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Abstract

This study quanti¢ed the accumulation of nitrogen
(N) in the water column, sediments, ¢sh and seepage
water during a production cycle of Colossoma macro-
pomum. By combining estimates of the deposition
rates of uneaten feed, faeces and dead phytoplankton
with measurements of N accumulation in the sedi-
ment, the rate of decomposition of organic matter in
the sediment was estimated. The ¢rst-order rate
constant for organic matter decomposition was
0.237 � 0.019 day�1. Total N recovery during the
¢rst weeks of the experiment was about 65%. Later,
the N recovery was close to100%.The cumulative re-
covery at the end of the experiment was almost
100%, meaning that the N budget in the system stu-
died can be fully explained without consideration of
N volatilization, due to either denitri¢cation or am-
monia volatilization. In the beginning of the growth
cycle, the major £ux of N was sedimentation. Inten-
sive microbial degradation process occurred about
3^4 weeks later, leading to a release of inorganic N
and an approach towards a steady state as to the ac-
cumulationof organic N. Feedwas irregularlyapplied
during the experiment but ¢sh growthwas constant,
showing that the ¢sh utilized detrital or planktonic
feed during periods of low feeding. Nitrogenaccumu-
lated in the pond during periods of excessive feeding
and was utilized by the ¢sh during periods of low
feeding. This cycling should be further studied and
may be an important pond management technique.
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¢shpond

Introduction

Inmost aquaculture systems ¢sh retain only 20^30%
of the nitrogen (N) applied as feed (Avnimelech &
Lacher1979; Boyd1985; Krom, Porter & Gordin1985;
Porter, Krom, Robbins, Bricknell & Davidson 1987;
Green & Boyd 1995). Inorganic N (ammonia (NH3)
and nitrite (NO3

�)) may be harmful to ¢sh, especially
in intensive systems (Hargreaves 1995). Nitrogen not
retained by ¢sh is accumulating in thewater column,
and in the sediments, while smaller fractions are lost
with discharged water (drainage, seepage) or lost
through volatilization of NH3 and N2 gas. There are
reports that 30^95% of the N added to the ponds ac-
cumulates in the sediment (Avnimelech & Lacher
1979; Schroeder 1987; Myint, Chiva, Okamoto, Hino
&Wakabayashi1990; OlaŁ h, Pekar & Szabo1994). Sev-
eral processes a¡ect the accumulation of N in the se-
diment, such as sedimentation (Schroeder, Alkon &
Laher 1991), resuspension (Avnimelech & Wodka
1988; Avnimelech, Kochva & Hargreaves 1999) and
decomposition (Avnimelech1984), processes that are
not well quanti¢ed. In previous works (Avnimelech &
Lacher 1979; Boyd1985; Krom et al.1985; Porter et al.
1987; Green & Boyd 1995), N budgets were made by
sampling the pond at the start and end of a growth cy-
cle, without giving much attention to these processes.
However, pond N budgets made at di¡erent points in
time can help quantify some of these processes.
Nitrogen £uxes are related also to feeding strategy.

In ponds, nutrients provided through organic wastes
stimulate the heterotrophic food chain and depend-
ing on ¢sh species, a part of the ¢sh growth is indir-
ectly based on the feed input through the exploitation
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of the heterotrophic food web (Schroeder 1983; Mid-
dendorp & Huisman 1995). Ekanem (1996) fed ¢sh
on alternating days. The feed provided also, directly
or indirectly, nutrients for the heterotrophic food
chain.The ¢sh exploited this food chain also, thereby
optimizing the overall food conversion e⁄ciency.
This study quanti¢ed the accumulation of N dur-

ing a production cycle in feed-driven ponds, both in
the water column and in the sediment. In addition,
by combining estimates of the deposition rates of un-
eaten feed, faeces and dead phytoplanktonwith mea-
surements of N accumulation in the sediment, the
rate of decomposition of organic matter in the sedi-
ment was quanti¢ed.
Colossoma macropomum, a fast growing species

(van der Meer, Machiels & Verdegem 1995), which is
commercially cultured in several South American
countries (Goulding & Carvalho 1982), was used in
this study. In ponds, C. macropomum grow best when
provided with a nutritionally balanced feed (van der
Meer &Mart|¤ nez1993), evenwhenpond-feeding rates
are high.The possibility to applyhigh feeding loads to
the ponds while maintaining good growth was con-
sidered advantageous for the present study.

Materials and methods

Feeding and ¢sh management

Four ponds of 65-m2 and 1-m depth were stocked
with 30-g C. macropomum at 1 ¢shm�2. Fish were
grown for111days. The growing cycle was divided to
six periods, about 20 days each. Fishweight was esti-
mated and samples of the sediment and water col-
umn were taken at the beginning of the experiment
and on days 20,34,55,76,90 and111. At least 60% of
the ¢sh population in each pondwas sampled, giving
a highly representative population sample.

Fishwere fed with a 3-mm dry £oating pellets with
35% crude protein. The feeding levels applied are gi-
ven in Table 1. The daily ration was divided into two
equal portions applied at 07:00 and 15:00 hours,
broadcasted evenly over the pond surface. During
the ¢rst 3 weeks technical problems caused excessive
feed administration of 14.3% body weight per day.
Dissolved oxygen (DO) concentration just above the
pond bottomwasmeasured dailyat 06:30 hours. Fish
were not fed when the early morning DO concentra-
tion was o2mg L�1. Feeding was resumed when
the early morning DO concentration increased to
45mg L�1. The number of days ¢sh were fed per
sampling period is given in Table 1. Fish were not fed
on sampling days.

Nitrogen budgets

A N budget was prepared for each pond and for each
sampling period. Nitrogen inputs considered were
feed and in-£owing water. Nitrogen accumulations
in ¢sh, water column and sediment as well as N
losses through seepage were quanti¢ed.
The protein content on a wet weight basis of fed

pond-reared C. macropomum is 15% (van der Meer &
Mart|¤ nez 1993). Protein content of ¢sh was assumed
to remain constant during the culture period.To esti-
mate the amount of N storage at stocking and on
sampling days in each pond, water and sediment
samples were collected from three locations (inlet,
outlet and centre) and pooled together. Composited
water column samples were ¢ltered through a GF/C
Whatman (Whatman International, Kent, UK) glass
¢bre ¢lter and the ¢ltrate analysed for NO3

� -N (cad-
mium reduction), NO2

�-N (diazotization) and NH4
1-

N (phenate method) (APHA 1989). Chlorophyll a in
non-¢ltered water column sample was performed
using standard methods (APHA 1989). To measure

Table 1 Feeding levels and nitrogen (N) input (n54 ponds, SD givenwithin parentheses)

Period Feeding Fish

Number
Time span
(days) Days fed

Feed per period
(gpond�1)

N input
(kg Nha�1)

Specific growth rate
(%BWday�1)

Feed conversion
ratio

1 1–20 (20) 20 ( � 0.0) 9828 ( � 498) 84.7 ( � 4.2) 3.78 ( � 0.22) 5.05 ( � 0.33)

2 21–34 (14) 10 ( � 1.3) 5558 ( � 766) 47.9 ( � 6.6) 4.39 ( � 0.17) 1.90 ( � 0.27)

3 35–55 (21) 7 ( � 1.3) 4447 ( � 802) 38.3 ( � 6.9) 2.33 ( � 0.07) 1.11 ( � 0.21)

4 56–76 (21) 15 ( � 2.8) 15292 ( � 3095) 131.7 ( � 26.7) 2.93 ( � 0.06) 2.13 ( � 0.62)

5 77–90 (14) 6 ( � 1.7) 6573 ( � 2003) 56.6 ( � 17.3) 2.05 ( � 0.05) 1.39 ( � 0.42)

6 91–111 (21) 6 ( � 1.7) 8666 ( � 2469) 74.7 ( � 21.3) 1.89 ( � 0.18) 0.76 ( � 0.14)

All 1–111 63 ( � 5.3) 50363 ( � 4231) 433.9 ( � 36.5) 2.89 ( � 0.95) 2.06 ( � 1.48)
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particulate N,500mL of sample was ¢ltered through
a pre-washed 0.45-mm ¢lter and the N retained
on the ¢lter was analysed (Kjeldhal) according to
AOAC (1980). Sediment samples were taken using a
sampling tube of 6-cm diameter, 15-cm depth. In or-
der to consider the patchy distribution of organic
matter in sediments, the three soil samples were
analysed for organic matter content (dry ashing,
Nelson & Sommers 1982); the uniformity of ignition
loss between samples was used as a criterion per-
mitting composite sampling. Only samples with
o5% di¡erence in ignition loss were combined.
Soil pore water was obtained by centrifugation
(4000 rpm;10min) of the top most 5-cm depth core,
and dissolved N analysed using standard methods
(APHA 1989). The remaining soil was dried and the
particulate N was determined after persulphate di-
gestion of the samples (Raveh & Avnimelech1979).
Nitrogen losses due to seepage were calculated. A

sta¡ gauge was mounted in each pond to measure
water level.Water loss was measured daily, and see-
page was calculated as

S ¼ L� Eþ P ð1Þ

where L is the measured water loss, E is the evapora-
tion loss and P is the precipitation. Daily recorded
evaporation and precipitation data (in mm per day)
froma100-mawaymeteorological stationwere used.
Water addition after ¢lling was limited to replace-
ment of losses due to seepage and evaporation. It
was assumed that the seepage water had the same N
concentration as the pore water collected from the
sediment. The ponds were constructed in a sandy
soil and thus had a high hydraulic conductivity and
extensive seepage water losses.

Decomposition rate estimation

The observed accumulation/decrease of organic mat-
ter (as N) in the pond sediments was used to estimate
the decomposition rates of organic matter based on
the following assumptions:
(a) chlorophyll a concentration was converted

to phytoplankton N by assuming a ratio of
5mgNmg�1 chlorophyll a (Laws & Bannister
1980);

(b) 50% of the phytoplankton biomass deposits daily
(Schroeder et al.1991);

(c) from the feed o¡ered 15% is not eaten (Boyd &
Tucker1995);

(d) overall feed digestibility is 70% (van Dam &
Penning deVries1995) and

(e) 30% is excreted as faeces (Porter et al.1987; Lovell
1988).

The rate of organic N decomposition was calculated
from the changes of total organic N concentration in
the sediment between the initial and ¢nal sampling
dates. The ¢rst order decomposition rate constant
(Kdecomp) was obtained through non-linear regres-
sion of the equation proposed byAvnimelech, Mozes,
Diab and Kochba (1995):

dS=dT ¼ B� KðCÞ ð2Þ
or its integrated form,

S ¼ B=Kdecomp � ½ðB� Kdecomp � SoÞ

� e�Kdecomp�T �=Kdecomp ð3Þ

where S is the concentrationof organic N,B is the dai-
ly addition of component S,T is the time and So is the
concentration of organic NatT50.

Statistical analysis

A Pearson’s correlation matrix was calculated for the
principal parameters related to feed conversion, N in-
put, accumulation (¢sh, sediment, water column)
and seepage in the ponds. At each sampling date, the
N input, accumulation and seepage were summed
over all previous sampling periods, and are further
referred to as pooled periods.

Results and discussion

The principal £ux in feed driven ponds is the feed
£ux. This was highly variable in this experiment. An
excessive application of feed was given during the
¢rst period. Later, low oxygen levels limited days of
feed application. Details of feed application levels
and timing are given in Table 1. The percentage of
growing days during which feed was applied for each
period varied from100% to 29%.
Fish growth, £ux of N to the ¢sh and feed conver-

sion ratio (FCR) for each period are given in Table 1
and ¢sh growth in Fig. 1. In 111 days, the ¢sh grew
from 30 to 698 g (� 48.5, SD) realizing an average
feed conversion ratio of 1.3 for the di¡erent culture
periods. Fish growth followed a smooth line, regard-
less of the abruptness of feed application. Growthwas
not inhibited even in periods when feed was given
only 29% of the time. Overall, daily ¢sh growth rate
was 2.9% body weight (BW), which is excellent
compared with other results with the same ¢sh (e.g.
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van der Meer et al.1995). The fast growth is accompa-
nied with an extensive use of N.
The smooth growth of the ¢sh can be explained by

assuming that the ¢sh utilized detrital or planktonic
feed during periods of low feeding. According to sev-
eral works, ¢sh store less than 25% of the feed protein
(Avnimelech & Lacher 1979; Schroeder, Wohlfarth,
Alkon, Halevy & Krueger 1990; Green & Boyd 1995).
In certain experimental periods protein retention

was lower than the equivalent uptake of N by the ¢sh
(Table 2).The di¡erence between the actual uptake of
Nand the potential supply from feed (last column,Ta-
ble 2) is assumed to represent the proteinuptake from
the reserves built up in the pond. In period 6, protein
uptake from the pond amounted to more than 50% of
total protein uptake by the ¢sh.
Another major £ux is the sedimentation £ux. The

experimental ponds were hardly used before the pre-
sent experiment and thus, initially, the sediment had
low levels of organic carbon and N (Table 3).Within
the ¢rst 20 days, the total N concentrations in the se-
diment increased by a factor of 50, from about
6 ppmN to about 250 ppmN. The N accumulation in
the sediment during this period comprised 54% of
the added N (Figs 2 and 3). One possible reason for
the very high accumulation is the fact that feeding
during the ¢rst period was excessive, yet, since even
at optimal feeding about 75% of the N is not used, si-
milar accumulation should be expected under nor-
mal pond operation.
Looking into the composition of the total N in the

sediment (Table 3), during the ¢rst period the in-
creased total N concentration was not followed by
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Figure 1 Fish growth of Colossoma macropomum over a
111-day growth period.

Table 2 Comparison of actual uptake of nitrogen (N) and potential supply from feed (mean�SD, n54)

Period Feed N
Theoretical feed N
uptake� N retained

Actual N uptake
fromwaterw

1 26.66 ( � 1.33) 6.66 ( � 0.33) 2.27 ( � 0.11) � 4.40 ( � 0.35)

2 21.54 ( � 2.97) 5.38 ( � 0.74) 4.90 ( � 0.81) � 0.48 ( � 0.81)

3 11.49 ( � 2.07) 2.87 ( � 0.52) 4.43 ( � 0.23) 1.56 ( � 0.58)

4 39.50 ( � 8.00) 9.88 ( � 2.00) 8.26 ( � 1.74) � 1.62 ( � 3.16)

5 25.47 ( � 7.76) 6.37 ( � 1.94) 8.01 ( � 1.43) 1.65 ( � 2.33)

6 22.39 ( � 6.38) 5.60 ( � 1.59) 12.51 ( � 1.66) 6.91 ( � 0.57)

All units are expressed as g Nday�1.
�25% of feed N.
wFeed N uptake � assumed N from feed. Negative values mean that the ¢sh accumulate less than expected values. Positive values are
indicative of ¢sh N uptake from planktonic or benthic sources.

Table 3 Concentration of organic carbon and nitrogen (N) in sediments and porewater (mean�SD, n54)

Period

Sediments Porewater (mg L�1)

N-NH4
1 (lgg�1) Kjeldhal N (lgg�1)

Organic carbon
(mgg�1) N-NO3

� N-NH4
1

Initial 3.27 ( � 0.07) 6.25 ( � 0.94) 0.24 ( � 0.10) 2.67 ( � 0.56) 1.42 ( � 0.47)

1 2.14 ( � 0.05) 254.51 ( � 15.51) 2.75 ( � 1.79) 3.60 ( � 3.41) 2.29 ( � 2.65)

2 4.57 ( � 0.11) 389.60 ( � 30.72) 11.27 ( � 0.36) 8.97 ( � 0.94) 7.56 ( � 6.71)

3 7.13 ( � 0.08) 301.04 ( � 30.42) 6.73 ( � 0.54) 17.99 ( � 3.80) 23.64 ( � 16.00)

4 4.13 ( � 0.12) 399.52 ( � 12.13) 14.32 ( � 0.48) 19.95 ( � 2.84) 29.98 ( � 11.44)

5 5.09 ( � 0.06) 137.74 ( � 93.99) 13.70 ( � 0.40) 24.01 ( � 8.77) 57.95 ( � 57.39)

6 2.10 ( � 0.09) 225.38 ( � 123.89) 16.37 ( � 0.47) 46.91 ( � 2.71) 62.28 ( � 41.98)
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an increase of adsorbed ammonium in the sediment
and not byany increase of inorganic N in the intersti-
tial water. The increase in adsorbed ammonium and
of soluble inorganic N took place only later, reaching
a peak at about the end of the third or the fourth per-
iods, i.e. after about 60 days. The increase of organic
N accumulation in the sediment seemed to slow
downwith time.
The ¢rst obvious process to take place was the se-

dimentation of the residual organic N. The microbial
degradation of the sedimented organic N was very
slow in the beginning, thus an insigni¢cant amount
of inorganic N was released. Later, microbial degra-
dation processes were taking place, leading to a
build-up of high levels of inorganic N, both adsorbed
and soluble. This accelerated decomposition is also
re£ected in the lowered accumulation of organic N
in the sediment. This trend led to a lower percentage
of sedimented N out of the added one (Figs 3 and 4).
A relatively high percentage of accumulation was
found in period 4, but this is probably due to the very
high feed input in this period.
It is interesting to note that high nitrate levels were

built up in the interstitial water. This is an indication

of aerobic conditions occurring in the sandy sedi-
ment in the experimental ponds. It is possible that
some inorganic N di¡used from the sediment into
the water column, although N levels in the water re-
mained.The heavyN loss through seepage (Fig.3) is a
clear implication of the elevated soluble N in the sedi-
ment. Such losses are not typical for ponds having an
impermeable bottom and low seepage of water.
An important internal £ux is the organic matter

and organic N decomposition £uxes. The decomposi-
tion of organic Nwas evaluated bycomparing the ex-
pected accumulation of organic N with the actual
one (Table 4). Organic N sedimentation originated
from uneaten feed, faeces and dead plankton. The
amounts of these £uxes were calculated based on
published results from the literature (Porter et al.
1987; Lovell1988; Schroeder et al.1991; Boyd & Tucker
1995). The di¡erence between the expected sedimen-
tationand the actual one is considered as the amount
of decomposed N. The rate of N decomposition is re-
presented by the ¢rst order rate constant, K, which
was calculated. In the present study, the rate of N
decomposition, as expressed by Kwas 0.237 � 0.019
(CV (coe⁄cient of variation)58%). This value is
higher than the values given byAvnimelech and col-
leagues (1995) for the decomposition rate constants
in pond bottom sediments, yet, the decomposition
processes considered here are taking place in the
whole pond, i.e. sediment plus water. In this regard,
our results can be compared with those of Avnime-
lech, Mozes andWeber (1992) whoalso studied whole
system decomposition in tanks and mixed ponds.
Their rate constant, 0.06 day�1 is also lower than
the one found here. The higher decomposition rate
constant found in the present study could partly be
explained by di¡erences in temperature. It is obvious
that sound quantitative data on decomposition of

Figure 3 Percentage of nitrogen input found in ¢sh tis-
sue and sediment, and calculated loss through seepage
by period. The percentage of N input found in the sedi-
ment is listed by period. Nitrogen accumulated in the
water waso0.15% and is not shown.
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Figure 2 Nitrogen input (as feed and supply water) and
total Naccumulation in sediments by period (n54).

Figure 4 Percentage of nitrogen input found in ¢sh tis-
sue and sediment, and calculated loss through seepage,
pooled over time. The percentage of N input found in the
sediment is listed by pooled period. Nitrogen accumulated
in the water waso0.10% and is not shown.
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organic matter in ¢sh ponds is lacking. The present
data indicate that this process may be quite signi¢-
cant for understanding the pond dynamics.
In Table 5 a correlation matrix is given relating N

input and utilization to N balance parameters. Feed
conversionwas positively correlated with Naccumu-
lation in sediment and water column, and inversely
correlated with N accumulation in ¢sh tissue. There
was a strong positive correlation between N input
and sediment Naccumulation, and ¢sh Naccumula-
tion was negatively correlated with water column N
accumulation and with seepage N loss.
The N budget for each period individually is given

in Fig.3 and the cumulative budget in Fig. 4. Three N
£uxes are considered: ¢sh uptake, sedimentation and
seepage. Sedimentation was the major £ux during
the ¢rst two periods, followed by a substantial see-
page.The total N recoveryduring the ¢rst two periods
was about 65%. Later, along periods 3^5, the N re-
covery was very close to 100% (104.0 � 3.9). The re-
covery in the last period was almost150% (Fig.3).The
cumulative recovery (Fig. 4) is lower than 100% all
along the ¢rst ¢ve periods, a¡ected by the incomplete
recovery during the ¢rst two periods. However, the
cumulative recovery at the end of the experiment
is 100%. These results lead to several interesting

conclusions. It seems that the N budget in the system
can be fully explainedwithout anyconsiderationof N
volatilization, due to either denitri¢cation or ammo-
nia volatilization. Gross, Boyd andWood (1999) found
substantial volatilization in cat¢sh ponds in Alaba-
ma. However, in the present study ammonium con-
centrations in the water were low and it seems that
the pond bottomwas aerated. Possible denitri¢cation
in deep sediment layers may have been overlooked in
the present study because they were integrated with
the seepage losses. The fact that initially N recovery
was incomplete and the fact that a complete recovery
was found at the end of the experiment are puzzling.
One possible explanation is that N sedimentation in
the ¢rst period was patchy and thus the recovery of
N in the sediments was incomplete (CVof N in the se-
diment was in the order of 5% normally, but was
much higher,17%, during periods1and 2). It is possi-
ble, yet not proven, that the patches of N were de-
graded, colloidal material formed which was more
easily uniform distributed over the bottom.
Following other works where N balance was ob-

tained by comparing the pond in the beginning and
at the end of the growth cycle, in this work N in the
pond system was followed along the growing cycle.
More information can be obtained through the

Table 4 Estimated deposition rate of organic nitrogen (N) and decomposition rate based on period determinations of organic
N in the sediments of four ponds

Estimated organic N deposition rate
(mgNm� 2 day�1)

Organic N accumulation
rate (mgNm� 2 day�1)

Decomposition
rate (mgNm� 2 day�1)

Kdecomp

(day�1)�Pond
Uneaten
feed Faeces

Dead
phytoplankton

1 60.6 20.6 49.2 4.8 125.6 0.236

2 64.6 22.0 54.5 2.3 138.7 0.263

3 55.8 19.0 53.9 6.2 122.4 0.227

4 53.6 18.2 52.5 4.1 120.2 0.219

Mean � SD 126.7 � 8.3 0.237 � 0.019

�First-order rate constant for decomposition.

Table 5 Two-tailed Pearson correlation matrix based on six sampling periods and four ponds (24 data points)

N input
Fish N
accumulation

Sediment
Naccumulation

Water column
Naccumulation

Seepage
N loss

Feed conversion 0.3483 � 0.5815 0.4808 0.5624 0.0440

N input 0.3461 0.8446 � 0.1786 � 0.4274

Fish N accumulation 0.1996 � 0.5626 � 0.5688

Sediment N accumulation 0.1346 � 0.3155

Water column N accumulation 0.3368

Bold values showed signi¢cant correlation (P�0.05). All units are expressed as kg ha�1.
N, nitrogen.
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temporal approach. In the beginning of the growth
cycle, the major £ux of Nwas the sedimentation onto
the bottom soil. Intensive microbial degradation pro-
cess took place about 3^4weeks later, leading to a re-
lease of inorganic N and an approach towards a
steady state as to the accumulation of organic N. The
whole pond ¢rst-order rate constant pertaining to or-
ganic N decompositionwas 0.237 day�1, a value that
is important for pond simulationworks.
A complete overall recovery and fairly good tem-

poral recoveries where found as ¢sh Naccumulation,
accumulation in the sediment and seepage. The rea-
sons for low recovery of N during the ¢rst few weeks
and subsequent N release should be further studied.
An important scienti¢c and practical conclusion is

the storage of protein in the pond system and its sub-
sequent utilization by ¢sh. Nitrogen accumulated in
the pond during periods of excessive feeding andwas
utilized by the ¢sh during periods of low feeding,
yielding an overall smooth growth and low FCR.This
cycling should be further studied and may be an im-
portant pond management technique.
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