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iSome Important restrictions

Ecosystem perspective Biogeochemistry perspective

As a biogeochemist and a modeler, this presentation will be biased toward marine

biogeochemical modeling and plankton ecosystems
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Chemical elements in the ocean: very diverse distributions
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Marine biogeochemistry: numerous processes to consider

A great number of processes at play which are all coupled:

Surface ocean
(0-100m)

(euphotic zone) Bactetia

and viruses

Twilight zone
(100 -1000 m)
(mesopelagic zone)

Deep ocean
(3700 m)

Key

B Carbon and nutrient flow
H Microbial loop

B Physical Mixing

Seafloor (benthic zone)

Reactive sediments

°  Detritus

Large phytoplankton =3 Zooplankton

Small phytoplankton === Microzoo
nall | plankton

Aggregate formation I_- /
o ° ° °° 4 ° °
. ° Detritus J Zooplankton
< migration

Sinking

particles
Decomposition s Consumption
C—— 0 —

= Archaea

Bacteria l

Organic carbon *
.

Respiration

Deep-sea consumers

, Sinking flux
v . tosediments

Burial .
P e

Ventilation (upwelling)

Pathogen,
pollutant,
and nutrient

N, P, Fe, Si

Benthic flux

* Biological: photosynthesis, respiration, trophic interactions, ...

* Chemical

* Physical: sedimentation, aggregation, mixing, transport, ...



Observing and (hopefully) understand
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E Modeling: why?

@ Hypotheses testing
If we add, remove of change something, what happens?

@ Quantitative dynamical framework
Are some datasets and/or parameter estimates consistent?

@ Assessing some unknown rates/parameters

Based on observations, can we estimate some rates/fluxes/properties
that are otherwise difficult to measure

@ Prediction/forecasting

What the ocean will look like at some point in the future (or in the (far)
past)?

@ Design of an observing system or campaign
What is the best sampling strategy?
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Modeling: what does it mean?
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Modeling: what does it mean?
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P - D

grazing GDIN DIN

T % 5 [K +DJN]P
mixing remin. pellets mixing

2rowth o ality Fon fan

excretion ﬁ + E_E\.}. TZ + Ruy [l _ c—!n.o] z, (.1\.1)

mixing mortality mixing
Obervations, functional Formalism: what do we Mathematical model

@nstraints, \model and how ? / \\ /

Running, debugging,

aning, optimizing / \\Coding and numerics/




Mass conservation in a fluid

Relevant for nutrients and planktonic organisms

cC _ . cC , .

—= —-CVv + “K,—C + V, /K, V,C| + SMS

ct cZ "~ cCZ ‘ o
N\ 2 __ N\ J
Advection Diffusion (non resolved processes) Biogeochemical

Sources and Sinks

* Modeling ocean hiogeochemistry and (planktonic) ecosystems requires an ocean
circulation model

@ Any biases in the simulated ocean dynamics produce biases in marine biogeochemical
and ecosystem models

@ All the challenges related to dynamical modeling are pertinent for ocean biogeochemical
modeling

Mesoscale/submesoscale, Mixing, overflows, boundary layers, ...



i A first challenge: The computing cost

@ Better modeling of the ocean circulation (and of the environment) generally requires to

Increase the spatial resolution

@ Better modeling of the ecosystem and biogeochemical processes generally requires to

Increase the number of processes and prognostic variables (tracers)

ORCAZ2 ORCAO05 ORCA025

x32 X8 Terhaar et al., 2019
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| Ecosystem/biogeochemical modeling: an historical perspective

® The pioneering studies : date back to the middle of the XXth century

® The first marine ecosystem model : Fleming (1939)  The Control of Diatom Populations by Grazing.")

By
35 Richard H. Fleming,

<000 —

2500 Scripps Institution of Oceanography.

University of California, La Jolla, California.
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@ The first NPZ-type model coupling the dynamics of nutrients, phytoplankton and
zooplankton: Steele (1974)
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I Ecosystem/biogeochemical modeling: Fasham et al. (1990)

® They defined the structure and the formulation of NPZD-type models on which most

existing biogeochemical/ecosystem models currently rely
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@ All studies were restricted to 0-D or quasi 0-D frameworks
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D Spatially resolved biogeochemical models

Geochemical

- A single equation for the whole « biology » :

export production = f(Temp) . f(light) . PO,2 / (Ks+POQO,)

- The simplest models used in the global ocean models

v

Particles

Euphotic Layer (100-150m)

" HAMOCC (1990)



How were they performing?

® They were extremely cheap but that was necessary considering the computing power
available at that time

@ Long-term simulations were feasible (paleo, future, steady-state)

®* They were doing a decent job at reproducing the large-scale annual-mean patterns

Phosphate distribution in the Pacific ocean
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@ Current models perform better, but not by a lot and a large part of the improvement comes

from a better representation of ocean dynamics



The first large-scale ecosystem (biogeochemical) models

Geochemical

NPZD

v

Particles

Particles

Euphotic Layer (100-150m)

GLOBAL BIOGEOCHEMICAL CYCLES, VOL. 7, NO. 2, PAGES 417-450, JUNE 1993

A SEASONAL THREE-DIMENSIONAL ECOSYSTEM
MODEL OF NITROGEN CYCLING IN THE NORTH
ATLANTIC EUPHOTIC ZONE

J. L. Sarmiento,! R, D. Slater,! M. J. R. Fasham,2 H. W.
Ducklow,3 J. R. Toggweiler,4 and G. T. Evans 5

GLOBAL BIOGEOCHEMICAL CYCLES, VOL. 10, NO. 4, PAGES 559-583, DECEMBER 1996

Effects of plankton dynamics on seasonal carbon fluxes
in an ocean general circulation model

Katharina D. Six and Ernst Maier-Reimer
Max-Planck-Institut fir Meteorologie, Hamburg, Germany

Fasham-like




An example
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D Models have become more and more complex

Geochemical NPZD | o AL
PO * PO * PO * Diatoms
4 4 4
DSi DSi Phyto1, 2, ..
? l NH_*
Fe i
DOM Zoo
POM POM Lot
: : Mesozoo

N

v v v ooy

1990-2010 1993- 2003-

@ More complex does not necessarily imply more realistic! (Anderson, 2005; Friedrichs
et al., 2007; Ward et al., 2013)

@ A huge set of (often) badly constrained parameters



* 24 tracers
* ~100 parameters

River inputs
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PISCES: An example of a (quite) complex ecosystem/biogeochemical model

r#)t::;%e: @ a Air-sea exchange
Photosynthetic

Available Radiation

Seaice +
Antarctic lcebergf ce shelf
Atmospheric deposition
Cc Chi
Fe Si aggregation
grazing mortality
Diatoms Phytoplankton

grazing \
/_\
Nutrients e °
|
: |
der Micro- jf Meso- | | Zooplankton
- . -

J
mortality ,"

nitrification oo 3 X /
aggregation aggregation / /
- e R R - e
S, = / A
remineralization @ e
DOM Small Part. Big Part. Biogenic matter

\\scavenging : J /T
Sea floor l hydrothermal vents ° sinking sinking
; ’ : PISCES

sediment denitrification = X 2
sediments e Marine Biogeochemistry Model

Aumont et al., 2015

Aumont et al., 2003 ; Aumont et Bopp, 2006 ; Aumont et al., 2015



A second challenge: tuning/evaluating the models

@ Hand tuning: the most common way

Fandure Dadoton

10, 20, 100x, ...

Funders Dadoton

We learn a lot from the model dynamics (intuitive knowledge)

Initialization :

@ Data assimilation approaches First  guess Buigrsund Oupervnton

' / & \
Target

Direct model M

o . vector HMGy  — Y — 50:31;::?}32 ;
Numerous difficulties New 3 —

4 OptimizerZ 7':':"2:;‘.

14

Call i
U V5, X, )

o Xo =

Adjoint model M*
VxS «— M*H*(VyJ)

Derivation VyJ

If (Vx/ ==0) EXIT / >
X, optimized Z




.] A second often hidden challenge

@ Quite surprisingly, this step is often overlooked or not reported, despite it is a critical

step

(a) Sensitivity Analysis (%)

No

Partial

Yes

No

Yes

. 9.8%

75.0%

250%  42.6%

47.5%

[ PFGs
] Other components

4
{

B

(b) Validation (%)

M Predictive validation
B Model transferability
[ Structural validation
[) Multiple validation methods

32.1% 68.9%

_—

No

Yes

(¢) Quantification of goodness-of-fit (%)

a
65.4% 346% |464% o PrCS
[] Other components
0 20 40 60 80 100

Shimoda and Arhonditsis, 2016
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‘ Modeling cell physiology
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‘ Modeling cell physiology

DIP

~
)

1940s

Monod/
Redfield

1 tracer/ pool

1960s

Droop/

Caperon
Internal stores

2/5 tracers/ pool

dP

dt

Mmax*




Modeling cell physiology

a b jlc
DIC” DIN” Qy -
/ (@)
DIP ’3 \ '3 Most biogeochemical/ecosystem models belong to
o B one or the other of these classes

1940s 1960s
Monod/ Droop/
Redfield Caperon

Internal stores

1 tracer/ pool 2/5 tracers/ pool



‘ Modeling cell physiology
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I Modeling cell physiology

. Qc
\ \ @. L / DIP
DIN DIP

1940s 1960s 1970s 2000s

Monod/ Droop/ Shuter, Shuler Metabolic

Redfield Caperon Macro-molecular Reconstruction
Internal stores models FBA

1 tracer/ pool 2/5 tracers/ pool ~10 tracers/ pool ~100-1000 tracers/ pool

@ Very promising, for instance to evaluate the benefits and costs of metabolic pathways

@ |dentification of new metabolic pathways



D Difficulties
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Simulated effect of variations in ATPM on
metabolism in a diatom

Ahmad et al. (2020)

@ Not feasible considering the current computational constraints. Needs coarse-grained

techniques

@ This level of information is not available for most organisms

® FBA approaches assume steady-state or successive gquasi steady-states (dFBA)

@ Requires to specify an objective function to optimize which is not always easy
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Modeling (functional) biodiversity

@ A great challenge for biogeochemical/ecosystem modeling is to represent biodiversity

@ Biodiversity = functional biodiversity

@ Biodiversity has important conseguences on biogeochemistry and ecosystem functioning

Optimal N:P

45

3 =

5 |a

:
LR

Cyan Dino Diat Prym Chlo Poly

Hillebrand et al. (2013)

Productivity

Diversity



Plankton Functional Types Models

@ How to define PFTs?

A PFT should have a specific biogeochemical/ecosystem
function

A PFT could be allocated a distinct set of physiological
/environmental/food/... characteristics

A PFT should have some importance in a region of the
ocean

Le Quéré et al. (2005)

@ Difficulties

Numerous species are lumped into a limited number of boxes

How many boxes should be set? How to set a single set of parameters?
Fixed, a priori-defined structure of the model

Tuning becomes quickly a pain!



Trait-based models

-~ MIXOTROPHY _—— @ What iS it?
Species are not specifically modeled

Organisms are identified by a few taxa-transcending
properties: their key traits and the trade-offs between them

PHOTOAUTOTROPHY — s

HETEROTROPHY

Structure and function of ecological communities emerge from
properties of the individual organisms.

G——

Andersen et al. (2015)
Light

* Difficulties

What traits should be represented?

Quantifying the trade-offs is very often challenging. Metabolic reconstruction can be very promising.
All traits are (most of the time) accessible everywhere/all the time. Evolution?

Can be very very expensive (1 trait = 1 additional dimension to the problem)



Metabolic Rate (kcal/hr)

Size IS a master trait

105

109 +

Optimal prey ESD (um)

100 |

3

102 |

Mass (g)

11

Offset regression (slope = 1)

Log-log regression e e
= Non-isometric scaling PY 1

L]
Raptorial feeding

109 102 10* 108
Predator ESD (um)

Wirtz (2012)

@ Many metabolic rates show some dependency to size (allometry) y =Y, W

@ Many processes/fluxes are impacted by size: sinking of particles,

feeding strategy, motility, vertical migrations, ...
@ Trophic interactions are influenced by size (who’s eating whom?)

@ Biomass distribution as a function of size often shows some regular

properties (Sheldon et al., 1972)

N(m) o< m7 |

¢ Autotrophs
Zooplankton

® Invertebrates

® Fish

® Mammals

s

log(Abundance)

Xu et al. (2021)

log(Body size)



Size (ESD, um)

Most current models mix both approaches

® The different modeling approaches are not hermetically separated

@ Most models mix to some extent PFT and trait-based modeling formalisms

=R

(b) Size classes

(a) Total
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A version of the DARWIN model (Dutkiewicz et al., 2020)



Gene-centric models

® Bringing together (meta)genomic data and biogeochemical models is challenging

@ A major difficulty is that they differ in the considered currency: ‘omics data refer to
genomes, proteins and metabolites; biogeochemical models refer to concentrations,

biomass and biogeochemical functions

@ A functional gene-centric approach: organisms are grouped according to their functional

genes/metabolisms (Reed et al., 2014)

@ As most organisms in the sea are uncultured, simulating their genes is impossible. An
alternative is to randomly allocate genes from a know pool to construct a set of organisms

(Cole et al., 2017). And the environment selects.



GENOME model

@ A example of a gene-centric modeling study in the Atlantic Ocean (Cole et al., 2017)

amtB (genes liter")
10"

10°

108

107

108
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10°

Longitude

1 8
20° .

107

108

AMA-det

3
3
£
5
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Sl | 10°
-80° ~40' 0 Metagenomes in the Amazon river plume in
June clustered by similarities

Surface genes concentration in June

® These approaches linking omics and biogeochemical/ecosystem are still in their infancy

but are rapidly growing



Final words

@ A brief and subjective overview of biogeochemical/ecosystem modeling

@ Many aspects have been omitted: upper trophic levels, evolution, niche-modeling, micro-

nutrients, diagenetic/benthic, ...
@ Many challenges have not been mentioned (and | certainly do not know all of them)

@ One of these (not clearly stated) challenges is to bring together an increasing number of
very diverse expertise: mathematics, computer science, physics, physiology,

biogeochemistry, ecology, ‘omics, ...

® Models are not the real world. They are always imperfect and necessarily show some level

of deficiency
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