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Abstract
Concentrations of bioavailable inorganic nitrogen (N) and phosphorus (P) are simultaneously depleted in the

(sub)tropical North Atlantic Ocean, but it remains unclear if phytoplankton growth rates are N limited or N–P
co-limited. Here we present findings from three bottle-scale experiments using a four-by-four matrix of low-level
N and P additions, conducted at one site in the subtropical North Atlantic Ocean. Phytoplankton responses
were assessed both in terms of bulk chlorophyll a (Chl a) concentrations and intracellular Chl a of dominant
Prochlorococcus and Synechococcus groups. Two matrix experiments suggested that N was independently limiting
in situ growth, with no co-limiting role for P, while the third showed co-limitation by both N and P in this
region. This switch from N limitation to N–P co-limitation was attributed to an episodic wet deposition event
that supplied N, thereby stimulating phytoplankton growth and consuming available P. Such rapid transitions
in nutrient limitation in response to environmental forcing might be common in oceanic systems with multiple
depleted nutrients.

Nutrient limitation constrains marine primary productiv-
ity and can affect phytoplankton community structure
(Arrigo 2005; Moore et al. 2013). Accurate assessments of
which nutrients are limiting phytoplankton growth are there-
fore key for understanding current ocean productivity and mak-
ing projections under future climate conditions (Bindoff
et al. 2019). The assessments have typically involved either of
two approaches: (i) physiological assessments that imply limita-
tion by specific nutrients (Ammerman et al. 2003; Saito
et al. 2014; Ustick et al. 2021), or (ii) direct experimental supply
of one or more nutrients and assessment of changes in phyto-
plankton biomass and/or primary production rates following
incubation (Cullen et al. 1992; Beardall et al. 2001).

An important difference between these approaches is
observed across the (sub)tropical North Atlantic Ocean (Moore
et al. 2013; Ustick et al. 2021). In this region, and in contrast to
much of the global ocean, phosphate is strongly depleted along-
side biologically available nitrogen (N) (Martiny et al. 2019).
Physiological assessments of nutrient stress in this system point
towards phosphorus (P) limitation; specifically, (i) rates of alka-
line phosphatase, an enzyme responsible for scavenging P from
the organically bound pool, are strongly enhanced (Ammerman
et al. 2003; Lomas et al. 2010; Mahaffey et al. 2014), and
(ii) genomics analysis of Prochlorococcus, an abundant phyto-
plankton species in this region, suggests retention of a range of
P stress genes to a greater extent than N stress genes (Ustick
et al. 2021). In contrast to physiological assessments, bioassay
experiments that directly add N and/or P to seawater have
shown that community-level chlorophyll a (Chl a) biomass, pri-
mary production, and Chl a per cell of the dominant phyto-
plankton groups typically do not respond to P supply alone, but
rather only increase following N addition, or occasionally fol-
lowing combined N and P addition (e.g., Graziano et al. 1996;
Moore et al. 2008; Browning et al. 2017).

A recognized challenge with both approaches is that nei-
ther is directly related to limitation of in situ phytoplankton
growth rates (Cullen et al. 1992; Moore et al. 2008; Ustick
et al. 2021). Specifically, a range of physiological stress
responses to nutrient shortage are invoked by phytoplankton
to better cope with depleted P, which potentially could restrict
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growth rates becoming P-limited despite the low P concentra-
tions (Martiny et al. 2006; Van Mooy et al. 2009; Martin
et al. 2014). In turn, the requirement for these physiological
responses probably regulates whether the encoding genes are
retained or lost within a population (Ustick et al. 2021). On the
other hand, one of the inherent complications with the nutri-
ent addition bioassay experiments is that a lack of biomass
accumulation following P addition may not necessarily repre-
sent the absence of growth rate limitation in a system where
the growth and loss terms are tightly coupled (Cullen 1991;
Graziano et al. 1996; Moore et al. 2008). By extension, evalua-
tion of multi-nutrient co-limitation of in situ growth rates, for
example, by N and P simultaneously, could be similarly chal-
lenging (Saito et al. 2008).

Switches in limiting nutrients during bioassay incubations
might also make it challenging to identify nutrient co-
limitation. The “standard” nutrient addition experiments con-
ducted so far have typically involved supply of high N and P
concentrations (typically 2 μM N and 0.2 μM P, respectively)
to phytoplankton communities and incubation over 2 d

(e.g., Mills et al. 2004; Moore et al. 2008; Browning
et al. 2017). In a system such as the (sub)tropical North Atlan-
tic Ocean, where the concentrations of both N and P are
simultaneously depleted to low levels, this means that, where
not co-limiting, the second most deficient nutrient would
likely be exhausted over the experimental timescale, generat-
ing a switch from growth limitation by one nutrient to growth
limitation by the second (that is serial limitation of
growth rates; Moore et al. 2008; Saito et al. 2008). Moreover,
the supply of N + P in combination might increase in situ
growth rates more than that of N alone but this is potentially
difficult to decouple from serial limitation using observations
of biomass changes alone (Moore et al. 2008).

Further insights have been obtained from the assessment of
changes in intracellular fluorescence of individual phytoplank-
ton groups following nutrient supply (Graziano et al. 1996;
Davey et al. 2008; Moore et al. 2008). Whilst fluorescence per
Chl a can be species-dependent and change in response to
environmental conditions (Cullen 1982; Sosik et al. 1989),
changes in within-species red fluorescence per Chl a under

Fig. 1. Nutrient limitation in the North Atlantic Ocean. (a) Map showing the location of the nutrient addition bioassay experiments conducted in this
study (star) on a background of surface annual average phosphate concentrations from the World Ocean Atlas (https://www.ncei.noaa.gov/products/
world-ocean-atlas). Results from previous bioassay experiments are shown (see Supporting Information Table S1 for references), with central
circle = primary limiting nutrient; outer circle = serial limiting nutrient; split circle = co-limiting nutrient; green = nitrogen; black = phosphorus;
red = iron. The smaller circles represent nutrient stress patterns as revealed from an analysis of Prochlorococcus metagenomic data (Ustick et al. 2021). (b)
Chl a responses to nutrient additions. Data were previously reported in Yuan et al. (2023). Responses of cell abundances of (c) Prochlorococcus and (d)
Synechococcus, and intracellular red fluorescence (F cell�1; arbitrary units; a.u.), a proxy for intracellular Chl a, of (e) Prochlorococcus and (f) Synechococcus,
to nutrient additions. Bars are means of replicates with individual values shown as points, n = 3 for all except where indicated by an asterisk (n = 2). The
horizontal dashed lines indicate initial time measurements. Treatment means have been compared using a one-way ANOVA followed by a post hoc Tukey
HSD means comparison test (statistically indistinguishable means are labeled with the same letter, p < 0.05). The F values for the ANOVAs of (b–f) were
271.8, 45.8, 110.5, 236.9, and 701.0, respectively.
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identical light and temperature conditions between nutrient
addition treatments in bioassay experiments likely robustly
reflect changes in intracellular Chl a (Graziano et al. 1996;
Davey et al. 2008; Moore et al. 2008). In turn, this should be
closely related to cell Chl a to carbon ratios (Chl : C; Li
et al. 1993). Under fixed light and temperature conditions,
culturing studies have found the latter to be closely related to
phytoplankton specific growth rates regulated by nutrient
(N or P) availability, with increased Chl : C reflecting
enhanced light harvesting requirements for faster growth
(Supporting Information Text S1). While changes in intracel-
lular Chl a of the different phytoplankton groups measured in
previous bioassay experiments have often matched changes in
cell numbers and typically imply serial N then P limitation,
decreases for some groups following N + P addition compared
to N alone have also been observed (Davey et al. 2008). The
latter has been hypothesized to result from the generation of
smaller cells with lower intracellular Chl a under faster growth
following N + P addition, but this was generally not consis-
tent with changes in side scatter measurements, a proxy for
cell size (Davey et al. 2008).

To further investigate the occurrence of either N limitation
or N–P co-limitation of phytoplankton specific growth rates, we
conducted experiments in the P-depleted subtropical North
Atlantic Ocean using a replicated four-by-four matrix of low-
level N and P additions. To avoid rapid drawdown of potential
serial limiting nutrients (in this system, N or P), which could
complicate decoupling of serial and co-limited growth, experi-
ments were of relatively short duration (24–36 h). In addition
to bulk Chl a changes, we focused on changes in intracellular
Chl a (via red fluorescence) of Prochlorococcus and Synechococcus,
two dominant picocyanobacteria in this system, which we cau-
tiously interpret in terms of changes in specific growth rate. We
compared the results from the low-level matrix experiments in
the context of one “standard” nutrient addition experiment,
widely deployed in the (sub)tropical North Atlantic Ocean, with
high additions of N, P, and Fe in factorial combinations
followed by 2-d incubation (Fig. 1a).

Methods
Voyage and seawater collection

Experiments were repeatedly conducted at a quasi-fixed site in
September 2021 (M176/2 cruise; Fig. 1a; Yuan et al. 2023). Surface
(� 2–3 m depth) seawater was sampled from a custom-built
towed-fish fitted with acid-washed tubing with suction provided
by an acid-washed Teflon bellows pump (Dellmeco). Seawater
was pumped directly into a purpose-built clean-air laboratory con-
tainer with positive air pressure maintained via inward airflow
passed through a high-efficiency particulate air filter.

Nutrient addition experiments
One “standard” nutrient addition experiment followed

published protocols, as described in Yuan et al. (2023). Briefly,

the experiment was carried out in 1-liter trace-metal-clean
polycarbonate bottles (Nalgene). Natural seawater was col-
lected randomly across 24 bottles at local nighttime and the
filling time was � 20 min (total volume = 24 liters). Addi-
tional natural seawater was also collected at the beginning of
the incubation bottle-filling procedure in order to obtain sam-
ples for analysis of initial dissolved macronutrient and trace
element concentrations, Chl a concentrations, and flow cyto-
metry. Incubation bottles were spiked in triplicate to final con-
centrations of 1.0 μM NaNO3 + 1.0 μM NH4Cl, 0.2 μM
NaH2PO4, and 2.0 nM FeCl3 (stabilized in 0.01 M HCl) in 8 fac-
torial combinations (Control, N, P, Fe, N + P, N + Fe, P + Fe,
N + P + Fe). Bottles were placed in an on-deck incubator with
surface waters continuously supplied from the ship’s under-
way flow-through system to maintain temperatures. The incu-
bator was screened with Blue Lagoon screening (Lee Filters),
which maintained irradiance at � 30% of that of the surface
ocean. After 50-h incubation, the experiment was taken down
and each triplicate was subsampled for Chl a and flow cyto-
metry. Data for Chl a concentrations were previously reported
in Yuan et al. (2023).

In addition, three four-by-four matrix of low-level N and P
addition experiments were carried out in 125-mL trace-
metal-clean polycarbonate bottles (Nalgene; Experiments 1, 2,
and 3). Natural seawater was first collected into an 8-liter low-
density polyethylene (LDPE) bottle (Nalgene), agitated to
homogenize, and then immediately dispensed into the 125-mL
bottles. Before filling the 8-liter LDPE bottle, additional natural
seawater was also collected for initial measurements of dis-
solved macronutrients and trace elements, Chl a, flow cyto-
metry, and diagnostic phytoplankton pigments. Incubation
bottles were spiked in triplicate with a matrix of (i) N (0, 50,
100, and 150 nM NH4Cl) and P (0, 10, 20, and 30 nM
NaH2PO4) for Experiments 1 and 2, or (ii) N (0, 100, 300, and
500 nM NH4Cl) and P (0, 10, 20, and 30 nM NaH2PO4) for
Experiment 3. Increased concentrations of added N in Experi-
ment 3 were conducted to assess the potential for clearer trends
in phytoplankton responses. The incubation protocol followed
that of the “standard” experiment except for reducing the incu-
bation time to 24–36 h. The short durations of these experi-
ments were conducted so that observed responses better
reflected immediate physiological changes rather than the
growth of the dominant species or a bloom of a rare species.
The experiments were then taken down and each triplicate was
subsampled for Chl a and flow cytometry.

Macronutrient concentrations
Samples for nitrate (determined as nitrate + nitrite) and

phosphate were filtered (AcroPak 500 0.8/0.2-μm filter capsule,
Pall) into 15-mL acid-washed polypropylene tubes, frozen
immediately at –20�C and analyzed upon return to a land-
based laboratory. Samples for nitrate and phosphate were
measured using a SEAL QuAAtro nutrient autoanalyzer system
(SEAL Analytical) equipped with 2 m waveguides (World
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Precision Instruments Inc.) as described by Patey et al. (2008),
with detection limits of 7 and 3 nM, respectively.

Trace element concentrations
Samples for dissolved iron (Fe) were filtered (AcroPak

500 0.8/0.2-μm filter capsule, Pall) into 125-mL acid-washed
LDPE bottles (Nalgene) and acidified to pH 1.9 with ultrapure
hydrochloric acid (UpA, Romil) onboard. Concentrations of
dissolved Fe were analyzed following preconcentration on a
SeaFAST device using inductively coupled plasma mass spec-
trometry (ICP-MS; Element XR, Thermo Scientific), with quan-
tification by isotope dilution (Rapp et al. 2017). Certified
values for GEOTRACES standards GSP and GSC matched well
with our measured values (Yuan et al. 2023).

Chl a concentrations
Samples for Chl a were filtered (100 mL) onto 25-mm diam-

eter glass microfibre filter (GF/F; Fisher MF300) filters,
extracted in the dark for 16–24 h in 10 mL 90% (by volume)
acetone at –20�C, and analyzed on a precalibrated fluorometer
(Turner Designs Trilogy) (Welschmeyer 1994).

Flow cytometry
Flow cytometry samples (2 mL) were fixed with paraformal-

dehyde at a 1% final concentration (methanol-free 16%
10-mL glass ampules, Alfa Aesar/Thermo Fisher), mixed with a
vortex, left for 10 min at room temperature in the dark, and
then directly frozen at –80�C. Samples were analyzed upon
return to land using a FACSCalibur flow cytometer (Becton
Dickinson). Cell counts were carried out in CellQuest software
(Becton Dickinson). Plots of orange fluorescence versus red
fluorescence were used to identify and enumerate Synechococcus
from other picophytoplankton, and plots of side scatter versus
red fluorescence (with Synechococcus gated out) were used to
enumerate Prochlorococcus. The division between picoeukaryotes
and small nanoeukaryotes was difficult to assess in the gating
analysis and therefore we focused on the two cyanobacteria
groups that could be confidently identified.

Diagnostic phytoplankton pigment concentrations
Samples for diagnostic pigments were filtered (4 liters) onto

25-mm diameter GF/F filters (Fisher MF300) and frozen imme-
diately at –80�C. Upon return to a land-based laboratory, pig-
ments were extracted in 90% acetone in plastic vials by
homogenization of the filters using glass beads in a cell mill,
centrifuged (10 min, 5200 rpm, 4�C), then the supernatant
was filtered through 0.2-μm polytetrafluoroethylene filters
(VMR International) and subsequently quantified by reverse-
phase high-performance liquid chromatography (HPLC,
Dionex UltiMate 3000 LC system, Thermo Scientific) (Van
Heukelem and Thomas 2001). Pigment standards were from
Sigma-Aldrich (USA) and the International Agency for 14C
Determination (Denmark). Measured pigment assemblages

were separated into three types of phytoplankton size groups
(Uitz et al. 2006).

Statistical analyses
All statistical analyses were performed using R software

(R version 4.1.2; R Development Core Team 2021). The signifi-
cance of differences among treatments in the nutrient addi-
tion experiments were tested by one-way analysis of variance
(ANOVA) followed by post hoc Tukey HSD (for the “standard”
experiment) or Fisher’s LSD (for the matrix experiments)
means comparison tests using functions embedded in the
“agricolae” package (version 1.3-7; de Mendiburu 2023).

Results and discussion
Initial concentrations of both nitrate and phosphate were

always depleted (6–27 and 5–7 nM, respectively). However,
derived P*, the excess available phosphate relative to nitrate
assuming a 16 : 1 N : P requirement of phytoplankton, were 4–
6 nM (P* = phosphate – nitrate/16; Table 1). This calculation
does not include concentrations of ammonium (not deter-
mined), but assuming an upper ammonium concentration of
20 nM (Clark et al. 2008) and adding this to concentrations of
nitrate, does not greatly change these values (P* range 3–5 nM).
Regardless of other accessible organic forms of nitrogen
(Zubkov et al. 2003, 2008; Berthelot et al. 2021), from a stoi-
chiometric perspective based on a fixed N : P requirement of
16 (acknowledging the substantial potential variability in this
ratio; Klausmeier et al. 2004; Martiny et al. 2013), dissolved P
was therefore in excess of phytoplankton requirements relative
to N. In line with the measured nutrient concentrations, the
“standard” bioassay showed very similar responses to those pre-
viously conducted in the region (Fig. 1). The results of Chl
a have been reported previously in Yuan et al. (2023).

Table 1. Initial conditions for bioassay experiments.

Experiment Standard 1 2 3

Date 18 Sep 20 Sep 22 Sep 24 Sep

Incubation duration (h) 50 24 36 28

Sea surface temperature (�C) 24.7 24.8 24.9 24.6

Salinity 36.5 36.5 36.4 36.3

Nitrate (nM) 27 6 12 12

Phosphate (nM) 7 5 5 7

P* (nM) 5 5 4 6

Dissolved Fe (nM) 0.59 0.52 0.72 0.86

Chl a (μg L�1) 0.12 0.12 0.10 0.18

Prochlorococcus (cells mL�1) 165,383 125,025 127,438 124,232

Prochlorococcus F cell�1 (a.u.) 4.4 3.8 4.1 8.0

Synechococcus (cells mL�1) 5306 6291 9198 4141

Synechococcus F cell�1 (a.u.) 17.5 27.2 19.3 79.7

a.u., arbitrary units; F, intracellular red fluorescence.
P* represents excess available phosphate based on a 16 : 1 N : P require-
ment of phytoplankton (= phosphate – nitrate/16).
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Specifically, no significant differences in Chl a were observed
between the control and those amended with P alone, whereas
the supply of N alone resulted in a significant increase (2.6-fold)
in Chl a, and the combined supply of N + P further enhanced
this (6.2-fold). Consistent with earlier experiments (Fig. 1a),
and in line with the elevated dissolved Fe concentrations
(0.59 nM; Table 1), supplying Fe in any nutrient combination
did not stimulate any further significant increases.

The responses of bulk Chl a were also generally reflected in
the cell abundances of Prochlorococcus and Synechococcus.
Neither group responded to P addition but Prochlorococcus
showed 1.2- and 2.4-fold increases in cell numbers following
supply of N or N + P, and Synechococcus showed 1.9- and
3.8-fold increases. Intracellular Chl a also showed no
responses to P addition, but serial responses to N then N + P
supply for Synechococcus (7.1- and 12.9-fold increases, respec-
tively), whilst responding the same to either N or N + P sup-
ply for Prochlorococcus (2.4-fold). As previously discussed
(Moore et al. 2008), there appear two likely interpretations of
the sequential enhancements following N then N + P: either
(i) N is the single nutrient limiting the in situ growth rates of
Prochlorococcus and Synechococcus, with phosphate concentra-
tions being low but non-limiting and that only following arti-
ficial N supply in the experiment does the increase in
phytoplankton biomass and associated artificial phosphate
drawdown lead to P limitation, or (ii) N and P are co-limiting
in situ growth rates, with N supply increasing growth rates to
an extent, but this is further enhanced by supply of N + P.

The inconsistency between responses in Prochlorococcus cell
abundances and intracellular Chl a has been observed previously,
with reductions in intracellular Chl a following N + P (+ Fe)
treatments in comparison to + N (+ Fe) treatments observed in
four out of the six experiments in Davey et al. (2008), which
were conducted in tropical Atlantic waters further to the south.
Davey et al. (2008) hypothesized that this resulted from the gen-
eration of smaller cells with lower intracellular Chl a under faster
growth following N + P addition, but this was not consistent
with changes in side scatter measurements, a proxy for cell size,
which generally show little change or small enhancements in N
+ P treatments over N alone (Supporting Information Fig. S1).
An alternative explanation is that under the N + P treatment,
both here and in Davey et al. (2008), Prochlorococcus occasionally
ran out of experimentally supplied ammonium due to the
enhanced growth of Synechococcus and other picoeukaryotic/
nanoeukaryotic phytoplankton and this was reflected accord-
ingly in reduced growth rates and intracellular Chl
a (Prochlorococcus has been found to be incapable of using nitrate
in previous experiments in this region; Moore et al. 2008). The
latter groups, unlike Prochlorococcus, can utilize both the experi-
mentally supplied ammonium and nitrate and thus potentially
maintain enhanced growth rates and intracellular Chl a in the
N + P treatment over the full experimental duration.

The low-level N and P matrix of additions provided fur-
ther insights (Fig. 2). Experiments were conducted with

low-magnitude nutrient amendments and relatively shorter
durations in order to restrict preferential growth and nutrient
utilization by initially rarer, larger phytoplankton with higher
nutrient affinities and faster growth rates. For all experiments,
picophytoplankton groups, especially Prochlorococcus and
Synechococcus, were always the most abundant assemblages in
initial surface waters (Table 1; Supporting Information Fig. S2).
Over the short experimental durations (24–36 h), combined
with the effects of grazing, changes in absolute cell abundances
were restricted, and clear trends were not observed (Supporting
Information Fig. S3), therefore preventing robust calculation of
net growth rates for the different groups. We focus our analysis
on changes in bulk Chl a concentrations, and intracellular Chl
a of Prochlorococcus and Synechococcus (responding more rapidly
and being less affected by grazing), which we cautiously inter-
pret as a proxy for changes in Chl : C ratios and, under the
identical temperature and light across experimental treatments,
specific growth rates (Supporting Information Text S1; Fig. S4).
Changes in side scatter for these groups, a proxy for cell size,
were restricted, with generally only small increases in response
to N amendments (Supporting Information Fig. S5); thus nor-
malizing intracellular Chl a (fluorescence per cell) to cell size
(side scatter) produced the same trends as intracellular Chl
a alone (Supporting Information Fig. S6).

Consistent with the “standard” experiment, adding a range
of low-level P (10, 20, and 30 nM) alone led to no increases
in bulk Chl a or intracellular Chl a of Prochlorococcus or
Synechococcus, with all remaining close to initial conditions
(Fig. 2). In contrast, supply of N alone in Experiments 1 and
2, and N + P in combination in Experiment 3 generally led to
both increased bulk Chl a concentrations and intracellular
Chl a of the two phytoplankton groups. That the increase in
bulk Chl a and intracellular Chl a in Experiments 1 and 2 gen-
erally only responded to N addition at the lowest supplied N
additions (100 nM for Prochlorococcus and 50 and 100 nM for
Synechococcus) pointed towards primary N limitation of spe-
cific growth rates in these two experiments, with P not
playing a direct co-limiting role. In contrast to the lowest level
N additions in Experiments 1 and 2 (50 and 100 nM), subse-
quent enhancements in both bulk Chl a and intracellular Chl
a were observed with increasing P addition at the highest N
addition (150 nM). This suggests that, with this artificial
N addition, the stimulated biomass accumulation (of larger
phytoplankton, as changes in Prochlorococcus and Syn-
echococcus numbers were not clear; Supporting Information
Fig. S3) and/or intracellular phosphate uptake of potentially
all phytoplankton groups (e.g., Zubkov et al. 2007), depleted
the initial available P (5 nM in both cases) to the extent that P
became serially growth-limiting. Furthermore, the accentuated
increases following progressively elevated P supply at the
highest N treatment (150 nM) in Experiment 2 in comparison
to Experiment 1 potentially reflected the longer incubation
duration of this experiment (36 vs. 24 h) and therefore more
time for P drawdown.
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The lack of response of Prochlorococcus to the smallest N
addition (50 nM) in Experiments 1 and 2, whilst Synechococcus
showed 2.9-fold increases in intracellular Chl a, is surprising.
Although Synechococcus might generally be expected to be
under stronger nutrient limitation than Prochlorococcus, due to
its moderately larger cell size (up to 1.5 μm cf. Prochlorococcus
diameter of � 0.6 μm) and subsequent smaller surface area to
volume ratio (Moore et al. 2013; Lomas et al. 2014), both
groups, if N limited, would be expected to respond to this nutri-
ent treatment. One hypothesis is that because Prochlorococcus is
less nutrient limited in situ than Synechococcus, this group had
invested less resources into ammonium uptake transporters
(García-Fern�andez et al. 2004) and therefore could not respond
as rapidly to increases in intracellular Chl a (and by extension,
growth rates). Alternatively, Prochlorococcus may have been opti-
mized to use more abundant organic forms of nitrogen such as
urea (Painter et al. 2008; Shilova et al. 2017) and amino acids
(Zubkov et al. 2003; Berthelot et al. 2021).

In contrast to Experiments 1 and 2, in Experiment 3, where
the supplied N concentrations were higher (100, 300, and
500 nM respectively), P appeared to be co-limiting with N
(Fig. 2c,f,i). This was identified via N supply alone (any

concentration) not enhancing either bulk Chl a concentrations
or intracellular Chl a of the two phytoplankton groups, but
required supplementary addition of at least the lowest P addi-
tion (10 nM). Furthermore, for this experiment with elevated N
supply concentrations, maximal bulk Chl a concentrations and
intracellular Chl a were already observed at the lowest N
(100 nM) and P (10 nM) additions, with subsequent higher
concentrations producing no further enhancement. This
suggested that these lowest additions were enough to saturate
requirements over the relatively short experimental timescale
(Lomas et al. 2014). The subsequent small decreases in intra-
cellular Chl a at the highest combined N + P additions, also
previously observed in multi-nutrient treatments in some
“standard” bioassay experiments (Davey et al. 2008; Brow-
ning et al. 2022), presumably represent more rapid depletion
of the supplied nutrients to growth-limiting levels over the
experimental timescale, due to a combination of the higher
initial phytoplankton concentrations (indicated by higher
Chl a concentrations; Table 1) and the increased growth of
larger phytoplankton, with capability for enhanced nutrient
uptake and storage, stimulated by larger nutrient additions at
this experimental site.
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Fig. 2. Low nutrient addition matrix experiments. Responses of (a–c) bulk chlorophyll a and intracellular red fluorescence (F cell�1; arbitrary units; a.u.),
a proxy for intracellular Chl a, of (d–f) Prochlorococcus and (g–i) Synechococcus. Circles, right-side up triangles, upside-down triangles, and squares denote
added phosphate concentrations at 0, 10, 20, and 30 nM, respectively. The incubation durations of Experiments 1, 2, and 3 were 24, 36, and 28 h,
respectively. All observations from the triplicate biologically independent replicates are shown. The solid lines indicate the treatment means. The horizon-
tal dashed lines indicate initial time measurements. Treatment means are compared using a one-way ANOVA followed by a post hoc Fisher’s LSD means
comparison test (statistically indistinguishable means are labeled with the same letter, p < 0.05). The F values for the ANOVAs of (a–i) were 19.8, 33.1,
22.7, 20.0, 13.9, 68.8, 207.5, 19.2, and 60.5, respectively.
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In summary, the low-level nutrient matrix of additions
suggested that, depending on the specific experimental condi-
tions at this single site, (i) N was independently limiting in
situ growth rates of Prochlorococcus and Synechococcus with no
co-limiting role for P (Experiments 1 and 2), or (ii) N and P
were simultaneously co-limiting growth rates (Experiment 3).
While the former matched many of the previous “standard”
nutrient addition experiments (Fig. 1; Davey et al. 2008;
Moore et al. 2008) in that N was exclusively limiting the
growth rates of Prochlorococcus and Synechococcus in the
natural, undisturbed seawater, the latter scenario of N–P co-
limitation could potentially be attributed to a shift in environ-
mental conditions. Specifically in our field campaign, an
intense rainfall event occurred immediately before the initia-
tion of Experiment 3, marked by a precipitation rate of up to
61 mm d�1 on 23–24 September (Yuan et al. 2023). In this
event, atmospheric aerosols, typically characterized by an N :
P ratio of > 500 (Baker et al. 2010; Zamora et al. 2013), were
deposited into surface seawater. Yuan et al. (2023) showed
that this extra N supply was quickly exhausted to support a
� 2-fold increase in Chl a biomass (also see Table 1). Making
the reasonable assumption that P supply from the rainfall
event was minimal (Baker et al. 2010; Zamora et al. 2013), we
hypothesize that this external N supply and the subsequent
phytoplankton biomass enhancement depleted bioavailable P
in seawater (including phosphate and bioavailable dissolved
organic P). Although noting that any reduction in the residual
phosphate was too low to be discernible (measured as 7 nM;
Table 1), alongside high levels of plasticity in phytoplankton
N : P requirements (Klausmeier et al. 2004; Martiny
et al. 2013), we expect this N addition to have resulted in an
intensification of P stress, as is often observed following the
artificial N addition in bioassay experiments in low P settings
(Mahaffey et al. 2014; Browning et al. 2017). Therefore, N lim-
itation versus N–P co-limitation appears to be sensitive to
changes in external supply ratios of N versus P in a N–P
co-depleted system such as the (sub)tropical North Atlantic
Ocean.

Bioassay experiments can be challenging to unambiguously
interpret in terms of nutrient co-limitation of in situ specific
growth rates due to the potential for drawdown of low con-
centration, but not initially limiting, nutrients over experi-
mental timescales. Here, we attempted to address this by
conducting a matrix of low-level nutrient additions with rela-
tively short incubation durations and detecting intracellular
Chl a as a relative indicator for specific growth rates. As previ-
ously discussed, an important assumption of this approach is
assuming co-variability between intracellular fluorescence of
either Prochlorococcus or Synechococcus and their specific
growth rates. With this caveat, our results agree with previous
“standard” bioassay experiments in suggesting N limitation, or
occasional N–P co-limitation, of phytoplankton growth rates
in the subtropical North Atlantic Ocean (e.g., Graziano
et al. 1996; Moore et al. 2008; Browning et al. 2017). In this

case, our experimental results would point toward strong phy-
toplankton P stress, as observed in this ocean region in Ustick
et al. (2021), presumably reflecting enhanced physiological
adjustments to low P availability, while not directly reflecting
proximal P limitation of growth.

To our knowledge, our results present the first field experi-
mental observation of very rapid (� 1 d) temporal shifts in
ocean phytoplankton nutrient limitation to transient environ-
mental forcing. The transition from N limitation to N–P co-
limitation observed here following a major rainfall event
underscores the susceptibility of systems where multiple nutri-
ents are depleted to switches in limiting nutrients, and can
potentially be extended to other nutrient combinations else-
where in the global ocean, for example, Fe and either N, man-
ganese, or vitamin B12 (Browning and Moore 2023). Our study
therefore furthermore prompts a deeper consideration of the
ensuing biogeochemical implications of nutrient limitation
shifts in oceanic ecosystems.

Data availability statement
Data are stored and available on Zenodo (https://zenodo.

org/doi/10.5281/zenodo.10476992).
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