
Oxygen (μmol kg-1)"

Organic matter yield 

C
e
ll 

d
ia

m
e
te

r 
(µ

m
) 

 

 

1

1

5

5

5

1
0

1
0

10

5
0

5
0

5
0

1
0
0

1
0
0

0.1 0.2 0.3 0.4

0.4

0.6

0.8

1

0

10

20

30

40

50

60

70

80

90

100

Exploring a microbial ecosystem approach "
to modeling deep ocean biogeochemistry"

E. J. Zakem and M. J. Follows            "
Department of Earth, Atmospheric, and Planetary Sciences "
Massachusetts Institute of Technology "           "
Contact: ezakem@mit.edu"
"
"Introduction" What controls the transition from aerobic to 

anaerobic metabolisms in marine anoxic zones?"

 
1. Growth yields from thermodynamics"
"

2. Growth rates from uptake limitations"

 
Framework: Metabolisms as traits"

Inorganic "
respiration "
products "

Biomass production!

Fig. 1. Schematic of modeled cell metabolism." 1Rittman & McCarty (2001) Environmental Biotechnology:  
  Principles and Applications.  
2Falkowski, et al. (2008) Science, 320: 1034-1039. 
3Martinussen and Thingstad (1987) Mar. Ecol. Prog. Ser. 37: 285-293. 
4Litchman, et al. (2007) Ecology Letters, 10: 1170-1181. 
 

 
 

5Ulloa, et al. (2012) PNAS, 109: 15996-16003. 
6Thamdrup, et al. (2012) Deep Sea Research I, 65: 36-45. 
7Stolper, et al. (2010) PNAS, 107:18755-60. 
8Tilman (1977) Resource Competition between Plankton     
   Algae: An Experimental and Theoretical Approach. 
9Santoro, et al. (2013) Biogeosciences, 10: 7395-7410. 
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Though microbial metabolisms control much of the subsurface marine 
biogeochemical cycling, they are not represented mechanistically in models. 
We adopt a modeling framework grounded in thermodynamics and redox 
reaction stoichiometry1, allowing us to represent microbial functional types 
explicitly. Here, we examine the switch between aerobic and anaerobic 
metabolisms in marine anoxic zones and the formation of the primary nitrite 
maximum at the base of the euphotic zone.  

Following Rittman and McCarty (2001), We represent bacterial/archaeal functional 
types as “microbial machines,”2 each defined by a set of redox reactions. 

Three half-reactions define the aerobic heterotroph functional type: 

The changes in Gibbs energy then determines the fraction f of electrons used for synthesis vs. 
that used for respiration: 

= internal energy   
   transfer efficiency  

= energy of cell synthesis (>0) 

= energy of redox reaction (<0) 

µ =y . Vlimit *Q-1
 

 Vnon-
limiting 

 Vlimit 

Conclusions"
Modeling microbial metabolisms explicitly resolves many of the underlying 
mechanisms of biogeochemical cycling. Describing diverse prokaryotic 
metabolisms with their underlying redox reactions provides a consistent 
approach, and energetically-informed predictions of biogeochemical features. In 
general, this approach aims improve our understanding of the interactions 
between prokaryotes, nutrient distributions, and the climate system. 
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Fig. 7. Profiles of the 2D model solutions through the anoxic zone."

where: 

VO2 = 4⇡r[O2out �O2in]

Uptake of required substrates limits metabolism, determining 
the growth rate. We can parameterize uptake of charged or 
large molecules S with Monod kinetics3-4 as: 

and the uptake of oxygen governed by diffusion 
into a sphere as: 

Uptake, yield y, and an estimate of cell 
quota Q prescribe the growth rate, µ: 

V = V
max

S

S + k
S

1. Organic matter decomposition, with Redfieldian stoichiometry: 

2. Reduction of oxygen, provides energy: 

3. Cell synthesis, of a chosen cellular stoichiometric composition:  

Fig. 2. Oxygen in the eastern tropical South Pacific; the STOX sensor has 
revealed such large areas below 10nM oxygen6 (Thamdrup, et al, 2012)."

Functional types: !
Ammonia-oxidizing aerobic autotroph"
Nitrite-oxidizing aerobic autotroph"
Aerobic heterotroph"
"
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Fig. 4. Parameter space for O2*, the threshold concentration for the 
transition to favorable anaerobic metabolisms.!
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An idealized anoxic zone forms from the 
competition of aerobic and anaerobic heterotrophs 
in a 2D intensified upwelling simulation.	



Specifically, what forms the primary 
nitrite maximum (PNM) at the base of 
the euphotic zone?	


 
 Resource ratio theory predicts the 
PNM as the subsistence [NO2

-] of 
ammonia-oxidizers. 

Functional types: !
Aerobic heterotroph"
Anaerobic heterotroph"
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Fig. 9. 1D water column model predicting distributions of nitrogen species, 
nitrifiers, and nitrification rates as a result of interactions in the ‘NBZ’ model."

How do chemoautotrophs regulate 
nitrification? 

For the heterotroph, f represents the organic matter yield. Since uncertainties, such as of 
the free energies of marine organic matter, often limit theoretical predictions, we can 
assign f from data. 

Tying it all together: coupling diverse 
prokaryotic metabolisms and climate"
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1. At what oxygen concentration do 
anaerobic metabolisms become 
favorable?   

We develop a theoretical basis for the observed depletion of 
oxygen to nanomolar levels. We frame the threshold 
concentration as O2

*, the subsistence concentration for 
aerobic heterotrophs.  

 

When aerobic microbes 
sufficiently deplete oxygen, 
denitrification removes fixed 
nitrogen from the ocean in the 
form of N2 or N2O, a potent 
greenhouse gas.5 

 
 The threshold concentration 

varies as a function of the 
environment, and is in the 
nanomolar range. 

 
 2. What broader sets of conditions 
control the formation of anoxic zones 
and denitrification biogeography?   

 
 Resource ratio theory8 formalizes 

the controls on anoxia as the 
relative supply rates of oxygen 
and organic matter.  

"
Fig. 5. Schematic of the 2D ‘NBZ’ model, simulating 
the Eastern Tropical Pacific anoxic zone."

Fig. 3. Predicted O2-limited microbial growth rate, 
consistent with laboratory results of E. Coli 7."

"
Inorganic N"

Fig. 8. Data9 characterizing nitrification in the 
California Current (Santoro, et al., 2013)."
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Fig. 10. Heterotrophic aerobic microbial biomass at ~100m depth in the Darwin model. "
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Fig. 6. 2D model solutions."
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(m+gZ) = mortality and grazing!
r = cell radius!
q = cell quota (C m-3)!
yo2 = oxygen yield (mol B mol-1 O2)!
D = diffusion coefficient of O2 !


