean of 0 and a standard

deviation of 1. The sign and the slope of the Cusum plots

reveals trend and sub-cycle patterns, thresholds and changes in

mean values along a time series of two or more variables (Regier

et al., 2019). Positive vt values indicate a deviation of xt above the

mean, while negative values indicate a deviation below the mean;

increasing and decreasing slopes reveal values (on average)

above and below and the mean of the time series, respectively.

A transition from negative (positive) to positive (negative) slopes

shows a shift in the time series from lower (higher) to higher

(lower) than the mean (Regier et al., 2019). For regression

modelling, we first computed Pearson correlations (package
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‘corrplot’; Wei and Simko, 2021) between the different variables

using annual and standardized data. Each model was then built

(i) by sequentially selecting (i.e., forward selection) the

significantly correlated variables, (ii) by accounting for a serial

correlation AR(1) model for the errors and potential interaction

between predictors when applicable, and (iii) using the

Maximum-Likelihood method. The variance inflation factor

(VIF) per variable was also calculated using the package ‘car’

(Fox and Weisberg, 2019) to ensure that multi-collinearity

between predictors of the model was negligible (VIF<3). Based

on the Akaike information criterion (AIC), we retained the most

parsimonious model. All models were checked for accuracy by

ensuring that the structure of the Autocorrelation and Partial-

autocorrelation functions (ACF/PACF) of the model residuals

meet the properties of an AR(1) model. GLS and GAM were

performed using the R packages ‘nlme’ (Pinheiro et al., 2022)

and ‘mgcv’ (Wood, 2017), respectively; and the function corAR1

(form=~year) for the correlation structure of the residuals.In our

study, only the clear driver-response relationships (i.e.,

parallelism or anti-parallelism for Cusums and significant

(p<0.05) GLS or GAM models) are shown (Tables 3–5 and S3;

and Figures 5A–F, 6A–E, 7, 9A–F, and 10A–C).
Results

The range, mean ( ± SD) and median values of the

environmental conditions recorded at the monitoring coastal

station “C” over the period 1996-2019 are given in Table 1. The

values of nutrients and Kd were in the common range of coastal

stations of the English Channel (e.g., Lefebvre et al., 2011;

Napoléon et al., 2012; Houliez et al., 2013; Saulquin et al.,

2013; Bonato et al., 2016). Based on the Redfield and

Brzezinski ratios (Redfield et al., 1963; Brzezinski, 1985), the

nutrient molar ratio values recorded at station “C” showed that

DIN was regularly in excess over DIP over the last two decades

(Table 2). The trend towards DIP-limitation occurred from 2005

to 2015 and resulted from an increase in DIN : DIP and DSI :

DIP peak events well above the Redfield (1963) and Brzezinski

(1985) ratios (i.e., >>16, Figures 2A, B). The DIN : DIP and DSI :

DIP ratios decreased abruptly from 2015 to reach values similar

to those recorded in the early 2000s, indicating an excess in DIP

at both periods (DIN : DIP and DSI: DIP ratio value<<16). The

analysis of the phytoplankton composition available for the last

decade indicated that phytoplankton was mainly composed of

diatoms and Phaeocystis biomass (86 ± 16%, Figures 3A, B), but

for several dates from mid-2015 to end-2019 when

picoeukaryotes and cryptophytes contributed altogether to

more than 50% of the total phytoplankton biomass (20% of

the observations). On a seasonal scale (Figure 3C), diatoms and

Phaeocystis biomass contributed in average to 91% to

phytoplankton biomass; the lowest and highest contributions

occurring in November-December (78 and 80%, respectively)
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and in April during the maximum of the Phaeocystis bloom,

respectively. The list of the ten most dominant diatom species in

term of carbon biomass identified over the period 1996-2019 is

given in Table 2 (see Table S2 for all the diatom species).

The cumulative sums calculated on the first three independent

PCs (PC1-3, Figures 4A–C) of the PCA performed on the

seasonally-adjusted mean abiotic environmental conditions and

their variability (see Figures S1A–C for details) were synchronous

with changes in twelve of the phytoplankton community patterns

that we measured (Figures 5A–F, 6A–E, and 7). The Cusum of the

inverse PC1 axis (INV-PC1, 20.3% of the total variability,

Figures 4A and S1A-C) was synchronous with the Cusums of

(i) the degree of silicification of the phytoplankton community

(Figure 5A), (ii) the Chl a/C ratio (Figure 5B), (iii) the degree of

generalism for nutrients and environmental tolerance (Figure 5C;

Figure S2A, B), (iv) the temporal niche overlap for DIP which

ranged from 66 to 92% (79 ± 4% niche overlap in average;

Figure 5D), and (v) the temporal variability in phytoplankton

biomass (0-104%, 64 ± 41%; Figure 5E). All Cusum values

increased between 1996 and 2002 to reach a maximum in early

2002, followed by a second peak at end-2009, and a decrease until

end-2019. The Cusum of the INV-PC1 (Figure 4A) was

synchronous with the Cusums of the local wind speed (Figure

S3A) and precipitation (3-206 mm, 73 ± 35 mm, Figure S3B). No

synchrony between Cusums of precipitation and the INV-PC1

was found from 2012. Nutrients (positively), salinity (negatively),

density (negatively), and the variability in both salinity, DIN, and

DSi (positively) mainly contributed to the INV-PC1 (Figures S1A,

C), and an increase in the Cusum of the INV-PC1 corresponded

to an increase of both freshwater influence and wind-driven

abiotic forcing (temporal environmental fluctuations). Note that

the temporal niche differentiation, which started in early 2009, was

mainly caused by a progressive niche shift of the communities

(Figure S4). GLS modelling confirmed these driver-response

relationships except for the temporal niche overlap for DIP

(Table 3). Nevertheless, temporal niche overlap for DIP was

indirectly related to the INV-PC1 through its relationships with

DIN and PAR variability, themselves related to the INV-PC1

(Table S4). Note that refining driver-response relationships

showed that the CWM of the degree of silicification and the

variability in phytoplankton biomass were significantly related to

DSI, whereas the Chla/C ratio and the degree of generalism were

significantly related to the regional wind conditions (positively)

and density (negatively) and the temporal niche overlap for DIP

(positively), respectively (Table 3). The Cusum of the second

principal component (PC2, 11.3% of the total variability,

Figure 4B) was synchronous with the Cusums of (i) the

contribution of Phaeocystis to total phytoplankton biomass

(max 99%, Figure 6A), (ii) the duration of Phaeocystis seasonal

occurrence (Figure 6B), (iii) the phytoplankton biomass (0.2-

3221, 233 ± 420 μgCL-1, Figure 6C), (iv) the total diatom

abundance (0.16-64.4 105 cellsL-1, 3.6 105 ± 6.3 105, Figure 6D),

(v) the functional redundancy (Figure 6E), and the inverse of the
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Pielou’s evenness (Figure 6F). The Cusums of the contribution of

Phaeocystis to total phytoplankton biomass and the Phaeocystis

biomass were also synchronous (Figure S5). After a constant

decrease from 1996 to mid-2004, all Cusum values increased

until end-2014 - except for PC2, which showed a sharp decrease in
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2013 - and slightly decreased until end-2019. Given that DIP level

(negatively) and the DSI/DIP and DIN/DIP ratios (positively)

contributed significantly to PC2 (Figure S1A and C), we revealed a

noticeable DIP limitation. GLS modelling confirmed that the

contribution of Phaeocystis to total phytoplankton biomass, the

diatom and the total phytoplankton abundance, and the Pielou’s

evenness were significantly related to the PC2 (Table 4). Note that

refining the driver-response relationships showed that the

contribution of Phaeocystis to total phytoplankton biomass was
TABLE 1 Range, mean ( ± SD) and median values of the mean diffuse attenuation coefficient for downwelling irradiance (kd(PAR, m−1),
Photosynthetic Active Radiation at mid-depth (PAR10m, E m−2 d−1), sea surface temperature (SST, °C), density (D, kg m-3), salinity (S), nutrients
(dissolved inorganic nitrogen as the sum of nitrates, nitrites and ammonium [DIN, µM], dissolved inorganic phosphorous [DIP, µM], Dissolved
inorganic silica [DSi, µM], and their molar ratios [DIN/DIP, DSi/DIP, and DSI/DIN, µM:µM], Chlorophyll a (Chla, µg L-1), and diatom and Phaeocystis
biomass (µgC L-1) in coastal waters of the eastern English Channel over the period 1996-2019.

Variable Unit Range Mean±SD Median

kd m-1 0.01-0.83 0.33 ± 0.13 0.31

PAR10m E m-2 d-1 0.57-23.15 6.6 ± 4.8 5.5

SST °C 5-19.7 12.5 ± 4.3 12.3

D kg m-3 1023.4-1027 1025.6 ± 0.8 1025.6

S nu 30.9-35.3 34.1 ± 0.5 34.2

DIN mM 0.04-27.51 7 ± 7 4.31

DIP mM 0.01-1.55 0.35 ± 0.29 0.28

DSi mM 0.01-30.69 3.9 ± 4.1 2.44

DIN/DIP mM:mM 0.3-443 24 ± 36 17

DSi/DIP mM:mM 0.9-348 17 ± 30 11

DSi/DIN mM:mM 0.003-40 1.7 ± 3.2 0.65

Chla mg L-1 0.34-24 4.87 ± 3.90 3.94

Diatoms mgC L-1 0.2-2338 110 ± 178 66

Phaeocystis mgC L-1 0-3174 122 ± 384 0
front
A

B

FIGURE 2

Temporal variations of the nutrient molar ratios (A: DIN/DIP, B:
DSi/DIP, [µM:µM], with DIN and DIP as dissolved inorganic
nitrogen [i.e., the sum of nitrates, nitrites and ammonium]) and
phosphorus in coastal waters of the eastern English Channel
over the period 1996-2019. Black line: monthly raw time-series.
Grey line: seasonally adjusted, and red thick line: Cusum. Right
axes are for seasonally adjusted and Cusum. Orange dashed line:
the Redfield and Brzezinski nutrient molar ratios (Redfield 1963;
Brzezinski 1985).
A B

C

FIGURE 3

(A) Whole phytoplankton composition (carbon biomass
frequency), and its (B) temporal and (C) average seasonal
variations, respectively, in coastal waters of the eastern English
Channel over the period 2009-2019.
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significantly related to the DIN/DIP ratio and the inverse of the

variability in PAR and variance ratio. In the same way, diatom and

phytoplankton abundance were related to the DSI/DIP ratio. and

the diatom abundance and the contribution of Phaeocystis to total

phytoplankton biomass, respectively. By contrast, the duration of

Phaeocystis seasonal occurrence was inversely related to the

regional wind conditions and the variance ratio. Moreover, the

functional redundancy and phytoplankton biomass were related

to DIP (negatively) and Phaeocystis biomass (positively),
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respectively. Phaeocystis biomass, was inversely related to the

variability in PAR and the variance ratio (Table S3). The

Cusum of the third component (PC3, 8.3% of the total

variability, Figures 4C, Figures S1B, C) was similar to the

Cusum of the diatom biomass (Figure 7). While not being

related over the first years of monitoring, both Cusums

increased from end-2002 until a maximum in mid-2005 and

then decreased sharply from early 2015 to the end-2019. SST

(negatively) and the variability in DIN and DSi (positively) were

the variables that mainly contributed to PC3 (Figure S1B, C),

indicating that diatom biomass was promoted under cold

conditions and, to a lesser extent, favored by DIN and DSi

pulses (i.e., increase in their temporal variability). Note that no

correspondence was found between the Cusum of PC3 and any

meteorological parameter. GLS modelling showed that diatom

biomass was only significantly related to the CWM of the S/V

ratio (negatively, Table 4), itself being inversely related to DIN

(Table S3). Note that, the variables used to compute the PC3 -

yearly-averaged data - were different from the variables used to

calculate the PC3 based on seasonally-adjusted data (Figure S1

and Table S4).

In contrast to the Cusums of phytoplankton biomass

(Figure 6C) and its variability (Figure 5E), the Cusum of the

temporal stability of community-level biomass (Figure 8), which

results from both biomass and its variability, is unlike any other.

However, GLS modelling indicated that the temporal stability of

community-level biomass was significantly related to

diatom biomass.

Phytoplankton species richness and functional diversity

(FRic and RaoQ) are displayed on Figures 9B–D. The FRic

and RaoQ values for the diatom community and Phaeocystis

were always significantly lower than values expected for random

community analysis (i.e., 5th< SES< 95th percentile of the

random distribution, i.e. [-1.96<SES<1.96], in grey in

Figures 9B, C and S7A, B), indicating a strong environmental

filtering on phytoplankton communities from 1996 to 2019. The
TABLE 2 Rank biomass and abundance and occurrence frequency (%) of the ten most dominant diatom species in term of carbon biomass
identified in coastal waters of the eastern English Channel over the period 1996-2019 (see Table S2 for all the diatom species).

Diatom species Occurrence frequency Rank abundance Average abundance Average biomass
% NL-1 mgC L-1

Rhizosolenia imbricata var. shrubsolei 69 1 21206 14.5

Guinardia striata 53 4.5 12080 13.86

Ditylum brightwelli 42 15 4449 6.74

Guinardia delicatula 70 1.5 22547 9.1

Guinardia flaccida 50 18 2164 8.83

Odontella sinensis 12 33 4680 2.93

Lauderia annulata/L. borealis 30 9 4545 1.88

Thalassiosira gravida 36 10 10292 5.46

Cerataulina pelagica 21 26 74232 4.04

Leptocylindrus danicus 41 2.5 157 0.89
Note that species rank was calculated on monthly time-series whereas occurrence frequency was calculated on sampling dates.
A

B

C

FIGURE 4

Temporal variations of the abiotic conditions (mean and
variability) in coastal waters of the eastern English Channel over
the period 1996-2019. (A) Principal component 1 [INV-PC1]; (B)
Principal component 2 (PC2); and (C) Principal component 3
(PC3, see Figure S1 for PCA details). Black line: monthly
seasonally adjusted ones. Red thick line: Cusum. Right axes are
for Cusum. Note that PCs values in (A) have been inverted for
ease of reading with next results (Figure 5).
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TABLE 3 Significant (p-value<0.05) coefficient estimates ( ± SE) from Generalized Least Squares (GLS) models to explore the driver-responses
relationships of the Community-weight mean of the degree of silicification (CWM), the degree of generalism, the chlorophyll a-to-carbon ratio
(Chla/C ratio), the temporal DIP niche sharing and the variability of phytoplankton biomass in coastal waters of the eastern English Channel from
1996 to 2019.

AIC Estimates (±SE) t-value p-value

CWM of the degree of silicification

DSI -55.9 0.08 (0.01) 5.46 <10-3

INV-PC1 -46.3 0.06 (0.02) 3.26 0.004

Chla/C ratio

Regional Wind speed conditions 0.43 (0.11) 3.99 0.0007

INV-PC1 0.37 (0.09) 3.91 0.0009

Regional Wind speed conditions mPC1 0.43 (0.10) 4.21 0.0004

Generalism

Density 24.6 -0.36 (0.09) -3.75 0.001

Temporal DIP niche sharing 27.35 (4.51) 6.06 <10-3

INV-PC1 43.5 031(0.14) 2.17 0.04

Temporal DIP miche sharing

varPAR 0.009 (0.003) 3.07 0.006

DIN 0.01 (0.003) 3.36 0.003

Variability in phytoplankton biomass

DSI 60.2 0.68 (0.15) 4.40 0.0002

INV-PC1 68.2 0.52 (0.17) 3.00 0.007
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DSi: dissolved inorganic silicon; and the INV-PC1: the inverse coordinates of the first principal component of a PCA performed on the abiotic environment. GLS models were built with
annual means and after accounting for a serial correlation AR(1) model for the errors and the potential interactions between the different predictors when applicable. The most
parsimonious model was retained based on the Akaike Information Criterion (AIC) value. Note that the estimates of the intercept in each model are omitted r for ease of reading.
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FIGURE 5

Temporal variations of the phytoplankton community patterns (red lines) in relation with the abiotic conditions (orange line, PC1, see Figure S1
for PCA details) in coastal waters of the eastern English Channel over the period 1996-2019. (A) The apparent degree of silicification, (B) the
Chlorophyll a to phytoplankton carbon biomass (Chl a/C, mg Chla:mg C), (C) the degree of generalism for nutrients and environmental tolerance
(INV-PC1, see Figure S2 for the PCA details); (D) temporal niche sharing for DIP; and (E) variability of phytoplankton biomass (CV). Black and
grey line: monthly raw and seasonally adjusted time-series, respectively. Note that PCs in (C) represent yet seasonally adjusted time-series.
Orange and red lines: Cusum. Right axes are for seasonally adjusted and Cusum. Note that PCs values in (C) have been inverted for ease
of reading.
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inspection of the Cusum of SES-RaoQ (Figure 9B) showed a

tendency towards traits divergence from 1996 to early 2004,

however, followed by a period of traits convergence. By contrast

to the observed phytoplankton community patterns, the

response of functional biodiversity (SES-RaoQ and SES-FRic),

the degree of generalism for DIP (Figure 9E) and the variance

ratio (Figure 9F) increased along with DIP (Figures 9A–C).

Although the variance ratio showed a trend towards

compensation over the last decade (VR<1), null model testing

indicated that VR values were never significantly different from

one, and consequently; that species did not significantly covary.

We detected the inverse pattern described above for species

richness and defense against predation (Figures 9D, G). This

suggests that the contribution of specialists for acquiring/using

DIP and well-defended species within the community, and for

which the phytoplankton community tend towards

compensation dynamics, increased as DIP decreased. We
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revealed that temporal changes in the Cusum of defense was

synchronous with that of phytoplankton biomass and inversely

related to that of the Pielou’s evenness (see Figure S8). GLS

modelling confirmed that the variance ratio and the niche

breadth for DIP, and the CWM of defense against predation

were positively and negatively related to DIP, respectively

(Table 5). By contrast, the functional divergence (SES-RaoQ)

was related to the total phytoplankton abundance. Moreover,

species richness was inversely related to the functional

divergence and the niche breadth for DIP. Note that although

no clear driver-response relationships was found for synchrony

based on the Cusum calculation, GLS modelling showed that

synchrony was related to the regional wind speed conditions and

the variance ratio (positively).

The Cusums of the ecological specialization for the

acquisition and/or use of DIN (i.e., the inverse niche breadth

for DIN, Figure 10B) and the Nitrogen Use Efficiency (NUE,
TABLE 4 Significant (p-value<0.05) coefficient estimates ( ± SE) from Generalized Least Squares (GLS) models to explore the driver-responses
relationships of the contribution of Phaeocystis to total phytoplankton biomass (%), the duration of the seasonal Phaeocystis occurrence, the
diatom abundance and biomass, the total phytoplankton abundance and biomass, the functional redundancy, and the Pielou’s evenness of the
phytoplankton community in coastal waters of the eastern English Channel from 1996 to 2019. were positively and negatively related to DIP,
respectively.

AIC Estimates (±SE) t-value p-value

Phaeocystis biomass (%)

DIN/DIP ratio -120.4 0.01 (0.003) 3.59 0.002

varPAR -0.01 (0.004) -3.48 0.002

Variance ratio -0.02 (0.01) -2.94 0.008

PC2 -104 0.01 (0.01) 2.61 0.02

Duration of Phaeocystis occurrence

Regional Wind speed conditions -0.49 (0.15) -3.19 0.004

Variance ratio -0.95 (0.31) -3.06 0.006

Diatom abundance

DSI/DIP ratio 59.7 0.41 (0.14) 2.83 0.01

PC2 60.5 0.46 (0.18) 2.54 0.02

Diatom biomass

CWMS/V ratio -4.03 <10

Phytoplankton abundance

Diatom abundance -48.1 0.13 (0.02) 7.59 <10

Phaeocystis biomass (%) 3.38 (0.66) 5.11 <10

PC2 -14.2 0.12 (0.04) 3.07 0.006

Phytoplauktom biomass

Phaeocystis biomass 0.66 (0.13) 5.12 <10

Functional redundancy

DIP -0.06 (0.02) -2.81 0.01

Pielou's index

PC2 -0.43 (0.14) -3.17 0.005

% of Phaeocystis biomass -13.44 (5.61) -2.40 0.03

INV-PC1 0.34 (0.15) 2.20 0.04
fronti
The GLS models were built with annual means and after accounting for a serial correlation AR(1) model for the errors and the potential interactions between the different predictors when
applicable. The most parsimonious model was retained based on the Akaike Information Criterion (AIC) value. Note that the estimates of the intercept in each model are omitted r for ease
of reading. DIP, DIN, and DSI: dissolved inorganic phosphorus, nitrogen, and silicon; the INV-PC1 and PC2: the two first principal components of a PCA performed on the abiotic
environment; varPAR: variability in the Photosynthetic Active Radiation for phytoplankton; CWM.S/V ratio: the Community Weighted-Mean of the Surface to Biovolume cell ratio.
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Figure 10C) followed that of Kd, i.e., a proxy of clarity in the

seawater column (Figure 10A). The lower the Kd value (i.e.,

higher light availability), the lower the number of DIN-

specialists species, and the NUE. The Cusum of Kd paralleled

the Cusum obtained for regional wind speed (Figure S3C; S6A,

B). GLS modelling confirmed the relationships between NUE

and the degree of ecological specialization for DIN but not for

Kd (Table 5). The degree of ecological specialization for DIN was

inversely related to DSI.

Finally, although no correspondence was found between the

Cusums of the degree of coloniality of the phytoplankton

community and any other variable, GLS analyses revealed that

coloniality was inversely related to DIN and variability in density

(Table S3).
Discussion

By studying resource requirement, acquisition and/or use

traits over the last two decades, we demonstrated that

environmental filtering (SES-RaoQ<-1.96) played a major role

in structuring the phytoplankton communities of the coastal

waters of the EEC. Such a general functional trait under-

dispersion is in line with the finding that communities

composed of functionally similar species are more frequent

than previously reported (e.g., Segura et al., 2013; Bottin et al.,
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2016; Burson et al., 2019; Keck and Kahlert, 2019). From our

Cusum analyses, the opposition between SES-RaoQ and the

CWM of defense, as shown at the seasonal scale with the same

datasets (Breton et al., 2021), suggests strongly that a

competition-defense trade off played a key role in the

regulation of phytoplankton species richness over the two last

decades. The competition-defense trade-off provide a refuge for

weak competitors that are better protected against predator

attacks (e.g., Chase et al., 2002; Huot et al., 2014; Züst and

Agrawal, 2017; Cadier et al., 2019; Ehrlich et al., 2020). The

investment into defense mechanisms leads to relax competitive

exclusion, through the predation pressure exerted on the

competitively dominant species (Ehrlich et al., 2020), as we

detected with the shift of SES-RaoQ towards higher functional

clustering (Mayfield and Levine, 2010). Investing into defense

has a metabolic cost at the expense of growth, however, such as a

lower maximum growth rate or a lower competitive ability

(Ehrlich et al., 2020). The suspicion of a competition-defense

trade off was reinforced by the parallelism between the Cusums

of defense and phytoplankton biomass, and the anti-parallelism

between them and Pielou’s evenness (see Figure S8).

Accordingly, competition-defense theory predicts that

predation increase prey richness in more productive

environments (Chase et al., 2002), when prey communities

have low evenness (Worm et al., 2002; Hillebrand et al., 2007).

Although the theory predicts that defense leads to increased
A

B

D

E

FC

FIGURE 6

Temporal variations of phytoplankton patterns (red lines) in relation with the abiotic conditions (Principal component 2 [PC2], see Figure S1 for
PCA details, orange line) over the period 1996-2019 in coastal waters of the eastern English Channel. (A) the % of Phaeocystis biomass, (B) the
duration of Phaeocystis seasonal occurrence (months), (C) phytoplankton biomass (µgC L-1), (D) diatom abundance (106 cells L-1), (E) functional
redundancy, and (F) Pielou’s index (abundance-based) of the phytoplankton community. Black and grey lines: monthly raw and seasonally-
adjusted time-series, respectively. Thick line: Cusum. Stick: seasonal value. Right axes are for seasonally adjusted and Cusum. Note that the
Cusum of Pielou’s evenness is inverted (INV-Cusum) for ease of reading.
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TABLE 5 Significant (p-value<0.05) coefficient estimates ( ± SE) from Generalized Least Squares (GLS) models to explore the driver-responses
relationships of the temporal stability of community-level biomass and the Nitrogen Use Efficiency (NUE), the functional divergence (SES-RaoQ),
species richness, the niche breadth for DIP (HDIP), the variance ratio, the synchrony, and the community weighted-mean of defense against
predation (CWM-Defense) of the phytoplankton community in coastal waters of the eastern English Channel from 1996 to 2019.

AIC Estimates (±SE) t-value p-value

Stability

Diatom biomass 0.002 (0.0005) 3.83 <10-3

NUE

HDIN -137 (0.54) -2.53 0.02

with HDIN:

DSI 0.36 (0.078) 4.65 <10-3

SES-RaoQ

Phytoplankton abundance -1.42 (0.32) -4.38 0.0002

Species richness (log scale)

SES-RaoQ -0.28 (0.05) -5.81 <10-3

HDIP -1.83 (0.56) -3.25 0.004

HDIP

generalism -100 0.03 (0.007) 4.42 <10-3

Temporal DIP niche sharing -101 1.03 (0.28) 3.72 0.001

DIP 0.14 (0.04) 325 0.004

varD -0.01 (0.005) -2.18 0.04

Variance ratio

DIP 1.35 (0.44) 3.05 0.006

Synchrony

Regional Wind speed conditions 0.57 (0.14) 3.92 0.0008

Variance ratio 1.11 (0.39) 2.82 0.01

CWM.Defeuse

DIP -0.67 (0.18) -3.66 0.001
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DIP and DSI: dissolved inorganic phosphorus and silicon; varD: variability in density (CV); HDIN: niche breadth for DIN. GLS models were built with annual means and after accounting
for a serial correlation AR(1) model for the errors and the potential interactions between the different predictors when applicable.The most parsimonious model was retained based on the
Akaike Information Criterion (AIC) value. Note that the estimates of the intercept in each model are omitted r for ease of reading.
FIGURE 7

Temporal variations of the diatom biomass (mgC L-1, red line) in coastal waters of the eastern English Channel over the period 1996-2019 in
relation with the abiotic conditions (PC3, orange line, see Figure S1 for PCA details). Black and grey lines: monthly raw and seasonally adjusted
time-series, respectively. Red and orange lines: Cusum. Right axes are for seasonally adjusted and Cusum.
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coexistence only under eutrophic conditions (i.e., high nutrient

levels; Våge et al., 2014), we observed an inverse pattern both

with Cusums and GLS modelling (i.e., predation increased as

DIP decreased). This discrepancy might be explained by the fact

that nutrients levels are still high in our region of interest, despite

significant re-oligotrophication.

Although we did not measure phytoplankton growth rate,

the Chl a:C ratio is a potential relevant proxy for maximum

growth rate (Cloern et al., 1995). Accordingly, this ratio

decreases with increasing growth irradiance (Geider et al.,

1986) and can be related to light-limited growth rate, rather

than against irradiance directly (Langdon, 1988): the ratio

increases linearly with growth rate when nutrients are limiting,

and decreases curvilinearly with growth rate when light was
Frontiers in Marine Science 15
limiting (Laws and Bannister, 1980). This suggests that

phytoplankton growth rate in the EEC was maximal over the

period 1996-2019 when nutrients were replete and light-limited,

but slowed down as nutrients decreased. The trend towards an

increase in the degree of coloniality of the phytoplankton

community over time (i.e., as DIN decreased) reinforce the

suspicion of a trend towards a growth slowdown over time.

Colony formation involve physiological costs related to growth

(Yokota and Sterner, 2011) caused by nutrient shielding (Ploug

et al., 1999; Lavrentovich et al., 2013), as shown for Phaeocystis

(Ploug et al., 1999). Here, we indirectly revealed a patent link

between the Chl a:C ratio, DIP level through the PCA computed

on abiotic forcing, and the opposition between the Cusums of

DIP level and defense, and the parallelism between the Cusums
frontiersin.org
FIGURE 8

Temporal variations of the annual stability of community-level biomass (grey sticks) and its Cusum (red line).
FIGURE 9

Temporal variations of the biodiversity (red lines) in relation with the concentration of dissolved inorganic phosphorous (DIP, µM, orange line) in
coastal waters of the eastern English Channel over the period 1996-2019. (A) DIP (µM), (B) the functional divergence (SES-RaoQ), (C): the
functional richness (SES-FRic), (D): the species richness (N L-1), (E) the degree of specialization for DIP, (F) the variance ratio, and (G) the
phytoplankton defense. Black and grey lines: monthly raw and seasonally adjusted time-series, respectively. Grey sticks: annual value. Orange
line: the Cusum of DIP. Red line: the other Cusum. Right axes are for seasonally adjusted and Cusum. Note that the Cusums of species richness
and defense are inverted (INV-Cusum) for ease of reading.
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of Chl a:C ratio and DIP level suggest that a growth-defense

trade off might have operated at the same time than a

competition-defense trade off. During high Chl a:C ratio

periods, the link between precipitation and environmental

forcing suggested a potential influence of light-limiting

conditions on ratio variations; even if no direct influence of

light was found. We detected a shift towards random species

distribution with increasing precipitation, wind stress, and

nutrient concentrations, but a reduction in species richness,

that suggests either a competition for light (e.g., Sommer, 1988;

Hautier et al., 2009) or stochastic effects under disturbed abiotic

conditions (Weiher and Keddy, 1995). As stressed by Alvarez-

Fernandez and Riegman (2014), the large variations in the Chl a:

C ratio over the two last decades strengthened that using

chlorophyll-a as a proxy of phytoplankton biomass must be

done cautiously.

The correspondence between the apparent degree of

silicification and wind-driven abiotic forcing/freshwater
Frontiers in Marine Science 16
influence, as previously shown at the seasonal scale (Breton

et al., 2021), is coherent with species requirements for cell wall

rigidity (i.e., heavily silicified) and to counteract cell wall

expansion provoked by haline shock (Logares et al., 2009; Hoef-

Emden, 2014; Suescún-Bolıv́ar and Thomé, 2015). As we found in

the present and at the seasonal scale (Breton et al., 2021) heavier

silicified species are expected to occur in environments with

higher DSi level (Martin-Jézéquel et al., 2000; Martin-Jézéquel

and Lopez, 2003), but the progressive decrease in silicification

observed over the period 1996-2019 may have increased species

palatability, favoring species investment into defense against

predators. Competition–defense/growth-defense trade-offs are

known to promote species diversity by reducing the fitness of

superior competitors (i.e., slowing prey growth) and, therefore,

fitness inequalities between competitors. Competition–defense/

growth-defense trade-offs can therefore be considered as a fitness

equalizing mechanism. In order to maintain long-term

coexistence, stabilizing niche differences (i.e., reduction in niche

overlap) are, however, required besides the need of the superior

competitor to survive to predation (Chesson, 2000; Chesson and

Kuang, 2008). Although specialization is often associated to fine

niche differences (McArthur, 1972; Mason et al., 2008; Pigot et al.,

2016), our results showed that variations in functional similarity

(i.e., niche overlap) followed fluctuations of ecological

specialization for DIP, as previously shown at the seasonal scale

(Breton et al., 2021). The opposition between niche breadth for

DIP and species richness that we revealed at the scale of the coastal

waters of the EEC is consistent with the widespread pattern

characterized by Granot and Belmaker (2019) for a large variety

of taxa and ecosystems. The shift towards the dominance of

generalists in response to abiotic forcing is clearly supported by

the ability of such species to adapt to disturbed environments,

eutrophicated systems, and unstable environmental conditions

(Hautier et al., 2009; Hautier et al., 2015; Blüthgen et al., 2016;

Pálffy and Vőrős, 2019). Ecological specialization of species may

also reflect lower resource requirements (Carscadden et al., 2020).

While the traits used in this study may be too coarse to detect

subtle niche partitioning, we showed a trend towards

asynchronous variations (i.e., a decrease in the variance ratio)

between species’ occurrences as DIP concentration decreased

that suggest trade-off mechanisms related to competition for

phosphate, such as competition versus defense against

predation, or competition versus growth under high nutrient

concentrations; mechanisms which can be invoked to explain

niche differentiation. The correspondence between the temporal

niche differentiation and abiotic forcing was explained by the key

role of climatic stability on temporal niche differentiation.

Environmental forcing - especially when severe and frequent -

is known to synchronize population fluctuations (Loreau and de

Mazancourt, 2008) and to favor stress-tolerant species over

specialists (Levins, 1962; Purvis et al., 2000; Sultan and

Spencer, 2002; Chase, 2007). Ecosystem stability requires some
FIGURE 10

Temporal variations of (A) the vertical light attenuation
coefficient (Kd, m-1) as a proxy of the quantity of light available in
the water column for phytoplankton, (B) the degree of
specialization for DIN, and (C) Nitrogen Use Efficiency (mg C–1

mM–1) in coastal waters of the eastern English Channel over the
period 1996-2019. Black and grey lines: monthly raw and
seasonally adjusted time-series, respectively, except for PC1 in
(A), which represents seasonal adjusted ones. Orange line: the
Cusum of Kd. Red line: the other Cusum. Right axes are for
seasonally adjusted and Cusum.
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form of temporal niche differentiation to allow species to

respond specifically to environmental variations, leading to

asynchronous fluctuations. This process was illustrated in the

coastal waters of the EEC by both the trend towards

synchronous response of species to wind-driven abiotic forcing

and the opposition to the degree of ecological specialization and

environmental tolerance. Taken together, our results highlighted

that (i) biogeographical history, (ii) abiotic filtering through

change in salinity and resources, and (iii) biotic interactions

(competition, and predation) were the main mechanisms that

shaped phytoplankton communities and influenced species

diversity in the coastal waters of the EEC over the two last

decades: heavily silicified phytoplankton species that resist to

changes in salinity and wind-driven turbulence were favored, as

well as species that are morphologically well-defended Nutrient

levels, especially DIP, have clearly contributed to structure

phytoplankton communities in the coastal waters of the EEC

during the period 1996-2019.

We did not detect any deleterious effect of Phaeocystis on

diatoms and phytoplankton diversity, as previously shown at the

seasonal scale (Breton et al., 2021). The strong correspondence

between the unbalanced DIP reduction (see the correlations

between biotic variables and PC2; Figure S3C, and GLS

modelling on Table 4) and the contribution of Phaeocystis to

total phytoplankton biomass clearly demonstrates that this species

is well-adapted to anthropogenic disturbance, such as the

European unbalanced reduction of nutrient loads (Loebl et al.,

2009; Burson et al., 2016). A high capacity for efficient phosphate

(P) acquisition and conservation are key traits for the success of

invasive plants under P-limited environments (Olde Venterink,

2011 and references therein; Funk, 2013). Phaeocystis is

fundamentally characterized by its ability to grow on dissolved

organic phosphorus compounds (DOP) through alkaline

phosphatase activity (APA, van Boekel and Veldhuis, 1990) and

to form mucilaginous colonies, which act as a P reservoir

(Moestrup and Larsen, 1992; Schoemann et al., 2005; Rousseau

et al., 2007) and provide protection against predation (Nejstgaard

et al., 2007). Our results therefore support the need for DIN

abatement and/or a rebalancing of the DIN : DIP ratio in order to

mitigate Phaeocystis blooms in the future. Our results showed that

variability in PAR was another significant negative predictor of

Phaeocystis biomass. It’s somewhat surprising given that

Phaeocystis is considered to be able to photoadapt quickly to

varying light conditions (Schoemann et al., 2005). By contrast, the

fact that strong winds reduced significantly the seasonal duration

of Phaeocystis occurrence is coherent with experimental works on

the negative effect of turbulence on Phaeocystis (Schapira et al.,

2006). The concurrent increase in Phaeocystis biomass, total

diatom abundance, and functional clustering suggests that

Phaeocystis (and also diatoms) might have also benefited from a

density-dependent symmetric facilitation (i.e., mutualism; Gallien

et al., 2018) cascade induced by the increase in total
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phytoplankton abundance: a high abundance of benefactors

gives more chance for DOP compounds to be present, which in

turn positively contribute to stronger andmore efficient facilitative

interactions (Krichen et al., 2019; Zhang and Tielbörger, 2020).

More generally, facilitation might arise from an increase in

community complexity (McIntire and Fajardo, 2014;

Münkemüller et al., 2020 and references therein).

We therefore recommend that future studies explore the role of

density-dependent facilitation for Phaeocystis success and the

diversity of available DOP compounds. Assessment of the

multiple molecular expression in species assemblages of the EEC

must be carry out to confirm that DIP niche partitioning did not

occur in the coastal waters of this ecosystem.

It is well known that diatoms dominate in well-mixed

nitrate-rich waters (e.g., Breton et al., 2006). Our results

suggest that diatoms were mainly influenced by seawater

temperature, DIN concentration (indirectly through the

relationship between the CWM-S/V ratio and DIN), and

temporal variability in both DIN and DSi. The inverse Cusum

pattern detected between diatom biomass and seawater

temperature in the coastal waters of the EEC is consistent with

in situ observations (Lürling et al., 2013 and references therein;

Liu et al., 2020; Stockwell et al., 2020; Mancuso et al., 2021) and

biogeochemical models (Bopp et al., 2005), raising concerns for

the subsistence of diatom blooms under climate change

conditions. Thermal stratification is often considered as the

driving process of the decrease in diatom biomass (but see

2018; Kemp and Villareal, 2013), through the reduction of

diatoms ability to stay in subsurface waters, where nutrient

pulses typically occur (Falkowski and Oliver, 2008; Stockwell

et al., 2020). In our study, no causal link between thermal

stratification, nutrient concentrations and diatom biomass was

found, however, with one hypothesis being that the combination

of shallow waters and strong hydrodynamic conditions in the

coastal waters of the EEC permanently mix the entire water

column. The association between diatom biomass and temporal

variability in DIN and DSi suggests a pivotal role of nutrient

pulses in promoting diatom biomass. Climate warming may also

directly affect the metabolism of species, or can act as a selection

for the most thermally adapted species (Lewandowska et al.,

2014). No link was detected with thermal niche breadth,

however, and further analyses are needed to identify the

underlying mechanisms behind temperature and diatom

biomass in the coastal waters of the EEC.

We found no evidence that species richness and/or

functional diversity are significant predictors of ecosystem

functioning in the coastal waters of the EEC. Functional

redundancy, crucial for ecosystem sustainability and for

buffering the effects of environmental disturbances, was linked

to phytoplankton productivity, the latter and NUE being driven

by temporal changes in Phaeocystis biomass and the degree of

specialization for DIN, respectively. In the same way, temporal
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stability of community-level biomass was related to diatom

biomass but not species richness. Long-term changes in the

assembly, structure and dynamics of phytoplankton

communities of the coastal waters of the EEC therefore

corroborate the ‘mass-ratio hypothesis’ (Grime, 2006) that

states that the effect of each species on an ecosystem process is

proportional to the relative abundance of its functional trait

values; here we revealed an important role in nitrogen storage

capacity and productivity. Our study also strengthens previous

results obtained for the same study region, but with coarse

functional groups (Breton et al., 2017), and in both the Baltic

(Filstrup et al., 2014) and Wadden seas (for NUE; Hodapp et al.,

2015). In contrast to Ptacnik et al. (2008) who found a positive

relationship between phosphorous use efficiency, resource use

efficiency, and phytoplankton genus richness in Scandinavian

lakes, we revealed that the dominance of a few species explained

most of NUE and productivity of the coastal waters of the EEC.
Conclusion

Taken together, our results showed that phytoplankton

communities in the coastal waters of the eastern English

Channel were shaped over the last two decades by favoring

either species specialized food resources, or species with ability

to invest in growth, defense, chlorophyll-a and silicification

levels, with a clear influence of environmental perturbations -

such as wind-driven instability, riverine nutrient loads, and

unbalanced nutrient reduction - and biotic interactions

(competition, predation, facilitation). Our study provides

strong support for both niche-based and facilitative processes,

while highlighting the challenging choices faced by managers to

preserve the integrity and sustainability of ecosystems in future,

mainly because of the multiple responses of the phytoplankton

communities to environmental change and the trade-offs - or

lack of synergy - between ecosystem functions/properties.
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