Modeling Marine Microbes: Past,
Present and Prospects
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What do we mean by models?

1 Concepts

- Statistical relationships

- Mathematical descriptions
- Numerical models



Why theory and numerical models?

- Formalize and synthesize conceptual
understanding

- Explore how a complex system operates
- Quantitative applications

- Data interpolation and state estimation

- Prediction
- weather forecasting



Outline

First models of marine plankton pépulations
Numerical models

Functional diversity — JGOFS era

Diverse, self-assembling model communities
Genomic era

Physiological parameterizations

What next?



Fleming (1939)
Modeled spring bloom as predator-prey system

Richard H. Fleming
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Fig. 1. Heavy line indicates the computed po-
pulartion curve for the spring dlatom maximum
observed by Harvey et al. in the English
Channel in 1934 Broken line joins the points 500
of observation. The computed curve was fitted

to the initial and maximum populations.
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Riley (1946): Modeled seasonal
cycle of phytoplankton at Georges

Bank
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Steele (1958) NPZ models

Phytoplankton
g
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Nutrient I

Zooplankton l

1 Coupling nutrient,
autotroph, and herbivore
dynamics

- Enforce conservation of
nutrient elements

- Numerical solutions with
computers allowed
sensitivity studies
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Fasham et al (1990): "Open Source” model
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Numerical models of atmospheric
and oceanic circulation

L.F. Richardson — early 20th
century

Equations of fluid motion

Conservation of mass and momentum

discretize world into a grid

calculate how properties are transported
from one grid cell into another

Move forward over a short time interval

Repeat...




umerical models of ocean
) circulation
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Sarmiento, Fasham et al (1993)

| 1 Fasham, Ducklow &
Annual mean chlorophyll in mg-Chl/m*3 .
Model: mean 023 m) McElvie ecosystem
model coupled to 3D

'Y
' North Atlantic
circulation model

- Detailed analysis of
budgets and fluxes

- Address in situ and
remote data sets

- Evaluate role of
physical transport
processes for nitrate
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Sarmiento,

Annual mean chlorophyll in mg-Chl/m*3
Model: mean (0-23 m)

Fasham et al (1993)

- Fasham, Ducklow &
McElvie model in 3D
North Atlantic
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- Evaluate role of

physical transport
processes for nitrate



Sarmiento, Fasham et al (1993)

Annual mean chlorophyll in mg-Chl/m*3

T el mean 023 m - Fasham, Ducklow &
McElvie model in 3D
7 North Atlantic
N K ok
== VP+V.(kVP)+ull,N,,T)P-gZf(P)+..
"l Rate of advection eddy transfer growth grazing
3 ; e of
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JGOFS era:Resolving functional
diversity, multiple nutrient elements

_diatoms __wre __ chlorophytes e
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Differentiation of functional groups

- Prescence/absence of functional ability

- Values of basic parameters which set
rates/efficiencies for each organism type

DP, | |
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How to define functional groups:
e.g. What is an "average” diatom?

- Allometric, phenotypic and genotypic variety

light absorbtion growth rate
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Self-assembly of marine microbial communities

genetics & _
physiology —w (— environment
fitness &
selection
feedback
dispersal &
adaptation
ecosystem
structure &
function

rerything is everywhere but the environment selects” - Baas Becking (1934



Modeled surface Chlorophyll 1999
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MIT ocean circulation model,
cycles of N,P,Si, Fe,
seeded with ~100 phytoplankton phenotypes

2 typeS of grazer... Oliver Jahn, Stephanie Dutkiewics, Chris Hill, Jason Bragg



Contributions from many 10’s of model “species”
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“Biodiversity” of modeled
phytoplankton population

# species
[T |

0 5 10 15 20 ' “ 1999-10-19

Barton et al (2010)



Model's biogeographical provinces based
on changes In “species” assemblages

c.f. Longhurst



Biogeography: Niche differentiation




Computational cost

0P | | |
Rate of advection eddy transfer growth grazing
change

- For high physical and ecological
resolution >80% of CPU time is
spent on transport

- |llustrated model carries100 tracers

- Each phytoplankton “phenotype” is
one state variable or one tracer

- Can handle O(1000) tracers



Physiological parameterizations

- Generally little change since Riley
(@)

DIC
DIP
o\ Fe
"Monod" "Internal stores" "Biochemical pools”
1 tracer per cell type Several tracers per cell type
Fixed elemental ratios 1 per nutrient element

+ number density + Chl.C
Flexible elemental ratios



Metabolic pathways in Prochlorococcus
Dufresne et al. (2003)
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1979: Physiological models of
iIndividual cells

Shuter — algal cell Shuler et al. - E. coli

Temperature

Shuler er al.: Mathematical Model for Growth of a Cell
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FIGURE 1. An idealized sketch of an Escherichia coli cell growing in a glucose-ammonium
oF salts minimal medium is shown. At the time shown the cell has just completed a round of DNA
/ -, l-—'EJ L replication and initiated septum (or cross-wall) formation and a new round of DN A replication.
l intensity Solid lines indicate the flow of material; dashed lines indicate the Aow of information. The
symbols are defined below:
Inorganic
carbon

3.. Jd Theor. Biol. 78. 519. (1979) Shuler et al.. Annals NY Acad. Sci.. (



Shuter (1979). A model of physiological
adaptation in unicellular algae

[emperature

Synthehic

i apparotus
Inorganic v wir’
nutrient 4
Structural
compo—
i nents
Nutrient

Stored
carbon

concentration

Photo-

__-Asynthetic
apparatus
&
Light
p I intensity

Inorganic
carbon



Shuler et al (1979)

Shuler et al.: Mathematical Model for Growth of a Cell 37
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FIGURE 1. An idealized sketch of an Escherichia coli cell growing in a glucose-ammonium
salts minimal medium is shown. At the time shown the cell has just completed a round of DNA
replication and initiated septum (or cross-wall) formation and a new round of DNA replication.
Solid lines indicate the flow of material; dashed lines indicate the flow of information. The
symbols are defined below:



Shuler et al.: Mathematical Model for Growth of a Cell
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Ficurg 1. An idealized skeich of an Escherichia coli cell growing in a glucose-ammoniwm
salts minimal medium is shown. At the time shown the cell has just completed a round of DMNA
replication and initiated septum {or cross-wall) formation and a new round of DNA replication.
Salid lines indicate the flow of material; dashed lines indicate the flow of information. The
symbaols are defined below:
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An * indicates that the material is present in the external environmeni.

AMMonium on

glucose (and associated compounds
in the ceil)

waste products (as OO, & H, O in
aerobic growth) formed from energy
metabolism

amino acids

ribonucleotides

= deoxyribonucleotides

cell envelope precursors

prodein

RMNA

DMNA

cell envelope including all mem-
branes

glycogen

enzymes in the conversion of P, to
Py

molecules involved in directing sep-
tum formation and cell envelope
synthesis

Shuler et al (1979)



A biochemically motivated model?

Individual-based form

Can handle many millions of
cells

Re-cast in density form for
ecological studies

About 10 state variables per
cell type

c.f. internal stores model

General model describes
phototrophy and
heterotrophy

photons




“Virtual patcn culture
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4 8 Biochemical fractionation of primary production by phytoplankton in Belgian
' coastal waters during short- and long-term incubations with *C-bicarbonate

I. Mixed diatom population

C.Lancelot and S. Mathot

z : e Lancelot and Mathot

g b Marine Biology 86, 219 (1985)
% ! - =il A

; o Numerous radiocarbon uptake
studies can provide some

2 e appropriate constraints?

12 18 24
Timei{h)
Fig. 6. Cumulative short-term light O — dark ® and long-term @
Y incorporation into (a) polvsaccharides, (b) lipids, (¢} proteins.
Fig. 6¢ shows in addition long-term **C incorporation into small
metabolites &

o &



Computational limits allow 1000 state
variables

DIP

1000 cell types described by Monod kinetics 8

DIN

DIP

"Monod" "Interr




photons

Computational limits allow 1000 state
variables

~100 cell types described by “biochemical”
model of cell

100 cell types
Each described by 10 (physiologically meaningful)



Computational limits allow
1000 state variables

~1 cell types described by
1000 state variables!
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Summary

- Models provide a way to formalize and
synthesize conceptual understanding

- Many models of marine microbial communities
have their roots in studies of Fleming and
Riley 80 yrs ago

- How will models relate to new “omics”
perspectives of marine microbial
communities?

- continued Friday...
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