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In intensive aquaculture systems, ammonia-nitrogen
build-up from the metabolism of feed is usually the next
limiting factor, after dissolved oxygen, for increasing pro-
duction levels. The three pathways for the removal of am-
monia-nitrogen in traditional systems are consumption
by photoautotrophic algae, autotrophic bacterial conver-
sion from ammonia-nitrogen to nitrate-nitrogen and het-
erotrophic bacterial conversion from ammonia-nitrogen
directly to microbial biomass, a more recent method.
Traditionally, pond aquaculture used photoautotro-

phic algae-based greenwater systems to control inorgan-
ic nitrogen utilizing carbon dioxide as a carbon source.
In intensive recirculating production, large fixed-cell
bioreactors that rely on the nitrification of ammonia-ni-
trogen to nitrate-nitrogen by autotrophic bacteria utiliz-
ing inorganic carbon are routinely used. In these sys-
tems, the accumulation of organic carbon required for
the heterotrophic bacteria is intentionally minimized
through water exchange and the rapid removal of solids.
In contrast, the inorganic nitrogen build-up in micro-

bial-based production systems can be controlled by ma-
nipulation of the organic carbon:nitrogen (C:N) ratio to
promote the growth of heterotrophic bacteria. The het-

erotrophic bacteria using the organic carbon assimilate
ammonia-nitrogen directly from the water column, pro-
ducing cellular protein that can also act as a supplemen-
tal food source for marine shrimp and other species.

Roles of Organic, Inorganic Carbon
In the authors’ experience, there is often confusion as

to the roles played by organic and inorganic carbon in se-
lecting ammonia removal pathways. The pathways are to
some degree determined by the form of carbon available:
inorganic carbon (alkalinity or carbon dioxide) or organ-
ic carbon (uneaten feed and fecal matter or supplemental
carbohydrates). Thus, for a system where all of the solids
containing organic carbon are rapidly removed, the sys-
tem would be primarily autotrophic, utilizing inorganic
carbon from the alkalinity as its carbon source.
For a microbial-based system, the solids remain and

all of the carbon and nitrogen from the feed and fecal
matter is available for heterotrophic bacterial produc-
tion. In this case, because there is usually insufficient or-
ganic carbon for the bacteria to metabolize all the avail-
able ammonia-nitrogen, some limited autotrophic con-
version occurs, utilizing inorganic carbon from alkalini-
ty. If sufficient supplemental organic carbon is added –
as carbohydrates, for example – the nitrogen is convert-
ed to bacterial biomass via heterotrophic bacteria.
These two pathways for nitrogen removal are very

different in terms of substrate utilization, bacterial bio-
mass generated and by-products produced.

Autotrophic Systems
For a pure autotrophic nitrification process, the two

forms of nitrifying bacteria utilize the inorganic form of

Summary:
Research by the authors suggested that not all organic carbon in manufactured aquafeeds is readily available
to heterotrophic bacteria in aquaculture systems. For aquaculture managers, it is important to control carbon
type and carbon:nitrogen ratio by feed formulation, solids removal or addition of organic carbon, which allows
management of which pathways for removal of ammonia-nitrogen become dominant in their systems.

Carbon:Nitrogen Balance Impacts Nitrogen Removal
Processes in Microbial-Based Aquaculture Systems
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In microbial floc-based production systems,
low-protein feed initially stimulates the
production of significant heterotrophic
bacteria biomass. Photos by Brian
Boudreau, Magnolia Shrimp, LLC.
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carbon (alkalinity) for cellular growth, first converting am-
monia-nitrogen into nitrite-nitrogen and thennitrate-nitro-
gen. These autotrophic bacteria grow very slowly and gen-
erate only a small amount of volatile suspended solids
(VSS), approximately 10 g VSS/kg feed at 35% protein.
Almost 355 g of alkalinity as calcium carbonate/kg of

feed is consumed by the autotrophic bacteria, but only
about 6% is actually used for biomass production. The
rest is released as carbon dioxide. The C:N ratio for opti-
mal conversion by autotrophic systems can be stoichio-
metrically determined as about 1.69 g inorganic carbon/g
nitrogen, compared to the microbial biomass C:N ratio of
4.28 g organic carbon/g nitrogen.

Microbial-Based Heterotrophic Systems
Consider a microbial-based system where all of the

solids remain in the production tank, and all of the or-
ganic carbon and nitrogen from the uneaten feed and
fecal matter is available for heterotrophic bacterial pro-
duction. Since the energetics for heterotrophic bacteria
are more favorable than for autotrophic bacteria, it can
be assumed that the heterotrophic bacteria will first con-
sume the available nitrogen using the readily available,
labile carbon from the uneaten feed and fecal matter. The
remaining nitrogen will then be assimilated by the au-
totrophic bacteria using inorganic carbon.
One problem, though, is estimating the available or-

ganic carbon from the uneaten feed and fecal matter, due
to the wide variations in feed formulations, species as-
similation, nutrient leaching from the feed particles and
numerous other difficulties. Thus, as an approximation,
literature data was used to estimate the biochemical oxy-
gen demand (BOD) per kilogram of feed and yield frac-
tion of VSS per kilogram BOD. The stoichiometric rela-
tionships were then used to estimate the organic carbon
and nitrogen sequestered in the heterotrophic microbial
biomass. The remaining nitrogen is converted to nitrate
by the autotrophic bacteria.
Two forms of carbon are consumed along this path-

way: 109.0 g of organic carbon by the heterotrophic bac-
teria and 15.4 g of inorganic carbon by the autotrophic
bacteria per kilogram of feed at 35% protein. The result-
ing C:N ratio based on the labile organic carbon is 2.16,
and based on total carbon, 8-10. Although the exact value
depends on the protein content, for 35%-protein feed,
35.6% of the nitrogen is removed by the heterotrophic
pathway and 64.4% by the autotrophic pathway.
The percentage of the nitrogen assimilated by the het-

erotrophic bacteria compared to the autotrophic bacte-

ria is a function of the available organic carbon and the
nitrogen in the feed (Figure 1). At a very low protein con-
tent, the feed contains sufficient labile organic carbon to
completely assimilate all of the nitrogen.
This explains the success of microbial floc-based sys-

tems for marine shrimp production, where low-protein
feed is initially used to stimulate the production of het-
erotrophic bacteria. In addition, compared to pure au-
totrophic systems, significant quantities of bacterial bio-
mass are generated by the heterotrophic bacteria – 150.5
g VSS/kg feed at 35% protein.
Consider a zero-exchange system where carbon is

added to make up the difference between the available or-
ganic carbon from 1 kg of 35%-protein feed (109 g) and the
requirements of the heterotrophic bacteria are approxi-
mately 306 g of organic carbon. The remaining 197 g of or-
ganic carbon must be compensated for with, for example,
492 g of carbohydrate or 49% by weight of the feed.
Thus, a total of 306 g of organic carbon would be re-

quired to convert heterotrophically 50.4 g of nitrogen.
This yields a C:N ratio of 6.07. Figure 2 graphically shows
the supplemental carbohydrate requirement as a per-
centage of feed rates required for complete heterotrophic
metabolism of ammonia-nitrogen to microbial biomass.
Finally, please note that a pure heterotrophic system

generates approximately 406 g VSS/kg feed at 35% pro-
tein, more than 40 times that of a pure autotrophic sys-
tem. This microbial biomass can be a supplemental food
source or must be removed from the production system.

Outlook
The two pathways for nitrogen removal are very dif-

ferent in terms of substrate utilization, bacterial biomass
generated and by-products produced. Using the stoichio-
metric relationships for autotrophic and heterotrophic
bacteria, it is possible to model the two pathways for ni-
trogen removal typically found in microbial-based sys-
tems. The difficulty in practical application is that both
can be active to some degree, depending upon the avail-
ability of inorganic and organic carbon.
Results of this model and lab research suggested that

not all of the organic carbon in feed is readily available to
the heterotrophic bacteria. For example, only 109 g/kg of
labile organic carbon is contained in 35%-protein feed
compared to a proximate analysis of 350-400 g carbon/kg
feed. The ability to control the type of carbon and C:N ratio
by feed formulation, solids removal or addition of organic
carbon allows aquaculture producers to manage which
type of pathway becomes dominant in their systems.

Figure 1. Removal of ammonia-nitrogen by heterotrophic
or autotrophic processes as a function of feed protein content.
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of feed rate for complete heterotrophic metabolism
of ammonia-nitrogen to microbial biomass.

100

80

60

40

20

0Su
pp

le
m

en
ta

lC
ar

bo
hy

dr
at

e
(%

of
Fe

ed
)

15 20 25 30 35 40 45 50 55
Feed Protein (%)

Heterotrophic Bacteria
Autotrophic Bacteria

40 July/August 2008 GLOBALAQUACULTUREADVOCATE


