
Biogeosciences, 19, 5911–5926, 2022
https://doi.org/10.5194/bg-19-5911-2022
© Author(s) 2022. This work is distributed under
the Creative Commons Attribution 4.0 License.

R
esearch

article

Upwelled plankton community modulates surface bloom succession
and nutrient availability in a natural plankton assemblage
Allanah Joy Paul1, Lennart Thomas Bach2, Javier Arístegui3, Elisabeth von der Esch1,
Nauzet Hernández-Hernández3, Jonna Piiparinen4, Laura Ramajo5,6,7, Kristian Spilling4,8, and Ulf Riebesell1
1GEOMAR Helmholtz Centre for Ocean Research Kiel, Kiel, Germany
2Institute for Marine and Antarctic Studies, University of Tasmania, Hobart, Tasmania, Australia
3Instituto de Oceanografía y Cambio Global (IOCAG), Universidad de Las Palmas de Gran Canaria (ULPGC),
Las Palmas, Spain
4Marine Research Centre, Finnish Environment Institute, Helsinki, Finland
5Center for Advanced Studies in Arid Zones (CEAZA), Coquimbo, Chile
6Departamento de Biología Marina, Facultad de Ciencias del Mar, Universidad Católica del Norte (UCN), Coquimbo, Chile
7Center for Climate and Resilience Research (CR)2, Santiago, Chile
8Centre for Coastal Research, University of Agder, Kristiansand, Norway

Correspondence: Allanah Joy Paul (apaul@geomar.de)

Received: 9 February 2022 – Discussion started: 8 March 2022
Revised: 14 November 2022 – Accepted: 18 November 2022 – Published: 21 December 2022

Abstract. Upwelling of nutrient-rich waters into the sunlit
surface layer of the ocean supports high primary productiv-
ity in eastern boundary upwelling systems (EBUSs). How-
ever, subsurface waters contain not only macronutrients (N,
P, Si) but also micronutrients, organic matter and seed micro-
bial communities that may modify the response to macronu-
trient inputs via upwelling. These additional factors are of-
ten neglected when investigating upwelling impacts on sur-
face ocean productivity. Here, we investigated how different
components of upwelled water (macronutrients, organic nu-
trients and seed communities) drive the response of surface
plankton communities to upwelling in the Peruvian coastal
zone. Results from our short-term (10 d) study show that the
most influential drivers in upwelled deep water are (1) the
ratio of inorganic nutrients (NOx : PO3−

4 ) and (2) the micro-
bial community present that can seed heterogeneity in phyto-
plankton succession and modify the stoichiometry of resid-
ual inorganic nutrients after phytoplankton blooms. Hence,
this study suggests that phytoplankton succession after up-
welling is modified by factors other than the physical sup-
ply of inorganic nutrients. This would likely affect trophic
transfer and overall productivity in these highly fertile ma-
rine ecosystems.

1 Introduction

The Humboldt Current System (HCS) in the South Pacific
Ocean is considered the most productive upwelling region
in terms of fish production and spans the coasts of northern
Peru to Chile between 5 and ∼ 45◦ S (Chavez and Messié,
2009). Alone the northern HCS off the Peruvian coast con-
stitutes up to 20 % of global industrial fish landings (Tara-
zona and Arntz, 2001) at a value of over USD 2 billion to
the Peruvian economy annually from exports in 2013 (Peru
Ministry of Production, 2015). This immense fish produc-
tivity is sustained by significant primary production under-
pinned by wind-driven upwelling along the continental shelf
which occurs seasonally along the Chilean coast and almost
permanently in the northern Humboldt Current off the Peru-
vian coast (Kämpf and Chapman, 2016). South easterly trade
winds push surface waters offshore and westward towards
the South Pacific subtropical gyre via Ekman transport. This
movement induces upwelling of nutrient-rich subsurface wa-
ters originating primarily in the poleward Peru–Chile Under
Current (PCUC, Gutiérrez et al., 2016) to the sunlit surface
ocean, where primary producers assimilate the inorganic nu-
trients into organic matter.
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However, the nutrient influx into the euphotic zone de-
pends not only on the intensity of the wind-driven upwelling
but also the characteristics of the source water present in the
Ekman layer from which the upwelling occurs. For example,
seasonal fluctuations in the strength of northward flowing
sub-Antarctic water (SAW), and southward flowing Equa-
torial Subsurface Water (ESSW) undercurrents can mod-
ify the source water oxygen and nutrient concentrations for
coastal-wind-driven upwelling (Kämpf and Chapman, 2016).
Changes in thermocline and nutricline depth due to interan-
nual El Niño–Southern Oscillation (ENSO) phases have a
similar impact on the upwelling source waters even if the up-
welling depth does not change (Espinoza-Morriberón et al.,
2017).

Another defining feature of HCS ecosystems is the exten-
sive oxygen minimum zone (OMZ) in the eastern tropical
South Pacific, extending up to 1000 km from the coast and
over 600 m thick (Fuenzalida et al., 2009). These subsur-
face oxygen deficient waters are a result of a combination of
three factors: oxygen-poor equatorial source water feeding
the PCUC, slow ventilation and high consumption of oxy-
gen due to remineralisation of organic matter maintaining
this oxygen deficiency (Pennington et al., 2006). Low oxy-
gen concentrations facilitate significant loss of fixed nitro-
gen via anaerobic microbial metabolism (anammox and den-
itrification, Lam et al., 2009) and redox-dependent inputs of
phosphate (P) and iron (Fe) from shelf sediments (Bruland et
al., 2005). Thus, a biogeochemical imprint of nitrate (N) de-
ficiency and an excess of P prevails in the inorganic nutrient
stoichiometry of waters upwelled along the Peruvian shelf.

Cross-shelf shifts in the dominant primary producers have
been linked not only to nutrient concentrations but also the
relative proportion of N to P present (Franz et al., 2012;
Meyer et al., 2017). Generally speaking, coastal phytoplank-
ton communities on the Peruvian shelf in the northern HCS
are dominated by diatoms or dinoflagellates, rapidly grow-
ing phytoplankton groups which capitalise on the abundance
of inorganic nutrients in the freshly upwelled water along
the shelf. Although N : P ratios are low in the upwelled wa-
ter, the high concentrations mean that these groups have the
luxury of assimilating nutrients in close to Redfield pro-
portions, which meets their physiological requirements for
growth and nutrient acquisition (Arrigo, 2005). In nutrient-
depleted water further offshore, smaller phytoplankton such
as picocyanobacteria become more abundant (Franz et al.,
2012).

Indeed, blooms of different phytoplankton populations can
easily be induced experimentally by the addition of inor-
ganic nutrients with a different N : P (Czerny et al., 2016;
Hauss et al., 2012). However, the addition of inorganic nu-
trients to a surface community neglects the dilution of the
surface community when deep water with lower phytoplank-
ton abundances is mixed upon upwelling. This would drive
a phytoplankton-dominant response and modify trophic re-
lationships between consumers and phytoplankton in a simi-

lar way to eutrophication studies (Taylor et al., 1995). Mes-
sié and Chavez (2015) suggest this dilution effect may un-
derlie the Peruvian productivity paradox, where the highest
upwelling is out of phase seasonally with the highest de-
tected surface chlorophyll concentrations (Chavez and Mes-
sié, 2009). Furthermore, subsurface waters in the region
have dissolved organic matter concentration and composi-
tion (Loginova et al., 2019) and trace metal concentrations
that are different to those in surface waters and depend on
the history of the water. For example, this can be influenced
by the predominance of heterotrophic organisms in aphotic
subsurface waters (e.g. Schmidt et al., 2016) and contact of
sub- or anoxic water with sediment on the seafloor (Bruland
et al., 2005). This may also modify the response of the sur-
face plankton assemblage.

While surface phytoplankton blooms in upwelling regions
are stimulated mostly by the nutrients brought to the surface,
the key phytoplankton group can be altered by organisms in
the deep water also brought to the surface that can seed these
blooms. Recently sunk algal cells or dormant life stages of
diatoms or dinoflagellates (Smayda and Trainer, 2010) may
be present or reintroduced via resuspension of cells in sur-
face sediments (Ishikawa and Furuya, 2004) to aphotic sub-
surface waters where upwelling occurs from. Once exposed
to light in the photic zone and combined with the nutrient-
rich upwelled water, these resting algal cells or spores can
germinate, thereby inoculating a fresh bloom (Carreto et al.,
2016). Horizontal mixing of surface waters following relax-
ation of vertical upwelling or along fronts can also introduce
new phytoplankton populations that can propagate blooms
spatially and lead to a succession in the dominant phyto-
plankton groups (Smayda and Trainer, 2010).

A mesocosm study investigating the impacts of upwelling
and nutrient stoichiometry on the northern Humboldt Current
System pelagic ecosystem was carried out during 2017 (Bach
et al., 2020). This study primarily looked at the ecosystem-
level response of a natural surface plankton community in
terms of biogeochemistry and ecology to the addition of
subsurface waters but cannot disentangle which property
or properties (inorganic nutrient concentrations and stoi-
chiometry, dissolved organic nutrient and trace metal signa-
ture, subsurface plankton community) drives this response.
Hence, we designed a complementary experiment to investi-
gate these three drivers on the lower food web response more
in depth and in parallel to the mesocosm study. In particular
we wanted to understand what impact the subsurface-water
chemistry (inorganic nutrients, organic nutrients) and biol-
ogy (seed populations) has on phytoplankton bloom biomass
and phytoplankton community composition and succession
and, hence, what the implications are for nutrient turnover in
the coastal Peruvian upwelling system.
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2 Materials and methods

2.1 Experimental design

The experiment was set up with six treatment combinations
to disentangle components of upwelled deep water that may
influence surface phytoplankton blooms (Table 1). Three
deep water components were used to distinguish the im-
pact of (1) inorganic macronutrient ratios between nitrate and
phosphate (“inorganic”), (2) organic nutrients and other mi-
cronutrients such as trace metals (“organic”), and (3) the seed
microbial community (“biology”). We also selected two dif-
ferent subsurface water sources with two different nutrient
levels (HN is high nitrate, LN is low nitrate). These two dif-
ferent N concentrations were selected to distinguish the im-
pact of nitrate concentration and N : P stoichiometry on the
plankton response patterns (Table 1). Treatment combina-
tions are hereafter referred to as a combination of the nutrient
level and the deep water component, e.g. “HN inorganic” or
“LN biology”.

2.2 Water collection, incubation setup and sampling

Subsurface water was collected on 16 March 2017 from
two stations (Station A: −12.0436◦ N, −77.6687◦ E; Sta-
tion B:−12.0475◦ N,−77.2844◦ E) on board R/V Humboldt
(Fig. 1). These stations are part of the Linea Callao time se-
ries transect that is regularly sampled for inorganic nutrient
concentrations and water column properties by Instituto del
Mar del Perú (IMARPE). These data indicated that the off-
shore station (A) and more coastal station (B) usually have
different nutrient profiles, in particular nitrate concentrations
(see e.g. Graco et al., 2019).

To select the sampling depths, we performed CTD profiles
using a CTD 60M probe (Sea and Sun Technology) with dis-
solved oxygen (O2) and hydrogen sulfide (H2S) sensors at
both stations down to a maximum depth of 150 m. O2 and
H2S concentrations were used to indicate oxygenated and
non-sulfidic waters likely containing inorganic nitrogen. We
then made multiple deployments of four Niskin bottles at-
tached in series (depth range of 15 m) to collect a total of
100 L of seawater into acid-cleaned carboys (Fig. 1). We took
subsamples directly from each carboy to determine the pre-
cise nutrient concentrations of the collected subsurface water.
These samples were filtered (0.45 µm Sterivex, Merck Milli-
pore) and stored in a cool box in the dark until analysis on
the same day on shore (see Sect. 2.3 for details on the meth-
ods of nutrient analysis). Note that although this subsurface
water was collected at relatively modest depths (>40 m), it
is hereafter referred to as “deep water” to clearly distinguish
it from surface waters collected from the mesocosms (M in
Fig. 1).

One day later (17 March 2017, Day 20 of the mesocosm
study), 400 L of nutrient-depleted surface water was col-
lected from the photic, oxic layer in five of the eight meso-

Figure 1. Map of sampling locations off the Peruvian coast indicat-
ing collection sites and characteristics of water used in the incuba-
tions.

cosms (Station Mesocosm (M); M1–5, see Bach et al. (2020)
for more details) using a manual vacuum pump (pressure
<300 mbar). The collected water was pooled in clean car-
boys. The mesocosm plankton community was in a post-
bloom phase where inorganic nitrogen was low and a subsur-
face Chl a maximum had developed between 5–15 m depth
(Bach et al., 2020). Precise sampling locations, depths and
measured nutrients of collected water are summarised in
Fig. 1. While neither trace metal nor dissolved organic nutri-
ent measurements were made from this study to characterise
the deep water sources, these were assumed to be different
between Station A and B just as the inorganic nutrient con-
centrations were.

After collection, both the deep water and the surface
(mesocosm) water were screened using a 64 µm gauze to re-
move large predators such as copepods and gelatinous organ-
isms that can be patchily distributed and could exert unequal
grazing pressure in these low volume (15 L) incubations. In
addition, we also sterile filtered part of the surface and deep
water using 0.1 µm Whatman Polycap TC 36 cartridges to re-
move the microbial community while retaining the chemical
properties (i.e. inorganic/organic nutrients). After the screen-
ing (<64 µm) and filtration (<0.1 µm) process, the treatment
combinations (HN inorganic, LN inorganic, HN organic, LN
organic, HN biology, LN biology, Table 1) were prepared in
six clean plastic tanks (300 L). First, we filled all six tanks
with 100 L of surface water (<64 µm). Thereafter, the spe-
cific treatment water was added.
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Table 1. Experimental design indicating the six treatment combinations implemented. Each of the six treatment combinations had four
replicates. “Filtered” refers to filtration through 0.1 µm. Sources of inorganic/organic nutrients and the microbial community are in addition
to the 50 % of mesocosm surface water used as a base in all six treatment combinations. Details of the water collection and treatment
implementation are provided in Sect. 2.2.

Deep water component

Inorganic Organic Biology Property

N
ut
ri
en
tl
ev
el

High
nitrate

(HN)

-- Station A Station A Deep water station

filtered surface water filtered deep water deep water Water type added (50%)

+ nitrate
+ phosphate deep water deep water Inorganic nutrient source

surface water deep water deep water Organic nutrient source

-- -- deep water Microbial community source

● ● ● Colour code

Low
nitrate

(LN)

-- Station B Station B Deep water station

filtered surface water filtered deep water deep water Water type added (50%)

+ nitrate
+ phosphate deep water deep water Inorganic nutrient source

surface water deep water deep water Organic nutrient source

-- -- deep water Microbial community source

● ● ● Colour code

For the HN and the LN inorganic tanks, we added 100 L of
filtered (0.1 µm) mesocosm surface water. This filtered water
was nutrient deplete; hence, stock solutions of sodium nitrate
(NaNO3, EMPLURA®, Merck, Germany) and potassium di-
hydrogen phosphate (KH2PO4, EMSURE® ISO for analysis,
Merck, Germany) dissolved in ultrapure water (MilliQ, Mil-
lipore) were added. The goal of this was to have the same
inorganic nitrate and phosphate concentrations as in the high
nitrate (HN) and low nitrate (LN) deep water.

In the HN and LN organic tanks, we added 100 L of fil-
tered deep water from either Station A (HN, high nitrate)
or B (LN, low nitrate). In the HN and LN biology tanks,
we added 100 L of deep water from either Station A or B.
All tanks were carefully mixed before distributing the wa-
ter into flexible 15 L incubation containers with a total of six
treatments with four replicates each, totalling 24 containers.
Directly after filling, samples for inorganic nutrient analysis
and determination of phytoplankton abundances by flow cy-
tometry were collected in duplicate from each replicate.

Once all 24 containers were filled, they were randomly
placed in black incubator tubs covered with light foil with
∼ 25 % transmittance (Blue Lagoon, LEE filters). The incu-

bators were situated outside in direct light and filled with nat-
ural seawater using a flow-through water system to maintain
ambient seawater temperature. A submersible logger (HOBO
pendant Temperature/Light Data Logger, Onset Computer
Corporation, MA, USA) measured the mean temperature of
23.1± 3.5 ◦C (mean±SD) over the 10 d study period. The
high variability was due to temperature differences between
day and night. The logger was shifted between incubators
daily to measure conditions in all incubators. To calibrate the
illuminance measured by the HOBO loggers to irradiance,
we attached the logger to a CTD with a photosynthetically
active radiation (PAR) sensor (CTD 60M probe, Sea and Sun
Technology) and submerged this in ∼ 1 m water depth be-
tween 11:50 and 17:00 on 14 April 2017. Using a calibration
curve (Fig. S1), we estimated an average PAR of 250 µmol
quanta m−2 s−1 during daylight hours.

Subsampling for inorganic nutrient concentrations and
phytoplankton abundances was carried out daily and for all
other variables (chlorophyll a (Chl a), enzyme activity, pho-
tophysiology and dissolved organic matter) approximately
every second day from the incubation containers (hereafter
“incubations”) starting at 08:30 for 10 d between 19 and
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28 March 2017. Sampling was rapid and took place on shore
so that all samples were taken to the laboratory within 1 h
and processed or analysed within 6 h of sampling from the
incubations.

2.3 Inorganic nutrient analyses

Inorganic nutrient concentrations were measured from one
subsample per incubation. This water from each subsam-
ple was prefiltered (0.45 µm, Sterivex, Merck Millipore) into
acid-cleaned tubes before analysis on a continuous flow anal-
yser (QuAAtro Autoanalyser, SEAL Analytical) using an au-
tosampler (XY2 autosampler, SEAL Analytical) and a fluo-
rescence detector (FP–2020, JASCO). Nitrate (NO−3 ) and ni-
trite (NO−2 ), hereafter reported as NOx or nitrate+ nitrite,
were determined colorimetrically according to Morris and
Riley (1963), while silicate (Si(OH)4 or DSi) and phosphate
(PO3−

4 , also referred to as DIP) concentrations were deter-
mined colorimetrically according to Mullin and Riley (1955).
The average limit of detections (LOD) was 0.123, 0.054,
0.033 and 0.336 µmol L−1 for nitrate, nitrite, phosphate and
silicate, respectively. Further details on measurements and
their precision can be found in Bach et al. (2020).

Nutrient drawdown ratios for NOx and DIP
(1NOx : 1DIP) were calculated on a daily basis ac-
cording to Eq. (1), where [NOx]t1 and [DIP]t1 are the
concentrations of NOx and DIP, respectively, on Day 1 and
tn =Day n.

(1NOx : 1DIP)tn =
[NOx]t1 − [NOx]tn

[DIP]t1 − [DIP]tn
(1)

Dissolved silicate drawdown (1DSi) for a given sampling
day (tn) was calculated in reference to initial concentrations
measured on Day 1 according to Eq. (2).

1DSi= [DSi]t1 − [DSi]tn (2)

2.4 Chlorophyll a and phytoplankton community
composition analyses

A subsample from each replicate incubation was taken on
Day 1, then every second day from Day 2 until Day 10 for
the analysis of chlorophyll a (Chl a) concentrations. Volumes
of between 200–400 mL were filtered onto glass fibre filters
(GF/F, Ø 25 mm, nominal pore size 0.7 µm, Whatman) with
care taken to minimise exposure to light and maintain the
vacuum pressure <200 mbar. Filters were stored at −20 ◦C
until extraction and analysis. Chl a was extracted from the
filters in 90 % acetone in plastic vials using glass beads and
a cell mill to burst the cells and release the pigments into
the supernatant. Concentrations were measured in the super-
natant according to Welschmeyer et al. (1994) on a Turner
10 AU fluorometer.

Seawater samples for phytoplankton community analy-
sis were collected in 2 mL cryovials and measured on the

same day without fixation on an BD Accuri™ C6 Flow
cytometer. Samples were stored cooled in the dark until
analysis within 6 h of sampling. Each sample was anal-
ysed using fast flow rate (∼ 66 µL per minute) to mea-
sure a total volume of 100 µL. No beads were added; in-
stead particle sizes were determined via sequential size
fractionations with polycarbonate filters of different pore
size as described in Veldhuis and Kraay (2000). We used
the excitation–emission wavelengths of FL3= 488/670 nm
for chlorophyll a, FL2= 488/585 nm for phycoerythrin,
and FL4= 640/670 nm for phycocyanin. Individual parti-
cles were gated into groups based on size fractions (pi-
coeukaryotes, nanophytoplankton, small microphytoplank-
ton, larger microphytoplankton), taxonomic groups (Syne-
chococcus, cryptophytes) and other forms (chains and group
“FL4”) based on fluorescence signal and other properties
such as size and shape using forward/side scatter (FSC/SSC)
measurements. We considered all populations for the quanti-
tative analysis. For gating, some identification was needed on
specific fluorescence channels (e.g. Synechococcus on FL2)
and these are then excluded from the other plot (e.g. FL3 vs.
FSC) to avoid overlap with the other populations. Gating of
the microphytoplankton groups based on size (small, large)
was modified to the best fit for each sample; however, there
is a source of uncertainty associated with this approach due
to overlap in some samples between the groups (see Fig. S2
for two cytograms with identified groups). The “chain” group
was distinguished by dividing the Chl a red fluorescence am-
plitude by the Chl a red fluorescence height to class elon-
gated cells, such as chain-forming diatoms, by an elongated
fluorescence signal. “FL4” were classed as very small par-
ticles that may be individual chloroplasts but could not be
attributed to any likely phytoplankton group. An example cy-
togram to indicate the gating applied is provided in the Sup-
plement (Fig. S2). Contribution to fluorescence was calcu-
lated from the relative contributions of each gated group to
total FL3 (Chl a) fluorescence (see Bach et al., 2019).

2.5 Extracellular enzyme activity (leucine
aminopeptidase)

The leucine aminopeptidase (LAP) activity was deter-
mined using a fluorometric assay with L-leucine 7-amido-4-
methyl-coumarin (Leu-AMC; Sigma Aldrich) as a substrate
(Stoecker and Gustafson, 2003). Leu-AMC was added to a
final concentration of 500 µmol L−1, a concentration which
saturates the enzyme (Vmax) according to separate prelim-
inary kinetic tests. The samples (volume= 200 µL, except
400 µL on Day 1) were incubated in the dark at in situ sur-
face temperature for a minimum of 4 h. The fluorescence was
measured every 30–60 min during the incubation period with
a Cary Eclipse (Agilent Technologies) spectrofluorometer
using 380 nm excitation and 440 nm emission wavelengths.
The fluorescence emitted from the samples was compared
with a standard curve determined using 7-amino-4-methyl-
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coumarin (AMC; Sigma Aldrich) dissolved in dimethyl sul-
foxide (DMSO), and the LAP activity was calculated by lin-
ear regression.

2.6 Fast repetition rate fluorometry (FRRF) and
chromophoric dissolved organic matter (CDOM)
analyses

The samples for fast repetition rate fluorometry (FRRF) were
collected in dark plastic bottles (125 mL) in order to avoid
damage from light to the cells during the sampling period
(<1 h). To ensure dark adaptation of phytoplankton cells be-
fore analysis, samples were stored in the dark and at room
temperature for at least 30 min right after they had arrived
in the laboratory facilities of the Instituto del Mar del Perú
(IMARPE). Thereafter, three subsamples plus a blank from
each incubation were analysed by means of a fluorescence
induction and relaxation (FIRe) technique and system (Sat-
lantic FIRe System, for detailed information about FIRe see
Gorbunov and Falkowski, 2004). The blanks were obtained
by gravitational filtration of water samples through polycar-
bonate filters (PC, ∅ 25 mm, pore size 0.2 µm, DHI) and
subtraction of this measured baseline seawater signal from
the corresponding sample signal. FIRe cuvettes were regu-
larly cleaned (every 10–12 samples) with 5 % HCl and gen-
tly rinsed with ultrapure (Milli-Q) water to avoid fouling.
The maximum photochemical efficiencies (Fv/Fm) were es-
timated from FIRe profiles based on the biophysical model
in Kolber et al. (1988).

Chromophoric dissolved organic matter (CDOM) samples
were collected in amber glass bottles (75 mL) to prevent po-
tential photobleaching during sampling and transportation
before measurement as described in Catalá et al. (2018). A
modular spectrophotometer (Ocean Optics) consisting of a
USB2000+UV–VIS ES detector connected via optical fi-
bres to a DH2000BAC light source and to a 100 cm, 250 µL
capillary (LPC100CM; World Precision Instruments; WPI),
was used to measure CDOM absorption spectra from 200
to 900 nm at 1 nm intervals. Before analysis, the samples
were gravitationally filtered through precombusted (5 h at
450 ◦C) glass fibre filters (GF/F, ∅ 25 mm, nominal pore size
0.7 µm, Whatman) and then run through the system at a con-
stant rate of 1 mL min−1. Constant flow rate was achieved by
means of a peristaltic pump (ISMATEC). Ultrapure (Milli-
Q, Millipore) water blanks were analysed after every sam-
ple. Absorption coefficients (m−1) at 254 nm (a254), 250 nm
(a250) and 365 nm (a365) were calculated following Green
and Blough (1994). In the ocean, a254 has been used as the
dissolved organic carbon (DOC) concentration proxy (Catalá
et al., 2018; Lønborg and Aìlvarez-Salgado, 2014), while the
ratio of a250 and a365 (E2 : E3) is commonly used as an in-
dicator of dissolved organic matter (DOM) molecular weight
(MW, Helms et al., 2008).

Table 2. Contrast matrix used to compare treatment effects in the
linear mixed model applied to the bloom and post-bloom periods.

Deep water component Contrast 1 Contrast 2

Biology (deep water) 1 0
Organic (filtered deep water/control) −1 −1
Inorganic (surface water) 0 1
Sum of contrasts 0 0

2.7 Statistical analyses

All statistical tests were carried out in the R environment
(R Core Team, 2020). We employed a linear mixed effects
model using the “nlme” package in the R software (Pin-
heiro et al., 2020) to test the impact of deep water compo-
nent (inorganic, organic, biology) and nutrient level (high-
/low nitrate). The linear model is robust against missing
data points, meaning a consistent test could be employed
across all dependent variables and heteroscedasticity (vari-
ability within replicates) could be taken into consideration as
a result through a variable model variance structure in the lin-
ear mixed model. The initial model (fixed effects= deep wa-
ter component× nutrient level× sampling day, random ef-
fects=∼ 1| Incubation bottle) was simplified stepwise to re-
tain only the terms that remained significant to the model
result. Nutrient level, deep water component and sampling
day were all included as factors (non-continuous) and inde-
pendent variables against the continuous dependent variable.
The model simplification was applied to the bloom period
(Day 1–4, until peak Chl a concentrations) and post-bloom
period (Day 5–10) separately due to the non-monotonic re-
sponse and distinct biological responses between the two pe-
riods. The contrast matrix used is reported in Table 2 and
shows that organic was used as the control for the linear
mixed model analysis. The contrast matrix hence means that
reported model significance refers to the difference between
organic vs. biology and organic vs. inorganic to distinguish
between the biological treatment effect and the organic ef-
fect.

The impact of random effects was tested for both incuba-
tor and bottle number with no significant impact of either on
the model. Where the Q–Q plot indicated that extreme values
skewed the model and to resolve heteroscedasticity, log(fixed
effects) was employed and the linear model re-simplified as
described above. These results are reported for example as
log(chlorophyll) (see Supplement). Outliers in model fit were
identified in initial model fit and excluded from the final
model fit when the residuals were outside the 95 % confi-
dence interval (CI). Identified outliers were solely detected
and excluded in nutrient drawdown ratios (1NOx : 1DIP).
Post hoc tests were carried out on the interaction term us-
ing the false discovery rate (FDR) with q = 0.05 in the pack-
age “emmeans” in R software (Lenth, 2020). In general, time
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was considered relevant for the emergence of effects as the
bloom developed but was not considered an experimental
factor. Hence, post hoc test output is reported primarily for
the nutrient level (high nitrate or low nitrate) and deep wa-
ter component (inorganic nutrients, biology or organic as the
control).

A non-parametric analysis of similarity test (ANOSIM)
was carried out to determine if the difference in phytoplank-
ton composition between the treatments (among group sim-
ilarity) was smaller or larger than that between treatment
replicates (within group similarity). Data were grouped by
bloom status (pre-bloom=Day 1–2, bloom=Day 3–4, post-
bloom=Day 8–10) and differently to the linear mixed effect
model applied to enable detection of treatment-related differ-
ences in initial phytoplankton composition. A Bray–Curtis
dissimilarity matrix was constructed and the stress was cal-
culated and accepted if less than 0.2, using the vegan package
in the R software (Oksanen et al., 2019). SIMPERs (similar-
ity percentages) were calculated post hoc on the Bray–Curtis
distance matrix to distinguish influential groups behind the
detected numerical dissimilarity.

3 Results

3.1 Initial conditions and initial treatment differences
(Day 1)

Overall, initial nitrate+ nitrite (NOx) and phosphate (DIP)
concentrations indicated successful implementation of
the experiment design for the two nutrient levels. Ini-
tial NOx concentrations were similar in all 12 high
nitrate (HN, [NOx]= 7.72± 0.46 µmol L−1, mean±SD,
n= 12) and in all 12 low nitrate incubations (LN,
[NOx]= 2.56± 0.54 µmol L−1 mean±SD, n= 12, Fig. 2b).
Importantly, there were minor differences in NOx between
the three deep water components within each nutrient
level (HN, LN, Table S1). Inorganic phosphate concentra-
tions were ∼ 2 µmol L−1 in all six treatment combinations
(Fig. 2c).

A proxy used to indicate dissolved organic carbon concen-
trations (a254) showed small differences between the treat-
ments only with surface water (inorganic) and those contain-
ing filtered or unfiltered deep water (organic, biology, Fig. 3c,
Table S1). Highest initial values were observed in the inor-
ganic incubations and lowest concentrations in low nitrate in-
cubations for both organic and biology, which both contained
deep water. This was likely due to lower DOC concentra-
tions in the deep water collected than the mesocosm water.
No clear initial differences between nutrient levels or deep
water components were observed in the proxy of dissolved
organic matter (DOM) molecular weight (E2 : E3, Fig. 3d,
Table S1). Leucine aminopeptidase (LAP) activity, which in-
dicates organic nitrogen remineralisation, was slightly higher
in the surface water (inorganic) incubations than in the or-

ganic or biology incubations. This could be a residual signal
due to NOx depletion in the surface mesocosm water that
was not diluted by the deep water nutrients added (Fig. 2f,
Table S1). An overview of variables for all treatment combi-
nations on Day 1 is also provided in Table S1 (Supplement).

Mean Chl a concentration was initially similar among
all treatments and ranged between 2.61± 0.79 and
3.41± 0.76 µg L−1 (mean±SD, n= 4, Fig. 2a), indicating
similar starting phytoplankton biomass. Cell abundances of
two key phytoplankton groups identified by flow cytometry,
Synechococcus and nanoplankton, were similar across all
six treatment combinations (Fig. 4). Initial phytoplankton
community composition based on relative contribution
of each group to Chl a fluorescence in flow cytome-
try analyses (Table S1) did indicate variability between
replicates within a treatment, but this was not related to
either the deep water nutrient level (high/low nitrate; R

statistic= 0.0313, p= 0.131) or the deep water component
(inorganic/organic/biology, R statistic= 0.0212, p= 0.276).
Abundances of large microphytoplankton were much lower
than for other groups such as small microphytoplankton
and ranged between 0 and 11 counts per sample (analysed
volume= 100 µL, see also Fig. S3). Nevertheless, we
included these in the community composition due to their
large size and contribution to the Chl a fluorescence signal
but focused our attention on more dominant groups where
we consider the underlying data to be more robust. The
maximum quantum efficiency of photosystem II (Fv/Fm)
also presented small differences at the beginning of the
experiment (0.49± 0.01, mean±SD, n= 24, Fig. 3b,
Table S1); that, along with no differences observed in Chl a

and community structure, suggests that phytoplankton initial
conditions were similar in all six treatments.

3.2 Bloom phase (Day 2–Day 5)

NOx was rapidly consumed in all treatments with concen-
trations reaching below analytical detection limits within
3–4 d (Fig. 2b). DIP concentrations also decreased be-
tween Days 2 and 5 (Fig. 2c). Non-Redfield nutrient util-
isation was observed after NOx depletion (Fig. 2e). Sig-
nificant differences in 1NOx : 1DIP emerged over time in
the bloom phase between the nutrient levels (p= 0.0025, F

value= 6.9759, Table S3a) and between deep water com-
ponents (p= 0.0456, F value= 3.6185, Table S3a). Al-
though initial dissolved silicate concentrations were different
among the treatments, concentrations were not limiting and
remained above 2.5 µmol L−1. To more easily detect any dif-
ferences between the six treatments, we then calculated the
drawdown in dissolved silicate concentrations (1DSi, Eq. 2,
Fig. 2d). This indicated that silicate drawdown was highest
in the high nitrate biology treatment between Days 3 and 5.

Chl a concentrations increased during this bloom phase
with peak concentrations of up to 12 and ∼ 6 µg L−1 for
high nitrate and low nitrate, respectively, observed on Day 4
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Figure 2. Measured (a) chlorophyll a concentrations, (b) nitrate+ nitrite (NOx ) concentrations, (c) phosphate concentrations, (d) silicate
drawdown relative to initial concentrations on Day 1 (Eq. 2), (e) calculated nutrient drawdown stoichiometry (nitrate+ nitrite consumed vs.
phosphate consumed, Eq. 1) and (f) measured leucine aminopeptidase (LAP) activity over the 10 d study period. Dots indicate the means
across four replicate incubations and the error bars indicate the corresponding calculated 95 % confidence interval for each sampling day.
The dashed line in (e) indicates the Redfield ratio of 16 : 1.

(Fig. 2a). Fv/Fm responded similarly to Chl a concentration
with higher values (lower cellular stress) in high nitrate than
in low nitrate incubations. Flow cytometric analysis showed
that nanoplankton cell abundances also peaked around Day 4
in most incubations (Fig. 4d–f). Treatment differences were
also observed in Chl a concentration in the bloom period
(p= 0.0026, F value= 5.0041, Table S2a). Post hoc tests in-
dicated that these differences were due to a significant effect
of nutrient level (HN–LN) on Chl a concentration in both the
organic and inorganic incubations as well as a significant ef-
fect of the deep water biology (comparison between biology–
organic) on Chl a in the LN incubations (Table S2b).

While nutrient level did not have a significant ef-
fect on bloom phytoplankton community composition, the
three deep water components did (ANOSIM, R= 0.2214,
p= 0.001, Table 3), with the highest dissimilarity detected

between the biology and organic incubations, primarily due
to differences in the nanoplankton group (Table 3, Fig. 4d–
f). LAP activity during the bloom was similar to the initial
rates (1.0–2.0 µmol AMC L−1 h−1, Fig. 2f), and where dif-
ferences in activity between treatment levels were detected,
these were higher in the high nitrate incubations (Day 5, Ta-
ble S4b). Average phytoplankton cell size, indicated by mean
forward scatter (FSC-A) from flow cytometric analyses, in-
creased to reach a maximum on Day 5 (Fig. 3a) coinciding
with NOx depletion.

3.3 Post-bloom phase (Day 6–Day 10)

In this phase, NOx concentrations remained low or below
the detection limit. DIP concentrations remained relatively
constant or even increased slightly between Day 6 and Day
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Figure 3. (a) Mean forward scatter (FSC-A) from flow cytometric analyses as a proxy of relative phytoplankton cell size during the study
period, (b) maximum photochemical efficiency (Fv/Fm), (c) absorption coefficient at 254 nm (a254) used as a proxy for DOC concentration
and (d) the ratio of the absorption coefficients at 250 and 365 nm (E2 : E3) as an indicator of DOM molecular weight.

8 (Fig. 2c). Treatment-related differences in nutrient up-
take ratio were also detected in the post-bloom phase with
over 50 % higher consumption of DIP compared to NOx in
low nitrate than in high nitrate incubations by the end of
the 10 d long study period (1NOx : 1DIP on Day 10: high
nitrate= 9.32± 1.68, low nitrate= 5.43± 1.61, mean±SD,
n= 6, see also Fig. 2e). Despite very low NOx concentra-
tions, dissolved silicate continued to be consumed (Fig. 2d).
This indicated sustained growth of silicifying phytoplankton
species during the post-bloom phase, even though overall
nanoplankton abundances had decreased after their bloom
phase peak in most incubations (Fig. 4d–f). Chl a concen-
trations decreased compared with the bloom phase, reach-
ing similar concentrations on Day 10 as the initial measure-
ments on Day 1, hence indicating a decline in phytoplankton
biomass (Fig. 2a) and a post-bloom status of the plankton
community.

Chl a concentrations were significantly different between
the nutrient levels in the inorganic and biology incuba-
tions on Day 8 and Day 10 (post hoc Tukey pairwise com-
parison, biology: padj= 0.0012, padj= 0.0129; inorganic:
padj= 0.051, padj= 0.0087, for Day 8 and Day 10, respec-
tively. See also Table S2b in the Supplement). Phytoplankton

community composition was also influenced by both nutrient
level and deep water component in the post-bloom phase, al-
though both effects were weak (R= 0.04404, R= 0.07601,
respectively) with an overall dissimilarity between the three
deep water components of 35 %–37 % (Table 3).

Divergence in average phytoplankton cell size between
treatments occurred during the post-bloom period (Fig. 3a),
and some treatment differences in the abundance of key
phytoplankton groups (Synechococcus) also emerged. Syne-
chococcus abundances increased in both the low and high
nitrate biology treatments during the post-bloom period
(Fig. 4a–c). This increase occurred in low nitrate incubations
where initial NOx concentrations were lower and presumably
phytoplankton reached nitrate-limited growth earlier. There
was an increase in average cell size in the high nitrate bi-
ology incubations (Fig. 3a), in addition to particularly high
post-bloom silicate consumption in the high nitrate biology
incubations as well marked differences in silicate uptake be-
tween the replicates in the high nitrate biology incubations
(see large error bars in Fig. 2d). This high variability was
driven by the response of one high nitrate biology incuba-
tion that also had the highest phosphate drawdown and post-
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Figure 4. Abundances of two key phytoplankton groups identified in flow cytometric analyses, Synechococcus (a–c) and nanoplankton (d–f),
measured daily over the 10 d long study period. A divergent response was observed between “biology” incubations in both phytoplankton
groups during the nutrient-depleted post-bloom period after Day 4.

Table 3. Results of one-way ANOSIM analyses and post hoc SIMPER analyses reporting only on the significant differences in measured
cell abundances, where detected, and the groups with the highest and significant contribution to these treatment differences. Bloom phase is
defined here as Day 3 and Day 4, and post-bloom is defined as Day 8 to Day 10.

Factor R statistic p value

Comparison

Overall Key group Contribution
dissimilarity to detected

between treatment
treatments differences

Bloom Biology vs.
16.70 %

Chains 3.37 %
inorganic

Deep water component Biology vs. Nanophytoplankton 7.57 %
(inorganic, organic, 0.2214 0.001 organic 19.02 % Chains 3.37 %
biology) Picoeukaryotes 1.75 %

Inorganic vs.
16.05 %

Large microphytoplankton 3.61 %
organic Synechococcus 0.46 %

Post-bloom
Nutrient level 0.04404 0.037

High nitrate
36.29 %

Nanophytoplankton 10.03 %
vs. low nitrate Synechococcus 0.06 %

Biology vs.
36.92 %

Small microphytoplankton 11.12 %
inorganic Synechococcus 0.99 %

Deep water component Biology vs. Picoeukaryotes 4.28 %
(inorganic, organic, 0.07601 0.005 organic 37.17 % Chains 3.93 %
biology) Synechococcus 0.94 %

Inorganic vs.
35.28 %

FL4A 0.17 %
organic
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bloom Chl a concentration and also had highest nanophyto-
plankton abundances (Fig. 4e).

4 Discussion

4.1 Peak bloom biomass was affected by seed
population in upwelled deep water

As expected, nutrient addition from the deep water stim-
ulated surface phytoplankton biomass production and in-
creased average phytoplankton community cell size. This
fits well with the general understanding of phytoplankton
blooms in upwelling regions where larger phytoplankton,
often diatoms, dominate bloom biomass as sporadic wind-
driven upwelling events bring nutrient-rich subsurface wa-
ter to the photic layer (Sydeman et al., 2014). In this study,
higher initial nitrate+ nitrite (NOx) concentrations generally
lead to higher peak phytoplankton biomass and higher photo-
synthetic energy conversion efficiency (Fv/Fm), as expected
(Falkowski et al., 2017). Hence, we consider the availabil-
ity of NOx to be a primary factor controlling organic matter
production in this truncated food web (<64 µm).

However, while NOx concentrations were the same be-
tween high nitrate incubations, bloom development was not.
There were noticeable differences in peak bloom Chl a con-
centrations between the high nitrate level incubations (or-
ganic, inorganic and biology) of up to 6 µg L−1 Chl a. In
particular, the unfiltered deep water incubations (high nitrate
biology), testing the impact of the seed microbial community,
had the lowest peak Chl a concentrations. Sharper bloom
biomass development in the filtered high nitrate organic
and high nitrate inorganic treatments suggests a primarily
bottom-up driven food web response to nutrient addition.
Bloom development in high nitrate biology was more muted
as nutrient competition within the plankton community (e.g.
with heterotrophic bacteria) was likely higher, due to the
lack of organism dilution compared to the high nitrate fil-
tered organic/inorganic treatments. Alternatively, this muted
biomass development could suggest an increase in graz-
ing pressure via potential introduction of microzooplankton
grazers (<64 µm) in the addition of unfiltered deep water.
Hence, higher retention of Chl a post-bloom in this treat-
ment suggests potentially longer sustained periods of pro-
ductive biomass when deep water plankton are added con-
currently with upwelled nutrients. The precise mechanism(s)
underlying this response, however, requires further detailed
elucidation, as information on the heterotrophic community
is not available (e.g. heterotrophic bacteria, nano- and micro-
zooplankton grazers).

Among the four replicate biology incubations with the
same measured initial nutrient concentrations and propor-
tions of surface and deep water and incubation light and
temperature, there were also marked differences in maxi-
mum Chl a concentrations that could not be explained by

the amount of added nitrate. Divergence in Chl a biomass
within a given treatment (i.e. with the same initial NOx con-
centrations) occurred after NOx concentrations were below
detection around Day 4. This indicates that flexible nitrogen
assimilation strategies were employed by the same starting
community to produce active primary producing biomass:
nitrate was either internally stored in phytoplankton cells
(Bode et al., 1997) and could not be detected in filtered nu-
trient analyses or alternative nitrogen sources were utilised
e.g. dissolved organic nitrogen or rapid ammonia assimila-
tion thereby supporting higher Chl a biomass. Yet, more im-
portantly, these strategies must have been employed to a dif-
ferent degree of success. This variable response to nutrient
additions contributes another layer of complexity when pro-
jecting primary producer responses to upwelling in the Pe-
ruvian Humboldt Current System. The variability between
both the filtered (organic) and unfiltered (biology) deep wa-
ter treatments, in addition to the variability between replicate
incubations in the unfiltered deep water treatments, suggest
that the microbes present in subsurface waters are key drivers
in the observed biomass response to upwelled waters in the
euphotic zone.

Despite high variability in the biomass response – both
between and within the six treatment combinations – the
consumption of excess phosphate (i.e. the degree of non-
Redfield nutrient uptake) was more dependent on the ini-
tial NOx concentrations rather than on the deep water bi-
ology. Our results also indicate that over 50 % more phos-
phate was consumed per mol of NOx in the low nitrate level
(mean initial NOx : DIP= 1.21± 0.24) than with the high ni-
trate (mean initial NOx : DIP= 3.92± 0.32). Phosphate was
never depleted in this study. Biological dinitrogen fixation
was likely a minor source of new nitrogen compared to ni-
trate inputs during this time, as was found in the parallel
mesocosm study (Kittu et al., 2022). We also have no evi-
dence from enzyme rates measured that there was any stim-
ulation of microbial nutrient regeneration to satisfy N de-
mand, despite N depletion. We had anticipated an upregu-
lation in leucine aminopeptidase (LAP) activity, a protein-
hydrolysing enzyme, where NOx concentrations were lowest
and hence most limiting in the low nitrate treatments. Instead,
LAP activity was highest during the post-bloom period and in
the high nitrate incubations where there was more semi-labile
organic matter present, as indicated by higher signatures in
a254 (a proxy of DOM, Fig. 3c) and E2 : E3 (a proxy of more
labile high molecular weight compounds, Fig. 3d) (Benner
and Amon, 2015). The LAP activity was 1 to 2 orders of
magnitude higher than most literature values. For example,
in a study from the same region but further from shore, the
LAP activity was 20–65 nmol AMC L−1 h−1 in natural com-
munities (Maßmig et al., 2020). Partly, the high LAP activ-
ity in this study could be due to the high concentration of
substrate we used (500 µmol L−1 leu-AMC), which aimed to
measure maximum hydrolysis rates. However, this cannot be
the only reason for the high values. For comparison, we used
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only 2.5 times higher substrate concentration compared with
Maßmig et al. (2020). The high LAP activity and close re-
lationship with fresh, labile organic matter production sug-
gests that LAP was produced to support heterotrophic bac-
terial production above the oxycline (Loginova et al., 2019)
rather than compensating for higher N-limitation in the low
nitrate incubations.

4.2 Seeding of deep water populations is a key driver
for plankton succession and biogeochemistry in
surface blooms

We expected to have similar initial plankton assemblage
composition in the organic and inorganic nutrient incubations
as all plankton present originate from the surface mesocosm
water. Differences in initial composition would be expected
in the biology incubations due to the addition of deep wa-
ter communities from two different locations and depths, but
these were not significant in this study and no clear differ-
ence in initial abundances between treatments was detected
in phytoplankton according to flow cytometry data. Phyto-
plankton assemblage composition across all six treatments
converged during the bloom as rapidly growing groups, prob-
ably silicifying phytoplankton such as diatoms based on
flow cytometric size class and observed silicate consumption,
dominated overall biomass. Inherent variability in plankton
community dynamics between treatments and among repli-
cates was revealed in nanoplankton and in Synechococcus,
when resource availability (here, nitrate) limited net growth
after Day 4. Post-bloom community composition on Day 10
was affected by nutrient level and deep water component al-
though treatment differences were small and variability be-
tween replicates within a treatment emerged. This variability
may have originated in the initially enclosed microbial pop-
ulations even though we designed the study to minimise het-
erogeneity by pooling all treatment water and continuously
mixing the tanks while randomly filling the replicate incuba-
tions. Hence, not only the absolute biomass concentrations as
previously discussed but also the phytoplankton community
composition post-bloom was determined by the seed micro-
bial populations initially present.

We propose that different mechanisms drove the diver-
gent response of phytoplankton community composition be-
tween treatments and between replicates, in particular for
two key groups: Synechococcus and nanoplankton/chain-
forming species that were likely diatoms based on the mag-
nitude of dissolved silicic acid consumption. Diatoms were
likely beneficiaries of nutrient addition as they are con-
sidered “transcriptionally proactive” (Lampe et al., 2018).
This means they can respond quickly and take advantage
of nitrogen resources when sporadically available, for ex-
ample during upwelling (Fawcett and Ward, 2011; Stolte
and Riegman, 1995) or after nutrient inputs into nutrient
poor surface waters in oligotrophic gyres (Lampe et al.,
2019). Rapid nutrient uptake and growth by diatoms lead to

their ecosystem dominance in nutrient-initiated phytoplank-
ton blooms such as those in coastal upwelling systems (Las-
siter et al., 2006). Silicate consumption post-bloom and more
nanoplankton species in unfiltered biology incubations sug-
gest resting spores or down-welled chain-forming silicify-
ing phytoplankton were indeed present in the subsurface wa-
ters, thriving when irradiance levels increased upon incuba-
tion. Moreover, the distinct responses of the silicifying phy-
toplankton between the two deep water sources in the unfil-
tered biology incubations are further evidence that the seed
population in upwelled waters modulates the surface bloom
dynamics of diatom populations in the Humboldt Upwelling
System.

Initial cell abundances were similar in all treatments, and
ANOSIM analyses did not detect any significant differences
in community composition; thus, the majority of the start-
ing community stemmed from the mesocosm surface water
rather than the manipulated deep water. Lack of net Syne-
chococcus growth in the organic incubations but growth in
the unfiltered biology incubations with the same seawater
chemistry (i.e. inorganic and organic nutrients and trace met-
als) points towards a mutually beneficial relationship, ei-
ther metabolic or ecological, between Synechococcus and an
unidentified member of the unfiltered deep water plankton
community (<64 µm). For example, a change in dominant
predators upon addition of deep water may have relieved the
grazing pressure on these picocyanobacteria. Alternatively,
a metabolic response could be due to underlying induced
changes in gene expression (Robidart et al., 2019) or a de-
pendency (syntrophy) with a deep water microbe/organism
may have evolved, selectively supporting the co-occurrence
of Synechococcus and other microbes through complemen-
tary metabolic function (Morris et al., 2012). There is also
evidence that viral presence and lysis of heterotrophic bacte-
ria may also enhance Synechococcus growth (Weinbauer et
al., 2011). Slow-growing picocyanobacteria lend themselves
more to stable mutualistic relationships than faster-growing
diatoms that quickly consume resources and generally fol-
low a “boom or bust”-like biomass trajectory. Hence, the dif-
ferent physiological response times – rapid in diatoms and
comparatively slower in picocyanobacteria – appear to un-
derlie the variability in biomass observed in this incubation
experiment. The bloom community contained higher diatom
abundances, driven by the initial but immeasurable differ-
ences in seed community enclosed and the sustained differ-
ences emerging post-bloom in Synechococcus. The slower
but more consistent growth of Synechococcus may indicate
why these picocyanobacteria are often observed post-bloom
and in more oligotrophic waters further offshore (Franz et al.,
2012), even though the origins of their biomass can be appar-
ently influenced by upwelling of nutrient-rich water close to
the coast and the microbial communities contained within.

The lack of consistent response in multiple variables
(Chl a, silicate concentrations, phytoplankton abundances)
across all biology incubation replicates further shows how
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heterogeneity in subsurface water seed communities can
shape the resulting plankton bloom development, biomass
accumulation and nutrient concentrations in surface wa-
ters. In addition to initial NOx concentrations, the seed mi-
crobial population variability impacted final nutrient sto-
ichiometries and, in particular, silicate:nitrate utilisation.
Over 2.4 µmol L−1 more silicate was consumed after NOx

was exhausted, and higher post-bloom Chl a concentrations
and nanoplankton abundances were sustained in the one of
the HN biology replicates compared to the three other repli-
cates.

4.3 Consequences for phytoplankton succession and
productivity after upwelling events

Natural variability in composition or fitness in initial plank-
ton assemblages can bring about significant variability in
measured response variables that can be larger than those
driven by the experimental treatment itself (Krishna and
Schartau, 2017). Yet it is surprising for such a strong driver
of phytoplankton succession, like nitrate concentrations, that
the deep water biology had such a measurable influence. A
similar study in the southern (Chilean) Humboldt Current
System investigated the impact of N : P ratios on different
surface communities and came to the same conclusion: ini-
tial community composition was more important than inor-
ganic N : P ratio for food web functioning and biogeochem-
istry (Spilling et al., 2019). Stable and consistent relation-
ships between nutrient availability, nutrient consumption and
the produced biomass are clearly not a feature of this dy-
namic ecosystem. The vital role of the seed population in
modifying the bloom following upwelling events may even
be a general characteristic of plankton communities in the
Humboldt Current System and other upwelling ecosystems.

Hence, nutrient upwelling promotes bloom development
and phytoplankton growth, while the upwelled community
modulates these blooms in composition. This makes the pre-
diction of coastal phytoplankton productivity a particular
challenge as the entrainment of subsurface populations de-
pends on depth and rates of water mass transport, and mod-
ulation of source water in either depth or location will likely
reflect in the altered ecology of bloom populations in coastal
waters and potential biogeochemical changes in nutrient cy-
cling. This would be in addition to the variability in nutri-
ent content of upwelled water sources via ENSO (Espinoza-
Morriberón et al., 2017) and the variability in the mixed layer
depth (Rigby et al., 2020). It is even possible that this uncer-
tainty would be amplified if this response occurred in a more
complete food web with larger predators. Smaller organisms
e.g. Synechococcus, that are less important for determining
high biomass during the blooms, did not have a clear im-
pact on nutrient stoichiometry within the study time period
despite clearly profiting from the addition of a deep water
microbial community. Indeed, vertical mixing through Ek-
man pumping away from the coast may even provide spo-

radic stimulation of surface Synechococcus populations as
water masses are advected offshore into the South Pacific
subtropical gyre. In the ocean, physiological and ecological
drivers (e.g. growth rates, transcriptional response times, mu-
tualisms, symbioses, Sect. 4.2) would act in addition to other
physical factors that regulate plankton biomass accumula-
tion and succession in the surface waters following upwelling
(e.g. seed community abundance present in subsurface wa-
ters; Seegers et al., 2015). Such physical factors, such as di-
lution, mixing and horizontal transport of water masses via
regular tidal transport onshore (Stauffer et al., 2020), could
not be included in this experimental set-up.

5 Conclusions

Overall, productivity, i.e. organic matter production in this
10 d long incubation study, was highest in incubations with
the highest added NOx concentrations, reflecting N as the
limiting macronutrient. Differences in Chl a concentrations
were primarily connected to the amount of NOx added but
were also distinctly modified by the seed community added.
Incubations with different initial source water showed that
the microbial seed community impacts phytoplankton suc-
cession, with the potential to influence communities further
offshore and towards the oligotrophic subtropical gyre. The
crucial period for differences in microbial community was
the nutrient-depleted post-bloom phase, where increased re-
source competition elicited divergence in biomass and post-
bloom composition between replicates in unfiltered treat-
ments. These differences in community composition had an
impact on nutrient drawdown. For example, silicate draw-
down was higher in the unfiltered biology incubations com-
pared to the filtered organic incubations (within a given deep
water). This indicates potential differences in growth of sili-
cifying phytoplankton between replicate incubations, likely
diatoms arising from a seed population in the unfiltered deep
water added. Initial minor heterogeneity in microbial com-
munity composition, such as that observed in silicifying phy-
toplankton and Synechococcus here, may be augmented in
further successions of plankton bloom developments and
have consequences on overall productivity and transfer of
energy to higher trophic levels. Hence, nutrient upwelling
promotes the occurrence of phytoplankton blooms while the
upwelled community modifies these blooms.
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https://doi.org/10.1594/PANGAEA.941138 (Paul et al., 2022).
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