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We have a limited understanding of the consequences of variations
in microbial biodiversity on ocean ecosystem functioning and global
biogeochemical cycles. A core process is macronutrient uptake by
microorganisms, as the uptake of nutrients controls ocean CO2 fixa-
tion rates in many regions. Here, we ask whether variations in
ocean phytoplankton biodiversity lead to novel functional relation-
ships between environmental variability and phosphate (Pi) uptake.
We analyzed Pi uptake capabilities and cellular allocations among
phytoplankton groups and the whole community throughout the
extremely Pi-depleted western North Atlantic Ocean. Pi uptake
capabilities of individual populationswerewell described by a classic
uptake function but displayed adaptive differences in uptake capa-
bilities that depend on cell size and nutrient availability. Using an
eco-evolutionary model as well as observations of in situ uptake
across the region, we confirmed that differences among popula-
tions lead to previously uncharacterized relationships between
ambient Pi concentrations and uptake. Supported by novel theory,
this work provides a robust empirical basis for describing and un-
derstanding assimilation of limiting nutrients in the oceans. Thus, it
demonstrates that microbial biodiversity, beyond cell size, is impor-
tant for understanding the global cycling of nutrients.
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The composition of microbial communities varies among dif-
ferent ocean regions and along environmental gradients (e.g.,

refs. 1 and 2). This variation includes phylogenetic, genomic, and
functional diversity among and between heterotrophic or auto-
trophic groups. Presently, we have a limited understanding of the
consequences of these different levels of microbial biodiversity
on specific processes and more broadly on global ocean bio-
geochemical cycles (3). An important process is macronutrient
uptake by microorganisms, as the uptake of nitrate and/or in-
organic phosphate (Pi) controls ocean CO2 fixation rates in many
regions (4). Indeed, mathematical descriptions of nutrient up-
take are at the heart of most marine ecosystem models (5). The
ability of microorganisms to assimilate nutrients as a function of
concentration is commonly described by a hyperbolic uptake
kinetics curve (6, 7). Analogous to the classical Michaelis–Menten
curves for enzyme kinetics (8), the parameters quantifying this
relationship are the maximum uptake rate (Vmax), the half-sat-
uration concentration (Ks), and the ratio of the two parameters
named the nutrient affinity (α). Despite the importance of ac-
curate descriptions of nutrient uptake capabilities for the un-
derstanding of competition and ocean biogeochemistry (7), our
knowledge of these properties is mostly limited to laboratory
studies of cultured strains (9). However, culture-based kinetics
estimates would suggest plankton are proliferating at <25% of
the growth rates observed in the oligotrophic subtropical gyres.
Thus, we need to quantify this key process in naturally competing
populations (10–12) and explain the discrepancies. Furthermore,
we have a limited quantitative knowledge of in situ uptake capa-
bilities under conditions where the focal nutrient is extremely
depleted. The latter is important as marine microorganisms like

Prochlorococcus often have unique genomic adaptions to maxi-
mize nutrient assimilation under such conditions (13, 14).
To address this lack of knowledge for a globally relevant

ecosystem process, we here aimed at identifying the influence
of different levels of microbial biodiversity on in situ Pi uptake
in the western subtropical North Atlantic Ocean. Phosphate
plays a central role in regulating the functioning of microbial
communities in this region as the surface waters likely have the
lowest Pi concentration observed anywhere in the ocean (15). We
used a combination of shipboard cell sorting and isotopically la-
beled Pi to quantify nutrient uptake capabilities for the whole field
community and four phytoplankton groups of different sizes—
Prochlorococcus, Synechococcus, small eukaryotes (<20 μm), and
the nitrogen fixer Trichodesmium. We asked the following: (i) do
the in situ Pi uptake capabilities differ among abundant phyto-
plankton groups, (ii) what is the variation in uptake capabilities
within each group between environments, and (iii) what is the
integrative effect of marine microbial diversity and environmental
variability on nutrient uptake across the region? The answers to
these questions will provide both a theoretical and empirical basis
for describing how microbial diversity affects a core ocean eco-
system process.

Results
We first examined the uptake capabilities for the whole community
and four phytoplankton groups—Prochlorococcus, Synechococcus,
small eukaryotes (<20 μm), and the nitrogen fixer Trichodesmium
(Fig. 1 and Fig. S1) across a range of environments (Fig. S2). When
we experimentally added increasing concentrations of Pi, the
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nutrient uptake response closely resembled a hyperbolic shape
for all discrete populations as well as the whole community (R2 >
0.9, Fig. 1 and Fig. S1). We then estimated the parameters Ks,
Vmax, and affinity (α) (Table S1) and found significant (one-way
ANOVA, P < 0.05) differences in Ks among phytoplankton
groups (Fig. S3 and Table S1). Prochlorococcus had the lowest
average Ks followed by Synechococcus, small eukaryotic phyto-
plankton, and Trichodesmium, respectively. In comparison, the
whole microbial community was characterized by Ks values be-
tween those of Prochlorococcus and Synechococcus, the most
abundant autotrophs. There was also significant variation in Vmax
among phytoplankton lineages (one-way ANOVA, P < 0.05),
and the order was analogous to Ks.
We then examined whether differences in uptake abilities

were related to cell size and found a significant positive rela-
tionship for both Ks and Vmax (Fig. 2 A and B, PSpearman < 0.05),
but not affinity. The latter would suggest that small cells do not
have a distinct competitive advantage at very low substrate

concentrations. However, we also measured the Pi cell quota
(Qp) for all groups (Table S1) and observed that affinity nor-
malized to Qp ranked Prochlorococcus > Synechococcus >
eukaryotic phytoplankton > Trichodesmium. An identical pattern
was observed for Vmax normalized to Qp. Thus, Prochlorococcus
had the highest potential for uptake in relation to demand at low
concentrations, despite having a low absolute Vmax.
In addition to size-dependent variations across phytoplankton

groups, we also observed differences in nutrient uptake capa-
bilities within each group. For example, samples 2 and 10 at the
Bermuda Atlantic Time-series during the highly stratified late
summer/early fall period consistently had a higher Vmax but not
Ks for the whole community and three discrete phytoplankton
lineages in comparison with samples from the less stratified
springtime (numbers 4 and 5) (Fig. 1 and Table S1). Similarly, we
observed a higher Vmax for a surface (number 5) vs. 80 m sample
(number 6) (Fig. S4). We hypothesized that these differences
were related to Pi availability. To investigate this result further,

Fig. 1. In situ phosphate uptake curves for the whole community (A–D), Prochlorococcus (E–G), Synechococcus (H–K), and eukaryotic phytoplankton (L–O). The
lines represent the best fit of a hyperbolic curve. Each row represents the whole community or specific population and each column represents a discrete station as
listed in Table S1 and noted at the top of the panels. In B, F, I, and M, data from both October and March are shown as denoted in the legend in F. C, G, J, and N
show samples from 39°N taken ∼1 y apart. Triangle symbols and associated error bars represent the mean ± SD of duplicate experiments at this station.
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we compared uptake capabilities to ambient Pi concentration at
the time of sampling and found Vmax, and especially affinity,

were negatively correlated to Pi (Fig. 3, PANCOVA < 0.05). In
further support, Vmax was lower in Prochlorococcus field pop-
ulations from samples with higher Pi from the North Pacific
Ocean (10). Thus, populations growing in low Pi environments
showed significantly enhanced uptake capabilities.
We finally asked whether the presence of the observed

physiologically (and possibly genetically) diverse populations
would influence the link between nutrient availability and in
situ uptake (VPi) across environments. To address this, we
developed an eco-evolutionary model in which, according to
our observations, each lineage was influenced by a size-dependent
scaling of Ks and Vmax (resulting from adaptation) as well as
a regulation of the concentration of transport proteins (and
associated Vmax) in response to ambient nutrient availability
(i.e., acclimation) (Fig. S5). This theoretical model predicted
a relationship between ambient Pi and VPi that was very dif-
ferent from a traditional Michaelis-Menten–type curve. Moreover,
in contrast to a classic hyperbolic model, the emergent uptake
curves accurately replicated our measurements of VPi of four
phytoplankton groups in samples collected across the whole
Western North Atlantic region (Fig. 4 and Fig. S2). However,
our model required specific allometries for each phytoplankton
group, which suggested that size alone could not describe differ-
ences in Pi uptake between the lineages. Overall, these biodiversity
effects also manifested themselves on the whole-community VPi,
where a linear fit replicated our observations better than a hyper-
bolic one (Fig. S6). These results highlight how the interaction of
size and lineage diversity with physiological plasticity of phyto-
plankton had a direct impact on in situ nutrient uptake patterns
in this region.

Fig. 2. Relationship between Ks, Vmax, and cell mass across phytoplankton
groups. Due to difficulties of accurately estimating cell volume, we used
cellular carbon biomass as a proxy for cell size (31).
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Fig. 3. Relationships between the ambient Pi concentration and uptake capabilities (i.e., Ks, Vmax, and α) for the whole community and Prochlorococcus,
Synechococcus, and eukaryotic phytoplankton populations.
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Discussion
Theoretical studies and culture data have both suggested that
differences in microbial biodiversity can have an impact on nutrient
uptake capabilities (5, 9, 16). Our results support culture studies
showing an allometric scaling of Ks and Vmax (9) including the
lowest values in the small Prochlorococcus and Synechococcus. A
recent compilation of available marine culture data does not report

data for organisms as small as Prochlorococcus and Synechococcus
(9), but based on their size, the values for Prochlorococcus and
Synechococcus cells fall well below the predicted allometric line.
Indeed, the best possible match between our eco-evolutionary
model output and observations could only be achieved by using
lineage-specific allometries for the traits involved. As a result,
uptake capabilities of a given lineage cannot solely be described
by specific cell size-dependent Ks and Vmax values.
Biodiversity may also influence nutrient uptake by a taxonomic

group via differences in genomic content (14, 17, 18) and asso-
ciated physiological capabilities of the cells (19, 20). We see strong
support for a variation in uptake capabilities within populations
that is likely linked to acclimation through the regulation of nu-
trient transporters in response to changes in the nutrient envi-
ronment. To illustrate this further, we examined the ratio of Vmax
to Qp, which can be interpreted as a proxy for the maximum
growth rate (if we assume no leakage). However, we find values up
to 27 d−1 for Prochlorococcus and 7.7 d−1 for Synechococcus,
which are much higher than previously described maximum
growth rates for these groups (21, 22). This suggests that at least
Prochlorococcus and Synechococcus have highly induced active Pi
transporters at very low substrate levels. A maintenance of high
Vmax under strongly nutrient-limited conditions has been ob-
served in marine diatom cultures (20), but this is the first dem-
onstration (to our knowledge) of such Vmax response mechanism
in natural phytoplankton populations from the open ocean.
Identifying the linkages between marine biodiversity, envi-

ronmental variation, and nutrient uptake rates has significant
biogeochemical implications. A Prochlorococcus Ks of 0.8 nM
reported here is the lowest value detected for any group yet, and
we generally see high uptake rates for the whole community at
low Pi. Thus, our data suggest that abundant phytoplankton
groups can readily satisfy their P requirements, whether directly
from Pi or from hydrolysed dissolved organic phosphorus, at less
than 10 nM, and thus lower the threshold for when Pi becomes
limiting for growth. Our nutrient kinetics values are consistent
with past studies of Trichodesmium (11) as well as the whole
community (23) but add important quantitative information for
specific unicellular lineages. Another biogeochemical conse-
quence of our work concerns the parameterization of nutrient
uptake in ocean models and associated skills in predicting fu-
ture ocean chemical conditions, competition for limiting nutrients,
and estimates of primary production. Several ocean biochemical
models use Ks for Pi above 0.5 μM (24, 25), which results in gross
model overpredictions of dissolved Pi concentrations in many
oligotrophic regions. As a corollary, this results in underestimation
of primary production, which is important given the interest in
predicting future rates of biological productivity in ocean gyres.
Furthermore, given the hypothesis that open ocean gyres will
continue to expand into the future due to increasing stratifica-
tion (26), these data suggest that a priori assumptions about
reductions in ocean productivity need to be reevaluated.
We find strong support for a hyperbolic link between Pi and

uptake for individual populations, but the summed outcomes for
Pi uptake by specific microbial lineages across environmental
gradients in Pi have a unique functional form. These results likely
apply to a large fraction (∼30%) of the global ocean surface area
where Pi is similarly low. Thus, static Ks and Vmax parameters for
individual populations do not adequately describe the uptake
rates across the region. Therefore, we recommend including
these quantitative responses (e.g., much lower Ks values, feed-
back from plastic or adaptive responses, etc.) in ocean models if
the aim is to accurately identify ecosystem processes in oligo-
trophic regions. This may be particularly pertinent if the goal is
to predict future ocean biogeochemistry where increased warming
may lead to decreases in Pi concentration (26) but not necessarily
in phytoplankton abundances (27).
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Methods
Sample Collection. The data presented in this study were collected on seven
cruises throughout the western North Atlantic Ocean (cruise X0606, X0705,
X0804, BVAL 39, BVAL 46, AE1206, and AE1319). All samples for Pi uptake
rates and kinetics experiments were collected in acid-cleaned Niskin bottles
and kept in subdued lighting until experiments were initiated (<1 h).
Samples for whole-community ambient uptake rates were collected from
approximately four depths in the upper 60 m, whereas samples for taxon-
specific ambient uptake rates were collected from 5 m, 40 m, and the
deep chlorophyll maximum (ranging from 80 to 120 m) (28). Trichodes-
mium colonies were collected from the near surface (roughly within the
top 20 m) by vertically hauling a handheld 100-μm net. Single colonies
were transferred a second time into fresh 0.2-μm–filtered water to reduce
contamination of closely associated organisms, and subsequently sepa-
rated by morphotype (either “puff” with radial trichomes or “raft” with
parallel trichomes); only data for rafts are presented here.

33Phosphate Incubations. The approach for ambient whole community and
population-specific uptake rate measurements were previously published (28).
Briefly, duplicate aliquots of 10 mL of seawater were amended with 0.15 μCi
(∼80 pmol·L−1) additions of H3

33PO4 (3,000 Ci·mol−1; PerkinElmer), and incu-
bated for 30–60 min in subdued lighting (∼100 μmol photons·m−2·s−1) at ∼23 °C.
This temperature was within ∼3 °C of the coolest/warmest in situ tempera-
ture from which the samples were collected. The duration of each incubation
varied depending on turnover time of the added isotope, such that efforts
were made to keep uptake to <25% of the tracer added. Duplicate killed
control incubations were conducted for each station. Killed controls were
amended with paraformaldehyde (0.5% final concentration) for 30 min
before the addition of isotopic tracer and incubation. Whole-community
incubations were terminated by filtration onto 0.2-μm polycarbonate filters
that were subsequently placed in glass scintillation vials. Population-specific
ambient uptake incubations were terminated by the addition of para-
formaldehyde (0.5% final concentration), and stored at 4 °C until sorting
(<12 h) as described in the next section.

Whole-community and population-specific kinetics experiments were
conducted by adding 0.15 μCi (∼80 pM) of H3

33PO4 to ∼10 replicate 10-mL
seawater samples that were further amended by increasing additions of
“cold” KH2PO4 up to 100 nM. Samples were incubated as above, but the
incubations were terminated by the addition of KH2PO4 to a final concen-
tration of 100 μM (29). Whole-community samples were filtered onto 0.2-μm
polycarbonate filters and rinsed with an oxalate wash (30). Surface-bound
phosphate in population-specific samples was accounted for by subtracting
33P counts for sorted populations to which 100 μM phosphate had been
added before addition of the isotopic tracer. It is assumed that addition of
such a high level of phosphate would result in negligible uptake of ra-
dioactive phosphate, and thus any signal was attributed to surface ab-
sorption; this correction was always <2–3%. Population-specific kinetics
experiments for samples collected in the deep chlorophyll maximum were
first gravity concentrated and resuspended in phosphate-free Sargasso Sea
surface water before incubation as described. Population-specific samples
were stored at 4 °C in the dark until sorting (<3 h) as described in the next

section. Kinetics experiments for Trichodesmium spp. were conducted
in the same manner as above for whole community samples but with
picked and rinsed colonies and increasing additions of cold KH2PO4 up to
1,000 nM.

Flow Cytometry Analysis and Cell Sorting. Samples were sorted on an InFlux
cell sorter (BD) at an average flow rate of ∼40 μL·min−1. Samples were sorted
for Prochlorococcus, Synechococcus, and an operationally defined eukaryotic
algae size fraction (eukaryotes >2-μm). A 100-mW blue (488-nm) excitation
laser was used. After exclusion of laser noise gated on pulse width and forward
scatter, autotrophic cells were discriminated by chlorophyll fluorescence
(>650 nm), phycoerythrin (585/30 nm), and granularity (side scatter). Sheath
fluid was made fresh daily from distilled deionized water (Millipore) and
molecular-grade NaCl (Mallinckrodt Baker), prefiltered through a 0.2-μm
capsule filter (Pall), and a STERIVEX sterile 0.22-μm inline filter (Millipore).
Mean coincident abort rates were <1% and mean recovery from secondary
sorts (n = 25) was 97.5 ± 1.1% (data not shown). Spigot (BD) and FCS Express
V3 (DeNovo Software) were used for data acquisition and postacquisition
analysis, respectively. Sorted cells from each sample were gently filtered
onto 0.2-μm Nucleopore polycarbonate filters, rinsed with copious amounts of
0.2-μm–filtered seawater, an oxalate wash (30), and placed in a 7-mL scintil-
lation vial for liquid scintillation counting.

Data Analysis. Parameters for the hyperbolic nutrient uptake curves from all
samples were estimated in SigmaPlot (Systat Software; version 10), and the
ANCOVA analysis was done with R. All other statistical analyses were done in
Matlab (MathWorks).

Biodiversity Uptake Model with Adaptation and Acclimation. To develop a
theoretical model capable of predicting phosphate uptake and kinetic
parameters Vmax and Ks observed in the field across diverse populations,
we used standard expressions for growth (Droop) and uptake (Michaelis–
Menten). To these expressions, we added the possibility for phytoplankton
to regulate kinetic parameters in reaction to environmental changes. We
explicitly did not include the option of shifting expression between high-
and low-affinity transporters as at least Prochlorococcus and Synechococcus
only contain one type of Pi transporter system (14, 18). We then considered
this ecological description within an evolutionary framework, which allowed
us to calculate the most competitive within-taxon strain for each environ-
mental setup. For each taxon, the compilation of winning strains in different
locations provided the data we then contrasted with our observations (see SI
Text for further details and Table S2 and Fig. S7 for model results). We did
not include Trichodesmium in this comparison, as we did not measure am-
bient uptake rates for this lineage.
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