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Abstract

The abundance of large marine dinoflagellates has declined in the North Sea since
1958. Although hypotheses have been proposed to explain this diminution (increasing
temperature and wind), the mechanisms behind this pattern have thus far remained
elusive. In this article, we study the long-term changes in dinoflagellate biomass and
biodiversity in relation to hydro-climatic conditions and circulation within the North
Atlantic. Our results show that the decline in biomass has paralleled an increase in
biodiversity caused by a temperature-induced northward movement of subtropical
taxa along the European shelf-edge, and facilitated by changes in oceanic circulation
(subpolar gyre contraction). However, major changes in North Atlantic hydrodynamics
in the 2010s (subpolar gyre expansion and low-salinity anomaly) stopped this move-
ment, which triggered a biodiversity collapse in the North Sea. Further, North Sea di-
noflagellate biomass remained low because of warming. Our results, therefore, reveal
that regional climate warming and changes in oceanic circulation strongly influenced

shifts in dinoflagellate biomass and biodiversity.

KEYWORDS
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1 | INTRODUCTION

Climate warming is now affecting marine ecosystems everywhere
around the world (IPCC, 2019). In the Northeast Atlantic, import-
ant changes have been documented in phytoplankton phenology
(i.e. seasonal cycle) and abundance, with a shift in mean annual
abundance from a system dominated by dinoflagellates (unicel-
lular mixotrophic phytoplankton) to a system dominated by dia-
toms (unicellular autotrophic phytoplankton) (Chivers et al., 2020;
Djeghri et al., 2023; Hinder et al., 2012). Shift in taxa dominance
is thought to have been caused by increasing temperature and
wind-induced turbulence, which altered water column stratifica-
tion (Hinder et al., 2012). This conclusion is based on the assump-
tion that dinoflagellates mainly occur in stratified low-nutrient
waters, while diatoms mostly occur in turbulent high-nutrient wa-
ters (Kemp & Villareal, 2018; Margalef, 1978; Tréguer et al., 2018).
However, this framework is now known to be too conservative,
both diatoms and dinoflagellates being found in a large range of
habitats, from onshore high-nutrient waters to tropical oligotro-
phic gyres (Kemp & Villareal, 2018; Malviya et al., 2016; Smayda
& Reynolds, 2003).

The biological and ecological shifts that occurred in the
Northeast Atlantic region (and especially in the North Sea) over
the last 60years have been frequently attributed to large-scale
hydro-climatic variability such as North Atlantic Oscillation (NAO),
Atlantic Multidecadal Oscillation (AMO) and Northern Hemisphere
Temperature (NHT) anomalies (Beaugrand, 2004; Beaugrand
etal., 2014, 2021; Edwards et al., 2001, 2013, 2022). Oceanic inflow
has also been identified as a key determinant of plankton community
composition in the North Sea (Edwards et al., 2002; Gao et al., 2021;
Leterme et al., 2008; Reid et al., 2003). The influxes of water, as well
as the biogeochemical and biological properties of this area, are likely
related to the strength of the subpolar gyre, a large body of cold ro-
tating low saline waters in the central North Atlantic, which controls
the amount of cold fresh subpolar and warm-haline subtropical wa-
ters that enter into the North Sea through the Rockall Trough (a deep
area west of the British Isles; Figure 1a) (Hatan et al., 2005; Koul
et al., 2019). The dynamic hydro-climatic conditions, quantified by
the subpolar gyre index (Hatun et al., 2005), can influence the whole
Northeast Atlantic ecosystem (Hatun et al., 2009).

In this article, we investigate the long-term changes in dinofla-
gellate biomass and biodiversity in the Northeast Atlantic, with a
regional focus on the North Sea (Figure 1a). We show that the previ-
ously documented decline has paralleled an increase in biodiversity
caused by the arrival of warm-temperate/haline taxa. We demon-
strate that this increase is correlated with climate warming and
changes in both hydro-climatic conditions and oceanic circulation.
Finally, we show that a strengthening of the subpolar gyre during
the 2010s, associated with a major salinity anomaly that appeared in
the Northeast Atlantic and an eastward shift of the subpolar front,
blocked the northward advection of the warm-temperate/haline
taxa along the European shelf-edge, leading to the collapse of dino-
flagellate biodiversity in the North Sea. This event thus demonstrates

1000

m)

2000

3000

Bathymetry (|

4000

(b) 24 T T . . ;

NN
o N

=y
o]

Taxonomic richness
I

-
N

10 = i 1 H H 1
1960 1970 1980 1990 2000 2010 2020

Carbon cell content

.8
1960 1970 1980 1990 2000 2010 2020
Year

FIGURE 1 Location of the studied areas and long-term changes
in dinoflagellate taxonomic richness and biomass in the North Sea.
(a) Location of the studied areas. Black squares highlight the Rockall
Trough (left) and the North Sea (right). Blank areas display the area
where mean annual/monthly taxonomic richness and biomass of
dinoflagellates, as well as temperature and salinity, were assessed
in the North Sea. In the Rockall Trough, salinity and temperature
were assessed along a transect (white line). Colours denote the
bathymetry across the Northeast Atlantic. Long-term changes in
dinoflagellate taxonomic richness (b) and biomass (c) in the North
Sea. The dashed and bold lines display the unsmoothed and the
smoothed (by means of a first-order simple moving average, that

is a 3-year smoothing window) long-term changes, respectively.
Biomass corresponds to a mean per Continuous Plankton Recorder
sample.

that climate warming interacts with changes in hydro-climatic con-
ditions and oceanic circulation to alter plankton community compo-
sition. Our results therefore emphasise that modelling studies that
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simply consider changing biogeographical ranges (thermal niches) in
relation to climate warming in isolation are not adequate to project

future phytoplankton changes.

2 | MATERIALS AND METHODS

2.1 | Biological data

The Continuous Plankton Recorder (CPR) survey is a long-term
plankton monitoring programme that has sampled plankton on a
monthly basis in the North Atlantic Ocean and its adjacent seas since
1958. The sampling mechanism is a high-speed plankton recorder
towed behind voluntary merchant ships called ‘ships of opportunity’
at a depth of approximately ~7-10m (Batten et al., 2003; Warner
& Hays, 1994). Here we used the abundance data collected for the
dinoflagellates in the North Atlantic Ocean, with an emphasis on the
Northeast Atlantic regions (34°N to 65°N, -27°E to 17°E) and the
North Sea (51°N to 60°N, -3°E to 9°E) between 1958 and 2020
(Figure 1a; Text S1). Each value of abundance corresponds to a num-
ber of cells per CPR sample, which corresponds to ~3 m?® of seawater
filtered (Jonas et al., 2004). Note that the physiological states of the
collected organisms cannot be assessed during sample processing.
Taxa abundances were converted into biomass by multiplying them
with the corresponding mean cell size (i.e. carbon cell contents),
which originate from the database compiled by Barton and col-
leagues (Barton et al., 2013). Only two taxa were not found, even
after looking for updated or synonym names (i.e. Protoceratium re-
ticulatum and Exuviaella spp.). Therefore, a total of 49 taxa (the ones
for which a mean cell size was available) was used in the analyses.
We warn that mean cell size was assumed to be constant, although
it has been shown that intra-specific variations in size and seasonal
morphological plasticity can be important for some phytoplanktonic
taxa (Ligowski et al., 2012).

2.2 | Environmental gridded data

Monthly sea surface temperature (SST, °C) and sea surface salinity
(SSS, PSU) originated from the Ocean Reanalysis System 5 (ORAS5)
dataset and were downloaded from the Copernicus climate data
store (https://cds.climate.copernicus.eu/cdsapp#!/dataset/reana
lysis-oras5?tab=overview). Wind components (U and V, zonal and
meridional components of the wind at 10m above the surface, re-
spectively) and total precipitation (mm) above the North Sea origi-
nated from the ERA5 dataset and were also downloaded from the
Copernicus climate data store (https://cds.climate.copernicus.eu/cd-
sapp#!/dataset/reanalysis-era5-single-levels-monthly-means?tab=
overview). Mean annual SST, SSS, U and V wind and total precipita-
tion were estimated at the North Sea scale (51°N to 60°N, 3°W to
9°E; Figures 1a and 6d; Figure S9b-d) and across the Rockall Trough
(only for SST and SSS; 54°N to 55.5°N, 15.25°W to 13.25°W;
Figures 1a and 6c). Annual SST and SSS anomalies were estimated
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for each year between 2003 and 2020, based on the means between
1965 and 1975 (which is a period of relative stability in the state
of various hydro-climatic indices at the North Atlantic scale; see
Figure 6), for the region from 36°N to 64° N and from -25°E to 15°E,
to characterise the cold and fresh anomalies that have been reported
in the North Atlantic during the mid-2010s (Figures S10 and S11)
(Desbruyeres et al., 2021; Holliday et al., 2020; Josey et al., 2018).

Bathymetry (m) originated from the GEBCO Bathymetric
Compilation Group 2019 (Figures 1a and 2b) (the GEBCO_2019
Grid—a continuous terrain model of the global oceans and land). Data
were provided by the British Oceanographic Data Centre, National
Oceanography Centre, NERC, UK. https://doi.org/10.5285/836f0
16a-33be-6ddc-e053-6c86abc0788e.  (https://www.bodc.ac.uk/
data/published_data_library/catalogue/10.5285/836f016a-33be-
6ddc-e053-6c86abc0788e/). All data were interpolated on a regular
0.25° grid, if not already provided on such a grid.

2.3 | Other hydro-meteorological/hydro-climatic
data and indices

Data on North Sea inflow originated from the NORWECOM model,
which has been validated against observations from the North Sea
(see Text S1). In the present study, the model was used with a hori-
zontal resolution of 10 x 10km?, and 20 bottom-following sigma lay-
ers in the vertical, in an area covering an extended North Sea. For
more details on the model set-up, see Hjgllo et al. (2009; Text S1).
The model was run for the period 1958-2021 with a 5-year spin-up.
Model data were stored as monthly means, and the water transports
into the North Sea were computed from the monthly mean velocity
fields across a transect from Orkney to Utsira (along 59.17°N and
from -2.30°E to 5.15°E). Positive direction is northwards; there-
fore, inflow appears as a negative number. All numbers are given in
Sverdrup (1Sv= 10°m3s7Y). The data were finally averaged at a yearly
scale (Figure S9a).

Salinity time series for the Fair Isle Current Water (Figure S9e;
Text S1), that is waters entering through the northwest North Sea
and originating from the Atlantic Ocean, were provided by Marine
Scotland Science, Aberdeen, United Kingdom. Data were down-
loaded at https://ocean.ices.dk/core/iroc.

The North Atlantic subpolar gyre index (Figure 6a) was assessed
by means of an Empirical Orthogonal Function (EOF, also called
principal component analysis) analysis of the sea surface height
(SSH) over the North Atlantic subpolar and subtropical gyres (from
30°N to 65°N and 80°W to 0°E). SSH data came from the DUACS
DT2014 altimetry data and cover the time period 1994-2020. The
subpolar gyre index summarises the strength and the extent of the
subpolar gyre, that is when the index is positive, it indicates a weak
subpolar gyre (so more subtropical waters are passing along the
European shelf-edge) and inversely, when the index is negative, it
indicates a strong subpolar gyre (so more subpolar waters are being
advected along the European shelf-edge) (Hatun et al., 2005; Hatin
& Chafik, 2018; Koul et al., 2019).
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The NAO (Figure 6a) index was downloaded from the National
Centers for Environmental Information (NCEI) at https://www.ncei.
noaa.gov/access/monitoring/nao/. The NAO is an important source
of hydro-meteorological variability in the Northeast Atlantic (Hurrell

FIGURE 2 Ecological characteristics of the five taxonomic
assemblages. (a) Relationships between the optimums for sea
surface salinity (5SS) and sea surface temperature (SST) of the

49 dinoflagellates. (b) Relationships between the latitude and
bathymetry optimums of the 49 dinoflagellates. (c) Distribution
of the mean carbon cell contents (pg Ccell™) among the five
assemblages identified by means of a cluster analysis (see

Section 2). In (a-c), colours enable the distinction of the five
assemblages: the warm-haline assemblage is in black, the
temperate-haline in red, the temperate in yellow, the temperate
hypohaline in pale blue and the psychrophilous in dark blue. Some
taxa have identical/close environmental optimums; therefore, the
number of dots in each panel is not always equal to 49.

& Deser, 2010). Based on the sea surface level pressure difference
between the Azores and Iceland, a negative index reflects lower
than usual westerly winds in the Northeast Atlantic (i.e. colder and
drier conditions), whereas a positive index means higher than usual
westerly winds (i.e. warmer and wetter meteorological conditions
in the Northeast Atlantic). Although observed for all months of the
year, the NAO is stronger in the winter. Monthly NAO indices were
averaged at a yearly scale and smoothed by means of a first-order
simple moving average (i.e. smoothing window of 3years) to high-
light persistent phases.

The AMO (Figure 6b) index was provided by the NOAA physical
science laboratory and was downloaded at http://www.psl.noaa.gov/
data/timeseries/AMO/. The AMO index reflects the low-frequency
variability in the North Atlantic Ocean and is calculated from the un-
smoothed and detrended Kaplan SST V2 dataset (Text S1). However,
it has been recently suggested that the AMO is not a natural oscilla-
tion but instead results from external forces (e.g. volcanism, aerosol
accumulation and human-induced climate change) (Mann et al., 2021).
Nevertheless, the variability represented by the AMO-like pattern (also
called Atlantic Multidecadal Variability or AMV) has been related with
many different physical and biological changes in the North Atlantic
Ocean (Beaugrand et al., 2021; Edwards et al., 2013, 2022; Faillettaz
et al., 2019). Monthly AMO indices were averaged at an annual scale.

NHT (Figure 6b) anomalies originated from the NASA Goddard
Institute for Space Studies (GISS) and were downloaded at https://
data.giss.nasa.gov/gistemp/. The index corresponds to the combined
land-surface air and sea-surface temperature anomalies at the scale
of the Northern Hemisphere based on the reference period 1951-
1980 (Text S1). Monthly NHT anomalies were average at an annual
scale.

2.4 | Long-term changesin North Sea
dinoflagellate biomass and biodiversity

Dinoflagellate biodiversity (measured as taxonomic richness) was
quantified for each year in the North Sea (Figure 1a) between 1958
and 2020 by considering the total number of taxa with a positive bio-
mass in at least one CPR sample. The biomass of the 49 taxa in each
CPR sample was subsequently added, and the resulting total biomass
was interpolated in the North Sea on a regular 1°x 1° grid for each
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month between 1958 and 2020, averaged at an annual scale and fi-
nally transformed with a log,,(x+ 1) function to account for the large
variability in biomass and avoid negative values (biomass range from
0 to more than 8000 g C per CPR sample). A larger grid resolution
was chosen here (i.e. 1°x 1° instead of 0.25°x 0.25° for environmen-
tal data) because of the nature of the CPR sampling, which is carried
out at a monthly scale over large areas and is also heterogeneous in
space and time (Richardson et al., 2006). Furthermore, the CPR uses
a 270pm mesh silk that mostly samples large armoured formalin-
preservable dinoflagellates and undersamples smaller fragile phy-
toplanktonic taxa. Nevertheless, the CPR collects an important
fraction of the abundance of each taxon and is therefore robust to
examine interannual and seasonal patterns (Richardson et al., 2006).
A shift towards larger cell size is very unlikely to have affected the
sampling by the CPR because a shift towards smaller cell is usually
observed in the context of warming because of an enhanced grazing
by the larger taxa (Lewandowska & Sommer, 2010).

Long-term changes in annual taxonomic richness and total bio-
mass were finally smoothed by means of a first-order (i.e. smoothing
window of 3years) simple moving average (Figure 1b,c). The Pearson
correlation coefficient was calculated between the unsmoothed
taxonomic richness and total biomass. Probabilities were calculated
with correction after accounting for temporal autocorrelation (p, )
by adjusting the degree of freedom (df,.) following the method
used in Beaugrand and Reid (Beaugrand & Reid, 2012). However, as
strong autocorrelation sometimes results in an extreme reduction
in the degree of freedom, correlations might be non-significant at
the usual threshold of .05. Therefore, correlations were considered
significant at the threshold of .15 if they explained more than 40% of
the total variance, a method that has already been applied elsewhere
(Beaugrand & Reid, 2012; Luczak et al., 2011); see the discussion in
Beaugrand and Reid (2012) and references therein for further de-
tails. Significant correlations at the usual threshold level of .05, but
explaining less than 40%, were also considered.

To assess whether annual taxonomic richness was affected by
the changes in CPR sampling effort, taxonomic richness was re-
estimated by randomly selecting a constant number of CPR samples
each year (i.e. 569 samples, the minimal number of samples col-
lected during the year 1978). The operation was repeated 10,000
times, and the resulting simulated taxonomic richness was averaged.
Pearson correlation coefficients were finally estimated between the
changes in annual taxonomic richness and the annual number of
CPR samples collected in the North Sea and between the changes
in annual taxonomic richness and the changes in mean annual sim-
ulated taxonomic richness (under a constant sampling effort), with
the same correction to account for temporal autocorrelation as men-

tioned above (Figure S1).

2.5 | Environmental optimum

The environmental optimum (for SSS, SST, latitude and bathymetry) was
characterised for the 49 dinoflagellates by applying the technique of the
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species chromatogram (Kléparski & Beaugrand, 2022). SST and SSS were
used because distinct phytoplankton assemblages are associated with dis-
tinct water masses (Fehling et al., 2012). Furthermore, temperature has a
strong influence on ectotherm growth rate and has been identified as a
key driver explaining global patterns in phytoplankton diversity distribu-
tion (Martin & Huey, 2008; Righetti et al., 2019; Thomas et al., 2012).

The species chromatogram method is based on the ecological niche
concept developed by G. E. Hutchinson, who defined the niche of a spe-
cies as the set of environmental conditions enabling a species to grow,
maintain and reproduce (Hutchinson, 1957). Usually, this niche concept
is assimilated to a p-dimensional hypervolume where p represents var-
ious environmental variables (e.g. SST, SSS). The species chromatogram
method has been recently developed to (i) display the multidimensional
ecological niche of a species into a two-dimensional space and (i) char-
acterise niche optimum along each environmental dimension, assuming
that the highest abundance or biomass reflects optimal environmental
conditions (Brown, 1984; Kléparski & Beaugrand, 2022).

First, values of SSS, SST and bathymetry were attributed to each
CPR sample collected in the North Atlantic Ocean between 1958 and
2020 by means of nearest-neighbour interpolation, except latitude,
which was already documented in the CPR database. Second, changes
in each taxa biomass were represented along four environmental gra-
dients (one for each environmental variable) divided into « equidistant
categories (here a=50 categories). In each category, the mean taxa
biomass was estimated by considering k% of the CPR samples with the
highest biomass (here k=100%) if at least m samples were present in
that category (here m=1 sample). Third, the mean biomass along each
dimension were standardised between O and 1 and then smoothed
by means of a second-order moving average. The environmental op-
timums were finally assessed along each dimension by identifying the
category where the highest biomass was detected. Tests performed
with a=25 and a=75 showed that the number of categories did not
substantially influence our estimations of environmental optimums

(Table S1, see however Ceratium gibberum or C. teres) of most taxa.

2.6 | Taxonomic assemblage

The 49 dinoflagellates were decomposed into taxonomic assem-
blages based on their standardised environmental optimums for
SSS and SST. Each value of the resulting matrix T49y2 (49 taxa by 2
environmental variables) was standardised between 0 and 1. To do
so, the following transformation was applied for all t values in each

column of T:

£ tip) — min(tp) (1)

@ max(t,) — min(t,)
with t(*i’p) the standardised optimum for the taxa i along the en-
vironmental variables p (here i =49 taxa and p=2 environmental
variables, i.e. SST and $SS) and min(t,) and max(t,) the minimum
and maximum, respectively, along dimension p (Legendre &
Legendre, 1998).
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An Euclidean square distance matrix D949 Was then calculated
between the 49 taxa based on T, ..

two taxa was calculated as follows (Legendre & Legendre, 1998):

The Euclidean distance among

D(species;, species;) = (2)

Finally, a cluster analysis based on the complete linkage method
was applied, and five assemblages were identified at the cut-off level
of 1.7 (Figure 2; Figure S2). The cut-off level was chosen to select a
maximum number of groups and to limit the number of assemblages
with a low number of taxa. The mean long-term annual and monthly
changes in taxonomic richness and biomass were then estimated for
each assemblage in the North Sea following the method previously
used for assessing the total dinoflagellate biomass and taxonomic
richness in the North Sea (Figure 3). Trends in monthly biomass
were assessed by means of linear least-squares regression (Figure 4;
Figures S3-S7) (Legendre & Legendre, 1998).

2.7 | Long-term changes in the taxonomic
richness and biomass of each assemblage at the
scale of the Northeast Atlantic

Taxonomic richness and biomass were interpolated on a regular 1°x 1°
grid for each year and every 2-month period between 1958 and 2020
at the scale of the Northeast Atlantic (34°N to 65°N, 27°W to 17°E). A
2-month period was considered here to account for the spatio-temporal
variability in the CPR sampling (i.e. the sampling effort is higher in the
North Sea than in the rest of the Northeast Atlantic region) (Richardson
et al., 2006). Maximum taxonomic richness and biomass were then as-
sessed (instead of the mean, which would have been affected by the
large number of low/null values caused by the spatio-temporal vari-
ability in the CPR sampling) in each geographical cell by considering all
years and months for four temporal periods corresponding to persistent
negative or positive smoothed NAO phases (Figure 6a): (i) 1958-1971
(persistent negative NAO), (i) 1972-1995 (persistent positive NAO), (iii)
1996-2012 (persistent negative NAO) and (iv) 2013-2020 (persistent
positive NAO). Each period is therefore of unequal length (i.e. 14, 24,
17 and 8years, respectively). The resulting maps were finally smoothed
by means of two successive spatial second-order weighted moving av-
erage (weighted by the inverse of the squared number of geographical
cells; Figures 5; Figure S8). Maps of maximum taxonomic richness were
standardised by means of Equation (1) (Figure S8), and maps of maxi-

mum biomass were transformed with a log,,(x+ 1) function (Figure 5).

2.8 | Relationships between long-term changes
in biomass, taxonomic richness and hydro-climatic
variability

Pearson correlation coefficients were calculated between (un-
smoothed) mean long-term changes in biomass (log,,(x+1)

transformed), taxonomic richness and various hydro-climatic indices
(i.e. NHT, AMO, NAO, subpolar gyre index, inflow into the North
Sea, mean annual SST and SSS in the North Sea and the Rockall
Trough (see Figure 1a) and North Sea U and V winds; Tables S2 and
S3) with the same correction as previously used to account for tem-
poral autocorrelation (see above).

3 | RESULTS

3.1 | Changesin North Sea dinoflagellates

Long-term changes in the biomass and biodiversity (i.e. taxonomic
richness) of planktonic dinoflagellates were first examined in the
North Sea (Figure 1a). To do so, the abundance data of 49 taxa col-
lected by the CPR survey between 1958 and 2020 were converted
into (i) biomass based on taxa mean cell size (Barton et al., 2013)
and (ii) taxonomic richness as a measure of biodiversity. Results
showed that taxonomic richness in this region has doubled since
1958, from ~10 to more than 20 taxa during the 2000s (Figure 1b).
The increase was almost linear, but in the mid-2010s, a strong and
rapid decline was observed from 23 taxa in 2014 to 12 and 14 in
2019 and 2020, respectively (Figure 1b). The taxa that were re-
corded in 2014 but not in 2019 were Ceratium. arcticum, C. ari-
etinum, C. bucephalum, C. carriense, C. compressum, C. declinatum,
C. hexacanthum, C. massiliense, Pyrophacus spp., Podolampas spp.
and Pronoctiluca pelagica. No changes occurred in the number
of recorded taxa during that period (Figure S1a). Although a sig-
nificant correlation was found between the changes in taxonomic
richness and the number of CPR samples collected in the North
Sea (Figure S1b), changes in mean simulated taxonomic richness
(based on a constant number of CPR samples randomly selected
for each year) indicated that the biodiversity trend was not related
to the increasing sampling effort (Figure S1b,c). On the other hand,
total biomass declined, especially after the 1990s (Figure 1c), and
these changes were negatively correlated with the changes in bio-
diversity (r=-.43, p<.01 and p,.r=.12 before and after correc-

tion for autocorrelation, respectively).

3.2 | Decomposition of the dinoflagellate
biodiversity into taxonomic assemblages

Distinct phytoplankton assemblages are associated with different
water masses (Fehling et al., 2012). Therefore, the 49 dinoflag-
ellates were decomposed into taxonomic assemblages by means
of a cluster analysis based on their environmental optimums for
SST and salinity (SSS) in the North Atlantic. Five assemblages were
identified (Figure 2a; Table S1; Figure S2): (i) a warm-haline as-
semblage gathering taxa with high optimums for SST and SSS; (ii)
a temperate-haline assemblage with medium SST and high SSS
optimums; (iii) a temperate assemblage with medium optimums
for SST and SSS; (iv) a temperate hypohaline assemblage with low
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FIGURE 3 Long-term changes in biomass and taxonomic richness of the five assemblages in the North Sea. Long-term changes in the
mean annual biomass (per Continuous Plankton Recorder sample) of (a) the warm-haline, (b) the temperate-haline, (c) the temperate, (d) the
temperate hypohaline and (e) the psychrophilous assemblage in the North Sea (Figure 1a). Long-term changes in the taxonomic richness

of (f) the warm-haline, (g) the temperate-haline, (h) the temperate, (i) the temperate hypohaline and (j) the psychrophilous assemblage in

the North Sea (Figure 1a). In (a-j), colours enable distinction of the assemblages (see Figure 2 legend). (k-0) Long-term changes in the mean
monthly biomass of (k) the warm-haline, (l) the temperate-haline, (m) the temperate, (n) the temperate hypohaline and (o) the psychrophilous
assemblage in the North Sea. Blue and red colours represent low and high biomass, respectively. Each panel has a distinct colour scale. See
also Figures S3-S7.
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SSS and medium SST optimums; and (v) a psychrophilous assem-
blage composed of taxa occurring in cold medium-haline waters.
The taxonomic composition of each assemblage is displayed in
Table 1. Taxa composing the warm-haline and temperate-haline
assemblages also exhibited high and low optimums for bathym-
etry and latitudes, respectively (Figure 2b), and high variation in
cell size (Figure 2c), suggesting that those assemblages mainly
occur in low-latitude oceanic waters, thereby subtropical or pos-
sibly tropical regions (Smayda & Reynolds, 2003). On the contrary,
taxa composing the temperate, the temperate hypohaline and the
psychrophilous assemblages had low and high optimums for ba-
thymetry and latitudes, respectively (Figure 2b), associated with
smaller mean cell size (Figure 2c), indicating that those assem-
blages mainly occur over the continental shelves and shelf-edges
(Smayda & Reynolds, 2003). (Some taxa of the temperate and tem-
perate hypohaline assemblages were also found over high-latitude
oceanic areas; Figure 2b).

3.3 | Long-term changes of the five assemblages
in the North Sea

The long-term changes in biomass and taxonomic richness of the five
assemblages were subsequently examined in the North Sea (Figure 3).
The warm-haline and temperate-haline exhibited an increase in bio-
mass, with two pulses in the 1980s and circa 2009 for the former and
a constant increase from the end of the 1960s until the end of the
2000s for the latter (Figure 3a,b). The highest biomass of both assem-
blages was observed between 2000 and 2011, followed by a collapse

during the 2010s (Figure 3a,b). The temperate assemblage exhibited
a decline from the middle of the 1970s to the middle of the 1980s,
followed by a period of relative stability (Figure 3c). In contrast, the
last assemblages showed a decrease in biomass, with the lowest val-
ues being observed at the end of the 2000s (Figure 3d,e). Long-term
changes in taxonomic richness exhibited different patterns; the biodi-
versity of warm-haline and temperate-haline assemblages increased,
especially during the 2000s (Figure 3f,g), whereas the biodiversity of
the three others only slightly rose (Figure 3h-j). The biodiversity of the
five groups, but especially the temperate hypohaline, diminished dur-
ing the mid-2010s (Figure 3f-j).

The examination of changes in monthly biomass revealed pro-
nounced phenological shifts for most assemblages. The warm-haline
and the temperate-haline assemblages were first detected in the
North Sea in autumn (during the 1970s and the 1960s, respectively).
Then, both assemblages exhibited gradually higher biomass in autumn,
then in summer and finally in spring (Figures 3k,| and 4; Figures S3
and S4). On the contrary, the temperate and temperate hypohaline as-
semblages were initially mostly abundant in autumn and summer and
then underwent a decline, associated with an increasing biomass in
spring, while the psychrophilous assemblage declined continuously in
all months (Figures 3m-o and 4; Figures S5-S7).

To better understand these biological shifts in the North Sea,
long-term changes in biomass were investigated in the Northeast
Atlantic (Figure 5). Four different periods were chosen based on
shifts in persistent (i.e. smoothed) NAO states, which is the principal
mode of atmospheric variability in this region (Hurrell & Deser, 2010)
(Figure 5). The warm-haline and temperate-haline assemblages ex-
hibited high biomass in the Bay of Biscay, the subtropical gyre and
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FIGURE 5 Mean long-term changes in maximum biomass of each assemblage from 1958 to 2020. Spatial distribution of the maximum
biomass (per Continuous Plankton Recorder sample) of (a-d) the warm-haline, (e-h) the temperate-haline, (i-l) the temperate, (m-p) the
temperate hypohaline and (g-t) the psychrophilous assemblage. Spatial distribution of the maximum biomass between (a, e, i, m and q)
1958-1971, (b, f,j, n and r) 1972-1995, (c, g, k, 0 and s) 1996-2012 and (d, h, |, p and t) 2013-2020. Each chosen time period corresponds to
a persistent negative (1958-1971 and 1996-2012) or positive (1972-1995 and 2013-2020) North Atlantic Oscillation phase and is therefore
of unequal length. Blue and red colours display low and high maximum biomass, respectively. Missing values are in white. Notice that each

assemblage is displayed on a different colour scale.

along the European shelf-edge (Figure 5a-h). Their biomass in-
creased northwards along the European shelf-edge from 1958 to
2012 (Figure 5a-c,e-g), but decreased and retreated during the mid-
2010s; this was especially prominent for the warm-haline assemblage
(Figure 5d,h). The biomass of both assemblages also increased, first in
the northwest and subsequently in the whole North Sea (Figure 5a-h),
indicating a colonisation of this area following the path of the North
Atlantic Current passing through the Rockall Trough (Figure 1a) and
not through the English Channel. Although the temperate assemblage
also exhibited high biomass along the European shelf-edge and in the
North Sea during 1958-1995, its biomass diminished after, except in
the North Sea (Figure 5i-1). On the contrary, the temperate hypohaline
assemblage, which was present everywhere north of 45°N, showed

a decline in biomass everywhere, although this group still exhibited
the highest observed values (Figure 5m-p). Last, the psychrophi-
lous assemblage occurring in the North Sea decreased continuously
(Figure 5g-t). Similar results were observed with taxonomic richness
(Figure S8; Text S2). These results thereby reveal that the North Sea
changes were related to Northeast Atlantic changes.

3.4 | Relationships between North Sea
dinoflagellate shifts and hydro-climatic variability

A correlation analysis was performed to examine the relationships be-
tween hydro-climatic variability at both large and regional scales and
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TABLE 1 Composition and ecological characteristics of the five taxonomic assemblages. The name of each assemblage is displayed in the
first column, number of taxa in the second, taxonomic composition in the third and ecological characteristics (e.g. environmental optimum)
in the fourth. Taxa names are those recorded in the Continuous Plankton Recorder database.

Number
Assemblage name of taxa Taxonomic composition
Warm-haline 12

Temperate-haline 21

Ceratium kofoidii, Amphisolenia spp., Ceratium carriense, Ceratium
extensum, Ceratium massiliense, Ceratium pentagonum, Ceratium
petersii, Ceratium setaceum, Ceratium trichoceros, Ceratocorys spp.,
Cladopyxis spp. and Podolampas spp.

Ceratium falcatum, Ceratium arietinum, Ceratium belone, Ceratium
buceros, Ceratium candelabrum, Ceratium compressum, Ceratium
declinatum, Ceratium gibberum, Ceratium hexacanthum, Ceratium

Ecological characteristics

Low-latitude oceanic taxa with high
optimum for sea surface salinity
(SSS) and sea surface temperature
(SST)

Low-latitude oceanic taxa with medium
optimum for SST and high optimum
for SSS

inflatum, Ceratium karstenii, Ceratium lamellicorne, Ceratium
platycorne, Ceratium praelongum, Ceratium pulchellum, Ceratium
teres, Ceratium vulture, Gonyaulax spp., Oxytoxum spp., Ceratium

falcatiforme and Ceratium longirostrum

Temperate 5 Ceratium macroceros, Ceratium horridum, Pyrophacus spp., Ceratium
bucephalum and Pronoctiluca pelagica
Temperate 9 Ceratium fusus, Ceratium furca, Ceratium lineatum, Ceratium tripos,
hypohaline Ceratium azoricum, Ceratium minutum, Dinophysis spp. Total,
Protoperidinium spp. and Prorocentrum spp. Total
Psychrophilous 2 Ceratium longipes and Ceratium arcticum

the long-term changes in North Sea biomass and taxonomic richness.
Negative relationships were identified between the biomass of total
dinoflagellate and the temperate hypohaline and psychrophilous as-
semblages and NHT anomalies, AMO and North Sea SST, indicating
a negative effect of warming. Significant relationships were also de-
tected between these assemblages and the NAO, including changes in
Rockall SST, oceanic inflow, North Sea winds and SSS (Figures 3 and
6; Table S2; Figure S9a-c), suggesting a negative effect of changes
in oceanic circulation. On the contrary, positive relationships were
observed between temperature and total taxonomic richness, espe-
cially with the warm and temperate-haline assemblages (Table S3). The
taxonomic richness of the latter was also related with oceanic inflow
into the North Sea, while its long-term changes in biomass were posi-
tively correlated with the subpolar gyre index (Figure S9a; Tables S2
and S3). Hence, the correlation analysis confirmed results from a pre-
vious study, that is dinoflagellate decline was related to increasing SST
and winds (Hinder et al., 2012), but they also provide evidence that
climate warming and changes in the subpolar gyre, in conjunction, al-
tered dinoflagellate community composition and enabled the arrival of
the warm/temperate-haline assemblages in the North Sea.

To confirm this hypothesis, long-term changes in hydro-climatic
conditions were compared with long-term changes in North Sea
dinoflagellate biomass and biodiversity, based on the four differ-
ent periods previously defined (bold vertical grey lines in Figure 6).
During the first period (1958-1971), the NAO was in a persistent
negative phase (i.e. colder and dryer conditions above western
Europe, Hurrell & Deser, 2010), while NHT anomalies and the AMO
shifted from positive to negative phases, indicating a cooling of both
atmospheric and oceanic temperatures (Figure 6a,b). SSS and SST
declined in the Rockall Trough and were more variable in the North

Pseudo-oceanic taxa with medium
optimums for SSS and SST

Taxa found in the entire Northeast
Atlantic region with low optimum
for SSS and medium optimum for
SST

Subarctic taxa with medium optimum
for SSS and low optimum for SST

Sea (Figures 1a and é6c,d). Therefore, the waters passing through
the Rockall Trough were mostly of subpolar origin, although some
pulses of subtropical waters also occurred, as indicated by the tax-
onomic richness of the warm and temperate-haline assemblages
that started to increase, an observation confirmed by the presence
of these groups along the north-western European shelf-edge (al-
though to a low level; Figures 5a,e and 6¢,f). These pulses were made
possible because of the large variability in the state of the NAO from
1month to another and its influence on the gyre circulation (Hurrell
& Deser, 2010). The remaining three assemblages also exhibited high
biomass during this period (Figures 3c-e and 5i,m,q).

During the second period (1972-1995), the NAO shifted to a per-
sistent positive phase, indicating milder and wetter conditions above
western Europe associated with stronger westerly winds (Hurrell &
Deser, 2010) (Figure 5a). However, until the end of the 1970s, SST
and SSS first strongly declined in both the Rockall Trough and the
North Sea, corresponding to the Great Salinity Anomaly (Dickson
et al., 1988), an exceptional hydro-climatic event that negatively im-
pacted the biomass of all assemblages (Figure 3a-e). Then, in 1978,
the Northern Hemisphere started to warm (shift from negative to
positive NHT anomalies; vertical bold dashed line in Figure 6), and
more saline (i.e. subtropical) waters were passing through the Rockall
Trough, although SST remained low because of the negative AMO
phase (Figure 6b,c). SSS also increased in the North Sea, confirm-
ing that more subtropical waters were reaching this area (Figure 6d).
Biomass and taxonomic richness of the warm and temperate-haline
assemblage increased in the North Sea, especially in its north-
western part (Figure 5b,e,f; Figure S8b,f). Oceanic inflow also in-
creased during that period, which may have facilitated the entry of
these assemblages into the North Sea (Figure S9a). The taxonomic
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FIGURE 6 Relationships between long-term changes in North Sea warm/temperate-haline dinoflagellate biomass and taxonomic richness
and some indices of hydro-climatic variability. (a) Long-term changes in the subpolar gyre index (black line) and North Atlantic Oscillation
(NAO, smoothed by means of a first-order simple moving average to highlight persistent phases, red bars). Low (high) values of the subpolar
gyre index correspond to a strong (weak) subpolar gyre. (b) Long-term changes in Northern Hemisphere Temperature (NHT, black lines)
anomalies and Atlantic Multidecadal Oscillation (AMO, not smoothed, red bars). (c, d) Long-term changes in mean annual sea surface salinity
(SSS, black lines) and sea surface temperature (SST, red lines) across (c) the Rockall Trough and (d) in the North Sea (Figure 1a). (e, f) Long-
term changes in (e) maximum taxonomic richness and (f) mean annual biomass (per Continuous Plankton Recorder sample) of the warm-
haline (black lines) and temperate-haline (red lines) assemblages (see Figure 3a,b,f,g). Both assemblages are plotted on the same y-axis (left).
In (b-f), the dashed and bold lines display the unsmoothed and the smoothed (by means of a first-order simple moving average, that is a
3-year time window) data, respectively. Vertical bold grey lines highlight the shifts in persistent NAO phases, and vertical bold dashed black
lines indicate the year 1978, when NHT anomalies became positive.
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richness and biomass of the temperate-haline assemblage were the
first to increase because this group has high environmental opti-
mums for SSS but medium for SST (Figure 2a).

During the third period (1995-2012), the NAO shifted to a per-
sistent negative phase, that is colder and dryer conditions above
western Europe (Hurrell & Deser, 2010), but the AMO shifted to a
positive phase, indicating warming (Edwards et al., 2013) (Figure 6a,b).
At the same time, the subpolar gyre index also shifted from negative
to positive values, so more warm saline subtropical waters were pass-
ing through the Rockall Trough and SST increased in the North Sea
(Figure 6a,c,d). The spatial distributions of the warm and temperate-
haline assemblages were at their maximum in the Northeast Atlantic
(Figure 5c,g; Figure S8c,g), while their North Sea biomass and taxo-
nomic richness reached their highest values, although SSS and oce-
anic inflow were declining (Figure 6d-f; Figure S9a). On the contrary,
the biomass of the three other assemblages were at their minimum,
especially by the end of the 2000s, when the lowest persistent neg-
ative NAO and highest North Sea SST were observed (Figures 3c-e
and 6a,c,d). However, their biomass increased again shortly after that,
when a short cooling occurred in both the Rockall Trough and the
North Sea, and values close to those of the late 1990s were again ob-
served, but this increase did not persist for the temperate hypohaline
and psychrophylous assemblages (Figures 3c,d and é6c,d).

During the last period (2013-2020), the NAO shifted again to
a persistent positive phase while the subpolar gyre index shifted
to negative values (Figure 6a). Therefore, more subpolar waters
passed through the Rockall Trough, where SSS and SST declined
(Figures 6c¢), an event that was associated with the eastward propa-
gation of an exceptional cold fresh anomaly in the Northeast Atlantic
(Figures S10 and S11). In the North Sea, the biomass and taxonomic
richness of the warm- and temperate-haline assemblages collapsed,
while the area was freshened and warmed (Figure 6d-f). No increase
in mean precipitation was observed above the North Sea at that
time, but an increasing oceanic inflow associated with a freshen-
ing of the waters entering through the Fair Isle current (northwest
North Sea) were detected, indicating an enhanced inflow of subpo-
lar waters and the arrival of the salinity anomaly in the North Sea
(Figure S9a,d,e). Hence, the collapse of those assemblages might be
related with changes in subpolar gyre strength and the associated
inflow of the salinity anomaly into the North Sea. The other assem-
blages (except the temperate one) also declined (Figure 3c-e), but
as they have medium to low SSS and SST optimums (Figure 2a), they
should have been favoured by the advection of subpolar waters,
which was shortly observed circa 2010 when the biomass of both
assemblages increased, but not during the following decade, when
the North Sea warmed (Figures 3d,e vs. 6d).

1996-2012
Persistent negative NAO
Positive subpolar gyre index

®

Northward movement of
warm/temperate-haline taxa

Subtropical
gyre

Blocked
northward

2013-2020
Persistent positive NAO
Negative subpolar gyre index

movement

Subtropical
gyre

FIGURE 7 Schematics illustrating how hydro-climatic variability and oceanic circulation affected the biodiversity of North Sea
dinoflagellates between 1996 and 2020. Left and right panels represent the situations observed between 1996 and 2012 (persistent
negative North Atlantic Oscillation [NAO] phase and positive subpolar gyre index) and 2013-2020 (persistent positive NAO phase and
negative subpolar gyre index), respectively. In each panel, red and dark blue areas display the position and spatial expansion of the
subtropical and subpolar gyres, respectively. Pale blue area in the right panel displays the position of the salinity anomaly observed in the
eastern subpolar Northeast Atlantic after 2012. Dashed red and blue arrows exhibit the positions of the main currents originating from
the subtropical and subpolar gyres, respectively. Black dashed arrows display the position of the subpolar front (SPF). Arrow width is

proportional to the supposed current flow and speed. Red bold arrow on the left of each schematic represents the northward movement
of the warm/temperate-haline assemblages in response to increasing temperature (i.e. climate warming). Dinoflagellate colour enables the
distinction of the five assemblages identified by means of the cluster analysis (see Figure 2 legend).
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4 | DISCUSSION AND CONCLUSION

Our results indicate that shifts in dinoflagellate biomass and biodi-
versity have resulted from the interaction between increasing tem-
perature and natural hydro-climatic variability that affect large-scale
and regional oceanic circulation (e.g. subpolar gyre and oceanic in-
flow into the North Sea). More precisely, from 1958 to 2012, ocean
warming enabled the northward movement of warm/temperate-
haline taxa along the European Shelf-edge (Figures 5-7; Figure S8)
and their subsequent advection into the North Sea via the North
Atlantic Current. This phenomenon was amplified between 1996
and 2012 by the westward contraction of the subpolar gyre and by
the mid-1990s shifts in NAO and AMO states, which were associated
with an enhanced warming and the northward advection of subtrop-
ical waters along the European shelf-edge (Figures 6 and 7) (Reid
etal., 2001). Similar results were observed in the Barents Sea, where
increased advection of southern waters rather than temperature
has been identified as the main mechanism explaining the spatio-
temporal expansion of more temperate taxa (Oziel et al., 2020).
However, the temperature must remain suitable to enable the sur-
vival of the advected taxa in a given region because ectotherms are
sensitive to small changes in temperature (i.e. they better tolerate
cooling than warming) (Martin & Huey, 2008; Thomas et al., 2012).
The strong reduction in biodiversity and biomass observed
during the mid-2010s paralleled an exceptional freshening and
cooling of the Northeast Atlantic (Desbruyéres et al., 2021;
Holliday et al., 2020; Josey et al., 2018) (Figures S10 and S11), as-
sociated with an eastward expansion of the subpolar gyre. This
event was accompanied by a positive persistent NAO (i.e. more
westerly winds, Hurrell & Deser, 2010), which reinforced the trans-
port of subpolar waters into the Rockall Trough and further along
the European shelf-edge via the slope current (Figure 7) (Marsh
et al., 2017), causing negative salinity and temperature anomalies
in the North Sea circa 2010 (Figure 6d; Figures S10 and S11). A
stronger oceanic inflow was also observed at that time, which may
have facilitated the entry of subpolar waters into the North Sea and
therefore explained the increase in biomass of the temperate hy-
pohaline and psychrophilous assemblages. However, shortly after
2010, the North Sea temperature started to rise, while the biomass
of the temperate hypohaline and psychrophilous assemblages were
declining. As the salinity of the waters entering through the north-
west North Sea was low (Figure S9e) and the subpolar gyre was still
in an eastward expansion, subpolar waters were still dominating
the oceanic inflow (Figure 6a) (Hatun et al., 2005; Koul et al., 2019).
Therefore, it indicates a warming of those waters when reaching
the North Sea (contrary to temperature, salinity is approximately
conserved within water masses) (Curry & Mauritzen, 2005). Hence,
it is very likely that North Sea warming caused the decline in bio-
mass of the temperate hypohaline and psychrophylous assemblage,
(which should have been favoured by the advection of subpolar wa-
ters) an hypothesis that is reinforced by the phenological shifts ex-
hibited by those assemblages (Figures 3n,0 and 4; Figures S5-57),
which correspond with theoretical expectations of taxa responding
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to climate warming (i.e. summer taxa, as the temperate and tem-
perate hypohaline assemblage, are expected to exhibit an earlier
phenology, while taxa at the southern edge of their distributional
range, as the psychrophylous assemblage, are expected to decline)
(Beaugrand & Kirby, 2018). Furthermore, those assemblages ac-
count for the largest part of the total North Sea dinoflagellate bio-
mass, and warming has already been identified as a main driver of
their decline in this area (Hinder et al., 2012).

On the contrary, it is very unlikely that the observed decline in
salinity altered the physiology of the warm and temperate-haline
groups and caused their collapse (Brand, 1984). Hence, this event
might be more likely related to the shift in the strength of the subpo-
lar gyre and the associated location of the subpolar front (i.e. east-
ward shift) and the strong salinity anomaly that crossed the North
Atlantic, which may have blocked the northward advection of those
assemblages (Figure 7) (Holliday et al., 2020; Vecchione et al., 2015).
This hypothesis implies that the warm/temperate-haline assem-
blages were not self-sustained in the North Sea and have been con-
tinuously advected in this area during the last decades. Therefore,
the decline of North Sea dinoflagellates may continue, unless
changes in the strength of the subpolar gyre enable once again an
advection and a maintenance of the warm/temperate-haline taxa.
Hence, it is the combined effect of both warming and changes in
oceanic circulation that conspired together to alter North Sea dino-
flagellate biodiversity and biomass. (The presence of deeper living
taxa, such as Ceratium. praelongum and C. platycorne (Sournia, 1982),
can also be indicative of the effect of water mixing).

In conclusion, as ocean temperature rises, species distributions
are generally expected to track towards historically cooler regions
in line with their thermal affinities (Thomas et al., 2012). However,
our study shows that this is not fully the case for dinoflagellates and
that a warming North Atlantic will not result in populations simply
adjusting their distributions northward to align with shifting ther-
mal isotherms. Furthermore, phytoplankton are usually assimilated
to passive drifters and therefore have to be advected by currents
in regions where the environmental conditions allow their survival.
Hence, hydro-climatic variability in oceanic currents should also be

considered to project future phytoplankton changes.
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