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     1This 1-year funded project is chaired by Lutgarde M. Raskin and it began September 1, 2009.  In other areas of 
this report, this project is referred to as RAS Microbial Communities. 

PROJECT OBJECTIVES 
1. Characterize the microbial communities 

in established production scale marine 
and freshwater recirculating aquaculture 
systems (RAS) units.  These systems 
have been operational and producing 
aquatic organisms for more than one 
year. 
 

2. Once these microbial communities have 
been identified, the role(s) of these 
microbial communities within the 
nitrogen cycle will be quantified with the 
goal of increasing the efficiency of the 
RAS (increased survival, growth and 
density, etc. of aquatic organisms). 
 

3. Coordinate the results of this project 
with the Technical Committee Extension 
Subcommittee of NCRAC 

 
 

ANTICIPATED BENEFITS 
The goal of this work is to develop a 
thorough understanding of the microbial 
ecology and stoichiometry of nitrogen 
transformations in the biological filters of 
recirculating aquaculture systems (RAS).  
This research also seeks to attain a better 
understanding of the interactions of biofilter 
microbial communities with fish or shrimp.  
Knowledge of microbial community 
composition and dynamics under operational 
changes will help to determine optimal 
operational parameters.  Process alterations 
can be made to favor a microbial community 
composition that will improve stability of 
nitrification, improve fish or shrimp 
survival, and allow farmers to increase 
growth rate or stocking density.  A better 
understanding of the microbial community 
composition of these systems could also lead 
to a more rational design methodology.  A 
systematic approach, based on microbial 
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community composition, for the design and 
optimization of RAS could lead to more 
widespread implementation and better 
economic efficiency. 
 
PROGESS AND PRINCIPAL 
ACCOMPLISHMENTS 
This research examines the operational 
conditions and the microbial ecology of two 
indoor RAS: a freshwater system growing 
yellow perch and a marine system growing 
Pacific white shrimp.  The freshwater 
system is composed of a perch production 
tank, a pH adjustment tank in which sodium 
bicarbonate is added, a floating bed plastic 
bead filter, a fluidized bed sand filter, and a 
whiffle ball aerator.  The marine system is 
composed of several shrimp production 
tanks, a biofilter containing oyster shells and 
plastic bioballs used as biofilm attachment 
media, and a solids settling basin.  Much of 
the work has already been completed for the 
freshwater system and this progress report 
summarizes those results. 

 
Three main approaches were taken to attain 
the objectives of the study for the freshwater 
system devoted to production of yellow 
perch.  At first, the 26,498-L (7,000-gal) 
system was fully loaded with 10,000 near 
market-sized perch and could not be 
manipulated directly.  Water samples for 
chemical analysis (ammonia and nitrite) 
were collected daily from five sites, and 
solid media (sand, plastic beads) were 
collected at intervals for bench incubation 
experiments and clone library analyses.  
More detailed water quality analyses were 
performed on two occasions.  At the end of 
harvesting in March 2010, the system was 
idle for four days and we were allowed to 
make short-term additions during which the 
capacity of a mature system to transform 
realistic but large doses of ammonia and 
nitrite in single pulses through the biofilter 
system was tested.  Another 10,000 

fingerlings were added, and weekly water 
samples were taken along with occasional 
solid phase bench experiments.  After 
harvesting of this batch in November 2010, 
the system was idle for more than two 
months and we were able to make whole-
system additions to test capacity decay and 
recovery from loading starvation. 
 
OBJECTIVE 1 
Clone libraries have been completed for 
each of these filters, targeting the 16S 
ribosomal RNA genes of the bacterial and 
archaeal domains, and the Planctomycetes.  
The bacterial clone libraries revealed a 
diverse group of bacteria was present in both 
filters.  The community in the plastic bead 
filter fell into 17 different classes, the largest 
of which were Alphaproteobacteria, 
Acidobacteria, and Planctomycetes.  In the 
sand bead filter, the community was slightly 
less diverse.  The classified sequences fell 
into 14 different classes of bacteria.  Nitrite 
oxidizers of the genus Nitrospira were found 
in both the plastic bead and sand filters.  
Specifically, seven of the 231 sequences 
obtained from the plastic bead filter and 
eight of the 239 sequences collected from 
the sand filter were Nitrospira.  These data 
suggest that the potential for nitrite 
oxidizing activity in the plastic bead filter is 
similar to that of the sand filter.  No 
ammonia oxidizing bacteria (AOB) were 
found in either of the filters.  Because 
ammonia oxidation is clearly occurring in 
this system (see below), one can assume that 
the fraction of AOB in this system was too 
low to be detected in a library of ~230 
clones.  While AOB are typically present at 
low levels in engineered nitrifying systems, 
it is still somewhat surprising that no AOB 
were detected.  An upcoming 
pyrosequencing run (discussed in the 
WORK PLANNED section) will attempt to 
address this deficiency by allowing for 
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deeper sequencing of the microbial 
community. 
 
The archaeal clone library showed much 
lower diversity.  There were no ammonia-
oxidizing archaea (AOA) detected in the 
system.  Classified sequences from both 
filters represented almost exclusively the 
class Thermoprotei.  Archaea will also be 
represented in the upcoming pyrosequencing 
run, which will indicate whether AOA are 
present in the system. 
 
A third set of clone libraries was assembled 
for the class Planctomycetes.  The goal of 
this clone library was to determine if there 
are any anaerobic ammonium oxidizing 
bacteria (anammox) present in the system.  
The plastic bead filter is not aerated and it is 
possible that there are anaerobic zones 
within the filter in which anammox bacteria 
could reside and contribute to nitrification.  
The clone library indicated the presence of 
Planctomycetes of seven and four different 
genera in the plastic bead filter and sand 
filter, respectively.  However, none of the 
populations found in either filter were 
anammox bacteria. 
 
OBJECTIVE 2 
The freshwater RAS was analyzed for 
various water quality parameters, including 
ammonia, nitrite, nitrate, total and volatile 
suspended solids, chemical oxygen demand 
and alkalinity.  Samples were taken at five 
points throughout the system: the fish 
production tank, the pH adjustment tank, 
plastic bead filter effluent, sand filter 
effluent, and aerator effluent.  This analysis 
indicated that the majority of the 
nitrification (both ammonia and nitrite 
oxidation) occurred in the sand filter.  The 
ammonia and nitrite are consistently 
removed to levels below 0.05 mg/L NH4

+-N 
and 0.2 mg/L NO2

--N, respectively.  
Ammonia and nitrite were monitored daily 

at all five sites in the system and there was 
significant daily fluctuation in the 
production tank, pH adjustment tank, and 
plastic bead filter effluent, but ammonia and 
nitrite were both consistently removed to 
low levels. 
 
In addition to daily monitoring of the 
system, the system was monitored over the 
course of a 24-h period to determine 
whether backwashing had an impact on 
nitrification performance.  Backwashing of 
the plastic bead filter is performed every 
morning to remove excess solids.  
Backwashing results in the washout of some 
of the biofilm attached to the beads and has 
the potential to disrupt nitrification if 
ammonia or nitrite oxidizers are sloughed 
off in significant numbers.  Water was 
sampled and measured for ammonia, nitrite, 
and nitrate immediately before and after 
backwashing.  Then, all five previously 
mentioned sample locations were sampled 
every ten min for the first hour, every half 
hour for the next two hours, every two hours 
for the next eight hours and finally the next 
morning before backwashing.  The ammonia 
concentrations showed a small increase (0.1 
to 0.6 mg/L NH4

+-N) for the production 
tank, pH tank and plastic bead filter effluent 
within the first three hours after 
backwashing.  However, the concentrations 
after the sand filter and aerator showed no 
detectable increase.  Nitrite concentrations 
also showed no significant increase as a 
result of backwashing.  These results 
indicate that backwashing of the plastic bead 
filter does not affect nitrification 
performance of the overall system and 
suggest that variations may be due to the 
feeding cycle. 
 
The possible variations due to the feeding 
cycle were evaluated in more detail and it 
was found that the ammonia concentration 
varied according to a daily cycle.  Equal 
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amounts of food pellets were provided at 30 
min intervals from early morning until late 
afternoon.  During this time, ammonia levels 
in the production tank and in the plastic bead 
effluent increased continuously, but never 
reached levels of concern (high values were 
0.30.4 mg/L NH4

+-N).  Nitrite was 
constantly near the limit of detection (0.001 
mg/L NO2

--N).  As soon as feeding ceased, 
ammonia decreased to return to morning 
lows of ca. 0.05 mg/L NH4

+-N.  Nitrite was 
elevated in the bead filter effluent but was 
subsequently removed in the sand filter. 
 
During the protracted three-week harvesting 
of 10,000 market-size perch, the ammonia 
concentration in the production tank 
declined continuously with reduced feeding.  
The alkalinity also declined, while the nitrite 
concentration remained at very low levels.  
Bioassays of nitrification capacity showed a 
75% reduction in ammonia oxidation but 
only 25% reduction in nitrite removal 
capacity during the two weeks between mid-
harvest and new stocking (low loading 
period).  At this time system, alkalinity 
levels were low and may have contributed to 
decreased ammonia oxidation potential.  
Both processes returned to their production-
level capacity during grow out. 
 
In the three days between final harvest 
(February 2010) and new stocking, a series 
of ammonia and nitrite additions were made 
as pulses directly into the biofilter stream to 
test loading capacity.  The addition of 1.5 
mg/L NO2

--N was consumed almost 
completely in one pass through the sand 
filter, allowing only 0.1 mg/L NO2

--N to 
return to the production tank, which was 
completely removed within 15 min.  
Increasing the dose to 7 mg/L NO2

--N 
allowed slightly more breakthrough of 
nitrite into the production tank, but the 
highest value observed (0.3 mg/L NO2

--N) 
was completely removed in 60 min.  Larger 

additions of ammonia behaved similarly.  
With the addition of 14 mg/L NH4

+-N, 2.2 
mg/L NH4

+-N was detected in the sand filter 
effluent, but the system reached background 
levels of 0.2 mg/L NH4

+-N in less than 2 h.  
Increasing the ammonia dose to 70 mg/L 
NH4

+-N allowed 11 mg/L NH4
+-N to reach 

the production tank, and it took 4 h to return 
to system wide ammonia concentrations less 
than 1 mg/L NH4

+-N.  During actual system 
operation, filter loading occurs primarily 
through ammonia production in the 
production tank and does not occur as 
sudden pulses of high concentrations.  
However, the above experiments provide 
valuable information on maximum ammonia 
and nitrite removal rates that can be 
achieved in the sand filter. 
 
During grow out of the next 10,000 perch 
(March-November 2010), occasional assays 
of sand filter capacity demonstrated return to 
previous levels of activity.  After harvest 
(November 2010), a series of measurements 
were undertaken designed to elucidate 
starvation conditions for the sand filter and 
to compare bench incubation experiments 
with whole system progressions in 
nitrification capacity.  After the first week 
without fish, ammonia oxidation capacity 
had dropped by 60% even though total 
alkalinity was adequate.  Nitrite removal 
was much less sensitive to initial starvation.  
In bench incubation experiments, an 
additional week of starvation resulted in a 
small decrease in ammonia removal 
potential but nitrite potential fell by half.  
These conditions remained stable for an 
additional three weeks.  Six weeks after fish 
removal, a week-long series of 
measurements of the whole system was 
initiated.  Initially, ammonium chloride was 
added into the production tank to achieve a 
system wide concentration of 15 mg/L 
NH4

+-N.  Samples were collected at 1-min 
intervals for 1 h, 2-min intervals for another 
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hour, and then at increased time spans.  
Analysis of the added chloride (not 
biologically or chemically active) 
demonstrated that complete mixing of the 
system occurred in 30 min.  Slow 
disappearance of ammonia was not 
accompanied by nitrite buildup, but the 
initially low alkalinity declined to limiting 
levels.  At 48 h, bicarbonate (5 kg; 11 lb) 
was added to replenish the alkalinity, and 
rapid sampling was repeated as before.  
Shortly after this addition, the rate of 
ammonia removal began to increase, and a 
small amount of nitrite began to build up, 
though the level reached was less than 0.02 
mg/L NO2

--N.  At 96 h, when more than 
75% of the ammonia had been removed, an 
addition of nitrite was made to attain 1.5 
mg/L NO2

--N.  Nitrite was transformed 
rapidly to completion without lag at rates 
similar to mid-production measurements. 
 
Bench incubation studies were performed by 
collecting plastic beads and sand with 
biofilm from the respective filters and 
incubating these samples in the presence of 
ammonia and nitrite.  These experiments 
confirmed that ammonia and nitrite 
oxidation occurred primarily by the biofilm 
phases.  Ammonia and nitrite removal began 
immediately in both sand and plastic beads 
incubations, but overlying water from any 
site required at least four days to show 
concentration reduction.  Removal rates 
were directly related to the amount of solid 
phase material present (as determined by 
surface area) regardless of the ratio to 
overlying water.  The sand biofilm appeared 
to contain a balanced assemblage of 
ammonia and nitrite oxidizers, such that 
ammonia additions did not result in build-up 
of the nitrite product and nitrite was also 
consumed as quickly as it was produced.  
Plastic beads did not exhibit the expected 
nitrite removal capacity (which contrasted 
by the suggested nitrite oxidation capacity 

due to the presence of nitrite oxidizers 
determined by the clone library 
analysisCObjective 1) and hence nitrite built 
up to high levels during ammonia addition 
experiments.  This is consistent with the 
occasional observation of higher nitrite 
concentrations downstream of the bead filter 
in the whole system sampling.  The 
maximum ammonia consumption rate was 
observed for a concentration of ammonia 
that was 10 lower than the corresponding 
nitrite concentration.  This finding suggests 
that bacteria could quickly respond to spikes 
in nitrite loading while ammonia 
transformation remained nearly constant 
under the daily conditions of fish 
production.  Both ammonia and nitrite 
oxidation results in the production of acid: 
two acid equivalents are produced for each 
ammonia and one acid equivalent for each 
nitrite.  The bottle experiments confirmed 
this theoretical production of acid, in that the 
alkalinity concentration decreased twice as 
fast as the ammonia concentration.  When 
the alkalinity reached low levels, about 10% 
of the alkalinity in natural waters, the 
ammonia oxidation slowed down 
considerably.  The transformation rate could 
be reestablished through the addition of 
sodium bicarbonate. 
 
WORK PLANNED 
The remaining work for the freshwater 
yellow perch system is to quantify the 
diversities and dynamics of bacterial and 
archaeal nitrifiers through time.  Biological 
media samples have been collected from 
both the plastic bead and sand biofilters.  
The samples will be used to quantify the 
abundance and dynamics of nitrifying 
populations in each of these filters.  This 
will be accomplished using quantitative 
polymerase chain reaction (qPCR), which 
will allow for specific nitrifying populations 
to be quantified based on the quantity of 16S 



NORTH CENTRAL REGIONAL AQUACULTURE CENTER  
 

  
Annual Progress Report 2009-10 Page 6 

rRNA gene sequences in each of the 
samples.  
 
Similar experiments to those performed for 
the freshwater system will be performed on 
the marine shrimp system.  Another set of 
clone libraries for bacteria, archaea, and 
planctomycetes has been constructed for 
biomass collected from these biological 
filters.  This will provide information about 
the microbial populations that inhabit the 
filters and can indicate which nitrifying 
populations are most important in the 
system.  To further determine the dominant 
nitrifying populations, qPCR will be 
performed on samples from both the oyster 
shell and the plastic bioball compartments at 
various points along the depth of the 
biofilters. 
 
The marine shrimp farm has been shutdown 
and will be restarted in March.  Over the 
course of the startup, which typically takes 
six months, the system will be monitored for 
various water quality parameters to 
determine how ammonia, nitrite, and nitrate 
levels change in a system that is not 
operating at steady state.  As the nitrifying 
biomass establishes itself in the biofilters, 
the ammonia and nitrite oxidation rates 
should increase.  The biofilters will also be 
sampled and the various populations 
quantified to track how the community 
changes under an increasing ammonia load. 
 
During startup and after the system achieves 
steady state, water quality will be measured 
at several points throughout the system to 
track the change in ammonia and nitrite as 
the water passes through each shrimp tank 
and each level in the biofilter.  This will 
show where the majority of ammonia and 
nitrite oxidation occurs in the system and 
provide insight into how the system 
functions. 
 

Batch incubation experiments similar to 
those discussed for the freshwater system 
will be performed using the oyster shells and 
plastic bioball media from these biofilters.  
These will be used to determine the 
ammonia and nitrite oxidation potential at 
various points along the biofilter depth.  It 
could also provide information about 
whether certain populations tend to grow 
better on the bioballs or the oyster shells. 
 
In order to sequence the biomass samples to 
a deeper level than is possible with clone 
libraries, samples from both the freshwater 
and marine RAS will be included in a 
massively parallel sequencing 
(pyrosequencing) run.  This will result in 
approximately 10,000 sequences for 
bacterial and archaeal samples for each of 
the biofilters.  This will give a better 
indication of the AOB, AOA, and nitrite 
oxidizing bacteria populations present in 
each of the samples.  The results from this 
sequencing run can also allow for a certain 
level of quantification of the relative 
abundance of various microbial populations. 
  
IMPACTS 
< Improve knowledge of nitrogen cycle in 

RAS and generate means for stable 
management of toxic nitrogen 
compounds. 

< Understand how operational changes 
(e.g., backwashing, change in ammonia 
load due to feeding) affect biofilter 
operation. 

< Examine dynamics of nitrification 
activity and community composition 
during startup. 

< Highlight similarities and differences in 
process performance and operation 
between freshwater and marine RAS. 

< Improve economic viability of RAS by 
finding ways to improve process 
efficiency (e.g., underutilized 
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nitrification potential suggests that a 
greater stocking density is possible). 

< In collaboration with a Mathematics-
Biology Initiative at the University of 
Wisconsin-Milwaukee, an undergraduate 
student has made progress on a model 
using physical characteristics of the 
RAS, flow rates, bench-derived process 
rates, and time series chemical analysis. 

< An Environmental Engineering Master’s 
student has been trained in molecular 
microbial ecology approaches and 
studies of RAS. 

 

SUPPORT 
NCRAC has provided $65,000 which is the 
entire amount allocated for this 1-year 
project. 
 
PUBLICATIONS, MANUSCRIPTS, OR 
PAPERS PRESENTED 
See the Appendix for a cumulative output 
for all NCRAC-funded RAS Microbial 
Communities activities.
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