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Abstract

The rates of sedimentation and resuspension of organic carbon and total nitrogen were
measured in earthen fishponds, based on nutrient input, water quality parameters and fish
size and biomass. Material collected in sediment traps and soil samples were analyzed for
organic carbon, total nitrogen, iron and aluminum concentrations. A dilution analysis
method was used to differentiate between sedimented and resuspended particles. The rates of
sedimentation and resuspension estimated from total solids increased during the experiment,
ranging from 49.8 to 218.1 g/m2 per day in the case of sedimentation and from 39.2 to 160.0
g/m2 per day in the case of resuspension. Although fish weight increased through time, the
relative resuspension did not change significantly, ranging from 42 to 47% of the total
collected material. Total solids sedimentation and resuspension rates were highly correlated
(P�0.01) to fish weight and biomass, chlorophyll-a, total suspended solids, total feed input
and Secchi disk visibility. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In aquatic systems, the increase or decrease of organic matter in the sediments is
the difference between the rate of in situ produced and allochtonous material that
reaches the bottom before being mineralized, and the rate of organic matter
mineralization in the sediment. The rate of sedimentation (deposition) of particulate
matter is determined by the particle size, shape, density with respect to water
density, and water viscosity (Jørgensen, 1989). In pond aquaculture, the alloch-
tonous contribution is considerable due to the addition of feed and/or organic
fertilizer. For fish ponds, Avnimelech et al. (1999) reported sedimentation rates of
total nitrogen and organic carbon of 1–3 g/m2 per day and 15–30 g/m2 per day,
respectively.

Settled particles can be resuspended. Organic matter decomposition in fishpond
bottoms can lead to anoxic conditions, and resuspension would favor the aerobic
decomposition of organic matter. Considering that the various biotic and abiotic
reactions in sediment results in large concentration differences between the sedi-
ments and the overlying water (Boyd, 1995), resuspension would also increase the
exchange rate of materials from sediment to water.

Resuspension has not been considered in most studies of organic matter accumu-
lation and decomposition. Avnimelech and Wodka (1988) found that resuspended
material accounted for 50% of the total sedimentation flux in an 8 m deep reservoir.
In fishponds, resuspension of organic matter accounted for 60–90% of the total
solids flux (Avnimelech et al., 1999). Scheffer (1998) reviewed and developed
quantitative approaches to the assessment of resuspension in shallow lakes. Resus-
pension depends upon the sheer stress created by waves and currents on the pond
bottom, the less consolidated soils being more sensitive (Lee, 1970; Kamp-Nielsen,
1989). This water turbulence also causes resuspension, transport and resettling of
sediments at places with less stress (Peterson, 1999). The area and depth of the lake,
and wind speed are very important factors in resuspension (Scheffer, 1998).
Sediment resuspension by fish was important in lakes, with an approximate linear
relationship between benthivorous fish biomass (carp or bream) and resuspension
rate. The resuspension rate (kg resuspended per day) was approximately five times
the fish biomass (Breukelaar et al., 1994; Scheffer, 1998).

Of special interest in fishponds is the bio-turbulence created by benthivorous fish.
Fish move actively while searching for food, causing water turbulence (Havens,
1991; Tátrai et al., 1997). When comparing the effect of fish on sedimentation and
resuspension, the last is largely a fish-driven process, whereas sedimentation is a
function of primary productivity. Direct measurements and factors that influence
the rates of resuspension and sedimentation are scarce. Several studies have
identified fish species, fish weight and/or fish biomass, to affect the resuspension
rate in fish ponds (Tátrai et al., 1997; Avnimelech et al., 1999). The objectives of
this study were to measure sedimentation and resuspension rates during a growing
cycle of Oreochromis niloticus in ponds, and to identify and quantify the principal
factors (e.g. feed input, fish weight and number, and water quality parameters) that
contribute to resuspension or sedimentation.
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2. Materials and methods

An earthen fishpond of 800 m2 and 1 m depth was stocked with 87 g O. niloticus
at 1.5 fish per m2. Pond was not artificially aereated during the experiment, had no
vegetation over the banks, and the pond bottom was sandy. Fish were fed a 5 mm
dry floating pellets with 30% crude protein, at 2% body weight per day at the
beginning of the experiment, decreasing to 1.2% at the end of the experiment. The
daily ration was divided into three equal portions applied at 07:00, 11:00 and 15:00
h, broadcast as evenly as possible over the pond surface. After 50 days, feeding was
stopped for 14 days to assess the effect of feeding on the parameters measured.
Feeding was resumed after day 65.

Sedimentation was measured by placing sediment traps in the pond bottom.
Starting on days 7 and 9, two sediment traps were placed 20 m apart at the pond
bottom. The sediment traps were made from PVC pipe with a diameter of 7 cm.
Traps were placed firmly in the pond bottom and trap heights were approximately
30 cm with no difference between samplings. Depending on the amount of sample
collected by the traps, traps were removed from the pond after 24–48 h. Until day
77, traps were replaced every 14 days. All the material collected was transferred to
plastic bags. Soil immediately next to the trap was sampled with a 6 cm diameter
soil corer.

Pond water was sampled on the same days the sediment traps were placed using
a 10 cm diameter, 60 cm height sampling tube. Samples were collected from three
locations (near the inlet, outlet and center) and thoroughly mixed before analysis.
Chlorophyll-a concentration (acetone extraction) and total suspended solids in
unfiltered samples were determined (APHA, 1989). The water samples were filtered
through a GF/C Whatman glass fiber filter and the filtrate analyzed for total
alkalinity, NO3–N (cadmium reduction), NO2–N (diazotization) and TAN (phen-
ate method) (APHA, 1989). During trap placement, net primary productivity
(light/dark bottles) was measured at 20 and 50 cm below water level and the
primary productivity values from both depths were averaged.

The top 2 cm layer of the soil cores and the material collected in traps was dried.
The weight of the material collected was determined following drying at 60 °C to
constant weight. Organic carbon in soil and collected material were determined
potentiometrically following dichromate oxidation (Raveh and Avnimelech, 1972),
total Kjeldahl nitrogen was also determined (AOAC, 1980). Fe and Al concentra-
tions in the material collected in soil cores and trap material were determined using
atomic absorption spectroscopy after acid digestion (Lim and Jackson, 1982).

Resuspended material can contribute to trap yield (Fig. 1), and measured
sedimentation is the sum of the organic matter that settles from the water column
plus the material that is resuspended from the bottom:

ST=Sed+Res (1)

where, ST is the total material trapped, Sed is the trapped material from sedimen-
tation and Res is the trapped material from resuspension. The material sedimenting
from the water is mainly organic, while resuspended material contains a larger
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fraction of inorganic matter. The amount of organic matter caught in the trap
equals:

OMT=
�OM

Sed
�

Sed+
�OM

Res
�

Res (2)

where, OMT is the total organic matter found in the trap, Sed and Res is the
sedimented and resuspended fractions, (OM/Sed) represent the mass fraction of
organic matter from sedimentation, and (OM/Res) is the mass fraction of organic
matter in resuspended material. A similar equation can be written for the trapped
inorganic material:

IMT=
�IM

Sed
�

Sed+
�IM

Res
�

Res (3)

where, IMT is the total inorganic matter found in the trap, and (IM/Sed) and
(IM/Res) represent the mass fractions of inorganic matter in sedimented and
resuspended material, respectively.

When organic and inorganic matter is considered, one method to distinguish
between the sedimented and the resuspended material, is by comparison of the
concentrations of tracers in seston, trap catch and the upper part of the sediment.
This enables assessment of resuspension because the elemental composition of
resuspended particles is different from particles originating in the water column.
Avnimelech et al. (1999) proposed a dilution analysis to evaluate the magnitude of
sedimentation and resuspension based on the assumption that resuspended material
in most fishponds contains elements (Fe, Al, Si) abundant in the soil. The method
assumes that these elements are at very low concentrations in particles originating
in the water. The concentration of an element in the trap material collected is the
weighted average of the concentration in sedimentation and resuspension fluxes. If
the concentration of the relevant ions (Fe, Al or Si) in the resuspension flux is
assumed to be identical to the composition of the upper layer of the pond bottom,
and the concentration of that soil-derived element in the sedimentation flux is
assumed to be zero, then total resuspension and sedimentation flux rates can be
calculated (Avnimelech et al., 1999):

Wr

Wt

=
Ct

Cr

(4)

where, Wr is the dry weight of material collected from resuspension, Wt is the total
mass collected in the trap, and Ct and Cr are the concentrations of Fe, Al or Si in
the material collected, and in the resuspension flux, respectively. This approach was
followed in the present study. Sedimentation and resuspension rates were calculated
for total solids, organic carbon and total nitrogen.

To assess the possible correlation between the sedimentation/resuspension rates
and other parameters, a Pearson correlation matrix was constructed. The parame-
ters included were chlorophyll-a in the water column, Secchi disk visibility, fish
weight and biomass, total feed offered, and water column suspended solids.
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3. Results

Tilapia grew from 86.6�17.9 to 210.0�64.0 g in 77 days, realizing a specific
growth rate of 1.15% body weight per day, and a feed conversion ratio of 1.75 over
the culture period. The feed input at the beginning of the experiment was 3.24 g/m2

per day, and reached 6.19 g/m2 per day on day 77. The overall fish biomass reached
2729 kg/ha and the total mortality was 13%. Both water suspended solids and
chlorophyll-a increased steadily until day 63, and decreased drastically between day
63 and 65, indicating that an algae die-off occurred during that time interval (Fig.
2). On day 77, water suspended solids and chlorophyll-a concentrations increased
again.

The rate of material collected (dry basis) increased from 88.5�7.1 g/m2 per day
(first week) to 330.7 g/m2 per day before day 50 when feeding was stopped. After
feeding was stopped, the total amount of material collected in the traps decreased.
Between day 63 and 65, the deposition rate increased to the highest value during the
experiment (377.7�21.0 g/m2 per day), coinciding with the algae die-off.

The mean concentrations of organic C and total N, Fe and Al, both in soil and
material collected are presented in Fig. 3. In soil samples, organic carbon was nine
to ten times higher than total nitrogen (calculated on the basis of molar concentra-
tions) representing an average C:N ratio of 9.8�1.5 (mean�S.D.) for the whole
experiment. A similar C:N ratio was found in the trapped material (9.7�1.8). The
concentrations of organic C and total N in the trapped material were on average 8
times higher than in the upper 2 cm sediment layer (Figs. 3 and 4).

The use of either Fe or Al as tracers yielded similar results (P�0.05), so the
obtained values were averaged. The sedimentation rate of total solids, organic C
and total N and based on the Fe and Al concentration differences between trapped
material and the top 2 cm sediment layer were calculated (Eq. (3)). At the beginning
of the experiment, total solids sedimentation rate was about 50 g/m2 per day and

Fig. 2. Relation between average fish weight, water total suspended solids and chlorophyll-a concentra-
tion. Feeding was stopped on day 51 and resumed on day 65.
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Fig. 3. Mean concentration (�S.D., n=3) of organic carbon, total nitrogen, iron and aluminum in soil
and collected material (dry basis). Feeding was stopped on day 51 and resumed on day 65.

increased almost by three times over 6 weeks. After day 50, the rate decreased,
increasing again when feeding was resumed. Organic carbon and total nitrogen had
the same pattern as total solids. The fluxes of organic C were 25–90 g/m2 per day
and for total N were 3–9 g/m2 per day. Only on day 65 were the sedimentation
rates higher, due to the algal die-off. The percentage of sedimented material in the
trapped material ranged between 50 and 60% during the whole experiment. The
rates of resuspension of total solids, organic carbon and total nitrogen, and the
percentage of resuspended matter collected in the trapped material are presented in
Fig. 5. Resuspension accounted for 40–50% of the material collected in the traps.
When feeding was stopped, both sedimentation and resuspension rates decreased.

Total solids sedimentation and resuspension rate were highly correlated (P�
0.01) with fish weight and biomass, chlorophyll-a, total suspended solids, total feed
and Secchi disk visibility (Table 1).
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4. Discussion

The values for the sedimentation rate for organic carbon and total nitrogen (but
not for total solids) are comparable to other reports for similar fish size. In
Avnimelech et al. (1999) increased fish size and increased nutrient input, as time
progressed, were positively correlated to increased sedimentation rate. Both the fish
weight increase and the increased feed input led to higher suspended solids in the
water column. The characteristics of pond management (e.g. feed input) are
important to consider when reporting sedimentation rates because the sedimenta-
tion found in this experiment was two to three times higher after 50 days. Although
fish weight increased over time, the resuspension did not change significantly during
the experiment, and was always between 42 and 47% of the total collected material,
irrespective of the component measured (total solids, organic carbon or total
nitrogen). The constant resuspension can be explained by the fact that, during the
experiment, the primary productivity (so the phytoplankton biomass) and the feed
input increased at the same time as the fish increased its weight (see Fig. 2).
Resuspension rate can be related to the fish weight and the number of fish and not
the fish biomass only. Fish weight (and number) can not be related to the
percentage of resuspension without reference to the total amount of material
collected in traps. Therefore, the use of absolute values is more meaningful.

The C:N ratio of the sediment was comparable to the C:N ratio of the material
collected. When organic matter is mineralized, nitrogen is used faster than carbon
and the resultant material is characterized by a lower carbon to nitrogen ratio
(Nixon and Pilson, 1983). Hamilton and Mitchell (1997) mentioned that particle
settling velocities could be in the order of 1 mm/s. Considering the trap height of
30 cm, the total water column residence time would be 300 s, a limited time for slow
chemical reactions such as microbial degradation to occur (Avnimelech et al.,

Fig. 4. Relation between total nitrogen and organic carbon in soil and collected material.
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Fig. 5. Source of material collected (% of total collected), sedimentation and resuspension rates,
estimated from total solids, organic carbon and total nitrogen. Feeding was stopped on day 51 and
resumed on day 65. Determinations based on iron and aluminum concentrations in the soil and the
material collected were not different (P�0.05) and were averaged (mean�S.D., n=6).

1999). The similarity in the C:N ratios of both the sediment and the material
collected confirms this. Carbon and nitrogen concentrations in the trapped material
were on average eight times higher than the concentrations found in the upper 2 cm
of sediment. Most likely, relatively more organic carbon was resuspended than
inorganic soil particles.

The use of Al or Fe as tracers for estimating resuspension gave similar results,
and the use of one tracer is sufficient for future studies. The amount of material
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collected in the traps ranged between 90 and 400 g/m2 per day. Avnimelech et al.
(1999) reported flux rates of 622 and 1331 g/m2 per day for two ponds stocked with
similar sized tilapias at a comparable density. Breukelaar et al. (1994) reported a
resuspension rate equaling about five times the fish biomass per m2 per day, which
is also greater than our values. One possible explanation is the characteristic of the
pond bottom. The dilution analysis used to evaluate the sedimentation and resus-
pension based on Al or Fe as tracers assumes that the density of soil and organic
particles are similar, and are resuspended in the same proportion. Resuspended
material was most likely organic matter with a low density, while the inorganic soil
was hardly resuspended, because the material was sandy, so the size and density of
the particles was too large to be lifted higher than 30 cm into the water column.
The fact that the pond soil was sandy supports this result. It is expected that if the
pond bottom is muddy, containing more clay minerals and less sand or silt the
resuspension rate would be higher. Although the studies by Avnimelech et al. (1999)
reported higher resuspension rates, the important question is how much organic
matter was resuspended, as this drives the food web in the pond. In this study,
45–68% of the trapped material was carbon.

For the evaluation of sedimentation and resuspension rates, the pause of fish
feeding had an important consequence. The introduction of organic matter and
nutrients into the pond ceased, and dissolved nutrients in the water column
decreased to a level that could limit the phytoplankton growth (Diana et al., 1991;
Knud-Hansen et al., 1991). Moreover, the exhaustion of nutrients could cause
phytoplankton populations to collapse (Boyd, 1990). Resuspension can be caused
by bio-turbulence either by fish foraging at the pond bottom when artificial feeding
was suspended, or by fish moving actively during feeding. With the experimental
design it was not possible to distinguish the relative importance of these sources of
sediment resuspension. According to Havens (1991) if no feed is applied less
turbulence is caused and less resuspension is expected. Following data of Fig. 5, it
seems that fish always searched in the sediments, inducing less disturbance when

Table 1
Two-tailed Pearson correlation matrix based on seven sampling periods (days 7–49; significant
correlation, P�0.01)

TSSR TSRR CHL-A SD FW FB TF

–Sedimentation rate, total solids
(TSSR)

0.98 –Resuspension rate, total solids
(TSRR)

0.86 0.84 –Chlorophyll-a concentration
(CHL-A)

–−0.90−0.77−0.79Secchi depth (SD)
Fish weight (FW) 0.78 0.73 0.97 −0.83 –

0.79 0.74 0.97Fish biomass (FB) −0.83 1.00 –
–1.001.00−0.830.80 0.97Total feed (TF) 0.75

0.80 0.76 0.97 −0.86 0.99Water suspended solids 0.99 0.99
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feed was not offered. Resuspension (absolute and relative values) decreased during
feed cessation, although not significantly.

With increasing feed input, the concentration of suspended solids (including
phytoplankton) and inorganic dissolved nutrients (ammonium, nitrate, nitrate) in
the water column increased (data not shown). When feeding was stopped, the
phytoplankton density (expressed as chlorophyll-a concentration) remained con-
stant at 205–208 mg/m3 up to day 63. This was followed by a sudden die-off of
phytoplankton, and on day 65 the chlorophyll-a concentration dropped to 18
mg/m3. Studies on phytoplankton populations have not led to conclusive results
that explain phytoplankton dynamics in fishponds (Sevrin-Reyssac, 1997). In this
study too, it was not possible to identify the cause(s) of this die-off.

The dilution analysis to evaluate the magnitude of sedimentation and resuspen-
sion based on Al or Fe as tracers assumes that soil particles and organic particles
have similar density and are resuspended in the same proportion. This is not always
the case, as discussed here. What is important in estimating sedimentation and
resuspension fluxes in fishponds is to evaluate the dynamics of the organic matter
that accumulates in the pond bottom, and the effect of those processes on the
mobilization of inorganic nitrogen or phosphorus.
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