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Abstract

Nitrogenous wastes are major concerns in shrimp
production and as a component of total farm wastes
that impact the aquatic environment. This study
describes a simulation model of the role of hetero-
trophic and nitrifying bacteria on nitrogen dynam-
ics in intensive Litopenaeus vannamei (Boone) culture
systems using different feeds and feeding strategies.
The model represents: (i) use and remineralization
by heterotrophic bacteria of nitrogen wastes and
ammonia excreted by shrimp; and (ii) nitrification.
The model was quantified using published and un-
published information. The model is multivariate,
deterministic and uses a compartment model struc-
ture based on difference equations. Evaluation of the
model consisted of simulating two indoor and one
outdoor experiment that examined the effects of dif-
ferent feeds and feeding levels on nitrogen dynamics.
In summary, the model is capable of qualitatively
following inorganic nitrogen dynamics. Simulations
investigating the effect of heterotrophic reminerali-
zation on total inorganic nitrogen suggested that
this process may contribute up to 97% of the inor-
ganic nitrogen in the system. This indicates that
strategies to increase production, such as increases
in feed protein levels or feeding rates, should be
carefully evaluated before they are implemented.
Future studies need to address bacterial community
role in these systems and inorganic nitrogen toxicity
mechanisms.
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Introduction

Static wild catches of shrimp, desire for foreign rev-
enue in tropical and subtropical developing coun-
tries, development of new technologies and high
return on investment have contributed to the rapid
growth of shrimp culture worldwide (Phillips, Lin &
Beveridge 1993). The tendency of the shrimp indus-
try to increase production by increasing stocking den-
sity requires an increase in feed input which is the
primary cause of water quality problems (Goddard
1996). Currently, water quality problems are
solved by water exchange, which represents a
waste of water resources and creates an effluent
discharge problem (Wang 1990). Besides dissolved
oxygen, nitrogenous compounds, for example am-
monia (NH3) and nitrite (NO, ) are major concerns
owing to their toxicity to shrimp (Wickins 1976).
The main sources of ammonia in culture systems
are shrimp excretion and decomposition of detritus
(particulate and dissolved non-living organic matter).
In aquaculture systems, uneaten feed pellets, disin-
tegrated feed particles and animal excreta form
part of the detritus pool which, when decomposed
by heterotrophic bacteria, may produce ammonia
(Goldman, Caron, Andersen & Dennett 1985;
Goldman, Caron & Dennett 1987; Moriarty 1997).
In water, a dynamic equilibrium between the toxic
ammonia form (NHs) and the non-toxic ammonium
ion (NH,") is established, the sum of which is
known as total ammonia nitrogen (TAN). This
equilibrium is dependent on temperature and pH.
At a normal seawater pH value of 8.0, approxi-
mately 95% of the TAN is in the form of the ammo-
nium ion (Vymazal 1994). TAN may be used as a
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nitrogen source by heterotrophic bacteria, phyto-
plankton, algae and plants (Wheeler & Kirchman
1986; Fuhrman, Horrigan & Capone 1988;
Vymazal 1994), and as an energy source by nitri-
fying bacteria (Vymazal 1994). Nitrifying bacteria
oxidize TAN first to nitrite and then nitrite is oxi-
dized to nitrate (NO3"), which is not toxic to shrimp.
It would be very valuable to predict the dynamics of
nitrogen forms in shrimp culture systems to avoid
negative effects on shrimp growth and survival.
However, the complex interactions among feed
input and its wastes, shrimp metabolism and bac-
teria use and remineralization of nitrogen com-
pounds, makes prediction of nitrogen dynamics
very difficult.

Montoya, Lawrence, Grant & Velasco (1999) de-
veloped a model to examine the effect of feed stability,
duration of feeding stimulant effect, dietary protein
level, protein digestibility, feeding frequency, amount
of feed per feeding, time of feeding, and feeding
rate on shrimp growth and production of nitrogen
wastes for an intensive, low-water-exchange culture
system receiving dry feeds without natural product-
ivity, except bacteria. In this paper, we focus on the
development of a simulation model to examine
the effect of heterotrophic and nitrifying bacterial
use and remineralization of nitrogen wastes on
TAN, NO, -N and NO;™-N concentrations in the
water and their effects on shrimp survival. After
examining the correspondence between model
predictions and experimental results, the model is
used to examine the contribution of heterotrophic
bacteria remineralization on total inorganic nitro-
gen concentration in the water under different feed-
ing regimes.

Model overview

This model includes two submodels representing
bacterially mediated processes (Fig. 1) and white
shrimp, Litopenaeus vannamei (Boone)
(Fig. 2) under optimum enviromental conditions for
this species. These environmental conditions are

survival

represented as constant: temperature range from
28°C to 30°C; pH range from 7.8 to 8.0; and
oxygen levels above 5.0 p.p.m. The bacteria submo-
del represents three processes: (i) heterotrophic bac-
terial utilization of inorganic and organic nitrogen;
(ii) heterotrophic bacterial remineralization of
NH,"-N; and (iii) nitrification. The survival submo-
del represents mortality as a result of toxic levels of
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NH;-N and/or NO, -N and as a result of site-specific
conditions. The model is formulated as a determin-
istic compartment model based on difference equa-
tions programmed using STELLA® Research vs. 5.1€
High Performance Systems (1998), and runs on a
personal computer using a 1-h time-step; this means
that all values are updated every hour. The initial
values for all state variables are defined by the user
at the beginning of each simulation.

Bacteria submodel

More specifically, the bacteria submodel (Fig. 1)
represents nitrogen uptake by heterotrophic bac-
teria (NHB) from organic forms including nitrogen
in uneaten whole feed (UFN), feed disintegrated in
particles (PFN) and faeces (NFE); and from inorganic
sources including NH,*-N. This submodel also rep-
resents bacteria remineralization of NH,"-N. Nitrifi-
cation is included as the flow of NH,"-N to NO, -N
and to EMBED NO5™-N. The heterotrophic bacterial
population (HBP), the Nitrosomonas sp. population
(NSP) and the Nitrobacter sp. population (NBP) are
represented as independent state variables.

Marine shrimp are ammoniotelic and NH3-N con-
stitutes between 60% and 100% of the nitrogenous
catabolites (Rosas, Sanchez, Diaz, Soto, Gaxiola &
Brito 1996). Amino acids in excess of those needed
for maintenance and growth, and those derived
from nutritionally incomplete diets, are metabolized,
resulting in NH3-N excretion (Lehninger, Nelson &
Cox 1993; Rosas et al. 1996). Based on Hewitt &
Irving (1990) and Rosas et al. (1996), Montoya and
colleagues (Montoya et al. 1999) assumed in their
model that shrimp excrete any nitrogen in excess
of that needed for growth as EMBED (NEA). This
NH;-N (mg) with water establishes an equilibrium
with NH,"-N. The amount of NH5-N (mg) in the
form of NH,"-N (am) is determined by the constant
ammonium proportion (AP, 95%, Bower & Bidwell
1978) at the constant pH (7.8-8.0) and tempera-
ture (28-30°C) assumed in this model, as show in
equation 1:

am = NEA x AP (1)

A proportion of NH,"-N is taken up by hetero-
trophic bacteria (hu) and the remainder is converted
to NO,™-N (ns). Although phytoplankton is thought
to be responsible for most of the inorganic nitrogen
uptake, recent evidence suggests that heterotrophic
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Figure 1 Conceptual model representing bacterially mediated processes in an intensive shrimp culture system. State
variables are denoted by three large upper-case letters and are represented by boxes. Driving variables are denoted by
two upper-case letters and are represented by circles. Constants are denoted by two upper-case letters and are represented by
diamond shapes. Auxiliary variables are denoted by an upper-case letter followed by a lower-case letter and are represented
by circles. Material transfers are denoted by two lower-case letters and are represented by solid arrows. Information

transfers are represented by dotted arrows. Abbreviations are defined in the text.
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bacteria may play a significant role in the utilization
of inorganic nitrogen and may compete success-
fully with phytoplankton for uptake of NH,"-N
(Goldman, Caron, Andersen & Dennett 1985;
Wheeler & Kirchman 1986; Fuhrman et al. 1988).
Thus, the present model includes the bacterial role
with respect to inorganic nitrogen use. The amount
of NH,"-N used by heterotrophic bacteria (hu) is
calculated based on the NH,'-N uptake rate (AH,
8.0 x 10713mg N cell™! h'l; Wheeler & Kirchman
1986) and the heterotrophic bacterial population
(HBP), as show in equation 2:

hu = NH,*-N x AH x HBP (2)

HBP is represented as number of cells and its net
growth (hg) is a function of growth rate (HG,
0.025h™ % Wheeler & Kirchman 1986), as show
in equation 3:

hg = HBP x HG (3)

However, heterotrophic bacterial production and
bacterial nitrogen demand determined in estuarine
and coastal ecosystems appear to be higher than
maximum NH," uptake rates, indicating that bac-
teria may use other organic nitrogen compounds,
such as free amino acids and dissolved proteins
(Wheeler & Kirchman 1986; Fuhrman et al. 1988).
Heterotrophic bacteria in aquaculture systems may
use nitrogen in uneaten whole feed, feed disintegrate
in particles and faeces, which hereafter will be re-
ferred to as nitrogen in detritus. The use of nitrogen
in detritus by heterobacteria (hf, hp, he) is deter-
mined by detritus uptake rate (HD, 1x 107%%
cell *h™!; Holliaugh & Azam 1983), amount of
available detritus (UFN, PFN, NFE) and the hetero-
trophic bacterial population (HBP). The detritus
uptake is represented as a percentage of nitrogen
in detritus used per cell as show in equations 4, 5
and 6. It is assumed there is no preferential usage of
substrate by heterobacteria.

hf = UFN x HD x HBP (4)
hp = PFN x HD x HBP (5)
he = NFE x HD x HBP (6)

Until recently, it was believed that bacteria were
primarily nitrogen regenerators, however, new
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studies indicate that direct excretion of inorganic
nutrients during active growth of bacteria is not a
major mode of remineralization (Azam, Fenchel,
Field, Gray, Meyer-Reil & Thingstad 1983; Goldman,
Caron, Andersen & Dennett 1985). Two criteria
must be met for bacteria in the exponential growth
phase to regenerate nutrients: first, nitrogen must
come from an organic substrate; and second the C:N
ratio of the bacterial biomass must be greater than
the C:N ratio of the available substrate (Goldman,
Caron & Dennett 1987). Goldman and colleagues
(Goldman et al. 1987) found that the C:N ratio of
organic substrate affects bacterial gross growth effi-
ciencies and regeneration, while bacteria C:N was
very similar regardless of C:N of substrate. They also
found no net regeneration during the bacterial ex-
ponential growth phase when NH," was the only
source of nitrogen. Regeneration of NH," during the
exponential growth phase increases with decreasing
C:N ratio, whereas during the stationary phase,
NH, "excretion increased with increasing C:N ratio
of the initial substrate and occurred concomitantly
with losses in particulate nitrogen. In the model,
the amount of NH,"-N regenerated by heterobac-
teria (hr) is a function of the nitrogen accumulated
in the heterotrophic bacterial population (NHB)
and the regeneration rate (Rr). Regeneration rate
is a function of C:N ratio (C:N) and is calculated
by fitting the regeneration results of Goldman
et al. (1987) for the exponential and stationary
phase vs. C:N ratios in a polynomial curve as
follows:

Regeneration rate (%) = 88.0—7.0(C:N ratio)
+0.12(C:N ratio)*(r>=0.98, n=6)

The C:N ratio of the feed is defined by the user for
each simulation. It is assumed that this C:N ratio is
maintained in detritus. In addition, regeneration
occurs only when nitrogen comes from detritus
and is above the minimum nitrogen content (Nh)
of the heterotrophic bacterial population (HBP). The
minimum nitrogen content of heterotrophs (Nh) is
determined by the heterotrophic population (HBP)
multiplied by the nitrogen content per cell (NC,
6 x 10-12mgNcell ™!, Fuhrman et al. 1988) as
shown in equation 7:

if NHB < Nh or UFN, PEFN or NFE = 0 then, h =0

if NHB > Nh and UFN, PFN or NFE > 0
then, h = NHB x Rr (7)

© 2002 Blackwell Science Ltd, Aquaculture Research, 33, 81-94
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Ammonia excreted by shrimp and produced by
heterobacteria may be used by nitrifying bacteria
to obtain energy for growth by oxidizing ammonia
to nitrate (Fry 1987). Nitrifying bacteria can play an
important role in the turnover of nitrogen in marine
environments (Helder & DeVries 1983). Hetero-
trophic nitrification is thought to be insignificant
in aquatic habitats and, therefore, the important
nitrifiers in water are the autotrophic nitrifiers or
Nitrobacteriacea, which include two groups of bac-
teria that use different respiratory mechanisms in
two consecutive steps. First, NH," oxidation NO,~
is executed by strictly chemolithotrophic aerobic
bacteria such as Nitrosomonas sp. and Nitrosococcus
sp. Second, the oxidation of NO,~ to NOs™ is per-
formed by facultative chemolithotrophic bacteria
such as Nitrobacter sp. (Vymazal 1994).

Information about nitrification in aquaculture sys-
tems is rare and limited to biofilters. Few measure-
ments of the actual rates of nitrification have been
reported from coastal and estuarine waters and results
vary widely (Iriarte, Madariaga, Diez-Garagarza,
Revilla & Orive 1996). In addition to the wide vari-
ation, few studies present the two nitrification steps
separately, making it very hard to estimate the inter-
mediate product, nitrite. Ward (1982) reported the
kinetics of ammonia oxidation by Nitrosococcus ocea-
nus, indicating that oxidation rate increased with
increasing substrate concentration following a
Michaelis—Menten hyperbolic curve. It is assumed
that Nitrosomonas sp. oxidated NH,*-N at a similar
rate to Nitrosococcus oceanus. In the model, the
amount of NH,"-N transformed to NO, -N (ns)
depends on the velocity of the NH,"-N oxidation
reaction (Vs) and the Nitrosomonas-like sp. popula-
tion (NSP), as show in equation 8:

ns = Vs x NSP (8)

The velocity of NH,"-N oxidation reaction (Vs) is
represented as amount of NH,"-N in mg trans-
formed to NO,-N per cell of Nitrosomonas-like
sp. The velocity of NO, -N oxidation (Vs) is an aux-
iliary variable used to determine the inverse of the
initial velocity (Vsg) and transform units from pmol
NH,"-NL 'cell 'h™! to mg Ncell ' h™'. The initial
velocity (Vs) is calculated based on the Lineweaver—
Burk equation described by Ward (1982) for
Nitrosoccocus oceanus, as show in equation 9:

L _KeS (1) (1Y
VSy  VmS Mu VinS
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where K,,,S is the half-saturation constant (200 uM),
VS is the maximum velocity of the reaction
(2.2 x 10 8 pmolcell ' h™!), and Mu is NH,™-N
concentration in pM, which depends on water
volume (VO) and total NH,*-N in the system.

Because nitrification is carried out by microbes,
the rate of nitrification is directly proportional to
the growth of nitrifying bacteria (Kadlec & Knight
1996). The Monod expression provides a convenient
relationship for predicting bacterial growth rate (U)
based on concentration of a limiting substrate (S),
the maximum potential growth rate when that sub-
strate is not limiting (U,,), and the half-saturation
constant K for that substrate (Kadlec & Knight
1996). The Nitrosomonas-like sp. population (NSP)
is represented as number of cells. Net growth (sg) of
the Nitrosomonas-like sp. population is a function of
the growth rate (Us), which is the inverse of the
specific growth rate (Usy) calculated based on the
linear equation of the Monod expression described
by Helder & DeVries (1983) for Nitrosomonas-like
sp., as show in equation 10:

o ()" () * (os) 09

where KS is the half-saturation constant
(55.4 pmol L™ 1), UmS is the maximum growth rate
(0.036h7 1Y), and [S] is NH,"-N concentration (Mu)
in uM.

The NH,"-N transformed to NO, -N subsequently
is transformed to NO3;™-N (nb) as a function of
oxidation rate (BR, 2.2x 107'”mgNcell"'h~!,
Bianchi, Bonin & Feliatra 1994) and the Nitrobacter-
like sp. population (NBP) as show in equation 11.

Nitrobacter-like sp. population is represented as
number of cells.

nb = NO; — N x BR x NBP (11)

where Net growth (bg) of Nitrobacter-like sp. is a
function of the growth rate (Ub), which is the in-
verse of the specific growth rate (Uby) determined
using the Monod equation and the constants
reported by Helder & DeVries (1983) for Nitrobacter
sp., including the half-saturation constant (KB,
267.2 umol L) and maximum growth rate (U,,B,
0.064h™1).

In this case, [S] represents NO, -N concentration
(Mi), which, in turn, is a function of water volume
(VO) in the culture system and total NO, -N in the
culture system.
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Survival submodel

This submodel represents shrimp survival (Fig. 2) as
a function of (i) site-specific mortality; (ii) median
mortality as a result of acute toxicity of NH3-N; and
(iii) median mortality as a result of acute toxicity of
NO>-N. NH;-N and NO, -N concentrations are
controlled by the bacteria-mediated processes sub-
model. Mortality as a result of low oxygen concen-
tration or temperature is not considered in this
submodel because these parameters are represented
as constants within the optimum ranges for the
species.

Shrimp number is represented as a single state
variable (SNR), and the initial value is the number
of stocked animals selected by the user within the
range for intensive systems (above 25 animals per
mfz; A. L. Lawrence, personal communication).
Site-specific mortality (hm) is a function of mortality
rate (Mr) specified by the model user, based on
records from commercial operations as an average
daily percentage of animals dying because of condi-
tion of the animals, stress during acclimation and
stocking, or epizootics, as show in equation 12:

hm = SNR * Mr (12)

NH; is considered to be the most toxic form because
it has high lipid solubility and is able to diffuse
through the cell membranes (Fromm & Gillette
1968). NH; toxicity may be acute or chronic. Most
studies refer to acute toxicity and use static bioassay
tests, under controlled conditions, evaluating one or
two variables. Results from these studies are usually
reported as median lethal concentration, LCsg,
meaning the concentration required to kill 50%
of the population at a reported exposure time and
specific environmental conditions. Most studies have
been conducted with other species and information
on L. vannamei is limited. In the submodel, the
median mortality as a result of acute toxicity of
NH;-N (ma) occurs when NH3;-N concentration
(Ac, mgNL™1) is equal or higher than the median
lethal NH5-N concentration, which is specific for
small (As) or large animals (Al). Animals are con-
sidered small when individual shrimp biomass (Ib) is
below or equal to 0.27 g, and large when it is above
0.27 g. The user forecasts changes in daily individ-
ual shrimp biomass (Ib) according to previous ex-
perience. NH3-N concentration (Ac) is a function of
total NH3-N in the system (mg N) from the previous
submodel and water volume (VO, L, user decision).
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Median lethal NH5-N for small animals (As) was
determined by fitting the data of Jiang, Grant &
Lawrence (1999) for L. vannamei in a logarithmic
regression as show in equation 13:

As(mgN L™1) =5.83 — 1.99 *log (hours)
(rf=0.97,n=15) (13)

and for large animals (Al) by fitting the data of Chen
& Lei (1990) for Penaeus monodon in a logarithmic
regression as show in equation 14:

Al(mgN L) =5.38 — 2.05 * log(hours)
(r’=0.96, n=8) (14)

Median mortality as a result of acute toxicity of
NO>-N (mn) occurs when NO,-N concentration
(Mi) is equal to or higher than the median lethal
NO, -N concentration, which is specific for small
(Ns) or large animals (NI). Median lethal NO,-N
concentration for small animals (Ns) was deter-
mined by fitting the data of Chen & Chin (1988)
for P. monodon in a logarithmic equation as follows:

Ns (mgL™1) =172.46 — 8.13 *log(hours)
(r2=0.99, n=4) (15)

and for large animals by fitting the data of Chen &
Lei (1990) for P. monodon in a logarithmic regres-
sion as show in equation 16:

NI (mgL™1) =472.6 — 200.18 * log(hours)
(=092, n=28) (16)

Model evaluation

Nitrogen nitrification and heterotrophic bacteria use
and regeneration of NH,*-N have not been evalu-
ated in shrimp culture systems and information for
evaluation is limited. Most of the information was
obtained from natural ecosystems, which mainly
differ with aquaculture systems in the lack of a
constant fairly high input of nutrients in the form
of artificial feed. However, a preliminary evaluation
was conducted to determine which research items
need to be investigated.

Evaluation of this model consisted of simulating
two indoor experiments conducted at the Shrimp
Mariculture Research Laboratory, Texas A & M
University System, and one outdoor experiment
conducted at The Oceanic Institute, Hawaii. These

© 2002 Blackwell Science Ltd, Aquaculture Research, 33, 81-94
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experiments examined the effect of dietary protein
level in semi-purified diets (expt 1), feeding fre-
quency (expt 2), and dietary protein level in com-
mercial diets (expt 3) on concentrations of total
ammonia—nitrogen (TAN), nitrite-nitrogen (NIC),
nitrate-nitrogen (NAC) and total inorganic nitrogen
(TIN) in the water. Nitrogen excreted as ammonia
(NEA), and nitrogen in particulate feed (PFN),
uneaten feed (UFN), and faeces (NFE) were deter-
mined for each experiment using the simulation
model developed by Montoya et al. (1999). Carbon:
nitrogen ratio (C:N) of diets was determined as-
suming that most carbohydrates were in the form
of starch.

A modified two-sample t-test (Steel & Torrie 1988)
at the 95% confidence level was used to compare
simulated and experimental TAN, NIC, NAC and TIN
concentrations in the water, and shrimp survival.
Simulated parameters in p.p.m. (or mgL™') were
calculated as follows:

_NHI—N-FNH:;—N

TAN
VO
NO; — N
NIC=—2—
VO
Nac = N0 —N
VO

_ NEA +NH; — N+ NO; — N +NO; -N

TIN
VO

where, VO is the water volume of the culture system
in litres.

Because information about bacterial populations
from experiments or any other aquaculture system
was not available, populations of heterotrophic
bacteria (HBPi), Nitrosomonas-like sp. (NSPi), and
Nitrobacter-like sp. (NBPi) were adjusted initially
using the model. Simulated heterotrophic bacteria
(HBP), Nitrosomonas-like sp. (NSP), and Nitrobacter-
like sp. (NBP) populations were monitored to assure
that they did not exceed theoretical limits. Final
bacterial populations were divided by VO to deter-
mine population densities. The theoretical maximum
bacterial population density found in artificial cul-
ture systems is approximately 1 x 10 cellL™!
(Douillet, personal communication). Comparisons
of simulated and actual experiments are summar-
ized below. The simulation period for both indoor
expts 1 and 2 was 480h (20days) and for the
outdoor expt 3, 2016 hours (12 weeks).

© 2002 Blackwell Science Ltd, Aquaculture Research, 33, 81-94

Experiment 1: effect of protein levels of
semi-purified diets

Experiment 1 examined the effect of four dietary
protein levels (11%, 19%, 25% and 33%) on TAN,
NIC, NAC and TIN concentrations in the water, and
on shrimp survival (Velasco 1996). Carbon:nitrogen
ratios (C:N) were 15.51, 7.33, 5.05 and 3.18 re-
spectively. Each treatment had six replicates. Initial
shrimp number (SNRi) was 30 animals per tank and
tank volume (VO) was 20 L. The amount of nitrogen
excreted by the animals (NEA) and available detritus
(UFN, PFN, NFE) are presented in Fig. 3.

Initial heterotrophic bacterial populations were
similar for 19%, 26% and 33% protein levels,
but was lower at 11% protein (Table la). Initial
Nitrosomonas sp. populations decreased with in-
creasing protein levels (Table 1a). Initial Nitrobacter
sp. populations were similar for 11%, 19%, and 26%
protein levels, but was higher at 33% protein
(Table 1a).

There were no statistically significant differences
between simulated and experimentally observed
TAN, NCI, NAC and TIN concentrations, nor be-
tween simulated and experimentally observed
shrimp survival (%) (P> 0.05). TIN increased with
increases in dietary protein level, as reported by
Velasco (1996) (Table 2a). Final bacteria popula-
tions did not exceed theoretical limits (Table 1a).

Experiment 2: effect of feeding frequency of
semi-purified diets

Experiment 2 examined the effect of four feeding
frequencies (3, 5, 8 and 15 times per day) on TAN,
NIC, NAC, and TIN concentrations in the water, and
on shrimp survival (Velasco, Lawrence & Castille
1999). Carbon:nitrogen ratio (C:N) was 7.33. Each
treatment had seven replicates. Initial shrimp
number (SNRi) was 30 animals per tank and tank
volume (VO) was 20 L. The amount of nitrogen ex-
creted by the animals (NEA) and amount of avail-
able detritus (UFN, PFN, NFE) are presented in Fig. 4.

Initial heterotrophic bacteria populations were
increased with increasing feeding frequency. Initial
Nitrobacter sp. population were kept similar for all
feeding frequencies but it was necessary to increase
Nitrosomonas sp. initial values with increasing feed-
ing frequency (Table 1b).

There were no statistically significant differences
between simulated and experimentally observed
TAN, NIC, NAC and TIN concentrations, nor

87



Simulation of nitrogen dynamics in shrimp culture system R A Montoya et al.

Aquaculture Research, 2002, 33, 81-94

(a) 11%
| —NEA - - -NFE — UFN-------PFN|
7 -
— 6- . : ) o
g 51
£ 41 :
> 3- ! PR
o 'n ’/
Z“_'.-' 2' . /’
z | -
[ B —— B
o [>T (] < N O 0 W <t NN O
< O <t <t © O [=0] [32] ©
- - AN N M (32} < <t
Hours
(¢) 25%
50_
o 40+
£
e 30
S
S 20
Z 40|
01~
o

Hours

() 19%

257

a a0 N
o ;O

Nitrogen (mg)

8]

o

d 33%
100
80
60
401
201 .

S

Nitrogen (mg)

Figure 3 Nitrogen excreted (NEA), nitrogen in uneaten feed (UFN), in particulate feed (PFN) and in faeces (NFE) generated
with semi-purified diets, with (a) 11%; (b) 19%; (c) 25%; and (d) 33% dietary protein (expt 1).

between simulated and experimentally observed
shrimp survival (%) (P> 0.05). TIN increased with
increases in dietary protein level, as reported by
Velasco, Lawrence & Castille (1999) (Table 2b).
Final bacteria populations did not exceed theoretical
limits (Table 1b).

Experiment 3: effect of protein levels of
commercial diets

Experiment 3 examined the effect of three dietary
protein levels (15%, 25% and 35%) on TAN, NIC,
NAC and TIN concentrations in the water in outside
systems that were covered to limit phytoplankton
growth (The Oceanic Institute, unpublished data).
Carbon:nitrogen ratios (C:N) were 7.33, 5.85 and
3.75 respectively. Each treatment had four repli-
cates. Initial shrimp number (SNRi) was 90 animals
per tank. Tank volume (VO) was 1300L. The
amount of nitrogen excreted by the animals (NEA)
and amount of available detritus (UFN, PFN, NFE)
are presented in Fig. 5.
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Initial heterotrophic bacterial population was
similar for all protein levels (Table 1c). The initial
Nitrosomonas sp. population was set at 500 000 cells
per tank for all treatments (Table 1c). Initial
Nitrobacter sp. population was similar for 15% and
25% protein levels, but was higher at the 35%
protein level (Table 1c).

There were no statistically significant differences
between simulated and experimentally observed
TAN, NIC, NAC and TIN concentrations, nor be-
simulated and experimentally observed
shrimp survival (P> 0.05). TIN increased with in-
creases in dietary protein level (Table 2c). Mass
mortality occurred at the 35% protein level as a

tween

result of toxic ammonia and nitrite.

Model sensitivity to initial size of
heterotrophic bacteria populations

It was possible to set similar initial heterotrophic
populations in expts 1 and 3, except at the lowest
protein level (11%). This suggests that other factors

© 2002 Blackwell Science Ltd, Aquaculture Research, 33, 81-94
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Table 1 Heterotrophic bacteria (HBP), Nitrosomonas sp. (NSP) and Nitrobacter sp. (NBP) initial and final population
densities obtained in the simulation of the effect of (a) dietary protein level; (b) feeding frequency; and (c) commercial feeds
with three different protein levels on concentration of total inorganic nitrogen forms in the water

Bacterial population densities (number of cells L")

HBP NSP NBP
Dietary protein level (%)/
feeding frequency initial final initial final initial final
(a) Dietary protein level (expt 1)
1% 1x10° 14 x 10° 1x10° 6 x 10° 15 % 10° 2x10°
19% 2x10° 25 x 107 2x10° 14 x 10° 1% 108 11 x 108
26% 2x10° 25 x 107 1x10° 31 % 10° 1% 10° 22 x 10°
33% 2x10° 25 x 107 5 x 10? 41 x10° 1% 107 25 x 10°
(b) Feeding frequency (expt 2)
3 times per day 5 x 10? 25 x 10° 5x 10° 2 x 10° 1% 107 10 x 10°
5 times per day 5x 10* 25 x 10° 5x 10° 2% 10° 1% 107 8 x 10°
8 times per day 2% 107 17 x 107 4% 10° 2 x 10° 1% 107 8 x 10°
15 times per day 3x 107 22 x 107 1x10° 2% 10° 1% 107 10 x 10°
(c) Commercial feeds (expt 3)
15% 7% 10% 4x10* 1% 10? 1% 10° 8 x 10° 1% 10°
25% 7 x 10? 4x10* 1x 102 7 x 10° 1% 10° 2 x 10°
35% 7% 10% 4x10* 1% 10? 14 x 10° 2% 10° 3x10°

affect bacterial growth under these limiting nutrient
conditions. In expt 2, it was necessary to increase
initial heterotrophic populations with increasing
feeding frequencies. This again suggests that factors
other than the amount of nitrogen available affect
growth rate.

It was possible to set similar initial Nitrosomonas
sp. populations in expts 1 and 3, except at the lowest
protein level (11%), when it was necessary to in-
crease it. The specific growth rate equation used was
determined in a temperate system, the Ems-Dollard
estuary, The Netherlands, which has different eco-
logical characteristics from a tropical eutrophic
aquaculture system. In expt 2, it was necessary to
decrease Nitrosomonas sp. initial populations with
increasing feeding frequencies (Table 1b), perhaps
because the specific growth rate equation does not
take into account factors other than substrate con-
centration that could be affecting growth (e.g. sur-
face area). The increase of the initial Nitrobacter sp.
bacterial population were increasing protein levels
in expts 1 and 3, may be because the model does not
include a nitrite oxidation equation that responds to
substrate concentrations.

© 2002 Blackwell Science Ltd, Aquaculture Research, 33, 81-94

Model sensitivity to detritus degradation rates

To identify the range of degradation rates that pre-
dicts reasonable TIN values, four series of 20-day
simulations at dietary protein levels of 11%, 19%,
26% and 33% were evaluated. Each series consisted
of four simulations in which degradation rate was
set at 0.5, 1.0, 1.5 and 2 times its baseline value
respectively. All other parameters were set as in
expt 1. During each simulation TIN was monitored.

Increasing or decreasing degradation rate did
not affect TIN values (Table 3) at any of the dietary
protein levels under the scenario described. This
suggests that the degradation rate used in the base-
line simulation is an adequate representation of the
culture system considered herein.

In summary, the model seems capable of predict-
ing total ammonia nitrogen (TAN), nitrite nitrogen
(NIC), nitrate nitrogen (NAC) and total inorganic
nitrogen (TIN) concentrations in the water under a
variety of dietary protein levels and feeding frequen-
cies once initial bacterial populations have been
identified. Also, the model adequately represents
site-specific mortality and mortality as a result of
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Figure 4 Nitrogen excreted (NEA), nitrogen in uneaten feed (UFN), nitrogen in particulate feed (PFN), and nitrogen in
faeces (NFE) generated with daily feeding frequencies of (a) three times; (b) five times; (c) eight times; and (d) fifteen times

(expt 2).

toxic ammonia and nitrite. Although bacteria dy-
namics are complex, these results suggest that it
is possible to predict inorganic nitrogen dynamics.
Thus, the effort required to determine degradation
and nitrification rates in aquaculture systems
appears justified, given the possibility to simulate
the effect of different feeding strategies on water
quality parameters critical for shrimp growth and
survival.

Simulation of effect of ammonium
regeneration by heterotrophs on TIN

Increasing protein level and/or feeding rates are
common practices in commercial operations to in-
crease production. We used the model to examine
the effect of bacterial NH4"-N regeneration under
the scenario described in expt 3. Three series of

© 2002 Blackwell Science Ltd, Aquaculture Research, 33, 81-94

Table 3 Effect of heterotrophic degradation rate (HD) vari-
ations on total inorganic nitrogen concentration (TIN) in
the water at different dietary protein (DP) levels

TIN (p.p.m.)
Dietary protein (%) 0.5HD 1HD 1.5HD 2HD
11 0.07 0.07 0.07 0.07
19 1.88 1.88 1.88 1.88
26 4.27 4.27 4.27 4.27
33 6.51 6.51 6.51 6.51

simulations at 15%, 25% and 35% protein levels
were evaluated. Each series consisted of three simu-
lations in which feeding rate was set at 0.5, 1.0, and
1.5 times the corresponding experimental value
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Figure 5 Nitrogen excreted (NEA), nitrogen in uneaten
feed (UFN), in particulate feed (PFN), and in faeces (NFE)
generated with commercial feeds, with (a) 15%; (b) 25%;
and (c) 35% dietary protein (expt 3).

respectively. During each simulation TIN, survival,
and shrimp weight were monitored. To separate the
effect of heterotrophic bacteria ammonium regener-
ation on TIN, the same series of simulations was re-
run, multiplying the regeneration equation (hr) by
zero. An approximate percent contribution of het-
erotrophic bacteria regeneration (ACH) was calcu-
lated as follows:

TIN with hr — TIN without hr

ACH =
TIN with hr

Effect of feeding rate at 15% dietary protein

At 15% dietary protein, TIN values decrease with
increasing feeding rate (Table 4a), because shrimp
use most of the extra nitrogen. Survivorship in-
creases slightly (Table 4b) with increasing feeding
rates. TIN values with and without bacteria regener-
ation were similar at all feeding rates, indicating
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that organic sources of nitrogen for bacteria are
limited because shrimp use most of the nitrogen.
Final shrimp weight increased as feeding rate in-
creased (Table 4c).

Effect of feeding rate at 25% dietary protein

At 25% dietary protein, TIN values increase with
increasing feeding rate (Table 4a) whereas shrimp
survival tended to decrease (Table 4b) as a result of
toxic levels of ammonia. TIN values without het-
erotrophic bacteria regeneration were lower than
corresponding values with regeneration. The contri-
butions of heterotrophic bacteria regeneration
(ACH) to TIN concentration were 40%, 70% and
78% at 0.5, 1, and 1.5 Fr respectively. This indicates
that more organic nitrogen was available for bac-
teria as feeding rates increased. ACH increased
more between 0.5 and 1Fr than between 1 and
1.5Fr, suggesting that shrimp excretion is more
important because the animal is reaching its growth
capacity and extra nitrogen beyond that needed for
nitrogen accretion is excreted. Final weight in-
creases as feeding rate increases (Table 4c). Final
shrimp weight increased more between 0.5 and
1Fr than between 1 and 1.5Fr, suggesting that
shrimp are close to their maximum growth rate
under these conditions.

Table 4 (a) Total inorganic nitrogen (TIN) concentrations
in the water; (b) shrimp survival; and (c) final weight of
shrimp (obtained with the model of Montoya, Lawrence,
Grant & Velasco 1999), at different dietary protein (DP) levels
and feeding rates, with and without heterotrophic bacteria
regeneration of ammonium

15% DP 25% DP 35% DP

Feeding rate with without with without with without

(a) Total inorganic nitrogen (TIN, p.p.m.)

0.5 6.48 6.48 10.25 6.12 6.05 0.21

1 6.41 6.41 23.14 7.05 41.34 3.26

1.5 6.38 6.38 42,95 9.27 7237 2.26
(b) Shrimp survival (%)

0.5 56 56 65 68 69 69

1 61 61 64 70 1 12

1.5 64 64 59 69 5 7

(c) Final shrimp weight (g)
0.5 324 3.24 5.07 4.97 825 8.25
1 5.60 5.60 9.50 9.50 11.66 11.50
1.5 6.63 6.63 10.90 10.80 11.73 11.73

© 2002 Blackwell Science Ltd, Aquaculture Research, 33, 81-94
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Effect of feeding rate at 35% dietary protein

At 35% dietary protein, TIN values increase with
increasing feeding rate (Table 4a), whereas survival
decreased dramatically (Table 4b) as a result of toxic
levels of ammonia and nitrite. TIN values without
heterotrophic bacteria regeneration were lower
than corresponding values with regeneration. The
contribution of heterotrophic bacteria regeneration
(ACH) to TIN concentration was 90%, 93% and
97%, at 0.5, 1, and 1.5Fr, respectively. This indi-
cates that bacteria regeneration is an important
factor at high protein levels because the low C:N
ratio of the diet stimulates regeneration, seriously
affecting water quality and, therefore, survival.
Similar to the results described previously, final
shrimp weight increased as feeding rate increased,
mainly between 0.5 and 1 Fr (Table 4c).

These results suggest that care must be used
when increasing feeding rate and protein levels to
increase shrimp growth in static systems. If it is
more cost-effective to increase feeding rate, a better
option could be to use a low-protein diet. On the
other hand, if protein level is increased, feeding rates
need to be adjusted. The higher final shrimp weight
obtained with high protein levels may not compen-
sate for the higher risk of water quality problems
and low survival.

Conclusions

Effects of feeding strategies and feed characteris-
tics on total ammonia—nitrogen, nitrite—nitrogen,
nitrate—nitrogen, total inorganic nitrogen and shrimp
survival were closely predicted by the model, provid-
ing insight into the dynamic interactions among the
diet and feeding parameters evaluated. The model
was able to qualitatively follow inorganic nitrogen
dynamics under conditions described. The model at
its present stage may provide valuable information
to manage indoor bacteria-driven culture systems
and to set future research priorities. The need to
manipulate initial bacterial populations points out
the importance of conducting bacterial community
studies and determining nitrification, degradation
and regeneration rates on aquaculture systems to
be able to predict inorganic nitrogen forms during
the culture period. It is also very important to deter-
mine toxicity mechanisms on shrimp. Use of the
model for outdoor systems is limited because of
the lack of representation of plankton, some biotic
components and environmental factors.

© 2002 Blackwell Science Ltd, Aquaculture Research, 33, 81-94
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