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METHODS:
S1. Ecosystem Model Algorithms.

We formulate the ecosystem model in a generalized framework which represents an arbitrary
number of nutrients, N;, phytoplankton types, P;, and grazers, Z;;. Each nutrient element also has
an associated particulate organic and dissolved organic matter pool, POM; and DOM,;
respectively. The rates of change of these prognostic variables are described by the following set
of equations:

ON,
a—tlw.(uzvi):v-(KVNi)—Z[uj7f7f7§V1’ij]+Si (S1)
J
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T VRV VP s B = P =Y e B
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at ki ki ki - JkNi P,‘ +kj) ke = ki (83)

aP;Mi +V- (uPOMl. ) =V. (K VPOMZ.)— Vooi POM , — G(W%SO]\/IZ.) + S pous (S4)
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Symbols are defined in the text below and parameter values or ranges are provided in Table S1.
Units are uM P for Eq. S2, and uM P, uM N, uM Si, or uM Fe (element represented by subscript
i) for Egs. S1, S3, S4 and S5. Here R;; denotes the ratio of element, i, relative to phosphorus, for
each phytoplankton type, j. Separate zooplankton pools are carried for each element, Z;; where k
is the zooplankton type and i the nutrient element, accounting for the ingestion of prey with
different elemental ratios. Subscript i=1 refers to phosphorus.

Tracers are transported by the currents, u, and mixing coefficients, x, from the ECCO
(“Estimating the Circulation and Climate of the Ocean”) state estimate of ocean circulation (S1)
based on a moderate resolution (1°x1°, 23 vertical levels), global configuration of the MIT ocean
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circulation model (S2) constrained to be consistent with observations of large-scale hydrography
and altimetry. Nutrient distributions are initialized from observed climatologies (S3) or previous
simulations (S4).

S1.1 Parameterizations of Phytoplankton Physiology

While the approach to the organization and complexity of the ecosystem model are novel, the
idealized descriptions of phytoplankton physiological processes are similar to those applied in
previous studies (S4-S7). Phytoplankton growth is determined by a maximum intrinsic growth
rate, 4;, modulated by non-dimensional factors which reflect sensitivities to ambient temperature,
photon flux and essential nutrients (Fig. S1). Nutrient limitation of growth is determined by the
most limiting resource,

}/;V =Q min(Nllim , Nzlim , ) (S6)

where the nutrients considered are phosphate, iron, silicic acid and nitrate, nitrite and ammonia.
The effect on growth rate of ambient phosphate, iron or silicic acid concentrations is represented
by a Michaelis-Menton function

Nl-lim — L (S7)
N, +k,

where the K;; are half-saturation constants for phytoplankton type j with respect to the ambient
concentration of nutrient i (Fig. S1C). We resolve three potential sources of inorganic nitrogen
(ammonia, nitrite and nitrate) though modeled phytoplankton may be able to assimilate ammonia
only, ammonia and nitrite, or all three (S8). Since it is energetically more expensive to utilize
nitrate relative to the other sources we represent nitrogen limitation by the following function:

lim _ N 03 o VVHaNO, | N 02 e Vs NH,

= —— (S8)
NO,; +kN03j NO, +kN02j NH, +kNH4j

where y reflects the inhibition of nitrate or nitrite uptake (S9). Growth rate is enhanced when
utilizing only ammonia, or ammonia and nitrite:

o=v+(1=v)NOI™ + NHI™)/ Nim) (S9)

where NO,"™ and NH,™ represent the second and third terms on the right of Eq. S8. A
phytoplankton type utilizing only nitrate thus has growth rate reduced by a factor v relative to one
using no nitrate (S70).
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Temperature modulation of growth is represented by a non-dimensional factor

yT = %( AT ) (S10)
1

which sets a temperature range over which each phytoplankton type can grow efficiently (Fig.
S1A), and there is a general decrease in growth efficiency with temperature (S77). Coefficients 7,
and 7, normalize the maximum value, while 4, B, T,, and C regulate the form of the sensitivity
envelope.

We incorporate a very simple radiative transfer model (S4) which captures self-shading but does
not resolve spectral bands. The light sensitivity of growth rate is parameterized using the function
(S12):

y = FL(I _ ke ) okl (S11)

where /(z) is the local, vertical flux of photosynthetically active radiation, PAR, and

F — kPAR + kinhib exp[_ kinhib ln[ kinhib J]
" kPAR kPAR kPAR + kinhib

is chosen to normalize the maximum value of 71{ to 1 (Fig. S1B). The parameter £k, defines the

increase of growth rate with light at low levels of irradiation while k;,;, regulates the rapidity of
the decline of growth efficiency at high PAR, or photo-inhibition (S72). This highly idealized
parameterization of light sensitivity captures variations in optimal light intensity, and their
ecological implications, but does not explicitly account for photo-acclimation, differences in
accessory pigments and other factors which might lead to variability in the maximum light

dependent growth factor. We note that, while the function }/; is normalized to a maximum value

of 1 for all phytoplankton types, large size-class phytoplankton are given a higher maximum
intrinsic growth rate, ;.

We impose fixed elemental ratios for each phytoplankton type, R, though these may vary
between types (e.g. some require silica while others do not). To restrict the niche dimension and
computational expense of this initial study, we have imposed an average, Redfieldian N:P
stoichiometry of 16:1 for all phytoplankton types. We note that in nature elemental ratios are
flexible and Prochlorococcus, for example, can significantly exceed this value (S73). Formulating
the model with dynamic nutrient quotas would capture flexible stoichiometry and is more
physiologically appropriate (S74,515) but also would significantly increase the number of three-
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dimensional arrays required to describe each phytoplankton type, dramatically increasing the
computational expense. Hence we have not used this approach in this initial illustration.

S1.2 Assignment of Physiological Functionality and Growth Rate Sensitivities.

At the heart of this modeling strategy is the self-organization of a stochastically generated
phytoplankton community. The physiological functionality and sensitivity of growth to
temperature, light and ambient nutrient abundance for each modeled phytoplankton type is
governed by several true/false parameters, the values of which are based on a virtual “coin-toss”
at the initialization of each phytoplankton type. These determine the size class of each
phytoplankton type (“large” or “small’’), whether the organism can assimilate nitrate, whether the
organism can assimilate nitrite, and whether the organism requires silicic acid. Parameter values
which regulate the effect of temperature, light and nutrient availability on growth, are then
assigned stochastically. 7,, which controls the optimum temperature for growth, and Kp¢,, the
phosphate half-saturation coefficient (to which other half-saturations are indexed by the fixed
elemental ratios), are drawn from prescribed ranges using a random number generator. Values for
kypar and ki, are also randomly chosen, drawn from prescribed normal distributions. Some simple
allometric trade-offs are imposed (Fig. S1): Phytoplankton in the large size class are distinguished
by higher intrinsic maximum growth rates and faster sinking speeds (S76). They also draw
parameter values from distributions with higher nutrient half-saturations (assuming they are less
efficient at acquiring nutrients, S77) and are assumed to be high-light adapted due to packaging
effects (S18, S19). These trade-offs are implemented by randomly selecting parameter values
from different (though overlapping) distributions for large and small phytoplankton.

We note that, since the values of the governing coefficients are initialized stochastically from
given distributions rather than prescribed specifically for each phytoplankton functional type, the
total number of externally prescribed parameters in this approach (Table S1) is the same whether
10 or 10,000 phytoplankton types are initialized. The diversity of the “successful” population, and
the parameter values that govern those organisms, are self-selected during the initial adjustment
of the ecosystem model.

S1.3 Grazing, Mortality, Remineralization and Biogeochemical Cycles.

Parameterizations of grazing and other forms of heterotrophy are simplified in this study, which
focuses on complexity and selection in the photo-autotrophs. None of the parameters regulating
grazing and remineralization processes are stochastic in the simulations presented here. We
prescribe a simple grazer community with two size classes. Large zooplankton preferentially
graze (gpus) on large phytoplankton, but can graze on small phytoplankton (gg..) and visa versa
for small zooplankton. A half-saturation coefficient (K*) regulates grazing efficiency at high prey
concentrations. Excretion and non-grazing mortality are represented as linear loss terms for both
phytoplankton and grazers, with coefficients m” and m” respectively. This simplified, low
diversity grazer community is chosen to facilitate a computationally and intellectually tractable
study in this initial illustration. Future studies should examine, for example, a greater diversity of
grazers with a variety of stochastically appointed feeding strategies broadening the general
strategy to include the next trophic level.

The term S; (Eq. S1) represents the source of inorganic nutrient due to the remineralization of
organic forms as well as external sources and non-biological transformations (54,517).
Heterotrophic microbes are not explicitly represented and the remineralization of dissolved and
particulate organic detritus pools is treated as a simple linear decay with respective prescribed
timescales 1/rpoy; and 1/rpoy; (S4). Spomi (Eq. S4) and Spow: (Eq. S5) are the sources of particulate
and dissolved organic detritus arising from mortality and excretion of all phytoplankton types and
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grazers (in Eq. S2 and S3), closing the nutrient budgets. Here we simply define a fixed fraction
(foom) of mortality and excretion to pass into each organic detritus pool, assuming that large
phytoplankton and zooplankton contribute a larger fraction of their detritus to the POM; pool
than do the small phytoplankton. All silica is assumed to go to a POM pool, there is no dissolved
organic silica.

The remineralization of organic phosphorus and iron produce phosphate and dissolved iron
respectively, while the remineralization of organic nitrogen is assumed to produce ammonia
which may then be nitrified to nitrite and, subsequently, nitrate. The microbial process of
nitrification is also treated simply as first order reactions with fixed rate coefficients ({noz, {nos)
resulting in qualitatively reasonable distributions of the nitrogen species. Due to the relatively
short timescale of the integrations and to restrict the complexity of this initial study we do not
represent diazotrophy. Simplified one dimensional studies indicate that enabling diazotrophy as a
possible functionality for the modeled phytoplankton types enhances the availability of more
reduced forms of nitrogen in the subtropical regions resulting in an increase the abundance of
Prochlorococcus analogs.

Iron chemistry in seawater is parameterized (S20) with a complexation to an organic ligand
(binding strength, Br.) and scavenging to falling particles (rate, ;). Dust (S27) deposited in the
surface (solubility, ay) is a source of iron.

SUPPORTING TEXT
S2. Supplementary Model Results.

An ensemble of model integrations was performed, each with a different randomization of
physiological characteristics but identical initialization and physical environment. 78
phytoplankton types were initialized in each integration: Experimentation suggested that the
modeled community structure would be less robust with fewer than 30, and practical
computational considerations placed an upper limit at 78. Computational cost also limited the
ensemble to only 10 members. Fig. S2 shows the annual mean concentration, at year 10, of
phosphorus in biomass of the 78 phytoplankton from a single ensemble member. All ensemble
members exhibit a similar set of occupied habitats which are collectively reminiscent of the
previously proposed biogeographical provinces (S22). All ensemble members produce very
similar total primary production and nutrient fields (shown for one member in Fig. S3), and these
compare favorably to observations. The similarity in the total primary production reflects the
significant regulation of physical nutrient supply and light on gyre and basin scales.

The general biogeography of the model (depicted for a single ensemble member in Fig. 1B and
Fig. S2) is robust between ensemble members. While various categorizations of “types” into
functional groups might be considered, the classification here (Fig. 1B) reflects groupings of
general interest and is tailored to reflect our particular interest in Prochlorococcus. .

In general, the habitats of the emergent Prochlorococcus-analogs bear some qualitative
resemblance to those observed but are much more sharply defined (Fig. 2, Fig. S4). Indeed, very
low background abundances and sharply defined habitats of all the abundant, modeled
phytoplankton types suggest that the model ecosystem is closer to complete competitive
exclusion than is the real world (S23). This may reflect the relatively small number of
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physiological specializations (niche dimensions) in the model, the comparatively smooth, coarse
resolution, physical environment (S24) or the low diversity of predatorial strategies (523).

Though each of the ten members of the ensemble of solutions are initialized with different
randomization of the characteristics of the phytoplankton population, the emergent community
structures and biogeography are relatively robust. For example, in each solution the four most
abundant, emergent Prochlorococcus-analogs are relatively consistent (Fig. S3): the most
abundant is typically of m-el classification and the second most abundant typically m-e2, with m-
e3 type analogs at lower abundances. Although our model does not exhibit a significant deep (low
light) biomass of Prochlorococcus-analogs (Fig. S4), there is a deep biomass maximum at the
nutricline in the equatorial regions, comprised of “other small phytoplankton” types. Some of the
phytoplankton types which make up this deep maximum might represent nitrate consuming
Prochlorococcus strains which have been suggested from field observations (S25) but not yet
cultured. Such organisms, though present in the model, are not classified as Prochlorococcus in
our rather crude definition of functional groups.
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Fig. S1 Functional forms of the sensitivity of phytoplankton growth to (A) temperature, (B) flux
of photosynthetically active radiation, and (C) ambient phosphate concentration expressed as
normalized, non-dimensional growth factors, y;, which modulate the maximum intrinsic growth
rate. The collection of curves in each panel is chosen to illustrate the ranges from initialized
sensitivities are selected. Simple allometric trade-offs are indicated by the different ranges for the
small phytoplankton class (blue curves) and large phytoplankton class (red curves). The highly
idealized parameterization of light sensitivity captures variations in optimal light intensity but
does not explicitly represent variability in the maximum light dependent growth factor. However,
larger phytoplankton are given a higher intrinsic growth rate, y;. Optimal temperature and light
intensity for growth, T, and 1, are illustrated for a single phytoplankton type (dashed black
curves).
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247  Fig. S2. Phytoplankton abundance (uM P; average 0-50m, logarithmic color-scale) for each of 78 initialized types in a single ensemble member.
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Fig S3: Comparison of one ensemble member annual (0-50m) fields (right column) to observations (left column). (A,B) Primary Production
(gC/m’/y); (C,D) Phosphate (uM P); (E,F) Nitrate (uM N); (G,H) Silicic Acid (uM Si). Observational euphotic layer primary production was
calculated for 2005 using the Vertically Generalized Productivity Model (S26) and SeaWiFS-derived Chl. Data for this panel was downloaded
from http://science.oregonstate.edu/ocean.productivity. Observational nutrients are from climatology of in situ data (S3) and are averaged over 0-
50m.
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Fig. S4. The four most abundant Prochlorococcus-analogs (log(cells mi™*)) for the month of September along the AMT13 track from four of the
ten member ensemble of integrations. “Type” number indicates the numerical designation of each of the 78 stochastically initialized phytoplankton
types in each ensemble member. Analogs are classified into model-ecotypes as described in the main text. Model biomass is converted to cell
density assuming a nominal phosphorus quota of 1 fg cell” for Prochlorococcus (13). Black contours are isotherms.
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Table S1: Parameters of the ecosystem model

Parameter Symbol | Fixed Value Range Units
Maximum u Small: 1.4 d’
phytoplankton Large: 2.2
growth rate
Phytoplankton m’ Small: 0.1 d’
mortality rate Large: 0.1
PAR saturation Kat Small: mean 0.012, std 0.01 (uEin m” sy
coefficient Large: mean 0.012, std 0.003
PAR inhibition Kinniv Small: mean 6*107, std 1*10™ (uEin m’ s'l)'l
coefficient Large: mean 1*107, std 5*107
Temperature curve | 4 1.04
coefficient
Temperature T, -2 t0 30 °C
optimum
coefficient
Temperature range | B Small: 1*¥107 °oc!
coefficient Large: 3*10™
Temperature decay | C 4
coefficient
Temperature T, T2 0.33,0.3
normalization
coefficients
Phosphate half Kpos Small: 1.35%107 to 3.5%107 UM P
saturation Large: 3.5%107 to 5.5%107
Nitrate half Kyos Small: 0.24 to 0.56 uM N
saturation Large: 0.56 to 0.88
Nitrite half Kyo> Small: 0.16 to 0.42 uM N
saturation Large: 0.42 to 0.66
Ammonium half K Small: 4.3*107 to 0.112 uM N
saturation Large: 0.112 to to 0.132
Silicic acid half K Non-diatom: 0 uM Si
saturation Diatom: 2
Iron half saturation | K, Small: 1.7%10” to 4.4*10° uM Fe
Large: 4.4*10” to 6.9%10”

Phytoplankton Rg.p 16
elemental ratios Ryp 16

Reer 1.25*10°
Ammonia/nitrite W 4.6 (uM N)™!
inhibition
Nitrate v 0.1
consumption cost
Phytoplankton w’ Small: 0 md’
sinking rate Large: 0.5
Phytoplankton Joom Small: 0.2
partitioning Large: 0.5
DOM/POM

11




Zooplankton fast Shast 0.2 d’
grazing rate
Zooplankton slow Lilow 0.033 d?!
grazing rate
Zooplankton m* 0.033 d’
mortality rate
Phytoplankton half | K” 0.1 uM P
saturation
DOM Fpop 2.8%107 d’
remineralization DoN 2.8%107
rate ¥ DOFe 2.8*10°
POM Fpop 0.033 d’
remineralization 7PON 0.033
rate YPOFe 0.033

rposi 3.3*10°
POM sinking rate WpoM 10 md’
NH, to NO, oz 0.1 d’
oxidation rate
NO, to NO; Cnos 0.033 d’
oxidation rate
Iron solubility OFe 0.04
constant
Iron scavenging CFe 1.1¥10” d’
rate
Ligand binding Bre 2%10° (uM Fe)™!
strength
PAR attenuation k, 0.04 m’
coefficient
PAR attenuation Ky 0.64 (uM P)' m™
coefficient from
phytoplankton

12
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