Check for
updates

Environmental control of marine phytoplankton
stoichiometry in the North Atlantic Ocean

Boris Sauterey®"'(, and Ben A. Ward®

2Department of Ecology and Evolutionary Biology, University of Arizona, Tucson, AZ 85721; PInstitut de Biologie de I'Ecole Normale Supérieure, CNRS, INSERM,
Université Paris Sciences et Lettres, 75005 Paris, France; and “Ocean and Earth Science, University of Southampton, SO14 3ZH Southampton, United Kingdom

Edited by Donald Canfield, Institute of Biology, Syddansk Universitet, Odense M., Denmark; received August 7, 2021; accepted November 17, 2021

The stoichiometric coupling of carbon to limiting nutrients in
marine phytoplankton regulates the magnitude of biological car-
bon sequestration in the ocean. While clear links between plank-
ton C:N ratios and environmental drivers have been identified, the
nature and direction of these links, as well as their underlying
physiological and ecological controls, remain uncertain. We show,
with a well-constrained mechanistic model of plankton ecophysiol-
ogy, that while nitrogen availability and temperature emerge as
the main drivers of phytoplankton C:N stoichiometry in the North
Atlantic, the biological mechanisms involved vary depending on
the spatiotemporal scale and region considered. We find that phy-
toplankton C:N stoichiometry is overall controlled by nitrogen
availability below 40° N, predominantly driven by ecoevolutionary
shifts in the functional composition of the phytoplankton commu-
nities, while phytoplankton stoichiometric plasticity in response to
dropping temperatures and increased grazing pressure dominates
at higher latitudes. Our findings highlight the potential of
“organisms-to-ecosystems” modeling approaches based on mecha-
nistic models of plankton biology accounting for physiology, ecol-
ogy, and trait evolution to explore and explain complex
observational data and ultimately improve the predictions of
global ocean models.

phytoplankton stoichiometry | marine ecology | biogeochemical cycles |
community ecology

he elemental composition of phytoplankton biomass, particu-
larly its C:N:P:Fe ratio, is a crucial aspect of ocean biogeo-
chemistry (1-4). The stoichiometry of biological uptake—relative
to the ratio of supply—determines which nutrients are limiting to
growth. Additionally, the ratio of carbon to the limiting nutrient
in organic matter determines the maximum amount of carbon
that can be fixed and exported for a given nutrient supply. Phyto-
plankton stoichiometry is therefore a key component of the effi-
ciency of the biological carbon pump, and as such, understanding
its sensitivity to environmental change is key to understanding
ongoing changes to the marine ecosystem and climate (3, 4).
Although phytoplankton stoichiometry appears to be relatively
well constrained when averaged over the global ocean, trends
have been observed across a range of spatiotemporal scales (1-7).
This suggests some level of environmental control, with significant
correlations between the stoichiometry of marine organic matter
and environmental and biological factors (4-9). However, strong
intercorrelations between light, temperature, nutrient availability,
and planktonic diversity makes it difficult to identify which
(if any) of these relationships are causal (4). This difficulty is also
partially attributable to an incomplete understanding of the bio-
logical mechanisms involved. For example, it remains unclear
whether the observed variations result from the physiological
(plastic) response of phytoplankton organisms to the variability of
their environment, from ecological shifts between competing phy-
toplankton populations, or from the adaptive evolution of phyto-
plankton traits.
To address these questions, we use a simple model of plank-
ton ecophysiology. Based on experimental observations
(10-13), the model resolves how temperature and nutrient
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availability shape the physiology of phytoplankton organisms
depending on their size (i.e., how they influence nutrient uptake
and division rates and hence phytoplankton stoichiometry—
see model description and SI Appendix, Supplementary Discussions
SI1 and SI2). Nitrogen (N) being the most limiting nutrient to
phytoplankton growth over most of the global ocean, including in
the North Atlantic (14, 15), we here focus on C:N stoichiometry.
Based on this parametrization of phytoplankton physiology, the
model resolves the ecology and evolution in size of phytoplank-
ton and zooplankton populations involved in competitive and
trophic interactions. This formulation allows the emergence of
the functional composition of plankton communities according to
well-established ecophysiological constraints and environmental
conditions (16-19).

We use this model to disentangle the respective role of N
availability, temperature, and additional environmental drivers
in controlling the C:N ratio of phytoplankton biomass and to
identify the biological mechanisms involved at different tempo-
ral and spatial scales by confronting the model predictions with
multiple observational datasets.

Results

Ecophysiological Basis of Phytoplankton C:N Ratio. To illustrate
the ecophysiological mechanisms underlying the environmental
control of phytoplankton stoichiometry, we simulate a highly
idealized, initial scenario: a single population of phytoplankton

Significance

As they grow, die, and sink into the ocean’s interior, oceanic
phytoplankton drive the so-called biological carbon pump,
one of the main biological processes regulating atmospheric
carbon concentrations. The biological carbon pump is, there-
fore, key to climate regulation. Its efficiency is largely deter-
mined by the coupling of marine biology to ocean
geochemistry through the C:N:P:Fe stoichiometry of phyto-
plankton biomass, yet what determines this stoichiometry
remains poorly understood. Based on a model of plankton
biology, we characterize control mechanisms of the C:N ratio
of phytoplankton biomass in the North Atlantic, which
explain extensive sets of apparently conflicting observations.
These findings could improve the predictive ability of global
ocean models regarding climate change and the role of
marine biology in its mitigation/aggravation.

Author contributions: B.S. and B.A.W. designed research; B.S. performed research; B.S.
contributed new reagents/analytic tools; B.S. analyzed data; and B.S. and B.A.W.
wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-
NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND).

"To whom correspondence may be addressed. Email: boris.sauterey@biologie.ens.fr.

This article contains supporting information online at http://www.pnas.org/lookup/
suppl/doi:10.1073/pnas.2114602118/-/DCSupplemental.

Published December 23, 2021.

https://doi.org/10.1073/pnas.2114602118 | 1 of 6

>
O
=]
-
[=]
()
e}



http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114602118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114602118/-/DCSupplemental
https://orcid.org/0000-0001-6164-756X
https://orcid.org/0000-0003-1290-8270
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:boris.sauterey@biologie.ens.fr
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114602118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114602118/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2114602118&domain=pdf&date_stamp=2022-01-07

with a fixed size (from now on expressed as equivalent spherical
diameter, or ESD), exploiting a steady influx of nutrient. If
nutrients are scarce, uptake by the phytoplankton is slow rela-
tive to the maximum achievable rate of cell division. As a result,
the phytoplankton nutrient content drops, and the C:N ratio
increases (Fig. 14). Conversely, if nutrients are abundant,
uptake is fast, and division becomes limiting to phytoplankton
growth. Nutrients accumulate within the cell, and the C:N ratio
drops. Variation of phytoplankton C:N stoichiometry is
bounded by maximal and minimal values, respectively, deter-
mined by the minimal structural content of the phytoplankton
cell in nutrient, O, and by the intracellular dynamical equi-
librium between saturated uptake (Vuq) and division (,,,,, ) rates
in conditions of nutrient excess (SI Appendix, Supplementary
Discussion SI1). The size dependence of phytoplankton physio-
logical properties predicted by the model can be summarized as
follows: 1) the larger phytoplankton is characterized by a higher
stoichiometric plasticity, 2) the maximum C:N ratio increases log
linearly with phytoplankton size (as Q,., decreases with size),
and 3) the minimum C:N ratio is maximized by intermediate
cell sizes.

Although this stoichiometric plasticity is not directly influ-
enced by temperature, indirect effects emerge as nutrients are
drawn down to lower levels in warmer environments (as repre-
sented by their temperature-dependent R}, value—see S/
Appendix, Supplementary Discussion SI1). By accelerating phy-
toplankton metabolism, higher temperatures result in 1) larger
ranges of viable phytoplankton sizes, 2) overall lower R}, and
3) Ry, being minimized by phytoplankton of smaller size (ESD
of 2 to 3 pm at 5°C and 0.3 to 0.4 um at 25 °C; Fig. 1B).

As it sets equilibrium conditions of nutrient availability (Fig.
1B), we predict phytoplankton size to have an indirect effect on
phytoplankton stoichiometry (Fig. 1C). Small phytoplankton
can deplete inorganic N to very low R}, values but are charac-
terized by low stoichiometric plasticity and low, structural C:N
ratios. On the other hand, large phytoplankton can exhibit very
high C:N ratios in nutrient-depleted conditions but have a lim-
ited ability to generate such conditions. As a result, and as pre-
viously observed in laboratory experiments (10), C:N ratios (in
monocultures at equilibrium) are maximal for phytoplankton of
intermediate sizes, who have both the capacity to deplete N
and the physiological plasticity to be affected by it. The size
associated with maximal C:N, furthermore, shifts toward larger
organisms at higher temperature (Fig. 1C), as the capacity of
larger phytoplankton to deplete nutrients increases with tem-
perature (Fig. 1B).

When comparing our predictions to previous observations
(10, 20-22), we note that attempts to characterize the in situ
link between cell size and C:N stoichiometry may often be con-
founded by uncontrolled variations in environmental conditions
and taxonomic differences across size classes. For instance,

results from Lomas et al. (20) and Martiny et al. (6) suggest
that cyanobacteria exhibit in average higher-C:N ratios than the
larger eukaryotes they coexist with, while Baer et al. (21) seem
to show the opposite, and Garcia et al. (22) remain inconclusive
regarding the existence of a link between size and C:N stoichi-
ometry among eukaryotes. Those claims can, however, be rec-
onciled when considering that larger eukaryotes can exhibit
both very high or very low C:N ratios depending on the envi-
ronmental conditions, which is both confirmed by the review by
Tanioka et al. (23) and predicted by our model. Additionally,
our predictions are both supported by experimental data pre-
sented in the Maranon et al. study (10) used to parametrize the
size dependence in our model and conserved when using alter-
native datasets (11) to parametrize size dependence (SI
Appendix, Supplementary Discussion SI5).

Seasonal Control of Phytoplankton C:N Ratio in Oligotrophic
Systems. Having established the principal physiological mecha-
nisms in play at the cellular level at equilibrium, we next con-
sider the implications of these mechanisms within a seasonally
varying environment, here an idealized representation of the
seasonal cycle at the Bermuda Atlantic time series study site
[BATS dataset (24); Fig. 2]. This overall oligotrophic system is
characterized by a mild seasonal variation of temperature (Fig.
24) and by generally nutrient-depleted conditions interrupted
by a nutrient pulse during wind-driven winter mixing (Fig. 2B).
Observations show that the C:N stoichiometry of the particu-
late organic matter is at its lowest during the winter (January
through March) and at its highest during the nutrient-depleted
summer (June through September; Fig. 2C). These observa-
tions thus suggest either a negative relationship between the N
availability and the C:N ratio or a positive relationship with
temperature. As shown by our exploration of the ecophysiologi-
cal basis of phytoplankton stoichiometry, our model provides a
mechanistic explanation for both those relationships. Increasing
the model complexity only minimally, we simulated the dynam-
ics of a single population of small nanoplankton [representing
the ~2-pum diameter phytoplankton that dominate this habitat
(25)] controlled by a single population of zooplankton. With
seasonal temperature and nutrient input forcing parametrized
according to field data (24), our model predicts the C:N stoichi-
ometry of the phytoplankton to match almost perfectly with the
monthly median of the observations. We then ran the model
with each of the two environmental drivers varying in isolation
throughout the year (the other one remaining constant). We
found that while seasonal variations of nutrient alone could
reproduce the observed variations in C:N stoichiometry, those of
temperature could not (SI Appendix, Supplementary Discussion
S16). This suggests a predominant role of N availability relative to
temperature in controlling the C:N stoichiometry of phytoplank-
ton biomass.
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Fig. 1. (A) Size dependence of phytoplankton stoichiometric plasticity in response to nutrient availability. Nutrient availability at equilibrium in axenic

ecosystems as a function of phytoplankton size (expressed as its equivalent spherical diameter, ESD, in um) and local temperature (B) and corresponding
C:N phytoplankton stoichiometry (C). The dashed black lines in A and C correspond to the maximum and minimum values of the C:N stoichiometry of phy-
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respectively; see SI Appendix, Supplementary Discussion SI1).
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Fig. 2. The blue shaded areas and dots corresponds to the annual variation of the temperature (A), N availability (B), and the C:N ratio of the organic
matter (C) observed in the Bermuda station [data from the 1988 to 2019 (24)]. Red dots highlight the most and least nutrient-rich period of the year.
Each of the superimposed blue layers corresponds to the interval between the x and 1-x quantiles of the distributions (with x ranging from 0.05 to 0.49),
the “bluest” section therefore representing the medians. The inputs of our model in terms of temperature (A) and its prediction in terms of nutrient
availability (B) and C:N stoichiometry of a single population of small phytoplankton (equivalent spherical diameter of ~2 um) (C) throughout the year and

as a function of one another (D) and are represented with black solid lines.

Our results, therefore, confirm the previously described
(23, 26-29) negative relationship between nutrient availability
and C:N ratio in oligotrophic systems and highlight stoichio-
metric plasticity as the most plausible biological mechanism. It
has been previously suggested that this relationship could be
used to extrapolate the spatial distribution of phytoplankton
stoichiometry in the ocean (27-29). This can be reasonably
done only if the plastic response of the phytoplankton to N
availability is the principle driver of phytoplankton stoichiome-
try across large spatial scales. In the following section, we will
test whether this is the case.

Latitudinal Control of Phytoplankton’s C:N Ratio in the North
Atlantic. To test this hypothesis, we looked at the spatial varia-
tion of the C:N stoichiometry across the North Atlantic based
on a large collection of data broadly distributed across the
North Atlantic basin compiled by Martiny et al. (7) from sev-
eral studies, completed with Atlantic Meridional Transect
(AMT) data, including observations made at higher latitudes
(SI Appendix, Fig. 64). Fig. 3 shows the observed C:N ratio as a
function of latitude in the North Atlantic. The C:N ratio shows
an oscillating latitudinal pattern, with peaks at 0 and 40° N and
much lower values found in the oligotrophic subtropical gyre at
20° N (SI Appendix, Fig. 6B and SI Appendix, Supplementary
Discussion SI7) and in the polar and subpolar regions. This lati-
tudinal pattern reveals a more complex relationship between
nutrient availability and C:N stoichiometry than a straightfor-
ward negative link to nutrient supply—the N to C:N relation-
ship appears to be positive between 0 and 40° N, becoming
negative at higher latitudes. Two potentially complementary
hypotheses can explain this apparent contradiction between
observations made at the local and global scales. First, other
environmental factors, not contributing to variability in the
Bermuda system, could be at play when considering the ocean-
wide distribution of the C:N stoichiometry. Could temperature,
for instance, play a role in the latitudinal control of phytoplank-
ton stoichiometry? Second, phytoplankton plasticity might not
be the only biological mechanism involved in the environmental
control of phytoplankton stoichiometry. The shifts in the size
composition of the phytoplankton with latitude in response to
latitudinal shifts in environmental conditions is a well-studied
phenomenon (30). Can ecoevolutionary shifts in the size com-
position of plankton communities then be responsible for the
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observed pattern of latitudinal variation of the phytoplankton
C:N ratio?

We ran our model of the plankton community to simulate
the ecoevolutionary emergence of the size composition of those
communities along an idealized, environmental gradient repre-
sentative of the North Atlantic transect (31) (Fig. 3B). Our
model predicts how the environmental conditions (temperature
and nutrient availability) dictate the range of viable phytoplank-
ton size (i.e., that could colonize the system in the absence of
competitors and predators) along the gradient (Fig. 3C and SI
Appendix, Supplementary Discussion SI3). It then predicts how
ecoevolutionary processes drive the emergence within this size
range of the size distribution of the phytoplankton community
(see model description; Fig. 3D). Those predictions are in line
with field observations (30). The size composition of the phyto-
plankton community determines, with the local temperature,
the phytoplankton ability to exploit the local nutrient input,
hence, the nutrient availability at equilibrium R}, along the
transect (Fig. 1B and 3B). The local Ry, in turn, determines the
stoichiometry of each phytoplankton population given its char-
acteristic cell size (Fig. 3C). When averaged over the whole
community, the latitudinal variation of the phytoplankton C:N
stoichiometry predicted by our model qualitatively matches the
observations (Fig. 34).

Below 40° N, we find regions characterized by higher-
nutrient influxes (equatorial upwelling and northern boundary
of the subtropical gyre) to exhibit higher C:N ratios because
they are dominated by phytoplankton of intermediate to large
cell sizes (Fig. 3D) experiencing low R}, conditions, hence,
characterized by large C:N ratios (Fig. 3C). Those low R}, are
the result of warm temperatures, increasing the overall ability
of the phytoplankton, and of the larger size-classes especially,
to consume nutrient (Fig. 1B). Regions characterized by low
nutrient influxes (subtropical gyres, i.e., ~20° N) show lower
C:N ratios because the larger size classes, capable of achieving
higher C:N ratios, are excluded because of the nutrient scarcity
(Fig. 3D). This result, therefore, suggests that, contrary to the
seasonal variation of C:N in oligotrophic systems, the latitudi-
nal variation of the C:N ratio is driven by ecoevolutionary shifts
in the phytoplankton functional composition, leading to the
opposite relationship between the N availability and C:N ratio.

Polewards of 40° N, however, we see the opposite trend, with
C:N ratios declining as nutrient levels increase. We find this
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Fig. 3.

(A) Latitudinal variation of the C:N stoichiometry of the organic matter along the North Atlantic transect as measured in the first 100 m of the

North Atlantic ocean and reported in ref. 7 (blue shaded area) and as predicted by our model (solid black line). (B) Idealized environmental gradient (tem-
perature, richness of the nutrient influx Ny, and nutrient availability at equilibrium R;) along the North Atlantic transect injected in (solid lines) and pre-
dicted by (dashed lines) the model. The thick dark line in C corresponds to the range of phytoplankton size (expressed as its equivalent spherical diame-
ter, ESD, in pm) for which local environmental forcing (No and temperature) is viable. The actual size distribution of the phytoplankton community
emerging within that range as a result of the local ecoevolutionary processes is shown in D. The nutrient concentration at equilibrium R}, in B is set by
the whole community, depending on its size composition and the local temperature, which in turn determines the C:N stoichiometry of each population

within the community (color gradient in C).

trend to be driven by the poleward decline in temperatures and
increase in grazing pressure. Although the size composition of
the phytoplankton communities varies relatively little north of
40° N (Fig. 3D), the metabolism of the phytoplankton slows
down as temperature drops, and phytoplankton populations
decline in their ability to exploit incoming nutrients (regardless
of their size; Fig. 1B). Similarly, the increase in nutrient input
with latitude strengthens the top-down control of the phyto-
plankton by the zooplankton, and nutrient assimilation by the
phytoplankton becomes less effective proportionately to the
nutrient input (32) (see a more detailed discussion regarding
the latitudinal distribution of those two effects in SI Appendix,
Supplementary Discussion SI8). Nutrient concentrations at equi-
librium are, therefore, predicted to be higher in polar latitudes,
which in turn results in a lower C:N stoichiometry of the phyto-
plankton (Figs. 1C and 3C).

We therefore find the North Atlantic latitudinal transect to be
structured in three distinct regimes: 1) regions characterized by
high-nutrient influxes and by moderate to high temperatures—in
which the C:N ratio is high (equator and latitudes between 35 and
45°); 2) regions of low C:N ratios due to low nutrient influx (sub-
tropical gyres); and 3) regions of low-C:N ratios due to low
temperatures and strong grazing pressure (high latitudes). Tem-
perature and grazing pressure are, alongside N availability, preva-
lent factors of determination of phytoplankton stoichiometry in
the North Atlantic.

Discussion

Our results shed light on the complexity of the environmental
control of phytoplankton stoichiometry. This control is charac-
terized by a diversity of environmental drivers and biological
mechanisms, interacting in a complex fashion that varies across
spatiotemporal scales. Nitrate availability appears to be the
main controller of phytoplankton stoichiometry in the North
Atlantic, but temperature and grazing also play key roles across
large spatial scales. Although plasticity emerges as an important
component of the environmental control of phytoplankton stoi-
chiometry, especially at the seasonal scale in oligotrophic
systems, ecoevolutionary processes play a major role in deter-
mining basin-scale latitudinal patterns. We show that this com-
plexity can be resolved by recreating key ecosystem features at
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different spatial and temporal scales. We use a relatively simple
empirically parameterized model of plankton physiology, ecol-
ogy, and evolution. We demonstrate that those models can pro-
vide a sufficient mechanistic framework to reconcile and
explain apparently conflicting observations.

In our analysis, we have assumed that N is the main limiting
factor to phytoplankton growth. Under this simplifying assump-
tion, we obtained a good, qualitative agreement with data from
the North Atlantic, where this assumption holds for the major-
ity of phytoplankton (15). We note that further investigations of
the role of other mechanisms will be required to achieve more
quantitative predictions regarding the determination of phyto-
plankton stoichiometry in the North Atlantic. For example, the
contribution of N,-fixing populations to biomass production
and stoichiometry in the subtropical and tropical regions (33,
34) or the limitation by iron and phosphorus in the polar and
subpolar North Atlantic (15, 35-37). More generally, while the
mechanisms we propose here may be generalizable to other
biogeochemically similar regions of the oceans, they will be less
likely to hold in the many regions where other environmental
factors, such as light, iron, or phosphate availability, become
predominant limiting factors to phytoplankton activity. For
example, a recently published dataset describes the latitudinal
variation of environmental drivers and stoichiometry of the
organic matter in the South Pacific (38). These data show a
markedly different latitudinal relationship between N availabil-
ity and C:N stoichiometry, probably as a result of phytoplank-
ton biology being controlled by environmental drivers specific
to the region—most likely iron limitation, as suggested by in
situ experiments of enrichment (15), observations (35-37), and
modeling studies (39). Limited to the influence of N availability
and temperature on phytoplankton physiology, our modeling
framework cannot, in its current form, accurately simulate
those types of systems. The generality and explanatory power
of our approach can nevertheless be improved. Indeed, addi-
tional colimitation factors (light, other macronutrients such as
phosphate, or trace elements such as iron) can, in principle, be
implemented in our model to allow accurate predictions of the
physiological, ecological, and evolutionary responses of the
marine phytoplankton to the variety of environmental regimes
to which it is exposed. Although such developments are
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technically feasible (40), a main obstacle is the lack of experi-
mental data required for the parametrization of mechanistic
models— for instance, regarding the influence of iron on phy-
toplankton physiology. We therefore think that further charac-
terization of phytoplankton physiology in laboratories should
complement the on-going improvement of ocean biogeochemi-
cal monitoring to achieve a better understanding of oceanic
ecosystem function. Additionally, we are convinced that general
circulation models (GCMs) accurately simulating the various
environmental characteristics of oceanic ecosystems (e.g., light,
macro- and micronutrient availabilities, temperature, pH, oxy-
genation, and water stratification) and their variations through
time and space would provide an ideal framework to further
investigate how environmental drivers other than N availability
and temperature, but also the combination of those factors
(e.g., colimitation of phytoplankton physiology by N, P, and
Fe availability), influence phytoplankton stoichiometry in the
North Atlantic and in the global ocean overall.

As the development of these “organisms-to-ecosystems”
models goes on, their integration in GCMs will give access to
predictions of a more quantitative and general nature than
those presented in the present analysis. Moreover, such cou-
pled models will allow addressing, quantitatively, the question
of the effect of climate change on phytoplankton stoichiometry
at the planetary scale (41, 42) and to predict more accurately
the evolution of the carbon pump efficiency and of its role
in mitigating climate change. Although previous analyses (42)
of GCM results concluded that considering phytoplankton
stoichiometric plasticity only changes marginally the global pre-
dictions of models, we think that this conclusion should be
reevaluated in the light of the findings presented here.

Materials and Methods

Model. We consider an idealized model of a marine plankton ecosystem,
characterized by a concentration in N (N) and an arbitrary number of phyto-
plankton (P;) and zooplankton (Z;) populations. Each of those populations is
characterized by a specific set of ecophysiological traits. N is advected into the
system at a rate / (in per day) and at a concentration Ny (in micromoles of N
per liter). It is then consumed by phytoplankton, which are themselves grazed
by zooplankton. Nutrients are taken up by phytoplankton cells at a rate V,
the biomass specific uptake rate of the phytoplankton (in mole of N per mole
of organic carbon per day). Once taken in, nutrients enable phytoplankton
growth 4 (in per day).

N

Vi = Vmax,im [1]
and
N
Hi = HBmax,i m. [2]
1

where Vs and p,,, are the maximum uptake and growth rates, respectively,
and K and  the two half-saturation constants.

A widely used approach to modeling phytoplankton systems, based on the
Monod model of growth, is to consider phytoplankton growth and nutrient
uptake to be coupled and to use the Redfield ratio as a scaling factor, there-
fore assuming a fixed biomass stoichiometry (43, 44). Quota models (45, 46)
instead consider those two mechanisms as uncoupled nutrients being stored
inside the phytoplankton cells before being used for growth. Based on previ-
ous work (19, 47), we use Monod-like formulations to describe both uptake
and growth (see a detailed presentation of the model in the S/ Appendix,

1. Alfred C. Redfield, On the Proportions of Organic Derivatives in Sea Water and Their
Relation to the Composition of Plankton in James Johnstone memorial volume, R. J.
Daniel, Ed. (University Press of Liverpool, Liverpool, 1934), 177-192.

2. A.C. Redfield, The biological control of chemical factors in the environment. Am. Sci.

46, 205-221(1958).
. C.Deutsch, T. Weber, Nutrient ratios as a tracer and driver of ocean biogeochemistry.
Annu. Rev. Mar. Sci. 4, 113-141 (2012).

4. A.R. Moreno, A. C. Martiny, Ecological stoichiometry of ocean plankton. Annu. Rev.

Mar. Sci. 10, 43-69 (2018).

w
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Supplementary Discussion SI1). The stoichiometry of the phytoplankton cell of
a population i is then described by its intracellular nutrient quota Q; (in mole
of N per mole of organic carbon), determined by the dynamical balance
between uptake and growth. Therefore, in the following equation:

=Y 3]

Hi

and ranges between the Qni» and Qmax, Which respectively are approached
when nutrients are scarce and in excess (S/ Appendix, Supplementary
Discussion SI1). It is well established that these physiological parameters are
primarily correlated to organism size (10, 11, 19, 48-52). This size dependence
is typically described by power-law relationships of the type p(x) = a - x?, with
p the parameter value and x the organism'’s volume. Similarly, the kinetics of
the phytoplankton metabolism typically increases with temperature (48),
which is often described in plankton models by the Norberg-Eppley relation-
ship p(T) = p(Ter) - €7~ 7=, with p the value of a given parameter—here
uptake or growth—a the temperature exponent, and T,.s a reference temper-
ature (12, 13). By implementing those temperature and size dependencies
into the parametrization of the model (detailed in the S/ Appendix, Table S1),
we can evaluate analytically for a given environmental forcing of the ecosys-
tem (i.e., for a given set of /, Ny, and temperature T); the range of viable phy-
toplankton cell sizes; and, for a single phytoplankton population within that
range, the corresponding ecological attractor in terms of nutrient concentra-
tion, biomass, and C:N stoichiometry at equilibrium (the solving method and
some biological implications are described in details in the SI Appendix,
Supplementary Discussion SI1).

In addition to a basal mortality rate d (in per day), phytoplankton popula-
tions experience the grazing pressure from zooplankton populations, which
increases with zooplankton size (53-55) and, with how well the size of a spe-
cific phytoplankton population fits the size preference of the zooplankton,
the grazing pressure being maximized for a specific predator-to-prey size ratio
(56). The emergence of the size distribution of the phytoplankton and zoo-
plankton guilds is, therefore, the result of the community ecology (i.e., the
variation of the abundance of the phytoplankton and zooplankton popula-
tions resulting from the competition and predation interactions between
those populations) but also of adaptive processes. Indeed, each time new indi-
viduals are produced, mutations occur, and some of those individuals are char-
acterized by sizes that are slightly different from that of their ancestor.
Depending on their fitness, those mutants can either die without decent or
reproduce and lead to the emergence of a new population (13, 14). Using the
method described in Sauterey et al. (17), we resolve the ecoevolutionary
dynamics of the ecosystem and its equilibrium characteristics in terms of nutri-
ent abundance (R;) and in terms of (phytoplankton and zooplankton) plank-
ton density and size composition. A typical prediction of this type of model is
that size-directed grazing drives the diversification of the plankton commu-
nity, while the total number of coexisting populations is limited by resource
availability (17, 57).

Data Availability. Model code data have been deposited in the following
GitHub repository (https:/github.com/bsauterey/C_N_ratio). Previously pub-
lished data were used for this work [BATS data (accessed in January 2021) (24);
North-Atlantic data from Martiny et al. 2014 (7) (accessed in September 2020),
Dryad (http:/dx.doi.org/10.5061/dryad.d702p)]. Some of the North-Atlantic
POC:PON data are derived from the RRS Discovery Cruise D371, supplemented
by data from the UK Ocean Acidification Research Programme. At the date
of publication, those data are available upon request to the authors and
will soon be made publicly available in the following repositories: https:/
www.bodc.ac.uk/projects/data_management/uk/amt/data_inventories/cruise/
d371/ and https://www.bodc.ac.uk/projects/data_management/uk/ukoa/data_
inventories/cruise/jr20120601/.
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