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•Labile DOC turnover over 
time scales of hours to 

days.

•Semi-labile DOC turnover 
on time scales of weeks to 

months.

•Refractory DOC cycles 
over on time scales ranging 

from decadal to multi-
decadal…perhaps longer

•So what consumes labile 
and semi-labile DOC?
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• Very difficult to directly measure the flux of 
carbon from primary producers into the 
microbial loop.
– The microbial loop is mostly run on labile 

(recently produced organic matter) - - very low 
concentrations (nM) turning over rapidly 
against a high background pool (µM).

– Unclear exactly which types of organic 
compounds support bacterial growth. 



Bacterial Production
•Step 1: Determine how much carbon 
is consumed by bacteria for 
production of new biomass.

•Bacterial production (BP) is the rate that bacterial 
biomass is created.  It represents the amount of 
material that is transformed from a nonliving pool 
(DOC) to a living pool (bacterial biomass).  

•Mathematically
P = µB
µ = specific growth rate (time-1)
B = bacterial biomass (mg C L-1) 
P= bacterial production (mg C L-1 d-1)

•Note that µ = P/B

•Thus, P has units of mg C L-1 d-1

Bacterial production provides one measurement of 
carbon flow into the microbial loop

Dissolved 
organic 
matter

Heterotrophic 
bacteria

??



Production 
(∆ biomass/time)

(mg C L-1 d-1)

• 3H-thymidine
• 3H or 14C-leucine

Note: these are NOT direct measures of biomass 
production (i.e. carbon)

How doe we measure bacterial production?



Bacterial Production –
Advantages and Disadvantages of two common methods

• Thymidine- nucleoside of thymine; 
DNA precursor (see Fuhrman and 
Azam 1980).  Measures DNA 
production rates.
– Pros: specific to heterotrophic 
bacteria
–Cons: difficult to measure 
intracellular dilution, undergoes 
catabolism

• Leucine- amino acid; incorporated 
into protein (see Kirchman et al. 
1992).  Measures Protein production 
rates.
–Pros: more sensitive than 
thymidine (intracellular 
protein>>DNA)
–Cons: some cyanobacteria can 
utilize; difficult to measure isotope 
dilution.

Leucine

Thymidine



Measuring Bacterial Production

Whole SW

3H-thymidine or
leucine

Incubate at in situ
temperature,

typically in the dark 
(if interested in 
heterotrophic 
production)

Concentrate plankton 
or nucleic acids

Extract DNA and 
protein.
Count radioactivity 
and convert to rate 
of production
(ng C L-1 d-1)

SW + 
isotope

SW + 
isotope



Vertical Profiles of Bacterial Production
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Based on these relationships, 
BP accounts for ~10 to 30% of PP.

Areal relationships

Volumetric relationships

Across a wide range of aquatic ecosystems, bacterial 
production co varies with primary production



Phytoplankton and bacterial biomass, production 
and growth in various ocean ecosystems
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Bacterial biomass, growth and 
production in the oceans

• Bacterial biomass is typically 50 to >100% 
of phytoplankton biomass. In oligotrophic 
ecosystems, bacterial biomass can exceed 
phytoplankton biomass.

• Bacterial production typically ranges ~10-
30% of primary production.  

• Bacterial growth rates range 0.1 to 0.5 d-1

(equivalent to doubling times of ~1 to 7 
days), while phytoplankton growth rates 
range ~0.5-1.4 d-1 (doubling times of 0.5 to ~2 
days)



What factors control variability in 
bacterial production?

• Changes in growth rate and changes in biomass.
• Top down pressures control biomass, bottom up factors 

control growth.

• Bottom up: light, nutrients, temperature
• Top down: predation, viruses
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The total carbon used to support bacterial 
production also includes DOC that is 

respired during growth.  

DOM
Bacterial
Biomass

CO2, NH4
+,PO4

3-

Higher trophic levels

Available to 
food web

Regeneration 
of 

nutrients/CO2

BP ~10-30% PP



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)



Energetic costs of growth
DOM

Uptake

ATP

Product
(CO2)

Biomass

Catabolism Anabolism

µ

Excretion

a

b

c

d
e

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.



We can estimate carbon that supports 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.

•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 
BP/ BGE  = the total DOC flux entering the microbial loop



Link vs Sink
In this example, 14C-glucose 
was added to seawater and 
passage of this radiolabeled
DOC through the food web (or 
lack thereof) was monitored 
over time.

Conclusion: very little of 
the DOC consumed by 
bacteria passes to higher 
trophic levels—the vast 
majority appears respired 
by bacteria.  

Bacteria appeared to be a 
SINK for carbon in this 
example.

Ducklow et al. (1986)



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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Smith and Mackenzie (1987)

D
uarte et al. (2001)



Serret et al. (2001)




