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Abstract
Heterotrophic prokaryotes play a vital role in organic matter cycling in the ocean and have been observed to

undergo substrate-controlled successions during phytoplankton blooms. However, there is limited understand-
ing of the succession patterns during blooms triggered by upwelling events of different characteristics. Here we
simulated eight upwelling scenarios of varying intensity and duration (single vs. recurring pulses) by adding
nutrient-rich mesopelagic waters into large-scale mesocosms containing oligotrophic surface waters from the
subtropical North Atlantic. Over a monitoring period of nearly 6 weeks, we observed that phytoplankton blooms
displayed diverging outcomes depending on the upwelling mode: treatments with single upwelling pulses pres-
ented a unique, short-lived bloom, whereas recurring upwelling resulted in blooms that were sustained over time.
Prokaryotic abundances were positively related to upwelling intensity and presented three similar abundance
cycles in all treatments, whereas heterotrophic activity differed between the two upwelling modes. The succes-
sional dynamics of free-living and particle-associated communities were consistent regardless of upwelling inten-
sity and mode, with four or five prokaryotic assemblages sequentially proliferating during the experiment. Yet,
some differences were observed in the taxa that formed the assemblages in both upwelling modes. Together, our
results suggest that, despite differences in activity, prokaryotes seemed to be more influenced by processes taking
place within the community than by phytoplankton bloom patterns, with similar succession dynamics even
under widely distinct blooms. These findings can help advance our understanding on prokaryotic ecology and its
relation to organic matter cycling across different upwelling scenarios.

Phytoplankton can form large blooms under favorable
environmental conditions, a process that has been extensively
studied both in the field and experimentally (e.g., Leblanc
et al. 2016; Sundby et al. 2016; Taucher et al. 2018). During
blooming episodes, these autotrophic microorganisms fix large
amounts of inorganic carbon into organic matter through
photosynthesis. Part of the newly fixed carbon is later released

as dissolved organic compounds by phytoplankton exudation
(Mühlenbruch et al. 2018), prokaryotic extracellular enzymatic
activity (Balmonte et al. 2021) and, especially during bloom
termination, through grazing (Saba et al. 2011) and viral lysis
(Kuhlisch et al. 2022). Organic matter thus becomes accessible
to prokaryotic organisms (bacteria and archaea), which in turn
consume and metabolize it in a continuous transformative
cycle (Azam and Malfatti 2007).

Prokaryotic communities, harboring a myriad of metabolic
traits (Moran 2015), are often dominated by a small number
of taxa at any given time. These communities are, however,
far from stationary. Changes in environmental conditions,
such as increases in organic matter concentration observed
during phytoplankton blooms, prompt shifts in community
structure and gene expression within microbial communities
(Teeling et al. 2012; Needham and Fuhrman 2016; Pontiller
et al. 2022). The composition of organic matter has also been
suggested as one of the main factors driving the taxonomic
and transcriptional successions of prokaryotes, as taxa tend to
specialize in particular sets of compounds (Teeling et al. 2012;
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Pontiller et al. 2022). The resulting microbial landscape during
phytoplankton blooms is one in which resources are par-
titioned among different prokaryotic taxa during the consecu-
tive stages of the blooming episode. Thus, tracking the
evolution of standing stocks, activity and taxonomic composi-
tion of prokaryotic communities can help us advance our
understanding of the ecology of prokaryotes and the cycling
of organic matter during phytoplankton blooms in different
oceanic environments.

Upwelling regions are of major relevance when studying
prokaryotic community dynamics under phytoplankton
blooms. As one of the most productive environments in the
global ocean (Chavez and Messié 2009), the microbes that
inhabit them play a disproportionately large role in the marine
carbon cycle (Capone and Hutchins 2013). The intensity and
temporal extent of upwelling (and, hence, the associated pro-
ductivity) varies between and within systems: from short-term
events to seasonal to year-round, with varying degrees of
upwelling strength (Cropper et al. 2014; Desbiolles et al. 2014;
Bode et al. 2019). Current conditions in upwelling systems
could, however, face changes in future decades under climate
change (Bograd et al. 2023), potentially altering phytoplankton
bloom patterns and the associated prokaryotic successions.

Here we explored whether prokaryotic activity and succes-
sions diverge under varying phytoplankton bloom dynamics
in distinct upwelling scenarios or, conversely, if shared pat-
terns exist. Using large-scale mesocosms, we introduced
nutrient-rich waters from the upper mesopelagic into oligotro-
phic surface waters, simulating combinations of upwelling
intensity and duration (single pulse vs. recurring upwelling),
for a total of eight upwelling scenarios. We studied the tempo-
ral dynamics in standing stocks, activity, and taxonomic com-
position of prokaryotic communities, hypothesizing that the
successions of prokaryotes would vary across the different
upwelling scenarios.

Materials and methods
Experimental setup and sampling

Nine large-scale mesocosms (Riebesell et al. 2013) were
deployed in Gando Bay (27� 550 4100 N, 15� 210 5500 W, Gran
Canaria, Canary Islands) during the autumn of 2018 as part of
the Ocean artUp project. Mesocosms were filled with ambient
oligotrophic water (mean � sd volume = 43.775 � 1.352 m3)
and deep water was collected off Gran Canaria from 330 and
280 m depth (on day �10 and 23, respectively) by pumping it
into a 100 m3 opaque collector bag lowered from a ship
(Taucher et al. 2017), which was then moored next to the
mesocosms. This deep water was added to the mesocosms
(subtracting an equivalent volume from them) in two differ-
ent modes (Table 1): a singular mode (S), consisting of a single
deep-water addition (on day 4), and a recurring mode (R), in
which consecutive deep-water additions were performed
(on days 4, 8, 12, 16, 21, 24, 28, and 32). For each upwelling

mode, four levels of intensity were simulated: Low, Medium,
High, and Extreme, resulting in an intensity range of approxi-
mately 1.6–10.5 μmol L�1 in terms of nitrogen addition
(as sum of all the net nitrogen inputs of each water replace-
ment, Table 1). Equivalent intensity levels of the singular and
recurring modes received similar total amounts of nutrients
(Table 1), so that the response to the two modes of addition
could be compared for the different intensities. No deep water
was added to the control mesocosm. The deep water added to
the mesocosms was intended to be sourced from a depth of
600 m, where nitrate concentrations are approximately
25 μmol L�1 (Llin�as et al. 1997), but this was not possible after
equipment loss due to adverse sea conditions. Hence, to attain
the targeted macronutrient concentrations and maintain their
stoichiometric ratios, nitrate, phosphate and silicate were added
to the deep water bag before the first addition to the mesocosms,
yielding concentrations of 25, 1.38, and 12.1 μmol L�1 of nitrate,
phosphate, and silicate, respectively (Baumann et al. 2021).
Nutrients in the deep water bag were periodically measured
and adjusted to ensure concentrations were maintained. Dis-
solved organic carbon (DOC) concentration in the deep
water was of � 80 μmol L�1 at the time of the first addition,
although it increased to � 180 μmol L�1 before being restored
to � 60 μmol L�1 (similar to that found in the collection area
[Santana-Falc�on et al. 2017]) when deep water was renewed
on day 23. Particulate organic carbon (POC) tended to range
between 10 and 20 μmol L�1. Prokaryotic abundances also
ranged approximately from � 2.8 � 105 to 4 � 106 cells L�1

before going back to � 2.2 � 105 when the deep water was ren-
ewed on day 23. Yet, these increases did not have a noticeable
effect on the mesocosms, as these variables (and related ones)
did not increase immediately after water additions.

Mesocosms and ambient waters outside of the mesocosms
(Atlantic) were regularly sampled over 39 d (every day at the
beginning, every second day after day 11), during which inte-
grated samples of the water column (0–13 m) were collected
using depth-integrated water samplers (IWS, HYDRO-BIOS,
Kiel). The deep water bag (Deep) was also sampled periodically
to monitor it. Sampled water was dispensed into acid-cleaned
canisters and kept in dark, cool conditions until returning to
the lab.

Prokaryotic abundances and viability
Abundance of prokaryotic cells was quantified by flow

cytometry. Samples were fixed with paraformaldehyde at a
final concentration of 2% (v/v) and kept at �80�C until fur-
ther processing. Samples were thawed and analyzed in a
FACSCalibur flow cytometer (Becton-Dickinson), staining
subsamples (400 μL) with 4 μL of the SYBR Green I fluoro-
chrome (Molecular Probes) diluted in dimethyl sulfoxide
(1:10). Fluorescent beads (1 μm, Polysciences) were added
for internal calibration (105 mL�1). High and low nucleic
acid content (HNA and LNA, respectively) prokaryotic cells
were identified in green vs. red fluorescence and green
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fluorescence vs. side scatter cytograms. Additionally, nano-
and picophytoplankton abundances were determined by
analyzing subsamples with no staining, and subgroups iden-
tified in red vs. orange fluorescence and red fluorescence
vs. side scatter cytograms.

Viability of prokaryotic cells was quantified by flow cyto-
metry through nucleic-acid double-staining using SYBR Green
I and propidium iodide (Falcioni et al. 2008) following Baltar
et al. (2010). Viable (intact cell membrane; live and potentially
active) and non-viable (compromised cell membrane; dead or
injured) cell populations were identified in green vs. red fluo-
rescence cytograms.

Single-cell translational activity of prokaryotes
The single-cell translational (i.e., protein-synthesizing)

activity of prokaryotes was assessed by BioOrthogonal Non-
Canonical Amino acid Tagging (BONCAT) following Leizeaga
et al. (2017). A detailed description of the entire procedure can
be found in the Methods section of the Supporting Informa-
tion for this article. Briefly, for each sampling time and meso-
cosm two replicates and a control (9 mL each) were incubated
with L-Homopropargylglycine at a final concentration of
1 μmol L�1 for 2 h at in situ temperature. Incubations were
fixed with paraformaldehyde at a final concentration of 2%
(v/v) (controls were fixed before incubations). Samples were
gently filtered through polycarbonate filters with a pore size of
0.2 μm (Whatman Nuclepore), and the filters were washed
thrice with sterile ultrapure water, labeled, and stored
at �80�C until further processing. To visualize translational
activity, filters were subjected to Cu(I)-catalyzed click chemis-
try, labeling the newly synthesized proteins with Alexa594
azide dye (ThermoFisher). Lastly, filters were also counter-
stained with 40,6-diamidino-2-phenylindole (DAPI; 1 μg mL�1

final concentration) to quantify total prokaryotic cells and
were placed in microscope slides with antifading reagent (77%
glycerol, 15% VECTASHIELD, and 8% 20� PBS).

Image acquisition to quantify translationally active cells
was done in black and white with a Zeiss Axio Imager.Z2m
Epifluorescence Microscope connected to a Zeiss camera
(AxioCam MRm, Carl Zeiss MicroImaging, S.L., Barcelona,
Spain) at 630� magnification, along with the AxioVision soft-
ware. A Colibri LED light source (Carl Zeiss) with multiple
light-emitting diodes was used, capturing all images at excita-
tions of 385 nm (for DAPI) and 590 nm (for Alexa594),
adjusting exposure time to optimize cell detection. Image
analysis to quantify total (DAPI) and translationally active
(BONCAT+) cells was carried out with the ACMEtool software.

Complementarily, bulk activity of prokaryotes (as prokaryotic
heterotrophic production, PHP) was estimated from 3H-leucine
incorporation using the centrifugation method (Smith and
Azam 1992), as detailed in the Methods section of the
Supporting Information for this article.

DNA sampling, extraction, and sequencing
Using a peristaltic pump, samples were prefiltered through

a 200 μm mesh to remove any large organisms and subse-
quently filtered through a set of polycarbonate filters with a
pore size of 3.0 and 0.2 μm (Whatman Nuclepore), resulting
in a size fractionation of 0.2–3.0 μm (hereafter “0.2 μm” size
fraction) and 3.0–200 μm (hereafter “3.0 μm” size fraction).
Upon filtration, filters were stored in autoclaved safe-lock
tubes and kept at �80�C until further processing.

DNA extraction was performed using the DNeasy Plant
Mini Kit (Qiagen) following instructions from the manufac-
turer. To increase extraction yield, the procedure was modified
to include a pre-treatment of samples that consisted of (1) an
initial (triple) freeze fracture step, (2) bead beating with
autoclaved zirconia (0.1 mm) and glass (0.5 mm) beads
(Sigma-Aldrich) for 50, and (3) a proteinase-K (Sigma-Aldrich)
treatment at 55�C for 1 h. Three polycarbonate filters with no
sample were also subject to the extraction protocol to act as
negative controls.

Table 1. Experimental treatments. Total additions of deep water (as absolute values and % relative to the volume of the mesocosms),
and nitrogen (N), phosphorus (P), and silica (Si). N, P, and Si values include both inorganic and organic forms, and represent the sum
of all the net nutrient inputs of each water replacement.

Mesocosm
Upwelling

mode
Upwelling
intensity

Added deep
water [m3]

Added deep
water [%]*

Added N
[μmol L�1]

Added P
[μmol L�1]

Added Si
[μmol L�1]

M5 Control 0.0 0.0 0.00 0.000 0.00

M3 Singular Low 2.8 6.4 1.62 0.094 0.74

M7 Medium 5.3 12.0 3.07 0.177 1.41

M9 High 9.8 22.4 5.56 0.325 2.63

M1 Extreme 17.2 39.2 9.80 0.567 4.58

M2 Recurring Low 2.8 6.3 1.61 0.094 0.69

M4 Medium 5.6 12.7 3.15 0.187 1.35

M6 High 11.2 25.6 6.16 0.363 2.64

M8 Extreme 22.4 51.1 10.97 0.682 4.96

*Considering average mesocosm volume of 43.775 m3.
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The extracted DNA was sequenced for the V4 and V5
regions of the 16S rRNA gene (16S rDNA) using the universal
primers “515F” and “926R” (Parada et al. 2016). Amplified
regions were sequenced with the Illumina MiSeq platform
(paired-end reads; 2 � 250 bp) at the Argonne National Labo-
ratory (Lemont, IL, USA).

16S amplicon sequence analysis
Bioinformatic analyses were performed at the Marine Bioinfor-

matics platform (Marbits, marbits.icm.csic.es) of the Institut de
Ciències del Mar (ICM-CSIC, Barcelona). Cutadapt (Martin 2011)
was used to ensure primers were not present in the sequences. All
subsequent analyses were performed in R (v. 4.0; R Core
Team 2021). The DADA2 package (Callahan et al. 2016) was used
to process the amplicon sequence data (trunclen = (240, 155),
maxEE = (2, 8), minOverlap = 15). Briefly, DADA2 models errors
in the Illumina-sequenced amplicon reads to infer exact amplicon
sequence variants (ASVs) down to one nucleotide difference. Tax-
onomic assignation of ASVs was carried out using the
“assignTaxonomy” function (minBoot = 50), with SILVA v. 138.1
(arb-silva.de) as the training set. Identification of contaminant
sequences was performed using the decontam package (Davis
et al. 2018) combining the frequency and prevalence methods
(threshold = 0.2). Amplicon sequence variants classified as mito-
chondria and chloroplasts were also removed in this step. Average
read retention was 57% (Supporting Information Fig. S1). Samples
with at least 2500 reads were preserved for downstream analyses
(247 out of 252). Preserved samples had an average sequencing
depth of 13,920 reads (sd = 4567), encompassing a total of
9478 ASVs.

Statistical analyses
All statistical analyses were carried out in R (v. 4.1.2; R Core

Team 2021). Non-metric multidimensional scaling (NMDS) was
performed with the metaMDS function (vegan package, v. 2.5.7;
Oksanen et al. 2020) to assess similarities in prokaryotic commu-
nity composition among samples. A centered log ratio (CLR)
transformed ASV count table with an added pseudocount of
1 was used for this analysis (clr function, compositions package,
v. 2.0.4; van den Boogaart et al. 2022). Dissimilarities between
day 3 (last preaddition sampling) and the rest of the samples
within each size fraction were considered, and differences
between treatments were evaluated by means of Kruskal-Wallis
and post hoc Conover tests, correcting p-values with the
Bonferroni method (kruskalTest and kwAllPairsConoverTest func-
tions, PMCMRplus package, v. 1.9.6 [Pohlert 2022]). Correlations
between changes in community composition and changes in
environmental parameters were assessed through Mantel tests
(mantel function, vegan [Legendre and Legendre 2012]) between
sample dissimilarity matrices (Euclidean distances) based on
(1) the CLR-transformed ASV abundance table and (2) the indi-
vidual biogeochemical parameters. Diversity indicators of richness
(number of ASVs) and evenness (Pielou index) were estimated
with the richness and evenness functions (microbiome package,

v. 1.16.0 [Lahti and Shetty 2019]), respectively, from a rarefied
table of 5000 counts (sample n = 241) based on 100 permutations
(rrarefy.perm function, EcolUtils package, v. 0.1; Salazar 2022).

Temporal patterns within prokaryotic communities were ana-
lyzed by Fuzzy C-Means Clustering (Bezdek 1981), which, for
each element (here ASV), assigns a membership score for all clus-
ters concurrently (from 0 to 1). Fuzzy clustering was performed
individually for each treatment and size fraction combination
using the cmeans function (e1071 package, v. 1.7.9; Meyer
et al. 2021). The fuzzifier parameter m was estimated following
Schwämmle and Jensen (2010), resulting in a value (excluding
deep waters) of 1.290 � 0.025 (mean � sd). The choice of the
number of clusters (k) was based on several cluster selection indi-
ces (Within Cluster Sum of Squared Error, Simple Structure Index
(cascadeKM function, vegan; Dimitriadou et al. 2002) and Nor-
malized Partition Coefficient (vegclustIndex function, vegan;
Bezdek 1981)) (Supporting Information Fig. S2), aiming to avoid
redundant clusters (evaluated visually and through correlations).
For this analysis, only ASVs representing at least 0.1% of reads in
one sample were considered. To cluster ASVs according to their
temporal patterns and exclude the influence of abundance
levels, the CLR-transformed abundance of each ASV was cen-
tered and scaled by subtracting its mean and dividing by its stan-
dard deviation.

Ancillary environmental parameters
Descriptions of the procedures for the determination of

ancillary environmental parameters reported in previous pub-
lications can be found in the Methods section of the
Supporting Information for this article.

Results
Phytoplankton bloom dynamics

Simulated upwelling led to large diatom blooms, resulting
in increases in primary production rates (Ortiz et al. 2022a). In
the singular mode Chl a peaked on day 9 (11.2 μg L�1 in the
Extreme treatment, Fig. 1a), and blooms collapsed shortly
afterward, while in the recurring treatments, the periodic deep
water additions resulted in various blooms along the duration
of the experiment, with oscillating Chl a concentrations and
primary production rates (Ortiz et al. 2022a). Diatom commu-
nity composition displayed some differences between upwell-
ing modes: biomass estimates showed that singular treatments
were dominated by Leptocylindrus danicus and Guinardia striata,
while in the recurring treatments the taxa contributing most to
biomass were Leptocylindrus danicus and Leptocylindrus minimus,
except in the Extreme R, where Dactyliosolen sp. also presented
high contributions (Ortiz et al. 2022b). Particulate organic car-
bon (POC) accumulated following the diatom blooms
(Baumann et al. 2021) (Fig. 2a). Singular treatments presented
the highest concentrations after the initial bloom (67 μmol L�1),
followed by a steady decrease. In the recurring treatments,
increases were slower but POC accumulated until day � 19.
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During the final days, the Extreme R treatment presented
increases in POC (102 μmol L�1), Chl a (5.2 μg L�1), and primary
production associated with a coccolithophorid bloom (Ortiz
et al. 2022a). Dissolved organic carbon (DOC) accumulated pro-
portionally to upwelling intensity during the decay of the initial
blooms, followed by relatively stable concentrations across treat-
ments (� 140 μmol L�1 in Extreme treatments, Fig. 2b). Dis-
solved organic carbon accumulations happened in parallel to

changes in the optical properties of dissolved organic matter
(DOM), hinting prokaryotic DOM transformation and increased
recalcitrance (see G�omez-Letona et al. 2022 for more details).

Prokaryotic abundance, viability, and activity
Prokaryotic abundance was between 3.8 and 4.9 � 105

cells mL�1 before the first deep water addition (Fig. 1b). After
the additions, despite differences in magnitude, all mesocosms
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Fig. 1. Temporal dynamics of relevant biological variables. (a) Chlorophyll a (Chl a) concentration, (b) abundance of prokaryotes, (c) relative abun-
dance of high nucleic acid content (HNA) prokaryotes, (d) relative abundance of prokaryotic cells actively synthesizing proteins (BONCAT+ cells), and (e)
prokaryotic heterotrophic production (PHP). Results are displayed separately for singular (left column) and recurring treatments (right column). Vertical
lines represent deep water additions (dashed = singular, dotted = recurring).

G�omez-Letona et al. Prokaryotic successions in phytoplankton blooms

5

 19395590, 0, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lno.12773 by H

G
F G

E
O

M
A

R
 H

elm
holtz C

entre of O
cean, W

iley O
nline L

ibrary on [06/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



followed similar trends, regardless of treatment: cell counts
increased and first peaked on days 9–10 (up to 1.8 � 106

cells mL�1 in the Extreme S), slightly later than the initial dia-
tom blooms (days 8–9). Abundances decreased on days 13–17,
coinciding with the decay of the initial diatom blooms and an
increase in the contribution of HNA prokaryotes (Fig. 1c). Abun-
dances peaked again around day 21 and a last maximum was
registered on day 33, reaching up to 3.1 � 106 and 2.7 � 106

cells mL�1 in the Extreme S and Extreme R treatments, respec-
tively. The percentage of viable prokaryotes (i.e., those with
intact cell membranes) was high throughout the experiment
(> 85%, Supporting Information Fig. S3) but overall displayed
three oscillations that tended to follow prokaryotic abundances
(correlations between abundance and viability were significant
in the Extreme treatments, Supporting Information Fig. S3).

The proportion of protein-synthesizing prokaryotes (BONCAT
+ cells, Fig. 1d) varied from (10–25) to 40% of total cells before
the initial deep water addition to � 40% on day 13 in the
Extreme treatments, evidencing an enhancement in the single-
cell activity during the bloom decay. In fact, in stark contrast to
the initial conditions and the Control mesocosm (Fig. 3a and
Supporting Information Figs. S4 and S5), on day 13 clusters of
highly active prokaryotes were observed attached to gel struc-
tures and particles (Fig. 3b and Supporting Information Fig. S4).
After day 13 the upwelling modes showed two different out-
comes: while the fraction of BONCAT+ cells decreased in the
singular mode (falling below � 10% by day 37), the recurring
mode registered values that oscillated between 10% and 30%
BONCAT+ cells, with the Extreme and High treatments showing

peaks on days 13 and 31 and the rest of the treatments showing
a similar trend to the control mesocosm, with maxima on day
19. A notable peak in the proportion of BONCAT+ cells was
observed at the end of the experiment in the Extreme R treat-
ment, in parallel with the coccolithophorid bloom (Ortiz
et al. 2022a). This activity peak coincided with the proliferation
of active filamentous prokaryotes in this mesocosm (10–25 μm
long, identified as Bacteroidetes through CARD-FISH, Supporting
Information Fig. S6), in clear opposition to the low BONCAT sig-
nal observed in the Extreme S treatment (Fig. 3c,d).

Bulk activity levels, measured as PHP (Fig. 1e), showed differ-
ent trends in the Extreme treatments of both modes. In the sin-
gular mode, PHP increased steadily until day 15, and increased
sharply afterward, peaking on day 19 (128 μg C L�1 d�1), coin-
ciding with the rise of the second prokaryotic abundance peak,
and showing a second peak around day 31. Conversely, in the
Extreme R treatment, PHP showed marked oscillations that
followed the peaks in Chl a (Fig. 1e). While in most mesocosms
PHP decreased after day 33, the Extreme R treatment showed
very high PHP rates during the final days, reaching 130 μg
C L�1 d�1. Low and medium intensity treatments showed simi-
lar trends regardless of mode. Despite the differences in the
individual mesocosms, cumulative PHP was similar in both
upwelling modes (Supporting Information Fig. S7).

General prokaryotic community composition
The composition of prokaryotic communities presented

two main patterns: a temporal change, and a clear segregation
between the two size fractions (Fig. 4a,b). Initial communities
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Fig. 2. Temporal dynamics of organic matter. (a) Particulate organic carbon (POC) and (b) dissolved organic carbon (DOC) during the experiment.
Results are displayed separately for singular (left column) and recurring treatments (right column). Vertical lines represent deep water additions
(dashed = singular, dotted = recurring). Data from Baumann et al. (2021) and G�omez-Letona et al. (2022), respectively.
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(day 3) within each size fraction were similar among
treatments and ambient waters (Fig. 4a,b), the most abun-
dant taxa being Flavobacteriales (23% of reads on average),
Rhodobacterales (21%), the SAR11 clade (16%), Syn-
echococcales (12%), and Actinomarinales (7%) in the 0.2 μm
size fraction, and Flavobacteriales (37%), Rhodobacterales (16%),
Pirellulales (9%), Synechococcales (5%), and Chitinophagales
(5%) in the 3.0 μm size fraction (Supporting Information
Fig. S8). The surface communities contrasted with the collected
deep water, which was markedly dominated by members of
Pseudomonadales and Rhodobacterales (Supporting Information
Fig. S8). Euclidean distances between day 3 (last pre-addition
sampling) and the rest of the samples showed that major
changes occurred after upwelling induction (Fig. 4c). Changes in
community composition tended to be larger in those treatments
where the simulated upwelling was more intense, although dif-
ferences were generally not significant (p > 0.05, Post-hoc Con-
over test, adjusted by Bonferroni method). Significant differences
were also absent when comparing upwelling modes. Mantel
tests showed significant correlations between changes in
community composition in the 0.2 and 3.0 μm size fractions
within each mesocosm (especially in the singular mode;
Supporting Information Fig. S9).

Diversity estimates (Supporting Information Fig. S10)
showed that, overall, richness (as number of ASVs present in a
sample) decreased with time in the 0.2 μm size fraction, but

taxa were evenly distributed over time (as defined by the
Pielou index). On the contrary, in the 3.0 μm size fraction,
there was a marked initial decrease in both richness and even-
ness after the first deep water addition, particularly in the sin-
gular treatments, but values returned close to initial ones
shortly afterward (Supporting Information Fig. S10).

Temporal succession patterns
To facilitate the visualization of the dynamics of the prokary-

otic communities in the different treatments, ASV temporal
trends were grouped using fuzzy clusters (see Materials and
methods section). These unveiled that prokaryotic successions
occurred in four phases (i.e., clusters of ASVs) in all treatments,
although there was an additional short-lived response in the sin-
gular treatments after the deep water additions (Fig. 5 and
Supporting Information Fig. S11). The clusters identified were:
(1) the initial community (named “initial”), (2) a group of ASVs
dominating after the initial deep water addition, on days 5–7,
only detected as a separate cluster in the singular treatments
(“postaddition”), (3) a cluster peaking during the decay of the ini-
tial diatom blooms (days 11–19, “postbloom”), (4) a fourth one
usually occurring during days 19–27 (“intermediate”), and (5) a
final cluster dominating towards the end of the experiment
(“final”). The temporal dynamics of the clusters were similar
in the two size fractions (Fig. 5), overall displaying significant
correlations (Supporting Information Fig. S12). While the

Fig. 3. Changes in single-cell protein synthesizing activity, spatial distribution, and morphology of prokaryotes. Images show the combined signal of
40,6-diamidino-2-phenylindole (DAPI; all cells, blue) and Alexa594 (BONCAT+, protein-synthesizing cells, red) during key stages of the experiment in the
Extreme treatments: (a) initial oligotrophic conditions (day 3, Extreme S), (b) diatom bloom decay (day 13, Extreme S), and (c) and (d) late senescence
stage (Extreme S, day 37; and Extreme R, day 37, respectively). Scale bars (bottom right of each panel) represent 5 μm. Images for the Extreme R treat-
ment on days 3 and 13 are available in Supporting Information Fig. S4 and for the Control on days 3, 13, and 37 in Supporting Information Fig. S5.
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postaddition cluster was only resolved in the singular treatments
(in agreement with the larger volume of deep water added,
Table 1), ASVs that dominated this cluster (e.g., Sulfitobacter)
appeared in the recurring treatments too after the first addi-
tion, but the response was not intense enough to conform
an individual cluster (Fig. 6 and Supporting Information
Fig. S13). The summed abundance of ASVs belonging to the
individual clusters along the succession represented up to
54.9% � 14.1% of the reads (mean � sd of sum of ASV con-
tributions during cluster peaks across treatments, Fig. 5 and
Supporting Information Fig. S14).

Although similar successional trends were observed in all
treatments, regardless of upwelling mode and size fraction,
some differences were observed in terms of taxonomic compo-
sition, particularly between the singular and recurring modes

(Fig. 6 and Supporting Information Fig. S13). The most repre-
sentative ASVs of the initial clusters (which dominated
the first few days of the experiment but decreased after
simulated upwelling was initiated) belonged to multiple Fla-
vobacteriales (notably, NS4, NS5, NS9, and NS2b marine groups),
Rhodobacterales (chiefly HIMB11 genus), Actinomarinales, the
SAR11 clade, and Synechococcales (Fig. 6 and Supporting Infor-
mation Fig. S13). In some instances, the top two Syn-
echococcales ASVs displayed no clear clustering and were
present for most of the experiment (data not shown). In the
singular treatments, which received the largest unique pulses
of upwelling, the initial community was quickly overtaken
by the postaddition cluster, formed by prokaryotes linked to
deep waters. In this cluster, two Rhodobacterales ASVs from
the Sulfitobacter genus (which dominated initial deep waters,
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Fig. 4. Temporal changes in the prokaryotic community structure across upwelling scenarios. (a) Distribution of samples in the NMDS space according
to their taxonomic composition, based on Euclidean distances estimated from the CLR-transformed ASV table. Each point corresponds to a sample, color
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Supporting Information Fig. S13) were disproportionately
abundant (32%–45% of reads) in both size fractions. Other
Rhodobacterales (such as Shimia and Planktotalea) also con-
tributed to the high relative abundance displayed by this
order (Fig. 6 and Supporting Information Fig. S15). Likewise, some
Pseudomonadales (e.g., Pseudohongiella) and Flavobacteriales
(e.g., Formosa) were characteristic of the postaddition clusters
(Fig. 6 and Supporting Information Fig. S13). In the recurring
treatments, some of these ASVs also peaked on days 5–7, but due
to their less prominent maxima they were clustered within the
initial cluster (Fig. 6 and Supporting Information Fig. S13),
increasing its temporal span, which was extended for longer than
in the singular mode.

The postbloom cluster was associated with the decay of the
initial diatom blooms and the DOC releases (Fig. 2b), and was
mainly dominated by multiple Flavobacteriales (especially For-
mosa on days 7–13, followed on days 13–19 by other genera),
some Rhodobacterales, Enterobacterales (such as Vibrio and
Alteromonas), and Sphingobacteriales in the 0.2 μm size frac-
tion of the Extreme treatments (Fig. 6a and Supporting Infor-
mation Fig. S13). In the 3.0 μm size fraction, singular
treatments prominently featured Vibrio (Enterobacterales) and

Cognatishimia (Rhodobacterales), whereas the recurring treat-
ments had a large representation of Cognatishimia and multi-
ple other ASVs from diverse orders (Fig. 6b and Supporting
Information Fig. S13).

The intermediate cluster peaked on days 19–27 across treat-
ments (Fig. 5), coinciding with the stabilization of DOC con-
centrations (Fig. 2b). In the singular treatments the 0.2 μm
size fraction was dominated by members of the OM60 (NOR5)
clade (among other Pseudomonadales), Flavobacteriales,
Rhodobacterales, and Puniceispirillales (Fig. 6 and Supporting
Information Fig. S13). In the same size fraction of the recur-
ring treatments, Cognatishimia dominated the intermediate
cluster, together with several Flavobacteriales ASVs. The
3.0 μm size fraction of the singular treatments initially
included Lentilitoribacter (among other Rhizobiales), but ended
up dominated by Croceitalea (Flavobacteriales) (Fig. 6 and
Supporting Information Fig. S13). In the recurring treatments,
Rhodobacterales (again, predominantly Cognatishimia) were
the most relevant taxa.

During the final days of the experiment, markedly different
outcomes were observed for Extreme treatments, especially
within the 3.0 μm size fraction. Croceitalea was the most promi-
nent taxa in the singular upwelling, while in the recurring
upwelling the community was dominated by Chitinophagales
ASVs from the Lewinella and Phaeodactylibacter genera (they rep-
resented more than 50% of the community by day 37, Fig. 6b
and Supporting Information Fig. S15).

Relationship between prokaryotic community
composition and DOM

Taxonomic successions were strongly related to changes
in the organic matter pools in each of the treatments
(Supporting Information Fig. S16). The highest correlations
between changes in community composition and environ-
mental parameters were found with chromophoric DOM:
particularly with a254 and a325, proxies for its concentration,
and S275–295 and SR, which indicate changes in its average
molecular weight (see G�omez-Letona et al. 2022 for details).
Likewise, taxonomic changes were highly associated with
humic-like fluorescent DOM and, to a lesser extent, DOC
concentrations and protein-like fluorescent DOM. The
changes in these optical properties of DOM (both the chro-
mophoric and fluorescent fractions) during the experiment
were deemed to be signs of prokaryotic transformation of
the DOM pool and of its increased recalcitrance (G�omez-
Letona et al. 2022). Significant correlations were found with
POM concentrations, which tended to be stronger for the
recurring treatments. Changes in Chl a concentrations, bio-
genic silica, and added nutrient concentrations displayed
higher correlations with taxonomic changes in the recurring
treatments for both size fractions, but were overall low.
Changes in diatom composition seemed to have a very weak
role in structuring the prokaryotic communities (Supporting
Information Fig. S16).
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Chl a (black) and prokaryotic abundance (PA, gray) values from Extreme
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(singular) and dotted lines (recurring). Detailed results for all individual
treatments are available in Supporting Information Fig. S14.
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Discussion
Influence of upwelling regimes on prokaryotic abundance
and activity

Phytoplankton blooms are known to heavily influence the
standing stocks and activity of prokaryotic communities, pro-
viding copious amounts of organic substrates among which
polysaccharides such as laminarin occupy a prominent place
(Becker et al. 2020; Reintjes et al. 2020). Increases in the aver-
age molecular weight of DOM during bloom decay
(as indicated by proxies) (G�omez-Letona et al. 2022) and the
presence of transparent exopolymer particles (Baumann
et al. 2021) likely reflect such polysaccharide releases during
the diatom blooms observed in this study. In contrast to the
usual pattern where prokaryotic abundances peak during
bloom termination and remain temporarily elevated (Buchan
et al. 2014), we observed that standing stocks of prokaryotes
quickly decreased across all treatments after reaching their
peak. Given that conditions during bloom collapse were favor-
able for prokaryotic growth due to major DOM releases
(G�omez-Letona et al. 2022), the decrease in prokaryotic abun-
dance was probably related to a rapid top-down control
through grazing by flagellates and/or viral infection (Riemann
et al. 2000). The considerable viability drops around day
13 likely reflect these top-down mortality losses (Supporting
Information Fig. S3). The two subsequent peaks in cell counts
occurred in both modes, even if diatom blooms and new pro-
duction were sustained only in the recurring treatments (Ortiz
et al. 2022b). Substrates fueling such continued proliferation
cycles of prokaryotes in the singular mode, where diatom
blooms collapsed, likely arose from organic matter recycling
within the prokaryotic community itself. Storage alpha-
glucans potentially played an important role, particularly fol-
lowing the mortality episodes of each abundance cycle (Sidhu
et al. 2023; Beidler et al. 2024). The less pronounced abun-
dance drops in the recurring mode might indicate that pro-
karyotes engaged in significant recycling while continuing to
benefit from new inputs of DOM from the sustained diatom
blooms. Such influence of intra-community recycling across
bloom scenarios could have contributed to the similar tempo-
ral dynamics in all upwelling modes.

Despite the decrease in cell counts after the first bloom
peak (� day 13), the proportion of prokaryotes that were
actively synthesizing proteins overall peaked around this time,
evidencing that a considerable fraction of the remaining pro-
karyotes was active (Fig. 1d). Microscopy images indicated that
many of these prokaryotes were attached to the surface of par-
ticles and gel structures (Fig. 3 and Supporting Information
Fig. S4), consuming and transforming the organic matter
released by decaying phytoplankton (Engel et al. 2002). The
marked differences in activity patterns between the Extreme S
and Extreme R treatments at the end of the experiment
(Figs. 1d,e and 3), while cumulative PHP being similar
(Supporting Information Fig. S7), suggest that the upwelling
mode could impact the timing of carbon cycling by microbial

communities. Moreover, the marked activity differences
between prokaryotes within specific communities (Fig. 3 and
Supporting Information Fig. S4) evidence how different
groups could have contrasting contributions to organic matter
cycling (Munson-McGee et al. 2022).

The observed percentage of active cells was lower than
expected when compared with previous BONCAT observations
in oligotrophic waters (Leizeaga et al. 2017), although it was in
line with MAR-FISH-based activity reports from the Canary Cur-
rent upwelling system (Alonso-S�aez et al. 2012). Difficulties dis-
criminating closely clustered cells (e.g., Fig. 3b), insufficient
substrate concentration at very high cell densities (up to 3 � 106

cells mL�1) and competition by highly active eukaryotic phyto-
plankton (Supporting Information Fig. S17), known to incorpo-
rate amino acids through osmotrophy (Mena et al. 2024), are
factors that could have reduced the sensitivity of our measure-
ments and, thus, these results should be considered as an indica-
tor of activity changes within the prokaryotic communities
rather than a precise estimate of the fraction of active cells.

Prokaryotic successions show consistent temporal patterns
Prokaryotic community successions during phytoplankton

blooms are thought to be tightly coupled with the different
algal bloom stages (Zhou et al. 2019). Yet, we observed surpris-
ingly similar succession dynamics across size fractions and
upwelling scenarios (Fig. 5), despite the differences in bloom
outcomes regarding the timing of the bloom peak, its inten-
sity and duration (Fig. 1a and Ortiz et al. 2022a). Although
there were some differences in the specific taxa populating the
successional stages in the different mesocosms, some general
trends emerged. Initial communities, adapted to low nutrient
conditions (e.g., the SAR11 clade, Giovannoni 2017), were dis-
placed during the first few days. While, in the singular mode,
these were superseded consecutively by postaddition and
postbloom prokaryotes, in the recurring treatments communities
proceeded directly to the postbloom stage. This difference arose
as a result of the lower volumes of deep water that were intro-
duced in the recurring mode, resulting in a low prevalence of
taxa linked to the postaddition cluster. The postbloom commu-
nities, associated with the decay of the initial phytoplankton
bloom, were composed of copiotrophic specialists such as Fla-
vobacteriales and Enterobacterales (Alteromonas, Vibrio), known
to be highly efficient consuming phytoplankton-derived organic
matter (including alpha- and beta-glucans; Koch et al. 2019;
Krüger et al. 2019; Sidhu et al. 2023). Moreover, Alteromonas are
specially active colonizing particles (Ivars-Martínez et al. 2008;
Boeuf et al. 2019), a trait that is coherent with their enhanced
abundances during this phase in parallel with a large increase
in particulate organic matter (Baumann et al. 2021). Some
members of Rhodobacterales were also characteristic of the
postbloom phase, despite they do not always appear to respond
to DOM inputs during phytoplankton bloom decay (Pontiller
et al. 2022). The following phase of the successions featured
Flavobacteriales and Rhodobacterales, which may have
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participated in the recycling of bacterial biomass (Sidhu
et al. 2023; Beidler et al. 2024) during the second abundance
cycle. Other taxa potentially capable of degrading polysaccha-
rides as well as aromatic compounds, such as the OM60 clade
(Jang et al. 2011; Sidhu et al. 2023), were also prominent.

During the final days, there was a clear divergence between
upwelling modes in terms of the dominant taxa. In the
Extreme S treatment (and, to a lesser extent, in the other singu-
lar mesocosms) Croceitalea became the dominant taxon. Mem-
bers of this genus have been shown to possess genes that
encode for enzymes that participate in the degradation of poly-
saccharides and proteins (Kwon et al. 2016), which likely
proved beneficial during the senescence phase of the phyto-
plankton bloom. These observations were in marked contrast
to those of the Extreme R treatment, where two Saprospiraceae
genera (Lewinella and Phaeodactylibacter) proliferated. By timing
and morphology (Khan et al. 2007; Chen et al. 2014), these
Saprospiraceae genera matched the highly active filamentous
Bacteroidetes observed by fluorescence microscopy (Fig. 3d and
Supporting Information Fig. S6), suggesting that their high
abundances in the 3.0 μm size fraction were due to their fila-
mentous nature, rather than a particle-attached lifestyle. At
least some members of Saprospiraceae possess alpha-glucan
polysaccharide utilization loci (Beidler et al. 2024) and have
been observed to display high peptidase transcription during
the senescence phase of diatom blooms (Pontiller et al. 2022).
Expression of transcripts related to degradation of aromatic
molecules has also been reported for Phaeodactylibacter (Lee
et al. 2018). These metabolic traits might offer them an advan-
tage over other taxa, although the specific reasons behind their
proliferation coupled to the coccolithophorid bloom are
unknown.

Composition shifts of particle colonizers (3.0 μm size frac-
tion) paralleled those observed in the free-living community
(0.2 μm size fraction) (Fig. 5 and Supporting Information
Fig. S9), hinting that the temporal dynamics of both size frac-
tions were related. Despite the taxonomic composition of
both size fractions was different (Fig. 4a and Supporting Infor-
mation Fig. S8), ASVs with particle-attached and dual lifestyles
(with no significant differences between the 0.2 and 3.0 μm
size fractions) presented considerably high relative abun-
dances in the free-living community, notably during bloom
decay in some mesocosms (Supporting Information Fig. S18).
Such observation implies a potential connectivity between the
two size fractions, involving colonization and detachment
from particles (Kiørboe et al. 2003; Datta et al. 2016), which
could have contributed to the parallelism in successions.

The correlations found between changes in community
composition and changes in the DOM quantities and charac-
teristics (Supporting Information Fig. S16), consistent in both
upwelling modes despite the remarkably different bloom
developments, suggest the functional successions we observed
were related to the transformation of the organic matter pool.
Paired with the repeating prokaryotic abundance cycles and

the major presence of taxa capable of utilizing diverse polysac-
charides (see previous discussion in this section), our observa-
tions seem to be in agreement with recent reports underlining
the importance of intra-community recycling of prokaryotic
biomass during phytoplankton blooms (Beidler et al. 2024).
Thus, despite certain variability in the specific taxa, prokaryotic
community dynamics and successional patterns seemed to be
more coupled with organic matter accumulation and transfor-
mation (which tended to be similar in both upwelling modes,
G�omez-Letona et al. 2022), than with the concurrent bloom
state (with markedly contrasting dynamics between upwelling
modes, including some differences in diatom composition).
This suggests that once prokaryotes reacted to the initial DOM
release from the blooms, they seemed to be more influenced by
intra-community processes rather than by continued new
DOM inputs by phytoplankton. Trophic interactions (Gralka
et al. 2020), viral lysis (Bartlau et al. 2022; Szabo et al. 2022),
and/or predation (Allers et al. 2007) likely contributed to the
observed dynamics by impacting prokaryotes and the recycling
of their biomass. Modeling approaches such as the study of
model organisms (Koch et al. 2019), synthetic communities
and environments (Bunse et al. 2021; Deng et al. 2022), and
numerical simulations (Kerimoglu et al. 2022) could help to dis-
entangle the influence of all these different factors and improve
our understanding of the microbial interactions and the utiliza-
tion of organic substrates during succession processes of free-
living and particle-attached prokaryotes.

Studying prokaryotic community dynamics under phyto-
plankton blooms of varying characteristics advances our under-
standing on how these ecological processes develop and how
they contribute to the marine carbon cycle. By simulating con-
trasting upwelling scenarios using large-scale mesocosms, we trig-
gered distinct phytoplankton bloom events and showed that,
despite differences in activity, prokaryotic successions tended to
share temporal patterns across upwelling scenarios and size frac-
tions, regardless of phytoplankton bloom intensity and duration.
Our results suggest that prokaryotic successions seem to be more
associated with processes of organic matter accumulation, trans-
formation, and recycling within the community, rather than
being tightly coupled with the development of phytoplankton
blooms. This contrasted with the prokaryotic heterotrophic activ-
ity, which, although cumulatively similar, differed in timing in
the two upwelling modes, suggesting that the precise way in
which organic matter is cycled by prokaryotes might be
influenced by bloom patterns. These findings enhance our com-
prehension of how microbial ecological successions and carbon
cycling unfold under varying phytoplankton bloom scenarios.

Data availability statement
Flow cytometry (abundances, viability) and BONCAT

results are available in the PANGAEA repository (www.
pangaea.de) under accession number 964544 (G�omez-Letona
et al. 2024). All other ancillary biogeochemical parameters are
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also available in PANGAEA and/or can be found in their
respective publications: Baumann et al. (2021) for inorganic
nutrients, PHP, and particulate organic matter; Ortiz
et al. (2022b) for Chl a measurements and diatom community
composition; Ortiz et al. (2022a) for fractionated Chl a; and
G�omez-Letona et al. (2022) for all dissolved organic matter
variables. The sequencing data for this study have been depos-
ited in the European Nucleotide Archive at EMBL-EBI (www.
ebi.ac.uk/ena) under accession number PRJEB67976.
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