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Motivation
Bacterial growth regulates fluxes of carbon and 

nutrients, and dictates energy flow in marine 
ecosystems. 
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Respiration and remineralization

• Organic matter production
• Organic matter consumption and 

remineralization
• Heterotrophic respiration and 

metabolism
• Processes controlling heterotrophic 

consumption of organic matter
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Without biology, distributions of nutrients would 
be controlled exclusively by physical transport
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Stoichiometry of organic matter production

106 CO2 + 16 HNO3 + 1 H3PO4
+ 122 H2O + trace elements 

(e.g. Fe)

light ⇓

( C106H263O110N16P )  +  138 O2

Or

(CH2O)106 (NH3)16 (H3PO4)  
+  138 O2

from Redfield, Ketchum and Richards (1963) 
The Sea Vol. 2



Redfield

Conclusion: 
Redfield stoichiometry is approached 
when plankton growth rates are near 

maximum, and nutrients are not 
limiting growth…

An evaluation of the dependence of 
elemental stoichiometry 

on growth rate



Congruence between NO3
- : PO4

3- and plankton composition indicates 
that photosynthesis, respiration, and remineralization control 

variability in nutrient concentrations 
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small deficit in NO3 relative to Redfield

Organic material is produced in approximately the same 
elemental stoichiometry that inorganic nutrients are available. 

There are important exceptions…





Another intersection of microbes 
and ocean chemistry

• Heterotrophic bacteria consume organic matter: 
– 1) production of biomass
– 2) respiration

• Respiratory activities of heterotrophic bacteria also 
return nutrients to mineral form--completing the 
cycle from inorganic to organic and back to 
inorganic--thus the final turn of this cycle is termed 
remineralization

Complete remineralization of “average”  organic matter by aerobic respiration:
(CH2O)106(NH3)16H3PO4 + 138 O2 ⇒ 106CO2 + 122H2O +16HNO3 + H3PO4

Produces CO2 Produces nutrientsConsumes O2



• To understand remineralization, we 
need to understand:

–Processes controlling bacterial growth
–Controls on bacterial remineralization



Energetic costs of growth
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del Giorgio and Cole (2001)
a. Oxidation of organic matter to form ATP, b. energy expense of active transport, c. anabolic 
reactions utilize energy, d. maintenance energy expenditures, e. degradation of biomass via 
endogenous metabolism.



Major energy consuming 
processes for growth

• Solute transport

• Maintenance

• Growth and reproduction

• Regulatory



We can estimate biomass production…
but we really need to know the total carbon flux 

required to support bacterial growth

•Total amount of carbon that supports 
growth includes carbon used for biomass 
synthesis and carbon metabolized.

•Total flux of carbon supporting growth or 
Carbon demand = Production + Respiration



Respiration by various plankton 
size classes

Note that 
50-100% of 
plankton 
respiration 
in this 
example 
passes 
through a 
10 µm filter; 
~60% of the 
total 
respiration 
is by 
organisms 
<1 µm.

Williams (1984)



Bacterial production and 
respiration

Estimates of BR and 
BP for marine 
(including estuarine) 
ecosystems.  Note 
larger variation in BP 
relative to BR.  The 
large variability in the 
relationship indicates 
measurements of BP 
are fairly poor 
indicators of BR.  Also 
note the non-zero 
intercept, implying BR 
may proceed in the 
absence of measurable 
production. 

del Giorgio and Cole (1999)



The bacterial growth efficiency (BGE) is the 
growth yield or the amount of biomass 
synthesized relative to total carbon required 
for growth.
= BGE =  BP / (BP + Respiration)

If we can constrain BGE, then we can place 
boundaries on total carbon demand

BP/ BGE  = Carbon demand



Growth efficiency and carbon fluxes

• The lower the growth efficiency =  
higher flux of carbon respired than into 
biomass.

• Higher growth efficiency = greater 
amount of carbon into biomass relative 
to total carbon flux.



10-10 10-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2

Dissolved Particulate

Colloids

Viruses

Macromolecules

Small 
molecules

Membrane filters

Molecular sieves

Zooplankton

Phytoplankton

Bacteria

Pollen
SandSiltClay

Screens

Filter papers

mmµmnm

Enzymatic hydrolysis

Small molecular 
weight DOM

Colloids

Particulate 
organic 
matter

Bacteria do not use particulate 
organic matter for growth---
it must first be converted to 
dissolved organic matter; 

this requires energy



The type of substrates available and utilized for growth partly determine whether 
bacteria form a link or sink.  Components of the DOM pool often require 
specialized ectoenzymes to breakdown polymers into transportable substrates.  
This process can be energetically expensive and directly influences bacterial 
growth efficiencies.  

Williams (2000)



Methods of determining BGE

• Bacterial uptake and respiration of “model” 
DOM substrates (14C-labeled DOC).

• Estimate increases in bacterial biomass 
relative to utilization of ambient DOC.

• Measure bacterial production in conjunction 
with respiration (changes in O2 and/or CO2
over time).



Tracing heterotrophic utilization 
of model substrates

Hobbie and Crawford (1969)

Growth 
efficiencies 
range
~60-80% 
using these 
model DOM 
substrates.



Examples of bacterial growth efficiencies 
on model DOM substrates in several 

marine ecosystems
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Link vs Sink
1. Measure growth efficiency. 

2. Add 14C DOM (glucose) and 
follow its transfer through the 
food web (into larger size 
fractions).

In this example, 14C-glucose 
was added to seawater and 
passage of this DOC through 
the food web was monitored 
over time.  Conclusion: very 
little of the DOC channeled into 
biomass passes to higher 
trophic levels—the vast majority 
is respired.  

Bacteria appeared to be a SINK 
for carbon in this example.Ducklow et al. (1986)



Carbon fluxes through 
an oligotrophic ocean 
food web.  Note that 
63% of the initial 
primary production 
passes to the DOM 
pool even with 89% of 
primary production 
removed via grazing.  
Also note that ~58% of 
the DOC uptake 
supports bacterial 
biomass and is 
available for trophic
transfer—in this 
example, bacteria 
represent a link rather 
than a sink for carbon.

Hagstrom et al. (1989)

Passage of organic carbon 
through microbial foods – losses at 

each trophic step



Evaluating BGE based on changes in 
CO2, DOC, and cell biomass.  This 
approach requires eliminating the 
sources of DOM production in order 
to determine the net change over 
time.

BGE = ∆BB / ∆BB + ∆BR 
or

BGE = ∆BB / ∆DOC

Carlson et al. (1999)

Measuring bacterial growth efficiency on 
naturally occurring DOC



Estimates of BGE in various
ocean ecosystems
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Factors influencing BGE

• Primary production

• DOM composition (compound classes 
and stoichiometry)

• Temperature

• Growth rate??  Several studies suggest 
µ is maximized at the expense of BGE.



Sources of organic matter to 
microbial food webs



Sources of DOM 
to ocean ecosystems

1. Direct algal excretion
2. Zooplankton (sloppy feeding, 

excretion)
3. Viral lysis
4. Bacterial release
5. Solubilization of POM
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Exudation % 14C primary production, zooplankton % carbon 
ingested, solubilization % C released from aggregates, 
bacterial % release from 14C labeled organic substrate.  
Sources: Nagata (2001), Carlson (2002).

Contribution of different sources 
to marine DOC



The source of the DOM 
influences BGE

Growth efficiencies vary 
widely depending on the 
DOC source.  DOC exudates 
from actively growing cells 
appears to support higher 
growth yields (40-70%) than 
growth on cellular 
constituents.  The source of 
the DOC partly determines 
its suitability as a growth 
substrate.

del Giorgio and Cole (1999)



Substrate and temperature 
regulation of BGE

As C:N increases, BGE decreases – suggests 
N may limit bacterial growth

BGE appears to have an inverse 
relationship with temperature.

del Giorgio and Cole (2001) Rivkin and Legendre (2001)



Bacterial growth efficiencies across 
aquatic ecosystems

BGE in the open 
ocean ~10-30%.  
Growth efficiency 
tends to increase 
along a productivity 
gradient from 
oligotrophic to 
eutrophic
environments.

del Giorgio and Cole (1999)



BCD relative to PP (%) or
DOM uptake/Primary production (%)

BGE
BP/PP 0.50 0.20 0.15
0.30 60% 150% 200%
0.20 40% 100 % 133%
0.10 20% 50% 67%

Initial estimates: BP/PP= 0.30 and BGE= 0.50

Current best guess: BP/PP= 0.20 and BGE= 0.15



Motivation
Bacterial growth regulates fluxes of carbon and 

nutrients, and dictates energy flow in marine 
ecosystems. 
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Main points of today's lecture
• The total flux of carbon supporting bacterial 

growth includes respiration and production.
• Bacterial growth efficiencies in the open 

ocean range 10-30%, suggesting that 70-
150% of particulate primary production 
sustains bacterial carbon demands, with the 
majority of this carbon respired.

• The role of bacteria in nutrient regeneration 
from DOM depends on the balance between 
substrate and biomass stoichiometry.  


