
George Chamberlain, Ph.D.
Global Aquaculture Alliance
St. Louis, Missouri, USA
georgec@integra.prserv.net

Yoram Avnimelech, Ph.D.
Faculty of Agricultural Engineering Technion
Israel Institute of Technology
Haifa, Israel

Robins P. McIntosh
Belize Aquaculture, Ltd.
Belize City, Belize

Mario Velasco, Ph.D.
Empacadora Nacional C.A.
Guayaquil, Ecuador

The challenge facing aquaculture nutritionists is to continu-
ally reduce feed costs, improve conversion efficiency, and mini-
mize environmental impact. The conventional approach is to
more accurately define the nutrient requirements of the target
animal, the nutritional value of feed ingredients, and the impact
of feed processing. 

However, one factor that is often overlooked is the nutrition-
al contribution of the culture environment. In the case of rain-
bow trout raised in fast-flowing spring water, this contribution
may be negligible. But in systems with limited or no water ex-
change and a heavy organic load, such as shrimp or tilapia
ponds, the contribution can be substantial.

Ecology of Organic Detritus
Major advances in understanding nutrient pathways in aqua-

culture systems resulted from early studies of natural ecosys-
tems. For example, ecological modeling of mangrove estuatries
traced the mysterious pathway by which mangrove leaf litter
with a protein level of 3-6% was transformed into highly nutri-
tious food called “organic detritus.” 

Detritus refers to disintegrated or eroded matter. The term
organic detritus was proposed by Odum and de la Cruz (1963)
to designate particulate organic material originating from the
dead bodies, nonliving fragments, and excretions of living or-
ganisms. Modeling studies delineated the mechanisms by which
organic material is incorporated into the aquatic ecosystem. 

Particles of decomposing organic material, which are poor
in essential nutrients, are coated with a film of bacteria. The bac-
teria absorb nutrients from the water and the organic particles.
This process decreases the energy of detrital particles, but in-
creases their protein and phosphorus levels, thereby raising their
food value (Woodhouse and Knutson, 1982).

Advantages of Aerated Microbial Reuse Systems 
With Balanced C:N
I: Nutrient Tranformation 
And Water Quality Benefits

As detritus breaks down over time, the nutritional value
increases due to colonization by bacteria. Diagram
adapted from “The production of detritus in a South
Florida estuary,” Ph.D. disseration by Eric Helad, 1969.

As low-protein mangrove leaves fall and decay, they 
are converted into protein-rich detritus that helps feed
a wide variety of estuarine organisms.
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Role of Detritus 
Organic detritus plays a major role

as a food source for a variety of estu-
arine organisms, including amphipods,
fiddler crabs, snails, mussels, and ju-
venile fish. The film of bacteria and
other microorganisms generally con-
stitutes 5-10% of the mass by weight
of detrital particles. Detritus-feeding
organisms derive nourishment by strip-
ping the microorganisms from the de-
trital material as it passes through
their guts.

The fecal pellets may be recolo-
nized and the process repeated until
all the organic material has been uti-
lized. By taking advantage of the recy-
cling capability of organic detritus
within the culture environment, nutri-
tionists and pond managers can reduce
feed costs, improve conversion efficien-
cy, and reduce environmental impact.

Characteristics of Intensive
Microbial Reuse Systems

Intensive aquaculture systems his-
torically have relied on high rates of
water exchange to flush out wastes and
maintain water quality. Increasing de-
mand for water conservation, restric-
tions on effluent disposal, and need for
biosecurity are now limiting the use of
flow-through systems.

An alternative waste treatment is
intense microbial processing of wastes
to facilitate high yields with little or
no water exchange. Yields in such aer-
ated microbial reuse (AMR) systems
have ranged from 1 to 2.6 kg/m2 for
shrimp, and from 10 to 100 kg/m2 for
tilapia.

The concept of AMR systems is
simple: Potentially toxic nitrogenous
wastes are converted into bacterial pro-

tein, which is then available for detri-
tal feeders. AMR requires strong aer-
ation and mixing to continually sus-
pend organic waste in the water col-
umn for digestion by bacteria. Aero-
bic heterotrophic bacteria colonize the
particles of organic waste and absorb
nitrogen, phosphorus, and other nutri-
ents from the water. This process im-
proves water quality and recycles
wastes as bacterially enriched detri-
tus. Typically, no external filtration and
little or no solids removal is required. 

Accumulation of Ammonia
In conventional culture systems,

only about 20 to 30% of the carbon,
nitrogen, and phosphorus in feeds is
assimilated by fish and shrimp. The
remainder is lost as uneaten feed and
excretory waste. Much of the nitrogen
is in the form of ammonia resulting
from protein deamination. Unionized
ammonia is toxic to aquatic animals. 

In semi-intensive systems, ammo-
nia accumulation is seldom a prob-
lem, due to its absorption by phyto-
plankton and bacteria. However, in in-
tensive systems, increasing levels of
ammonia ultimately stress animals,
suppress growth, and limit yields. To
prevent ammonia toxicity, interven-
tions such as water exchange or exter-
nal nitrification is introduced. 

An alternative is AMR, which en-
courages the development of het-
erotrophic bacterial communities with-
in the culture system through strong
mixing, aeration, and the addition of
carbonaceous substrates. 

Carbon to Nitrogen Ratio
Heterotrophic bacteria have the re-

markable ability to synthesize protein
from organic carbon and ammonia.

However, it is crucial that the ratio of
carbon to nitrogen (C:N) be suitable
for bacterial utilization. As most gar-
deners know, bacteria are inefficient
at composting organic materials that
are either too carbonaceous (leaves or
wood), or too nitrogenous (high-pro-
tein vegetable meals or manures). 

Balanced mixtures of carbonace-
ous and nitrogenous materials with
C:N of approximately 20:1 are more
readily digested. For example, cellu-
lose is a highly carbonaceous material
resistant to bacterial decomposition.
But Avnimelech et al (1999) demon-
strated that the combination of cellu-
lose powder and ammonium sulfate
produced sufficient bacterial protein
to grow unfed tilapia at one-third their
normal rate. 

Supplemental Organic Carbon
In practice, most aquaculture diets

are designed for the target organism
without consideration of the culture
environment. As a result, C:N is gen-
erally deficient, and production sys-
tems accumulate inorganic nitrogen. 

Provision of supplemental organic
carbon to balance C:N allows bacteria
to utilize ammonia to produce bacter-
ial protein. This process improves
water quality and creates a supplemen-
tal protein source. Avnimelech et al.
(1994) demonstrated that the addition
of wheat flour (a source of carbon) to
the surface of super-intensive tilapia
tanks reduced ammonia levels and im-
proved food conversion. 

Plastic-lined shrimp ponds at Belize Aquaculture, Ltd. are examples of aerated 
microbial reuse systems.

AMR encourages 
the development of 

heterotrophic bacterial
communities within 
the culture system.
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Solar Aquafarms Experience
Steven Serfling, former CEO of the

Solar Aquafarms indoor AMR tilapia
farm in California, USA, described
the tendency of inexperienced techni-
cians at the facility to replace a por-
tion of the “dirty” bacterial floc water
with clean water. This would reduce
the nitrogen-digesting capability of
the system and cause increases in am-
monia levels. 

As ammonia levels rose, inexperi-
enced technicians would typically re-
spond by replacing more water, which
would further exacerbate the situation.
Serfling’s solution in such a crisis was
the addition of carbonaceous materi-
al, such as wheat flour or alfalfa, to
provide a source of organic carbon for
bacteria to digest the ammonia. 

Calculations
Avnimelech (1999) presented for-

mulas for calculating the amount of
organic carbon required to reduce in-
organic nitrogen levels. To reduce am-
monia levels in the culture system, he
suggested that carbohydrate be added
at 20 times the level of ammonia N.
For example, if ammonia levels must
be reduced by 1 g/m3, then 20 g/m3 of
carbohydrate should be added to the
culture system. 

Organic Carbon Sources
Sources of organic carbon include

alcohols, sugars, starches, and fiber.
Alcohols and sugars are highly digest-
ible. This can be an advantage in ini-
tially establishing a bacterial popula-
tion to compete with phytoplankton
for absorption of nitrogen and phos-
phorus within a pond. 

Complex carbohydrates from grains
such as corn and wheat are metabolized
more slowly. They have the advantage

of providing a particulate structure for
the attachment of bacteria, as well as
a more sustained release of organic
carbon. In addition, they require a suite
of bacterial enzymes for decomposi-
tion. These enzymes may improve di-
gestion in the target aquaculture species
when it consumes the detrital material. 

Fibrous materials are generally
avoided, because they are relatively
resistant to decomposition. However,
they may have some utility in provid-
ing a long-term structure for the at-
tachment of bacteria. 

System Modeling
Models are being developed to

predict carbon and nitrogen accumu-
lation and oxygen requirement in de-
trital ponds. Avnimelech et al (1995)
described the degradation rate for or-
ganic carbon (C) by microorganisms
with a first-order kinetic expression:

DC/dT = -KC · C
where T is the time and KC

is the rate constant. 

Avnimelech found that the rate con-
stant for organic carbon degradation
in simulated and actual intensive fish
ponds with constant aeration and mix-
ing was 0.15/day. At this rate, 90% of
a feed addition of 500 kg/ha would be
degraded within 15 days. Organic ni-
trogen degradation was also evaluated
using the above equation. The relevant
rate constant for organic nitrogen degra-
dation was 0.06/day.

Montoya et al. (1999, 2000) devel-
oped a simulation model to examine
feed and feeding strategies of nitrogen
and phosphorus dynamics in AMR sys-
tems that allow daily predictions of:

• inorganic nitrogen forms 
(ammonia, nitrite, and nitrate) 

• dissolved reactive phosphorus 
• shrimp growth and survival.

A carbon compartment is currently
being developed to more accurately
represent bacterial and phytoplankton
dynamics within AMR systems.

Community Succession
A process of community succes-

sion occurs over time within AMR
ponds in response to the increasing or-
ganic load and maturity of the ecosys-
tem. For example, in intensive shrimp 

ponds in Belize that are filled with
clear Caribbean seawater and operat-
ed with strong aeration and zero water
exchange, the following phases have
been observed:
1. Clear water.
2. Algal bloom.
3. Large amount of foam on the 

surface of ponds, due to accumulat-
ing dissolved organic material and
inadequate bacterial community.

4. Change to brown water color, 
disappearance of foam, and 
generation of flocculated masses
of bacterial cells, organic detritus,
and adsorbed colloids. 

Floc Masses
Floc particles are agglutinated by

a polysaccharide slime produced by
bacteria. Suspended materials are ad-
sorbed onto the floc, where they are
hydrolyzed by extracellular bacterial
enzymes. 

Older ponds are characterized by
large floc masses that rapidly settle
out of suspension if water agitation is
stopped. AMR systems at this stage
are highly stable and can process large
amounts of organic inputs. McIntosh
(1999) used feeding levels as high as
450 kg/ha/day with no water ex-
change. The volume of the flocs con-
stitutes about 1 to 3% of the water
volume, thus they can be easily fil-
tered out of the pond.

Community succession involves 
transition from clear (left) to algal 
(center) to bacterial (right).

Floc systems are easily established 
in small, highly aerated systems. 
The challenge is to improve hydraulic
efficiency of pond designs to maintain
flocs with less energy input.
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Aeration and Mixing
In most aquaculture systems, the

oxygen content of the water is gov-
erned more by the activities of algae
and bacteria than the target culture
species. As conventionally managed
ponds reduce or eliminate water ex-
change, higher loads of suspended or-
ganic material and bacteria accumu-
late in the water. 

Aeration Rates
As a result, biological oxygen de-

mand increases, and aeration rates

must be increased accordingly. For
example, Hopkins et al. (1993) report-
ed that 20 hp/ha of aeration was suffi-
cient in zero-water-exchange ponds
with production rates of 3.2 mt/ha, but
mass mortality occurred when the
same conditions were used to attempt
6 mt/ha. 

McIntosh (1999, 2000a) reported
aeration requirements for AMR
shrimp ponds in the range of 1 hp for
each 300 to 550 kg of production in
zero-water-exchange systems produc-
ing 11 to 26 mt/ha/cycle. The upper

end of this range was reached by peri-
odically draining concentrated organ-
ic sludge from a point of accumula-
tion near the center drain. 

Water Mixing
In addition to oxygenation, aera-

tors must provide sufficient mixing to
prevent anaerobic zones of sediment-
ed sludge. Anaerobic sediments gen-
erate toxic waste products such as ni-
trite, hydrogen sulfide, and methane.
This is particularly important in sea-
water systems, where the abundance
of sulfate favors the production of hy-
drogen sulfide under anaerobic condi-
tions. 

McIntosh (2000a) reported that
water velocities of 10 to 20 cm/sec are
required to keep organic material in
suspension in his intensive shrimp
ponds. Toward the middle of the ponds,
where velocity drops below 10 cm/sec,
solids begin to fall out of suspension.

Note: Cited references are available
on request from the authors.

Article to be continued in  a future
issue of the Advocate.

Strong aeration is required to support the dense microbial community that develops
in an AMR system.

Aeration is particularly
important in seawater

systems, where the
abundance of sulfate 

favors the production of
hydrogen sulfide under 
anaerobic conditions.


