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Abstract
In 2015 and 2019, the Northeast Pacific has undergone significant heatwave events that strongly

disrupted marine ecosystems functioning and services. Here we use the data collected by the Continuous
Plankton Recorder (CPR) survey to investigate the changes in summer phytoplankton abundance and
morphology and show an increase in prolate (i.e., elongated) taxa during heatwave events, in response to
warmer temperatures and declining nitrate. We also investigate the impacts of the morphological shifts on
the carbon cycle and show that warmer periods were dominated by prolate cells with high carbon content,
whereas cooler periods were dominated by oblate (i.e., flattened) cells with low carbon content. By altering
community composition and the overall cells sinking velocity, these morphological shifts likely impacted
the carbon cycle, as they were correlated with changes in surface chlorophyll a and particulate organic car-
bon concentrations.

The intensity and duration of marine heatwaves (MHWs)
have increased in response to global climate change (Oliver
et al. 2021). A MHW is defined as “a period of extreme
(i.e., with a magnitude that significantly deviates from the
typical conditions of a region) warm near-sea surface tempera-
ture (SST) that persists for days to months and can extend up
to thousands of kilometres” (IPCC 2019; Oliver et al. 2021).
They have major consequences for biological systems, such as
increasing metabolic demands, reduction of food supply and
reproduction failures (Smith et al. 2023). In 2015 and 2019,
the Northeast Pacific underwent two major warming events
known as the North Pacific Marine Heat Waves (NPMHWs;

Supporting Information Fig. S1). The first, named the “warm
blob” (which started in Winter 2013, reached the northern
part of the Gulf of Alaska during Fall 2014 and lasted until
2016; Supporting Information Fig. S1) was caused by a tele-
connection between the tropical and the extratropical Pacific
and anomalous sea surface pressures that prevented ocean
heat loss toward the atmosphere (Bond et al. 2015; Di Lorenzo
and Mantua 2016; Scannell et al. 2020). The second, named
the “blob 2.0,” occurred during Summer 2019 and was related
to a weakening of the North Pacific High-Pressure System that
reduced wind induced mixing and evaporative cooling
(Supporting Information Fig. S1; Amaya et al. 2020). More
freshwater inputs from precipitation during this second
heatwave also triggered a decline in salinity that enhanced
water column stratification and confined the temperature
anomaly in the near surface layers, further reinforcing the
warming (Scannell et al. 2020). Such extreme MHWs events
would not have been possible without the increase in
atmospheric greenhouse gas concentrations (Barkhordarian
et al. 2022) and were also both amplified by a weaker
upwelling of cold waters caused by positive Northern Alaska
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Gyre Oscillation (NGAO) phases (Hauri et al. 2024) as well
as the occurrence of El Niño events (Di Lorenzo and Man-
tua 2016; Amaya et al. 2020).

North Pacific Marine Heat Waves had strong negative
impacts on marine ecosystem functioning and services, with
high socio-economic consequences, such as mass mortality
events among marine mammals and birds, as well as declines
among exploited fish, e.g., the Pacific cod Gadus macrocephalus
(Barbeaux et al. 2020; Smith et al. 2021; Suryan et al. 2021;
Jones et al. 2023). A decline in chlorophyll a (Chl a) concen-
tration was also observed during the first NPMHW, together
with an increase in the abundance of warm water planktonic
species and a decrease in phytoplankton cell size over the con-
tinental shelves (Peña et al. 2019; Suryan et al. 2021; Batten
et al. 2022). On the contrary, during the second MHW,
an increase in abundance was documented in both large
(e.g., diatoms; Batten et al. 2022) and small phytoplankton
(e.g., Synechococcus; Cohen 2022). Through their impact on
nutrient uptake capabilities, grazing resistance, and vertical
motion (Litchman and Klausmeier 2008; Naselli-Flores
and Barone 2011; Karp-Boss and Boss 2016; Naselli-Flores
et al. 2021), and therefore the ecological niche sensu Hutchin-
son (i.e., the set of environmental conditions enabling a spe-
cies to grow and reproduce; Hutchinson 1957), morphological
traits are known to alter phytoplankton response to long term
as well as seasonal climatic variability. For example, today in
the North Atlantic, oblate (i.e., flattened) diatoms are mainly
found in spring (when turbulence, viscosity and nutrients are
high, but temperature is low), whereas prolate (i.e., elongated)
diatoms are mainly found in summer (when turbulence, viscos-
ity and nutrients are low, but temperature high; Kléparski
et al. 2022). In the context of climate change, oblates are
expected to decline while prolates are expected to increase
(Kléparski et al. 2023). Such a shift in phytoplankton morphol-
ogy has the potential to alter the biological carbon pump,
i.e., the set of processes that transport organic carbon from the
upper to the deep ocean (Mouw et al. 2016; Henson et al. 2022).

Although biological responses to MHWs are well docu-
mented, some underlying ecological mechanisms are still
unclear. In this article, we investigate the changes in phyto-
plankton abundance and morphology that resulted from the
NPMHWs and how they impacted the carbon cycles in
the Northeast Pacific. By means of the data collected by the
Continuous Plankton Recorder (CPR) survey, we first docu-
ment an increase in summer prolate taxa abundance during
the NPMHWs and demonstrate that this increase was related
to warming SST and declining nitrate. Secondly, although we
used average cell size and carbon content of each taxon,
we reveal that between 2004 and 2021, warmer and cooler
periods were associated with shifts in phytoplankton cell
shape and potential carbon content, as well as surface Chl
a and particulate organic carbon (POC) concentration, indicat-
ing that the changes in cell morphology likely altered the car-
bon cycle.

Materials and methods
Biological and environmental data
Plankton abundance

Data on phytoplankton and copepod abundance originated
from the CPR survey. The CPR is a long-term plankton moni-
toring program that has sampled plankton in the North
Pacific since 2000. Sampling is conducted between March and
October on a monthly basis using a high-speed plankton
recorder towed behind voluntary merchant ships, called “ships
of opportunity,” at a depth of � 7–10 m (Batten et al. 2003).
Plankton are filtered by a 270 μm mesh silk and stored in a
tank containing 4% formaldehyde preservative. Organisms
are identified to a species level (when possible, otherwise
only to genus) and abundance (for large copepods ≥ 2 mm)
or semi-quantitative abundance (for small copepods < 2 mm
and phytoplankton) are assessed. Copepods size limit
(i.e., 2 mm) corresponds to the threshold used by CPR ana-
lysts to separate large and small organisms during the differ-
ent CPR counting stages (Batten et al. 2003; Richardson
et al. 2006). Phytoplankton and copepod abundances corre-
spond, respectively, to a number of cells and individuals per
CPR sample, which represents � 3 m3 of seawater filtered
(Jonas et al. 2004). Here we used the samples collected in
the oceanic part of the Gulf of Alaska (i.e., from the region
with a bathymetry greater than 500 m; Fig. 1) from 2004 to
2021, along the Anchorage-Tacoma (AT) route. This route
was chosen because it is located within a homogeneous eco-
logical area (i.e., the East Pacific Subarctic Gyres Province;
Longhurst 1998), it benefits from a relatively high sampling
effort and its trajectory has remained consistent since 2004.
As the sampling by the CPR mainly occurs over the summer
season, only samples collected between May and September
were considered (i.e., a total of 1755 samples). The North
Pacific CPR survey data can be obtained here: https://doi.
mba.ac.uk/data/3086.

Fig. 1. Map of the Northeast Pacific and location of the Continuous
Plankton Recorder (CPR) and Seward line samples. Continuous Plankton
Recorder and Seward line sample locations are displayed by red and black
dots, respectively. Colors denote the bathymetry (m).
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Phytoplankton morphological traits
Data on phytoplankton mean cell carbon content (μg C

cell�1) were retrieved from the database gathered by Barton
and colleagues (Barton et al. 2013) and completed with the
data from the Global Diatom Database (Leblanc et al. 2012)
for missing taxa. Data on dinoflagellates cell length and
width were recovered from the Nordic Micro Algae website
(http://nordicmicroalgae.org/) while diatom cell sizes
(i.e., length/width/height, depending upon cell shape) were
recovered from the Global Diatoms Database (Leblanc
et al. 2012).

Following the method used by Kléparski and colleagues in
the North Sea (Kléparski et al. 2022), diatom and dinoflagel-
late cell shapes were converted to cylinders and the
corresponding mean cell heights and diameters were calcu-
lated based on both morphological and anatomical character-
istics of the cells. For diatoms, their “original” geometric
shapes are defined in the Global Diatoms Database as cylinder,
cylinder + 2 half spheres, rectangular box, prism on elliptic
base, prism on parallelogram base, cone + half sphere
+ cylinder, or prism on triangle base girdle view (Sun and
Liu 2003). For diatoms with a cylindrical shape (e.g., cylinder,
cylinder + 2 half spheres and cone + half sphere + cylinder),
cell height (if not already characterized in the Global Diatoms
Database) was defined as the dimension perpendicular to the
cell diameter. For the other shapes, cell height was already
defined in the Global Diatoms Database as the dimension per-
pendicular to the valves, representing an anatomic characteris-
tic of the cells. The area of the slice perpendicular to cell
height (as defined in the database) was therefore assessed and
the diameter of the equivalent disk (i.e., the disk of equivalent
surface) calculated. For Ditylum brightwellii (whose geometrical
shape is defined as prism on triangle base girdle view), cell
length was used as height. Cell diameters and heights were
calculated based on minimum and maximum cell dimensions,
and results were finally averaged. For dinoflagellates, cell
width and length retrieved from the Nordic Micro Algae
website were used as cell diameters and heights, respectively.

Cell shapes of each taxon were then characterized as oblate
(i.e., mean cell diameter greater than or equal to mean cell
height, flattened shape) or prolate (i.e., mean cell diameter
smaller than mean cell height, elongated shape; Supporting
Information Table S1). Previous studies have already used
comparable groupings to explore how variations in cell mor-
phology alter phytoplankton ecology and diversity (Karp-Boss
and Boss 2016; Ryabov et al. 2021). Cell shape was also char-
acterized by the height/diameter ratio (Supporting Informa-
tion Table S1), which quantifies cell shape deviation from a
sphere, a ratio smaller than 1 indicating cell flattening
(i.e., oblate) while a ratio greater than 1 indicates cell elonga-
tion (i.e., prolate). Abundances collected by the CPR were also
converted into biomass by multiplying the number of cells of
each taxon in each CPR sample by the corresponding mean
cell carbon content.

Gridded environmental data
Monthly SST (�C) originated from the ERA5 dataset and

was downloaded from the Climate Data Store (accessed in
September 2023; https://cds.climate.copernicus.eu/cdsapp#!/
dataset/reanalysis-era5-single-levels?tab=overview).

Monthly mixed layer depth (MLD, m) originated from the
ORAS5 dataset and was downloaded from the Climate Data
Store (accessed in August 2023; https://cds.climate.copernicus.
eu/cdsapp#!/dataset/reanalysis-oras5?tab=overview). The MLD
is here defined as the depth of the ocean where the average
sea water density exceeds the near surface density plus
0.01 kg m�3. Mixed layer depth was used as a proxy for the
wind induced turbulence.

Bathymetry (m) originated from the GEBCO Bathymetric
Compilation Group (2019) and was obtained from the Brit-
ish Oceanographic Data Centre (BODC), National Oceanog-
raphy Centre, NERC, United Kingdom (accessed in
November 2019; https://www.bodc.ac.uk/data/published_
data_library/catalogue/10.5285/836f016a-33be-6ddc-e053-
6c86abc0788e/).

Monthly surface photosynthetically active radiation (PAR;
einstein m�2 day�1), Chl a, and POC concentration (mg m�3)
were downloaded from the Ocean Color website (accessed in
February 2024; https://oceancolor.gsfc.nasa.gov/) and origi-
nated from observations of the Aqua-MODIS satellite. Particu-
late organic carbon was estimated based on remote sensing
reflectance and the algorithm of Stramski and colleagues
(Stramski et al. 2008), which exhibits strong predictive capac-
ity (Evers-King et al. 2017).

Monthly nitrate and dissolved iron concentrations
(mmol m�3) were downloaded from the Copernicus Marine
Services (CMEMS) and originated from the Global Ocean Bio-
geochemistry Hindcast (GLOBAL_REANALYSIS_BIO_001_029)
dataset, which provides 3D biogeochemical fields along
75 depth levels for each variable since 1993 (accessed in May
2024; https://data.marine.copernicus.eu/product/GLOBAL_
MULTIYEAR_BGC_001_029/description). Means were esti-
mated for each variable along the first 10 m of the water col-
umn to fit with the CPR sampling depth.

All data were interpolated on a regular 0.25� grid (if not
already provided on such a grid) and values of SST, MLD,
bathymetry, PAR, Chl a, POC, nitrate, and dissolved iron
concentration were attributed to each CPR sample (i.e., 1755
samples) by means of nearest neighbor interpolation
(Wackernagel 1995). Annual SST anomalies were also esti-
mated for the region from 45 to 65�N and from 160 to
120�W, based on the mean summer (i.e., May to September)
SST between 2004 and 2021, to characterize regional temper-
ature variability and MHWs locations between 2004 and
2021 (Supporting Information Fig. S1).

Non-gridded environmental data
The El Niño Southern Oscillation (ENSO) index was pro-

vided by the National Oceanic and Atmospheric Administration
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(NOAA) Physical Sciences Laboratory, Boulder Colorado, USA
(accessed in January 2024; https://www.psl.noaa.gov/enso/mei/
). The index is estimated by means of an Empirical Orthogonal
Function (EOF) on sea level pressure, SST, zonal and meridional
components of the surface wind, and outgoing longwave radia-
tion over the tropical Pacific basin (30�S–30�N and 100�E–
70�W). Each EOF was calculated for 12 overlapping bi-monthly
periods to consider ENSO seasonality and to reduce the effects
of higher frequency intra-seasonal variability. The index pro-
vides an estimation of El Niño (positive index) and La Niña
(negative index) events intensity. Annual averages were esti-
mated based on summer indices to match our CPR samples,
i.e., May–June, June–July, July–August, and August–September
indices.

The Northern Gulf of Alaska Oscillation (NGAO) index was
provided by the International Arctic Research Center, Univer-
sity of Alaska Fairbanks, Fairbanks, Alaska, USA (https://
haurilab.alaska.edu/gulf-of-alaska/ngao-and-goadi). The index
is based on an EOF of Sea Surface Heights (SSH) over the Gulf
of Alaska (48.2�N–60�N and 163�W–133�W) and after remov-
ing the long-term temporal trend and deseasonalizing the
data. The index describes the intensity of the upwelling in
the Alaskan gyre, i.e., negative index values indicate a strong
upwelling of cold, nutrient-rich, acidic, and deoxygenated
waters, while positive index values indicate a weak upwelling
(Hauri et al. 2021, 2024). Monthly means (from May to
September) were averaged annually.

In situ size fractionated Chl a originated from the Seward
line sampling program in the northern Gulf of Alaska (Fig. 1;
Strom et al. 2016). Samples were collected during Spring and
Fall in the upper 100 m of the water column via Niskin bot-
tles. The size fractionated Chl a was assessed for two categories
of phytoplanktonic organisms: micro (> 20 μm) and nano
(< 20 μm) phytoplankton. Because of the existence of a strong
cross-shelf gradient in phytoplankton and nutrients (Strom
et al. 2006), monthly means were estimated for each category
on the outer shelf (bathymetry < 500 m and from 147� and
149�W, so the stations closest to the shore were omitted)
and in the open ocean (bathymetry ≥ 500 m). As size fraction-
ated Chl a was not continuously assessed before 2011,
monthly means were estimated between 2011 and 2021 for
each May and September month (no sampling occurred
between those 2 months), averaged at an annual scale
(by considering all the May and September months for each
year) and log10 transformed. Therefore, annual means only
consider May and September months. To fit with the sam-
pling depth of the CPR, only the samples collected between
0 and 10 m depth were used.

Numerical analyses
Data preparation

A total of 42 phytoplanktonic taxa were selected, as they
were present in more than 10 CPR samples and information
on mean cell sizes and cell carbon contents was available

(Fig. 1; Supporting Information Table S1; note that we use the
genus name of Ceratium, as referenced in the CPR database,
instead of Tripos). The threshold of 10 CPR samples was cho-
sen to remove rare and/or low abundant taxa that are not well
sampled by the CPR. Some taxa with a high mean cell carbon
content but observed in only one (or no) CPR samples along
the AT route were therefore removed. Summer abundances
and biomasses were averaged at a monthly scale (between
May and September) for each taxon and missing values
(i.e., 8 months on a total of 90 between 2004 and 2021, so less
than 9%) were linearly interpolated by considering the abun-
dances or biomass observed during the surrounding months
(during the same year and the years before and after). Interpo-
lated months were May 2008, June 2010, July 2008 and 2009,
August 2015 and September 2004, 2009 and 2014. Finally,
monthly summer means were averaged at an annual scale
(by considering all the months between May and September
for each year) and log10(x + 1) transformed (Fig. 2; Supporting
Information Figs. S2 and S3). These procedures were applied
to reduce the variability usually observed in the planktonic
data collected by the CPR survey (e.g., exceptional high abun-
dance caused by local hydro-meteorological events, patchiness
or the over-inflation of zero counts). To consider the spatio-
temporal heterogeneity in the CPR sampling, summer
monthly and annual means were also estimated for each envi-
ronmental variable (except bathymetry) based on the same
method and the values associated with each CPR sample by
means of nearest neighbor interpolation, but without the
log10(x + 1) transformation (Fig. 3; Supporting Information
Fig. S4). Therefore, environmental means are based on the
same months (i.e., May to September) and years (i.e., from
2004 to 2021) as the CPR data.

Principal component analysis
Changes in phytoplankton abundance were characterized

by means of a standardized principal component analysis
(PCA) based on a correlation matrix of the mean annual sum-
mer abundance of the 42 taxa (i.e., 18 years by 42 taxa matrix;
Supporting Information Figs. S2 and S3). Abundances were
standardized (i.e., by subtracting the mean and dividing by
the standard deviation; Legendre and Legendre 1998) so that
all taxa had the same weight in the analysis. The resulting
principal components (PCs) were also standardized by their
maximum in absolute value for display purposes, and
their significance tested by means of a broken stick test
(Supporting Information Table S2; Legendre and Legen-
dre 1998). Relationships between the changes in annual abun-
dance of the 42 taxa and cell shapes (i.e., oblate or prolate)
were investigated in the space defined by the first eigenvec-
tors (Figs. 2 and 4). As the eigenvectors have been multiplied
by the square root of the corresponding eigenvalues, they
therefore describe the positive or negative correlation
between the annual changes in abundance of each species
and the corresponding PC (Legendre and Legendre 1998).
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Consequently, when a species is located near 1 (�1) along
one eigenvector, that species exhibits changes in abundance
similar (opposite) to the corresponding PC. Hence, the aim
of the PCA was to decompose the main trends in abundance
exhibited by the 42 taxa and investigate their relationships
with morphological traits (e.g., cell shape). K-means or other
clustering algorithms could have been used here, but the
PCA (ordination technique) was preferred because clustering
methods require the choice of an arbitrary threshold to
define different groups. Furthermore, PCAs have been widely
applied on CPR data (Colebrook 1984, 1986; Beaugrand
et al. 2003b) and a similar method has already been used to
characterize the seasonal changes in oblate/prolate diatoms
abundance in the North Sea (Kléparski et al. 2022). Changes
in total mean annual relative and non-relative abundance
and biomass (without the log10(x + 1) transformation) were
also investigated by grouping oblate and prolate taxa
(Fig. 2c–f).

Top-down vs. bottom-up mechanisms
Abundance data of 21 large (≥ 2 mm) and 15 small

(< 2 mm) copepods were used to investigate the changes in
grazing pressure and their impacts on phytoplankton abun-
dance and morphology (Supporting Information Table S3).
For the purposes of this analysis, we did not investigate die-
tary preferences of the copepod taxa and simply grouped them
by size; however, predominantly carnivorous taxa are typically
in low numbers compared to omnivorous or herbivorous taxa.
The two size groups are known to exhibit distinct life history
strategies, i.e., large copepods typically have one generation
per year associated with an overwintering diapause phase,
while small copepods typically have short generation times,
so multiple generations per season. Therefore, the abundance
of small copepods is more likely to respond quickly to any
changes in environmental conditions, which explains why
the two size classes have been found to exhibit distinct sea-
sonal and long-term changes in abundance (Batten
et al. 2018, 2022). As predator–prey interactions between
phyto- and zooplankton occur at short time scales, monthly
mean summer abundances were estimated for each copepod
taxon by using the same procedure as for phytoplankton (see
Data preparation section). Then, summer monthly averages
were estimated for large and small copepods as well as for
oblate and prolate phytoplankton. Pearson correlation coeffi-
cients between summer monthly changes in abundance of
large, small copepods and oblate, prolate phytoplankton
were then calculated. We assumed that negative correlations
imply a top-down control such that copepod grazing pres-
sure regulates phytoplankton abundance and morphology
(e.g., high copepod abundances induce a higher grazing pres-
sure so lower phytoplankton abundance are observed) while
positive correlations imply a bottom-up control such that
environmental changes regulate phytoplankton abundance
and morphology (e.g., high phytoplankton abundance

sustains high copepod abundance; Supporting Information
Fig. S5).

Correlations between the first PCs and annual changes in
summer SST, PAR, MLD, nitrate, and dissolved iron concentra-
tion, ENSO, and NGAO index were also assessed by means of
Pearson correlation coefficients (Fig. 3; Table 1). Finally, a
modeling approach was used to reconstruct the changes in
phytoplankton abundances and investigate whether they were
caused by the interaction between species ecological niches
and the changes in environmental conditions (Supporting
Information Text S1; Supporting Information Fig. S6).

Consequences on the carbon cycle
Changes in phytoplankton abundance and morphology

were finally compared with changes in summer surface Chl
a and POC concentrations. To do so, the long-term changes in
mean cell carbon content and height/diameter ratio were
quantified by means of a weighted average based on the abun-
dance collected by the CPR following:

Aj ¼
Pn

1xiwij
Pn

1wij
ð1Þ

With Aj the weighted mean for cell carbon content or
height/diameter ratio for year j, xi the mean cell carbon con-
tent (log10 transformed) or height/diameter ratio of taxa i, wij

the mean summer abundance of taxa i for year j (without the
log10(x+1) transformation) and n the total number of taxa (i.
e., 42). Therefore, annual changes in mean cell carbon content
and height/diameter ratio do not consider the intraspecific
morphological plasticity exhibited by phytoplanktonic cells in
response to warming (Atkinson et al. 2003; Peter and Som-
mer 2012). Correlation between the changes in carbon con-
tent, height/diameter ratio and annual changes in surface Chl
a and POC concentrations from the Aqua-MODIS satellite, size
fractionated Chl a along the Seward line, ENSO and NGAO
indices were assessed by means of Pearson correlations coeffi-
cients (Fig. 5; Table 2).

Results
Shifts in phytoplankton abundance and morphology

A PCA was applied on the mean annual summer abun-
dances of the 42 phytoplanktonic taxa (i.e., 18 years by 42 taxa
matrix) collected by the CPR survey along the AT route, to
investigate the relationship between the changes in abun-
dances and cell shapes (Supporting Information Table S1;
Supporting Information Figs. S2 and S3). The broken stick
test revealed that the first two PCs were significant; although
other PCs were significant, only the first two were retained
here because they explained � 30% of the total variance
(Supporting Information Table S2) and almost all taxa were
well represented in that space (see the circle of equilibrium
contribution in Fig. 2b). The first PC (PC1; 19.54% of the
total variance) exhibited positive values between 2004 and
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Fig. 2. Changes in oblate and prolate summer abundance and biomass. (a) Standardized principal component analysis (PCA) realized on the mean
annual summer abundance of 42 taxa (see Supporting Information Table S1 and Figs. S2 and S3) between 2004 and 2021 in the oceanic part of the
Northeast Pacific. First and second principal components (PCs) are displayed by red and blue lines, respectively. Percentages of variance explained by
each PC are displayed in the panel legend. (b) Relationship between the first two eigenvectors and phytoplankton cell shape. The circles of correlation
and of equilibrium contribution are displayed as a solid and a dashed line, respectively. Taxa located outside the circle of equilibrium contribution are sig-
nificantly contributing to the corresponding PC. Changes in oblates and prolates mean annual relative summer (c) abundance and (d) biomass. Changes
in oblates and prolates mean annual summer (e) abundance and (f) biomass (log10(x + 1) transformed). In b–f, oblates and prolates are in blue and red,
respectively. Vertical dashed black lines in (a), (c), (d), (e) and (f) indicates the timing of the North Pacific Marine Heatwaves (i.e., 2015 and 2019).
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Fig. 3. Relationships between the first principal components (PCs) and the long-term changes in mean annual summer sea surface temperature (SST),
nitrate and iron. In each panel, PCs are displayed along the left axis and long-term changes in SST, nitrate, and iron along the right axis. PC1 is displayed
by red lines, PC2 by blue lines, and the long-term changes in SST, nitrate, and iron by gray lines. Relationship between (a) PC1 and SST, (b) PC2 and
SST, (c) PC1 and nitrate, (d) PC2 and nitrate, (e) PC1 and iron, and (f) PC2 and iron. Vertical dashed black lines indicate the timing of the North Pacific
Marine Heatwaves (i.e., 2015 and 2019). Correlations between each PC and the different environmental variables are displayed in Table 1.
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2007, 2014 and 2016, and 2019 and 2020 (Fig. 2a). The sec-
ond PC (PC2; 11.84% of the total variance) exhibited posi-
tive values from 2004 to 2014, followed by a period of
negative values until 2021 (Fig. 2a). Among the 42 taxa,
17 were identified as oblates (only diatoms except the dino-
flagellates Cladopyxis spp.) and 25 as prolates. Cell shapes of
some known “elongated” diatoms were characterized as
oblates because of their small cell height (defined as the
dimension perpendicular to the valves; see Materials and
methods), i.e., Thalassiothrix longissima, Pseudo-nitzschia
delicatissima and seriata complex, Nitzschia/Pseudo-nitzschia
spp., Thalassionema nitzschioides, Fragilaria spp., and Cyli-
ndrotheca closterium (i.e., 7 taxa out of 42, so less than 17%
of all species).

Relationships between the changes in mean annual sum-
mer abundance and cell shapes were examined in the space
defined by the first two eigenvectors, which described the cor-
relations between the first/s PCs and the annual changes in
abundance of the 42 taxa (Fig. 2a,b; Supporting Information
Figs. S2 and S3). Results showed that the taxa positively corre-
lated with PC1 and negatively with PC2 (indicating an
increase of their abundance during the NPMHWs) were
mainly prolates (Fig. 2b). On the contrary, taxa positively cor-
related with PC2 but not with PC1 (indicating a decrease of
their abundance during the NPMHWs) were mainly oblates
(Fig. 2b). The study of the changes in mean annual summer
relative abundance and biomass confirmed an increase in pro-
late taxa during the NPMHWs, which reached values close to
40% of the total abundance and 50% of the total biomass col-
lected by the CPR during the NPMHWs (Fig. 2c,d). While the
relative abundance of prolates declined after 2017, their rela-
tive biomass strongly increased after that time, reaching values
greater than 70% of the total biomass collected by the CPR in
2021 (Fig. 2d). On the contrary, oblate relative abundance
exhibited a decline between 2012 and 2017 (from 87% to
55%), followed by an increase until 2021, while their relative
biomass exhibited a sharp decline from 2014 to 2021, except
in 2018, where it returned to pre-heatwave levels (Fig. 2c,d).
Changes in mean non-relative abundance and biomass also
confirmed prolates increased, but they also showed that oblate
abundance has remained important and even higher than

prolate abundance throughout the period 2004–2021 (Fig. 2e),
while their biomass collapsed in 2021, therefore indicating a
shift toward smaller oblate cells (and explaining the sharp
increase in prolate relative biomass for that year; Fig. 2f).

No significant correlations were found between the
changes in large copepod summer abundance and the two
phytoplanktonic groups, but weak positive correlations were
found between the monthly changes in small summer cope-
pods and both oblates and prolates (rPearson = 0.32 and 0.25,
respectively; Supporting Information Fig. S5). These results
suggested a bottom-up control and therefore that the changes
in summer phytoplankton abundance and morphology were
related to environmental changes and not to a shift in cope-
pod grazing pressure (see Materials and methods). This
assumption was confirmed by significant correlations between
PC1 and the annual changes in summer SST (rPearson = 0.63)
and nitrate (rPearson = �0.52), and also between PC2 and the
annual changes in summer nitrates (rPearson = 0.65) and dis-
solved iron (rPearson = �0.49; Fig. 3; Table 1). Significant posi-
tive correlations were also found between PC1 and the ENSO
and NGAO indices (rPearson = 0.41 and 0.76, respectively;
Table 1). No significant correlations were found with summer
MLD and PAR (Supporting Information Fig. S4). Finally, a
modeling approach demonstrated that the changes in summer
phytoplankton abundance were well explained by bottom-up
mechanisms alone, i.e., the interaction between species eco-
logical niches (i.e., their environmental requirement) and the
interannual changes in SST and nitrates (Supporting Informa-
tion Text S1; Supporting Information Fig. S6).

A synthesis of the changes in oblate and prolate phyto-
plankton and how they relate to the changes in summer tem-
perature and nutrients is shown in Fig. 4, which displays each
taxon in the space defined by the first two eigenvectors as a
cylinder scaled with the corresponding mean cell height and
diameter. Figure 4 confirmed that the taxa positively corre-
lated with PC1 and negatively with PC2 (i.e., taxa that
increased during the NPMHWs) were mainly large prolate dia-
toms and dinoflagellates (e.g., Proboscia alata and Ceratium
horridum). In contrast, the taxa positively related to PC2
(i.e., taxa that decreased during the NPMHWs) were mainly
oblate diatoms and small compact dinoflagellates

Table 1. Pearson correlation coefficients between the first and second principal component (PC1 and PC2) and annual changes in
summer environmental parameters and climatic indices. Pearson correlation coefficients between each PC and long-term changes in
summer sea surface temperature (SST), photosynthetically active radiation (PAR), mixed layer depth (MLD), nitrate and dissolved iron
concentrations, El Niño Southern Oscillation (ENSO) and Northern Gulf of Alaska Oscillation (NGAO) index are displayed in the second
to last column, respectively. Bold numbers highlight significant correlations at p < 0.05. Long-term changes of each environmental vari-
able are displayed in Fig. 3 and Supporting Information Fig. S4.

SST PAR MLD Nitrate Dissolved iron ENSO NGAO

PC1 0.63 0.36 0.10 �0.52 0.20 0.41 0.76

PC2 �0.22 �0.23 �0.08 0.65 �0.49 0.15 �0.05
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(e.g., Coscinodiscus spp. and Cladopyxis spp.). Few exceptions
were observed with very small and compact taxa, such as
Prorocentrum spp. (“Exuviaella” type) and Eucampia zodiacus,
positively correlated with PC1 or the thin elongated dinofla-
gellates Ceratium furca positively related to PC2 (Fig. 4).

Impacts on the carbon cycle
Significant correlations between the changes in mean cell

carbon content, height/diameter ratio, climatic and biogeo-
chemical indices further revealed that positive ENSO (i.e., El
Niño) and positive NGAO periods (i.e., weak cold water
upwelling, so warmer periods associated with MHWs; 2004–
2006, 2014–2015 and 2018–2019) were associated with an
increase in summer abundance of high carbon, prolate taxa
and a decline in surface summer Chl a and POC concentra-
tions (Fig. 5a–c; Table 2). On the other hand, during cooler
periods (i.e., negative ENSO and NGAO phases in 2007–2008,
2010–2013, 2016–2017 and 2020–2021), oblate taxa with low

carbon content were more abundant, and surface summer Chl
a and POC concentrations were higher (Fig. 5a–c; Table 2). No
changes occurred during the positive ENSO of 2009, which
could be because the NGAO was in a negative phase
(i.e., strong cold-water upwelling; Fig. 5a). Shifts in summer
Chl a and phytoplankton morphology were also confirmed by
in-situ observations along the Seward line (Fig. 5d), although
correlations with the changes in carbon content and height/
diameter ratio were not significant (Table 2), and the spatial
coverage of the Seward line is reduced in comparison (Fig. 1).
Seward observations suggested an increase in the contribution
of nano (i.e., small) phytoplankton (< 20 μm) to the total sum-
mer Chl a concentration during MHWs, positive ENSO, and
NGAO, while the contribution of micro (i.e., larger) phyto-
plankton increased during cooler periods (i.e., negative ENSO
and NGAO; Fig. 5d). Similar changes in nano and micro phy-
toplankton were also observed on the shelf (Supporting Infor-
mation Fig. S7).

Fig. 4. Summary of the relationship between the first two eigenvectors, changes in oblates and prolates summer abundance, and the environment. Cell
shapes are represented by cylinders scaled with taxa mean cell height and diameter (Supporting Information Table S1). Oblates and prolates are in blue
and red, respectively. Changes in summer environmental parameters and climate indices are displayed by the dashed arrows (correlations between
PC1-2 and the different environmental variables are displayed into brackets and in Table 1). Taxon names are those recorded in the Continuous Plankton
Recorder (CPR) database.
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Fig. 5. Relationships between morphological changes and the carbon cycle. (a) Long-term changes in summer El Niño Southern Oscillation (ENSO; red
and blue bars, left axis) index and standardized summer Northern Gulf of Alaska Oscillation (NGAO) index (red line, right axis). Pale red and blue bars dis-
play positive and negative ENSO index, respectively. In (b), (c) and (d) pale blue and red backgrounds display the periods of negative and positive ENSO,
respectively. Vertical dashed red lines indicate the timing of the North Pacific Marine Heatwaves (i.e., 2015 and 2019). The vertical dashed blue line
indicates a period of relative cooling observed in 2017. (b) Long-term changes in mean cell carbon content (log10 transformed; black line, left axis)
and mean height/diameter ratio (yellow line, right axis). High (low) cell carbon content indicates that large (small) cells are abundant, and high (low)
height/diameter ratio that prolates (oblates) are increasing. (c) Long-term changes in chlorophyll a (green line, left axis) and particulate organic car-
bon (POC; magenta line, right axis) concentrations originating from Aqua-MODIS observations. (d) Long-term changes in more than 20 μm (log10

transformed; cyan line, left axis) and less than 20 μm (log10 transformed; blue line, right axis) chlorophyll a size fraction along the oceanic part of the
Seward line.
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Discussion
Phytoplanktonic cells exhibit a large diversity of sizes and

shapes, from simple cylindrical ones, such as Coscinodiscus
spp., to more complex shapes, such as C. horridum. Various
standardized geometric models have therefore been developed
to estimate cell biovolume (Hillebrand et al. 1999; Sun and
Liu 2003). However, there is always a dilemma on whether
one should use simple and easily measurable models or more
complex ones close to true natural shapes (Sun and Liu 2003).
Here, diatom and dinoflagellate shapes have been simplified
by assimilating them to cylinders, an assumption that has
some limitations with, for example, some elongated taxa such
as T. longissima being identified as oblates. However, this pro-
cedure has already been successfully applied in the North
Atlantic to investigate long-term as well as seasonal changes
in phytoplankton abundance and morphology (Kléparski
et al. 2022, 2023). Furthermore, by doing so, shape attribution
was not based on a series of subjective choices, but instead
on true anatomic features of the cells (because cell heights
are already described in the database) at least for diatoms
(see Materials and methods). For dinoflagellates, as no
height or diameter was clearly defined in the original data-
base (i.e., the Nordic Micro algae website), we decided to
use cell width and length as diameter and height, respec-
tively. For some taxa, such as C. horridium, that exhibit a
complicated shape which is hard to categorize, this can be
seen as an oversimplification. However, by doing so, all
dinoflagellates were characterized as prolates (except
Cladopyxis spp.), which is consistent with the ecology of
that group (i.e., dinoflagellates and prolate diatoms have
been found to exhibit similar seasonal and long-term
changes in abundance; Kléparski et al. 2023).

In the context of global climate change, it is usually
assumed that a warmer ocean will induce a shift toward
smaller phytoplanktonic taxa better adapted to stratified low
nutrient conditions and to an enhanced copepod grazing pres-
sure on larger cells (Bopp et al. 2005; Lewandowska and Som-
mer 2010; Marinov et al. 2010). However, although small taxa
such as Skeletonema costatum or E. zodiacus have increased dur-
ing the NPMHWs (Fig. 4; Supporting Information Figs. S2 and

S3), as well as the contribution of nano phytoplankton to the
total summer Chl a concentration (Fig. 5d), our results based
on summer CPR data demonstrate that warming events and
declining nitrate in the oceanic part of the Northeast Pacific
have likely induced an increase in large prolate cells (Figs. 2–4;
Supporting Information Text S1; Supporting Information
Fig. S6). Such an increase in response to global climate change
had already been suggested from a model associated with CPR
data in the North Atlantic, where an increase in prolate dia-
toms and dinoflagellates abundance is expected (Kléparski
et al. 2023). Hence, because the intensity and duration of
MHWs are expected to increase (Oliver et al. 2021), together
with the frequency of extreme El Nino events (Cai
et al. 2014), our results provide insight into how the phyto-
planktonic community might be reorganized in the coming
decades.

Shifts in phytoplankton abundance and morphology can
result either from (i) top-down control through changes in
copepods grazing pressure or (ii) bottom-up control through,
for example, a shift in nutrients and temperature
(Smetacek 2001; Karp-Boss and Boss 2016; Hillebrand
et al. 2022; Kléparski et al. 2022). Top-down controls are sup-
posed to be enhanced during NPMHWs (Batten et al. 2022)
and mesocosm experiments have demonstrated an enhanced
grazing pressure in response to warming, especially during the
post-bloom phase (Lewandowska and Sommer 2010;
Lewandowska et al. 2014). However, the positive relationship
between the monthly changes in zooplankton and phyto-
plankton summer abundance (Table 1; Supporting Informa-
tion Fig. S5) indicates that changes in copepods grazing
pressure have played a reduced role here. On the contrary, the
positive correlations between PC1 and 2 and the environment
(i.e., climatic indices, nutrients and temperature; Fig. 3;
Table 1), as well as the results from the modeling approach
(Supporting Information Text S1; Supporting Information
Fig. S6), demonstrate that bottom-up processes were responsi-
ble for the observed increase in prolate abundance. Elongated
cells are experiencing higher nutrients fluxes through their
membrane (Pahlow et al. 1997; Karp-Boss and Boss 2016),
which provide a competitive advantage under the low nitrate

Table 2. Pearson correlation coefficients between annual changes in mean summer cell carbon content, height/diameter ratio, sum-
mer environmental parameters and climatic indices. Pearson correlation coefficients between annual changes in mean summer cell car-
bon content, height/diameter ratio and long-term changes in summer chlorophyll a (Aqua-MODIS), particulate organic carbon (POC;
Aqua-MODIS) concentrations, more than 20 μm (log10 transformed) and less than 20 μm (log10 transformed) chlorophyll size fraction
along the oceanic part of the Seward line, El Nino Southern Oscillation (ENSO) index and Northern Gulf of Alaska Oscillation (NGAO)
index are displayed in the second to last column, respectively. Bold numbers highlight significant correlations at p < 0.05.

Chlorophyll a
Aqua-MODIS

POC
Aqua-MODIS

> 20 μm chlorophyll
size fraction

< 20 μm chlorophyll
size fraction ENSO NGAO

Mean cell carbon content �0.50 �0.61 �0.51 0.48 0.59 0.48

Height/diameter �0.52 �0.50 �0.48 0.07 0.48 0.58
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conditions that were observed during the NPMHWs (Fig. 4a;
Supporting Information Fig. S4). However, it has been
suggested that lower nutrient supply during NPMHWs has a
limited impact here (Wyatt et al. 2022) because of the nature
of the Northeast Pacific, which is a High Nutrients Low Chlo-
rophyll (HNLC) area where phytoplankton growth is perma-
nently limited by low iron concentration (Martin et al. 1989).
Cell elongation also provides an advantage in warmer, less vis-
cous waters by decreasing cell sinking velocity because of the
negative relationship between sea water viscosity and temper-
ature (e.g., the sinking velocity of a 20 μm diameter cell will
increase by 4% for each increase of 1�C; Smayda 1970).
Therefore, a prolate cell would sink more slowly than an
oblate one in low viscous warm waters. Furthermore, temper-
ature also affects phytoplankton metabolism and resources
(e.g., nutrients) allocation by decreasing the number of ribo-
somes in the cells but increasing the rate of protein synthesis
(Toseland et al. 2013). As nitrate is a key constituent of pro-
teins and nucleic acids (Miller 2004), this mechanism might
also explain why prolate cells increased during the NPMHW:
i.e., cell elongation enables prolates to remain in the well-lit
upper part of the water column without affecting their abil-
ity to efficiently uptake nutrients (Padisak et al. 2003;
Naselli-Flores and Barone 2011; Naselli-Flores et al. 2021;
Kléparski et al. 2022).

The increase in summer abundance of prolate taxa with a
lower sinking velocity would be expected to be associated with
a reduced export of carbon during warming events, because of
a higher remineralisation rate (Marsay et al. 2015). However,
increasing CO2 uptake has been observed during NPMHW
periods (Duke et al. 2023) and in situ results in the northern
Gulf of Alaska showed an enhanced export of carbon caused
by phytoplankton cells aggregation during Summer 2019
(O’Daly et al. 2024). Furthermore, we observed a decline in
surface POC concentration during positive ENSO-NGAO
phases and MHW periods (Fig. 5a,c), which is thought to be
related to an enhanced settling of large, fast sinking particles
(Yu et al. 2019). One hypothesis to explain this apparent dis-
crepancy would be a decoupling between phytoplankton pro-
duction and the remineralisation process (Henson et al. 2019),
such as the existence of short intense mixing events that
would increase prolate cells sinking velocity as well as trigger-
ing an enhanced aggregate formation and thereby a higher
carbon export (Clifton et al. 2018; Arguedas-Leiva et al. 2022).
Geological records confirmed that warming events are associ-
ated with enhanced carbon export by diatoms in the North-
east Pacific (Lopes et al. 2015; Praetorius et al. 2015). A similar
relationship has also been documented in the Mediterranean
Sea, where the formation of sapropels is associated with high
prolate diatom (i.e., rhizosolenid) export under stratified con-
ditions (Kemp and Villareal 2013). Finally, the Northeast
Pacific biological carbon pump can also be strengthened by
the increase in dinoflagellate abundance. For example, it has
been shown that dinoflagellate blooms were associated with

strong carbon export at 3000 m in the Northeast Atlantic
(Henson et al. 2012), while the implementation of a
mixotrophic group (e.g., dinoflagellates) into a biogeochemi-
cal model has been shown to increase the flux of carbon
exported toward depth (Ward and Follows 2016).

Comparison of the changes in mean cell carbon content,
height/diameter ratio, and satellite observations showed that
MHWs and positive ENSO-NGAO periods were associated with
an increase of large prolate taxa and a decline in surface sum-
mer Chl a concentration (Fig. 5b,c). However, in situ observa-
tions along the Seward line showed a decline in the size
fraction Chl a associated with large micro phytoplankton
(> 20 μm), suggesting a decline of their abundance and an
increase in smaller cells (< 20 μm; Fig. 5d). A decline in cell
size and Chl a has already been documented on the northern
continental shelves during the first MHW (Suryan et al. 2021),
a result that is usually associated with a decline of the phyto-
planktonic abundance and/or biomass (Behrenfeld et al. 2006;
Boyce et al. 2010). Although the CPR is known to collect a
consistent fraction of the in situ phytoplanktonic abundance,
therefore reflecting the major changes that occurred at both
seasonal and interannual scales, there is a bias toward record-
ing larger organisms because of the mesh silk size used by the
CPR (Richardson et al. 2006). Hence, part of the phytoplank-
tonic community (i.e., smaller cells) is under-sampled by the
CPR, which can explain the apparent contradiction with
the data collected along the Seward line. Furthermore, the
contribution of smaller cells to total Chl a concentration is
more important during MHWs periods (smaller cells sampled
by the Seward program but not by the CPR; see Materials and
Methods and Fig. 5d), and as those cells have a lower chloro-
phyll content (Hillebrand et al. 2022), this can explain the
overall decline in surface Chl a. Hence, it would suggest that
although high carbon prolate taxa increased during MHWs
and positive ENSO-NGAO periods (as observed by the CPR),
overall, the biomass of the entire phytoplanktonic community
has declined (as observed along the Seward line). This discrep-
ancy can also be related to the use of average cell sizes and car-
bon contents based on literature review (Leblanc et al. 2012;
Barton et al. 2013) and not on actual in situ measurements
(which would have been impractical here). Therefore, the
intraspecific morphological plasticity usually observed in
response to warming (i.e., reduce cell size) was not consid-
ered in our analyses (Atkinson et al. 2003; Peter and Som-
mer 2012). However, this mechanism may have a limited
impact here, as results from a freshwater mesocosm
suggested that shifts in community composition are more
prevalent on community size spectrum than intraspecific
morphological plasticity (Yvon-Durocher et al. 2011). Fur-
thermore, contrasting responses to warming have been
observed, with both cell size increase and decline being
documented by different studies (Padfield et al. 2018; Hil-
lebrand et al. 2022). Differences in the spatial extent of both
CPR and Seward sampling programs can also explain the
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discrepancy, i.e., the Seward data are located close to the
shelf while CPR data are located in the open ocean (Fig. 1),
which is also confirmed by the absence of significant correla-
tions between the changes in mean cell carbon content,
height/diameter ratio, and the Seward data (Table 2).
Another explanation would be that surface Chl
a concentration was altered by changes in phytoplankton
intracellular pigmentation, a phenomenon known as pho-
toacclimation and which has been shown to be an important
component of chlorophyll temporal variability across the
global ocean (Behrenfeld et al. 2005, 2016). By affecting
water column stratification, nutrient concentrations, and
light conditions (and therefore the relationship between
phytoplankton growth and irradiance; Edwards et al. 2016),
the changes in temperature are activating complex physio-
logical pathways that regulate the intracellular chlorophyll
synthesis (Behrenfeld et al. 2016). Hence, the changes in
chlorophyll (satellite and along the Seward Line) may not
reflect a proportional change in abundance but rather a
change in intracellular pigmentation, which would tend to
decline during MHW, positive ENSO, and positive NGAO.
Surface summer Chl a and POC concentrations could also
have been altered by the change in phytoplankton morphol-
ogy, which is known to affect marine particles’ Inherent
Optical Properties (IOP), and therefore the assessment of Chl
a and POC concentrations from space (Clavano et al. 2007;
Stramski et al. 2008; Stemmann and Boss 2012).

Finally, increasing temperature during the NPMHWs also
had a high socio-economic cost, with the closure of the North
Pacific cod (G. macrocephalus) fishery in the Gulf of Alaska in
2019–2020 (Barbeaux et al. 2020). Shift in phytoplankton
composition (e.g., from diatoms to dinoflagellates) could alter
copepod nutritional quality and therefore the growth and sur-
vival of the fish larvae that feed on them (Beaugrand
et al. 2003a; Copeman and Laurel 2010). In that case, our
results may suggest that the shift in phytoplankton summer
abundance and morphology could also be related to the
decline in cod population, through a bottom-up effect that
may decrease trophic transfer efficiency (Arimitsu et al. 2021).
However, in the Gulf of Alaska, cod larval habitat suitability
has been found to be mainly related to the interannual fluctu-
ations in temperature that regulate larval yolk reserve and
metabolic demands (Barbeaux et al. 2020; Laurel et al. 2021).
Pacific cod eggs also have a narrow thermal tolerance, which
makes the early life stages of this fish highly sensitive to tem-
perature changes (Laurel et al. 2023). Hence, although the
decline in trophic transfer efficiency could have acted as an
additional stressor, cod decline is very unlikely to have been
caused by the shift in phytoplankton abundance and mor-
phology (i.e., bottom-up mechanism) but is rather related to
the effect of higher temperature on cod metabolic rate
(Barbeaux et al. 2020). Cod decline can also be related to the
compound extreme events (i.e., the co-occurrence of two or
more extreme events in time and space) that occurred above

the Gulf of Alaska continental shelves (i.e., increasing temper-
ature and acidity associated with low oxygen), which may
explain why their populations have not recovered after the
return to pre-heatwave conditions (Hauri et al. 2024).

Conclusion
Consequences of MHWs on biological systems are well

documented, mostly because of their high socio-economic
impacts (Smith et al. 2021, 2023). Here, our results showed for
the first time a previously unknown outcome of this phenom-
enon, i.e., a shift in phytoplankton cell size and shape with an
increase in summer abundance of large prolate taxa. Although
many mechanisms can be invoked to explain this alteration
(e.g., changes in grazing pressure), our results demonstrated
that this increase was induced by warming temperature and
declining nitrate. Furthermore, the changes in phytoplankton
mean cell carbon content and shape have likely impacted the
carbon cycle, due to changes in cells sinking velocity (Padisak
et al. 2003; Naselli-Flores et al. 2021), as shown by the
observed decrease in surface Chl a and POC concentrations
during these events. The increase in smaller cells (Fig. 5d) with
a lower Chl a content (Hillebrand et al. 2022) as well as the
potential changes in phytoplankton intracellular pigmenta-
tion (Behrenfeld et al. 2016) may also have impacted surface
Chl a and POC concentrations and decreased the potential
biological carbon pump. Hence, MHWs have multiple ways of
impacting phytoplankton community and related ecosystem
services.
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