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Abstract

A dynamic model was developed to simulate nitrogen
(N) flows and fish production in seasonal wetland fish
ponds (Fingerponds) based on organic manuring and
natural food production. The model incorporates
pond water depth, food availability, fish stocking den-
sities, fish and fingerling weights at stocking, repro-
duction rate, manure type and application rates. The
ponds were fertilized fortnightly with 1042 kgha !
chicken manure. The model captured the dynamics
of hydrology, nutrients and fish and demonstrated
that similar fundamental processes underlie fish pro-
duction in these systems. The model predicted an-
nual fish yields of up to 2800kgha ~'. Simulated
fish production, chlorophyll a and dissolved inorgan-
ic N concentrations were comparable with field mea-
surements. Using the model, N budgets and estimates
of all N flows were made. Most of the N input into the
ponds (60—-70%) accumulated in the bottom detritus
of the pond and only 8-10% was converted into fish
biomass, of which about half consisted of small fish.
Fish production in Fingerponds was limited by tur-
bidity induced light limitation and by nutrient limita-
tion. Reduction of variability of fish production
should come from reduced turbidity and sufficient
nutrient input to minimize light limitation and max-
imize fish growth.

Keywords: ecosystem services, Fingerponds, inte-

grated production systems, Lake Victoria, papyrus
wetland, sustainable use, water quality
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Introduction

Fingerponds are earthen ponds dug at the seasonally
inundated landward edge of lacustrine or riverine
tropical wetlands and stocked naturally with fish
following flood recession. They are integrated agri-
culture—aquaculture systems, unique in their depen-
dence on natural flood events for initial water supply
and fish stocking. The fish that are trapped in the
ponds can be farmed and cropped and provide pro-
tein for resource-poor communities, particularly in
the dry season. This has been demonstrated in
experimental Fingerponds in the Rufigi floodplain,
Tanzania and in the wetlands surrounding Lake Vic-
toria in Uganda and Kenya (e.g., Denny, Kipkemboi,
Kaggwa & Lamtane 2006; Kipkemboi, Van Dam,
Ikiara & Denny 2007; Kaggwa, Van Dam, Balirwa,
Kansiime & Denny 2009).

Animal manure application can enhance net phy-
toplankton productivity in Fingerponds to average le-
velsof up to 29 g Cm ~ % day ~ ! (Kaggwa 2006). This
is within the normal range in organically fertilized
ponds (e.g., 24-44 gCm ™~ *day ~ ! in ponds in Hon-
duras and Panama; Green, Phelps & Alvarenga 1989;
Teichert-Coddington, Green & Phelps 1992). The nat-
ural productivity in these systems is supported by an
autotrophic pathway in which solar energy is used by
primary producers (mainly phytoplankton) for the
photosynthetic fixation of carbon, nitrogen (N) and
phosphorus. The resulting algal biomass is utilized
by fish, either directly or indirectly via the hetero-
trophic pathway (Schroeder 1978; Schroeder, Wohl-
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farth, Alkon, Helevy & Krueger 1990). The pathways
are linked through fluxes of inorganic and organic
nutrients (Delincé 1992).

Nitrogen plays a vital role in fish culture due to its
dual role as a nutrient and a toxicant. While it is de-
liberately added to pond systems to enhance primary
productivity, some of its dissolved components (nota-
bly unionized ammonia and nitrite) must be kept be-
low toxic levels to prevent fish mortality. The greater
part (64-89%) of all N added to fish ponds accumu-
lates in the sediment or is lost through volatilization
or discharge (Hargreaves 1998). The challenge in
pond management is therefore to maintain good
water quality while maximizing the retention of N
in harvestable products and minimizing N discharge
into the environment (Jiménez-Montealegre 2001).
This is particularly important for aquaculture
around Lake Victoria, which suffers from eutrophica-
tion with low oxygen concentrations and deteriorat-
ing water quality as a result (Scheren, Zanting &
Lemmens 2000; Kayombo & Jergensen 2005).

Directly after flood recession, water levels in Finger-
ponds are regulated by contiguous lake and/or river
water levels and then by surface runoff, rainfall, eva-
poration and seepage. As the culture period progresses
and the dry season approaches, water levels begin to
fall and the ponds may dry out completely (Kipkemboi,
Van Dam, Mathooko & Denny 2007). Fish growth is
governed by external factors (such as climate, pond in-
puts and water level) and internal pond factors (water
quality, primary productivity and fish reproduction).
Most of these factors were investigated experimentally
in field experiments with Fingerponds (Kaggwa, Kan-
siime, Denny & Van Dam 2005; Kaggwa, Kasule, van
Dam & Kansiime 2006; Kipkemboi, van Dam & Denny
2006; Kipkemboi, Van Dam, Ikiara et al. 2007; Kipkem-
boi, Van Dam, Mathooko et al. 2007; Kaggwa et al.
2009). Formulation of management strategies for
these systems requires a proper understanding of
the interactions between internal and external fac-
tors. Regulation of fertilizer application regimes is
an essential part of the management strategy. Food
supply to the fish should be optimized while avoiding
deterioration of pond water quality and subsequent
negative impacts on the environment.

To increase the understanding of this complex sys-
tem and provide a consistent description of the Fin-
gerpond production system using the accumulated
research results, a dynamic model was constructed
that took into consideration the major factors deter-
mining fish growth in a Fingerpond. The overall ob-
jective of the model was an integral evaluation of the
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processes determining fish production. Specific ob-
jectives were: (a) to relate fish yields to the natural
food production and management of Fingerponds;
(b) to compute N budgets and flows for two different
types of Fingerponds; and (c) to make recommenda-
tions for further research and pond management.
The model was calibrated using data from four ex-
perimental Fingerpond sites on the shores of Lake
Victoria in Uganda and Kenya.

Material and methods
Data collection

Field experiments with Fingerponds were conducted
from May 2003 to April 2004. Four Fingerponds of
24 x 8 m were dug in each of the four sites located
in the flood zone of Lake Victoria wetlands; Gaba
(N 0°14’599”, E 32°28'144") and Walukuba
(N 0°25'58.2", E 33°14’59.8"), Uganda; and Kusa
(S 0°3/55.9”, E 34°53/21.3"” and Nyangera (S 0°3'55.9",
E 340 4'52.2"), Kenya. Water quality data, including
temperature ( °C), dissolved oxygen (DO), total sus-
pended solids, ammonium nitrogen, nitrate nitrogen
(NO5-N), chlorophyll a (Chl a) and secchi depth visibi-
lity were collected monthly between 10:00 and 14:00
hours over a full production cycle (Kaggwa 2006;
Kipkemboi 2006; Kaggwa et al. 2009) following stan-
dard methods (APHA 1995).

Total numbers and weights of adult fish (various
species, but dominated by the tilapias Oreochromis ni-
loticus, Oreochromis variabilis and Oreochromis leucos-
tictus) and their fingerlings were determined at
stocking and at harvest. The total N added to the
ponds was determined from the chicken manure in-
put and from calculations of N fixed by Cyanobacter-
ia. Additional data on tilapia growth and N cycling
were adopted from the literature (Delincé 1992; Har-
greaves 1998; Jiménez-Montealegre 2001; Jamu & Pie-
drahita 2002; Jiménez-montealegre, Verdegem, Van
Dam & Verreth 2002; van Dam & Verdegem 2005;
van Dam, Dardona, Kelderman & Kansiime 2007).

Pond sediment samples were collected at the
beginning and the end of the culture period and ana-
lysed for total N. Daily measurements of photo-
synthetically active radiation (PAR) were taken in
Kirinya wetland, Jinja (2 km from the Walukuba loca-
tion) using a SKYE 4 channel radiometer with light
sensors (Skye Instruments 21, Llandrindod Wells,
UK) and at the pond site in Kusa, Kenya using a
WEATHER HAWK silicon pyranometer sensor
(Campbell Scientific, 815 West 1800 North Logan,
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UT, USA). Light extinction coefficients (k) were esti-
mated from secchi depth (Poole & Atkins 1929).

System description

Fingerponds are constructed with the pond bottom
below the groundwater table and depend entirely on
seasonal lake and river flood events for initial filling.
Once the flood recedes, water levels are regulated by
seepage, precipitation, evaporation and runoff. Dis-
tinctive differences in water levels were noted be-
tween the sites. The ponds in Uganda (referred to as
the ‘lake-dependent ponds’ or simply ‘lake ponds’)
were located in the lake floodplain and had relatively
stable water levels, whereas the sites in Kenya (‘river
floodplain ponds’ or ‘river ponds’) were also affected
by river hydrology. In Kusa, the ponds dried out com-
pletely and showed the most distinctive drop in water
level. Daily variations in PAR also differed among the
sites with notably higher values occurring in Kirinya
(Fig. 1).

Water quality in the two locations was also distinc-
tively different (Table 1). In general, dissolved inor-
ganic nitrogen (DIN) concentrations were lower in
the Ugandan lake ponds than in the Kenyan river
ponds (Fig. 2). However, DIN concentrations in-
creased over the grow-out period, particularly in
Nyangera. Chlorophyll a concentrations did not show
much variation with time except in Walukuba where
a rise was noted in the last 2 months of the culture
period. Suspended solids were relatively high (above
50mgL 1Y), especially in Nyangera. In general, sec-
chi depth visibility in all the ponds was low, although
in Kusa it exceeded 25 cm.

Conceptual model and assumptions

Because of its vital role in fishponds (see ‘Introduc-
tion’), N was chosen as the model currency and all

—
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variables were expressed in grams of N. In the model,
three layers were distinguished: the pond sediment
consisting of soil with interstitial pore water; the det-
ritus layer in which all dead organic material in the
pond accumulate and are mineralized by microbes
and other heterotrophs; and the water column which
harbours fish, phytoplankton and dissolved and sus-
pended materials. Phytoplankton and detritus were
regarded as the main food sources for fish. Pond hy-
drology determined the length of the culture period
(Fig. 3).

Based on their observed dominance in the ponds,
in the model all fish were assumed to be tilapia (Oreo-
chromis spp.). Macrophytes did not occur in the ponds
and did not play an important role as food for the fish.
Periphyton productivity in the ponds (Kaggwa et al.
2006) as well as zooplankton production and bio-
mass (Pokorny, Prikryl, Faina, Kansiime, Kaggwa,
Kipkemboi, Kitaka, Denny, Bailey, Lamtane & Mgaya
2005) were low. Macrophytes, periphyton and zoo-
plankton were therefore not included in the model.
Oxygen concentrations in the pond were above
2mgL~ linthe early morning and never dropped be-
low 4mgL~ ! during the day (Kaggwa 2006), and
therefore were assumed to be within acceptable
ranges for growth and survival of tilapia and not part
of the model. Furthermore, it was assumed that no
lethal abiotic factors existed in the ponds and that
the decomposition of organic matter supplied en-
ough carbon dioxide to support phytoplankton
growth (Boyd 1972). The pond was assumed to be
homogeneously mixed. As the average water tem-
perature was similar in three of the four sites and
the variation was small (maximum coefficient of var-
iation was 7.7%, see Table 1), we decided not to in-
clude temperature as a driving variable in the model.

The protein content of the phytoplankton as well
as fish mortality were assumed to be constant. Deni-
trification was considered negligible because there
was hardly any nitrate in the ponds (Kaggwa 2006).

(b) Irradiance
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Figure 1 Daily observed pond water depth (mm) in the four Fingerpond locations (a) and photosynthetic active radiation

-2

(uEm ~ %5~ 1) for Kirinya near Walukuba, Uganda and Kusa wetlands, Kenya (b), May 2003—April 2004.
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Table 1 Observed water and fish variables for manured Fingerponds in Gaba and Walukuba (Uganda) and Kusa and Nyan-

gera (Kenya)

Gaba Walukuba Kusa Nyangera

Water quality

pH 7.7-8.7 8.6-9.3 7.5-8.2 8.5-8.9

EC (uScm ™) 414 (6.2) 1423 (7.4) 5867 (14.6) 6633 (23.4)

Temperature (°C) 24, 3 (3.5) 26.0 (6.9) 26.4 (5.2) 26.9 (7.7)

DO (mgL~") 4 (34.3) 6.3 (31.6) 7.3 (29.5) 10.5 (29.1)

TSS (mgL~") 129 8 (44.4) 139.3 (25.1) 94.2 (29.3) 258.3 (32.6)

DIN (mgL~") 0.45 (180.7) 0.34 (42.5) 0.92 (46.3) 1.16 (54.0)

N:P ratio 3 (33.6) 3.2 (27.6) 17.6 (157.6) 0 (66.1)

Chla(ugL™") 65.6 (60.4) 163.0 (96.7) 58.4 (68.2) 91.7 (51.0)

Secchi depth (cm) 17.5 (7.4) 19.2 (21.2) 32.8 (13.6) 13.8 (11.8)

Extinction coefficient k (m ") 3(14.2) 6.3 (18.2) 4.3 (14.2) 10.7 (11.1)
Fish

Functional period (day) 310 219 228 189

No. of fingerlings initial census 151 (76.6) 18 (147.2) 613 (14.4) 1850 (13.4)

No. of fingerlings final harvest 1218 (99.0) 1155 (42.3) 126 (87.4) 4459 (16.5)

Individual fingerling weight initial 3.4 (56.8) 3.8 (71.1) 1.7 (55.6) 0.5 (-)

census (g)

Individual fingerling weight final 1.3 (21.8) 1.8 (18.3) 14.2 (31.4) 3.2 (33.6)

harvest (g)

Individual fish weight initial census (g) 21.3 (128.8) 41.8 (121.9) 87.8 (66.0) 30.3 (49.1)

Individual fish weight final harvest (g) 55.5 (1.5) 46.8 (10.0) 85.0 (18.5) 120.1 (61.1)

No. of fish initial census 113 (45.4) 138 (113.4) 46 (89.9) 150

No. of fish final harvest 2095 (72.4) 1096 94 (27.6) 198 (39.9)

All values are means of monthly measurements during the functional period (coefficient of variation in brackets) in two (Gaba) or three

(other locations) ponds, except for pH values which are minimum to maximum ranges.
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Figure 2 Observed water quality trends in the four Fingerpond locations, May 2003—April 2004.
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Nitrogen fixation has been considered negligible in
other studies (El Samara & Olah 1979; Lin, Tansakul
& Apihapath 1988) but in this study N:P ratios were
low (< 7). Coupled with high densities of Cyanobac-
teria (including those with heterocysts like Anabaena
circinalis), these conditions favoured N fixation and a
rate equation for N fixation was added to the model,
contributing to the phytoplankton biomass. All N
was assumed to be in organic (ON) or in dissolved in-
organic form (DIN, the sum of ammonia and NO5-N;
nitrite was below detectable limits). The model was
made up of three modules: hydrology, phytoplank-
ton—water—detritus—sediment and fish (Fig. 4).

Hydrology module

The hydrology module was based on the water bal-
ance model for Fingerponds in Kenya by Kipkemboi,
Van Dam and Denny (2007) (Fig. 4a). Water levels
were measured daily using a staff gauge installed at
the midpoint of one length side of each pond. Eva-
poration was estimated from the Class A pan eva-
poration using a pan coefficient of 0.81 (Boyd 1985)

after correction for rainfall on rainy days. Rainfall
was determined daily at 09:00 hours using a rain
gauge stationed 5 m away from the second pond at
each location. Groundwater levels were measured
from five piezometers (wells) set along a transect at
the second pond of each location (see Kaggwa 2006;
Kipkemboi 2006 for details). Tables with daily eva-
poration, precipitation and groundwater measure-
ments for a given site were included in the model as
driving variables. Runoff was calculated from the
precipitation and the maximum infiltration rate
(mmday ~ ) using the curve number method and
curve number 90 (U.S. Soil Conservation Service
1972) as in Kipkemboi, Van Dam, Mathooko et al.
(2007). Seepage was calculated from measured
groundwater levels using an empirical linear rela-
tionship between ground water level and seepage.

Phytoplankton—-water—-detritus—sediment
module

This module included six state variables: phytoplank-
ton biomass (Nppyto). dissolved inorganic nitrogen in

© 2010 The Authors
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Figure 4 Relational diagrams for sub-modules. (a) Hydrology. Changes in water depth were calculated from the differ-
ence between precipitation, runoff and seepage into the pond, and evaporation and seepage out of the ponds; (b) Phyto-
plankton—-water—detritus—sediment; and (c) Fish module. All state variables were expressed in g N, either as dissolved
inorganic nitrogen (DIN) or organic nitrogen (ON) or nitrogen (N) contained in Ny, (phytoplankton), Ngy,, (fingerlings),
Nish (@dult fish). Other suffixes: sed (sediment), det (detritus), w (water). Diagrams modified from STELLA, version 8 (High
Performance Systems).

—5

Detritus
consumption

N Fish

Detntus
consumption

Excretion Egestion

Excretion Egestion

the water column (DIN,,), organic nitrogen in the
water column (ON,,), organic nitrogen in detritus
(ONget), organic nitrogen in the sediment and dis-
solved inorganic nitrogen in the sediment (DINgeq)
(Fig. 4b).
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or

dehyto
dt

in which Nppyt, is the phytoplankton biomass (in g N),

2
= Tphyto X Nphyto = Kmor,phyto X Nphyto (2)

T'phyto 1S the maximum N uptake rate and Kyor, phyto
is the mortality coefficient (equivalent to
T'phyto/ Nphyto, max)- The first term of Eq. (2) represents
N uptake, and the second term represents mortality.
Light and N limitation were added to Eq. (2) by apply-
ing a Michaelis—Menten equation:

dehyto IZ )
dt IZ + Klight
) - KMor,phyto X Néhym

(3)

in which I is the light intensity (irradiance) at pond

=Tphyto X Nphyto X (

“ < Coin,,
Cpin,, + Kpin

depth z (WEm 25}, Kjignt is the half saturation
constant for light (WEm ~ 25~ %), Cpin,, is the concen-
tration of DIN in the water (in gm ~ ) and Kpyy is the
half saturation constant for DIN uptake (gm ~ ). In
‘Results), [1 — IZ/(IZ+I<Iight)] and [1 — CDINW/(CDINW +
Kpin)] are referred to as the light and nutrient limita-
tion factor respectively. In the model, light intensity
was computed based on the Beer—-Lambert law from
measured light intensity at the sites.

Dissolved inorganic nitrogen in the water column
was produced by mineralization of ON in the water
and detritus, diffusion from the sediment and from
fertilization. Fertilization was computed from the
manure application rate and the N content of the
manure, assuming that a proportion of the manure
contributed to DIN,, and the rest to ONg.. Dissolved
inorganic nitrogen in the water column disappeared
through uptake by phytoplankton [Eg. (3)], ammonia
volatilization and diffusion to the sediment. Dissolved
inorganic nitrogen (ammonia) volatilization was
modelled as a first-order process:

DINvolatilization = kvolat X CDINW (4)

in which kygjq is the first-order rate constant for vola-
tilization of ammonia N. Diffusion was modelled ac-
cording to Fick's second law (Jamu & Piedrahita
2002; Jiménez-Montealegre et al. 2002):

DINGiftusion =Kairr X P

C - C 5
y < DIN,, - DINM) < A (5)

in which Ky is the diffusion coefficient for DIN (in
m?day ~ Y, P is the porosity of the soil (dimension-
less), Cpin, and Cpn,,, are the concentrations of DIN
in the water column and pore water, respectively, D

is the sediment depth (m) and A is the pond surface
area (m?).

Changes in ON,, were calculated as the difference
between phytoplankton mortality (contributing dead
algal matter to the ON,,), re-suspension of ONge, set-
tling of ON,, to the detritus layer and mineralization
of ON,, to DIN,,. All these rates were modelled as
first-order equations.

Changes in ONg. were computed as the difference
between settling, fish mortality, fertilization and
egestion by fish (all contributing to production of
ONget), and re-suspension, consumption by fish, ac-
cumulation of ON in the sediment and mineraliza-
tion to DIN,, (all contributing to disappearance
of ONyey). For a description of fish mortality, egestion
and consumption, see ‘Fish module’. Mineralization
and accumulation were described as first-order
processes.

Organic nitrogen in the sediment was modelled as
the balance of accumulation from ONg.; and minera-
lization to DIN in the sediment pore water (DINg.q),
both as first-order processes. Dissolved inorganic ni-
trogen in the pore water (DIN.q) was assumed to dif-
fuse to and from the water column. Loss of DIN from
the pore water through seepage was calculated from
the seepage rate in the hydrology module and the
concentration of DIN.q.

Fish module

In the fish module, a distinction was made between
fish entering the pond with the flood, and fingerlings
originating from fish reproducing within the ponds
after the start of the culture period (Fig. 4c). The fish
module consisted of four state variables: fish biomass
(Niish, in g N), fingerling biomass (Ngye, in g N), num-
ber of fish (Stkgsn) and number of fingerlings (Stkgyg).

It was assumed that after an initial stocking of the
fish by the flood, the number of fish decreased
through fish loss and mortality according to a first-
order equation. From the total number of fish, the
number of mature fish was calculated by assuming
that the individual fish weight in the population was
normally distributed with an average weight (W)
and a standard deviation (SDggp). If the weight at first
maturity was Wgn mat, then the normal deviate Z was
calculated as

_ abS(Wﬁsh‘mat - Wfish)
SDrish

Z

(6)

From Z, the area under the normal curve can be
derived (Snedecor & Cochran 1980) and the propor-
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tion of immature fish (Propyona) was calculated as

Propyomat =IF (Wish < Wiishmat) THEN )
(Anc + 0.5)ELSE(0.5Anc)

in which Anc is the area under the normal curve. The
number of immature fish was then calculated by
multiplying Propnotmar With the total number of fish.

Changes in fish biomass (Ngg,) were modelled as
the difference between consumption of phytoplank-
ton and detritus and egestion, excretion and mortal-
ity (van Dam & Verdegem 2005). Feed intake by an
individual fish was expressed with a logistic equation:

,M) (8)

Feed intake = rggn X Wign X <1
Wfish,max

in which rgg, is the dry matter feed intake of the fish
(day ~ %), Wyep is the average individual fresh weight of
the fish (g) and Wigsh, max 1S the maximum individual
weight of the fish in the population (g). The model
computes Wi, by dividing total fish biomass by the
number of fish. Total consumption of the fish stock
(in g N day ~ ') was expressed as

Whish
Neonstish =rfish X Wiish X (1 B
Wﬁsh,max (9)
X Stkish X Ceean

in which Cgeeqn is the N content of the feed (% dry
matter).

In the model, the total consumption by fish was di-
vided among the phytoplankton and the detritus. It
was assumed that tilapia prefer phytoplankton and
switch to detritus when the concentration of phyto-
plankton drops. This was achieved by relating the
proportion of phytoplankton in the diet to the con-
centration of Chl a applying a Michaelis—Menten
equation:

PropPhytoi)iet = PrOpPhyto.])iet,max

Cchla

B ——— 10
Cehla + Kenla fish (10)

in which Cy 4 is the concentration of Chl a and K 4 fish
is the half saturation constant for phytoplankton
uptake by fish. The proportion of detritus in the diet
was then calculated as

PrOPDeLrDieL =1- PrOPPhyLoDieL (11)

Egestion and excretion were computed from the
consumption rate assuming that the N assimilation
percentage (digestibility) was constant and that a
fixed percentage of the assimilated N was excreted:

Negeslion = Neonsfish X (1 - DC) (12)

Nexcretion = Neonsfish X DC X Excr (13)
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in which DC is the N digestibility coefficient and Excr
is the proportion of digested N that is excreted.

The number of fingerlings (Stks,,) was computed
from the difference between the reproduction rate
and the fingerling mortality rate. Reproduction rate
was formulated as
Stkpish,mat % Fec x SexRat

SpawnlInt

Reprodrate = (14)
in which Fec is the fecundity (no. of surviving fry per
female per spawn), SexRat is the sex ratio of the fish
(expressed as the number of females divided by the
total number of fish) and SpawnInt is the spawning
interval (day).

Fingerling growth rate, egestion and excretion
were modelled as for fish. However, fingerling indivi-
dual weight was assumed to be constant. This meant
that any change in fingerling biomass was a result of
changes in the numbers of fingerlings.

Model implementation and parameterization

The model was implemented in STELLA 8.0 for Win-
dows (High Performance Systems, Hanover, NH,
USA) with rectangular integration and a time step of
1/32 day. Parameter values (Table 2) were derived
from field observations and measurements (pond
hydrology, light extinction coefficient, DIN, Chl a con-
centrations and fish growth and yield), by calibration
of the model or from literature the on similar models
(mainly Jamu 1998; Jiménez-Montealegre 2001; Jimé-
nez-Montealegre et al. 2002; van Dam & Verdegem
2005).

The model was initialized using data from the ex-
(Table 3).
20kg 2 weeks ~ 'pond ~ !, manure N content 2.3% in
dry matter, initial fish density 1m ~ 2 sex ratio 11,
and no harvesting was performed during the culture
period. Two versions of the model were used: one for a
lake floodplain pond (culture period 300 days) and

periments Manure input rate was

another for a river floodplain pond (decreasing water
level and culture period 200 days). Monthly mean
water quality values of the ponds in each location
were used for model calibration. The relationship be-
tween groundwater level and seepage was calibrated
to the actual water levels in Gaba (lake-dependent
pond) and Kusa (river-dependent pond). The uptake/
consumption rates of phytoplankton and the food
consumption rates of fish were then adjusted to give
levels of DIN, Chl a and fish biomass that resembled
the observations in the experimental ponds as much
as possible.
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Table 2 Parameters used in the model

Component Parameter Name Unit Value Remarks
Phytoplankton Maximum phytoplankton DIN uptake rate Tohyto day " 2 (¢}
Half saturation constant DIN limitation Koin gm -3 0.7 Chen and Orlob
(1975)
Half saturation constant light limitation Kiight 1im dL 200 C
Extinction coefficient non algal Knon-algal dL 5% 3f C
Mortality rate constant Kmort phyto g Nday’1 0.005 Jamu (1998),
Jiménez-Montealegre
(2001)
Nitrogen fixation coefficient Kiiix gNday ' 0.0009 C
Phytoplankton Chlorophyll a content Phytoch a gChla 0.01 F
(gdm)~"
Phytoplankton N content Phytoy gN(gdm)~' 0.08 van Dam and
Verdegem (2005)
Detritus First-order mineralization rate constant ON,, K min ON,, day~' 0.01 C
First-order mineralization rate constant ONge; K min ONge; day ~' 0.003 C
First-order mineralization rate constant ONgeg K min ONggy day’1 0.001 C
First-order settling rate constant Ksett gNday ™~ ! 0.005 C
First-order resuspension rate constant Kresus gNday ™~ ! 0.0025 C
First-order sediment accumulation coefficient  Kaceum gNday ™" 0.00525 C
Detritus density Initialget density 9NmM> 0.3 F
Detritus N content ONget ini gN 0.04 van Dam and
Verdegem (2005)
DIN Diffusion coefficient for DIN Kaits m2day ' 0.002 Jamu (1998),
Jiménez-Montealegre
(2001)
First-order ammonia volatilization coefficient  K,ojat gNday™ ! 0.038 C
Critical dissolved inorganic nitrogen in water  DINy, ¢rit gm—2 0.1 Delincé (1992)
Fish Fish weight at first maturity Winat g 50 de Graaf (2004)
Standard deviation fish weight Sigmaywy dL 15 F
Weight at infinity Wit g 500 C
Fecundity Fe dL 25 C
Spawn interval Spawnp d 30 C
Sex ratio SeXat dL 0.5 F
Fish dry matter total feeding level FLgm fish dL 0.009 C
Half saturation constant Chl a in diet Kchi a fish diet  dL 50 C
Maximum proportion phytoplankton in diet MaXprop phyto AL 0.75 C
fish diet
Digestiblity coefficient DC dL 0.5 Gangadhar et al.
(2004)
Nitrogen excretion rate as proportion of Nexcretion dL 0.3 Oh et al. (2001)
digested nitrogen
Mortality rate constant Kmort fish gNday " 0.0006 F
Fingerlings Fingerling dry matter total feeding level FLam fing dL 0.048 (e}
Half saturation constant Chl a in diet Kchi a fish diet  dL 0.5 C
Maximum proportion phytoplankton in diet MaXorop phyto 0.5 C
fing diet
Mortality rate constant Kiing mort gNday ' 0.015 o]
Light Irradiance standard deviation Irradsp dL 280 F
Hydrology Maximum filtration rate Maxgg mmday " 28.2%, 251+ C
Critical depth Critgeptn mm 300 F
Soll Soil porosity P dL 0.8 Jiménez-Montealegre
(2001)
Sediment depth D m 0.15 Jiménez-Montealegre
(2001)

Unless indicated values were based on estimates from own observations.

*Lake-dependent ponds and

TRiver-dependent ponds.

**Value computed from ranges given.

C, calibration; F, estimated from field measurements; dL, dimensionless; DIN, dissolved inorganic nitrogen.
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Table 3 Initial conditions of simulations (dL denotes di-
mensionless)

Variable Name Unit Value

Organic nitrogen in water dry ONy dm ® 05
matter density density
Detritus density Detyensty gNdmm~° 0.3

Dissolved inorganic nitrogen in Coinw gNm~ 3 0.471

gNdmm~™

water

Individual fingerling stocking Fingw g 1

weight

Individual stocking fish weight Fishy, g 30

Number of fingerling stocking Fingno. dL 200

pond

Organic nitrogen in water ONseq gNm~3 3

Phytoplankton chlorophyll a Initialpnyto 1 L 34.4
Chl a

Pond water depth Initialpongw MM 720

depth

Results
Hydrology

The lake floodplain pond did not dry up while the
water levels in the river floodplain pond began to drop
after 20 days, reaching the critical pond water depth
(0.3 m) by the end of the culture period of 200 days.
The lake pond had higher and more constant precipi-
tation and lower evaporation than the river pond
leading to a more constant water level. However, see-
page rates were higher in the lake pond. For both
pond types, a linear relationship between ground-
water level and seepage was used, with low ground-
water levels leading to seepage out of, and high
groundwater levels to seepage into the pond. With
this relation, the models were able to mimic the aver-
age water levels in the two pond types (Fig. 5).

Phytoplankton, water, detritus and sediment

In the model for the lake-dependent pond, simulated
Chl a in the water column increased to about
75gm > at the end of the culture period. This was
lower than the Chl a observed in the ponds (about
120 gm ~ 3 Fig. 6a). The river pond model showed in-
creasing Chl a levels (Fig. 6b) to about 145 gm ~ > at
the end of the culture period (higher than measure-
ments of about 95 g m ~ 3). Simulated DIN,, in the lake
pond increased to about 1.3 gm ~ 3 on day 230, after
which it declined to 0.9 gm ~ 3. A fluctuating level of
0.2-0.7 gm ~ > was measured (Fig. 6¢). Dissolved inor-
ganic nitrogen in the water column concentrations
in the lake pond model steadily increased between
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0.25 and 0.60 g m ~ > while measurements fluctuated
between 0.28 and 0.78 (Fig. 6d).

In the model of the lake-dependent pond, the light
limitation factor increased from about 0.4-0.6, sug-
gesting a slight increase in light limitation. Nutrient
limitation decreased in this pond, as shown by the
decrease in nutrient limitation factor from about 0.9
to a value of 0.4 (Fig. 7a). In the river pond, light lim-
itation was less severe than in the lake pond with va-
lues of the limitation factor between 0.2 and 0.1.
Nutrient limitation in the river pond was strong in
the beginning (0.94) but decreased towards the end
of the culture period (0.72; see Fig. 7b). In both mod-
els, an increase in ON,, (to about 16 and 25 gNm ~ >
in the lake and river pond respectively) and detritus
(to 34 and 25 gN'm ~ 2, respectively, at the end of the
period) was simulated (Fig. 7c and d).

Fish

The simulated number of fish reduced steadily in both
pond types due to mortality (Fig. 8a and b). In both
models, all fish were mature after about 170 days.
The simulated number of fingerlings increased to
4392 and 3818 per 192 m? pond at the end of the cul-
ture period in the lake pond and river pond model re-
spectively. Individual weight at the end of the culture
period of the stocked fish was 181 g (lake-dependent
pond) and 100 g (river-dependent pond). Total simu-
lated fish yields were 2625 and 1492 kg ha ~ ! respec-
tively. In the lake pond, this yield consisted of roughly
equal biomasses of fish and fingerlings (about
25000 g each). In the river pond, there was more
adult fish (some 17 000 g) than fingerlings (11 600 g).

The proportion of phytoplankton in the diet of the
adult fish and fingerlings increased from about 0.25
and 0.17 in the beginning, to about 0.46 and 0.30 at
the end of the culture period in the lake pond model
(Fig. 8c). In the river pond, the proportion of phyto-
plankton in the diet increased during the culture per-
iod from 0.22 to 0.56 for the adult fish and from 0.15
to 0.37 for the fingerlings (Fig. 8d). The total uptake of
N by fingerlings at the end of the culture period was
about double that of the adult fish in the lake pond. In
the river pond, fingerlings consumed 2.3 times the
amount of N that the adult fish consumed.

Nitrogen budgets and flows

Total N input was 10727 and 7087 g for the lake-
dependent and river-dependent pond respectively
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Figure 5 Simulated and observed pond water depth over the period of May 2003—April 2004 for lake-dependent (a) and
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Figure 6 Simulated and observed Chlorophyll a (Chl a, in mg m ~ ) and dissolved inorganic nitrogen (DIN, in gm ~ ) in
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Figure 8 Simulated fingerling and fish numbers (a, b) and proportion of phytoplankton in fish and fingerling diets (c, d)

in lake-dependent and river-dependent Fingerpond.

(Table 4). The majority of this input came from the
manure, of which 95% was assumed to contribute di-
rectly to the ON in the detritus. Nitrogen fixation pro-
vided 8.1 and 7.3% (lake and river pond) of the N input,
resulting in a flow of 151 and 134 mgNm ~ 2 day ~ 'in
both ponds (Table 5). This is within the range of 6—
57mgNm ~?day ~ ! for N fixation reported in the lit-
erature (Schroeder 1987; Lin et al. 1988; Acosta-Nassar,
Morell & Corredor 1994).

The major part of N input accumulated in detrital
ON at the pond bottom (60.2% and 68.3% for the lake
and river pond respectively) and in the water column
(just over 20% in both pond types). The slightly lower
accumulation in the lake pond was related to the
higher simulated DIN concentration in this pond,
which led to higher volatilization loss. Volatilization
rates reported in the literature range from 0.5 to
about 50mgNm ~2day ~! (Schroeder 1987; Abdal-
lah, Mcnabb & Batterson 1996; Gross, Boyd & Wood
2000) and the rates calculated by the model fall
within this range (9.64 and 312mgNm ~*day ~ %
Table 5). Because of the higher seepage in the lake
pond, DIN loss through seepage was higher here
(1.5% of N input versus 0.3% in the river pond).

Total N assimilation by phytoplankton (DIN uptake
plus N fixation) in the models was 133 and
105 mg N m ~ 2 day ~ ! in the lake-dependent and riv-
er-dependent ponds, respectively, which was below
the range reported for temperate fishponds (150—
450mgNm ~*day Y and much lower than rates

reported for productive tropical ponds (750-
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Table 4 Nitrogen balance for the lake-dependent and riv-
er-dependent ponds over the whole culture period as calcu-
lated by the model (for more explanation, see text)

Lake pond (300 River pond (200
days) days)
% of % of total

Variable gN totalinput gN input
Total ON fertilization 9364 87.3 6243  88.1
Total DIN fertilization 493 46 329 4.6
Total N fixation 869 8.1 516 7.3
Total N import 10727 7087
Ammonia volatilization 555 5.2 120 1.7
DIN seepage 88 0.8 11 0.2
Total N export 643 131
Phytoplankton 43 0.4 29 0.4
Fish 514 48 287 4.1
Fingerlings 613 57 290 4.1
DINy 80 0.7 —-44 -06
DINseq 7 041 -2 0.0
ON,, 2196 20.5 1464  20.7
ONget 6459 60.2 4843 68.3
ONgeq 171 1.6 89 1.3
Total N storage 10084 6956

ON, organic nitrogen; DIN, dissolved inorganic nitrogen; N, ni-
trogen; DIN,, dissolved inorganic nitrogen in the water column;
DIN,.q, dissolved inorganic nitrogen in the sediment; ON,, or-
ganic nitrogen in the water column; ONge, organic nitrogen in
detritus; ONgeq, Organic nitrogen in the sediment.

1500 mg N'm ~ % day ~ '; Hargreaves 1998). Of the to-
tal N input, 10.5% and 8.2% ended up in fish biomass
in the lake and river model, respectively, of which
slightly more than half was in fingerling biomass.
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Table 5 Average nitrogen flows (inmgNm ~*day ~ ') fora
lake-dependent and river-dependent pond as calculated by
the model for a culture period of 300 and 200 days respec-
tively

Lake River

Process pond (GB) pond (KS)
DIN uptake by phytoplankton 117.9 91.9
Consumption

Of phytoplankton by fish 15.6 13.7

Of phytoplankton by fingerlings 22.9 17.7

Of detritus by fish 13.0 10.0

Of detritus by fingerlings 32.8 20.8
Egestion

By fish 14.3 11.9

By fingerling 27.8 19.2
Excretion

By fish 4.3 3.6

By fingerlings 8.4 5.8
Mortality

Of fish 11 0.8

Of fingerlings 8.9 5.9

Of phytoplankton 93.8 731
Diffusion

Into sediment 1.0 <0.01

Into water column 0.1 0.3
Mineralization

In water 53.5 35.9

From detritus 55.2 39.8

From sediment 0.7 0.6
Resuspension 46.0 33.2
Settling 48.1 32.3
Accumulation 3.7 29
Ammonia volatilization 9.6 3.1
DIN seepage 1.5 0.3
Nitrogen fixation 15.1 134
N input from fertilizer

ON into detritus 162.6 162.6

DIN into water 8.6 8.6

ON, organic nitrogen; DIN, dissolved inorganic nitrogen.

Discussion

The model was developed with data from two sets of
ponds in Uganda and Kenya and captures the factors
that determine the productivity of Fingerponds in
one quantitative framework. There are several uncer-
tainties about parameter values and the model was
not validated with independent data. For now, this
limits the interpretation and use of the model for
practical purposes like pond management or detailed
water quality prediction. However, calibration of the
model to the observed water levels (Fig. 5), Chl a and
DIN concentrations (Fig. 6) and fish yields ensured
that the simulations were realistic representations of
the pond system. In this way, the model contributes to

an improved understanding of these complex sys-
tems and helps to identify options for improved man-
agement.

The model was based on the assumption that only
Oreochromis species stocked Fingerponds. Initial cen-
suses showed that several other fish species were
present, such as haplochromines, clariids and Proto-
pterus aethiopicus, but these generally represented
< 10% of the number stocked (Pokorny et al. 2005;
Kaggwa et al. 2009). While Oreochromis juveniles are
omnivorous, feeding on algae, zooplankton and in-
sect larvae (Tudorancea, Fernando & Paggi 1988),
adults feed on phytoplankton, detritus or periphyton
(Jauncey & Ross 1982; Getachew 1987). Stomach
content analysis of adult fish showed that detritus
constituted the bulk of the fish diet (Kaggwa et al.
2009) and similar diets for tilapias in natural ecosys-
tems were reported (e.g., Tadesse 1999). Tilapias are
opportunistic and versatile in their choice of food
and shift to other food resources when certain foods
are scarce. The modelled diet of phytoplankton and
detritus was therefore realistic. Detritus is a mix of
low-quality organic matter (including dead phyto-
plankton) and more nutritious heterotrophic micro-
organisms and macroinvertebrates. In the model,
detritus was assumed to have a lower N content than
phytoplankton and therefore resulted in slower fish
growth.

The fingerlings exerted a high feeding pressure.
In the model, higher proportions of phytop-
lankton in the fingerling diet [i.e., by increasing
Propphyto, biet, max i Eq. (10)] resulted in phytoplank-
ton concentrations that were too low or even zero,
especially towards the end of the culture period. The
model suggests that as the culture period progressed,
consumption by fingerlings was at least double that
of the adult fish. This stresses the need to manage
the fingerling density, which is a challenge because
initial stocking densities in Fingerponds depend on
natural flood events. Stock management was at-
tempted through manual sexing and removal of fin-
gerlings using traditional fishing methods, e.g. use of
baskets and netting (Brummett 2002). Piscivorous
fish, e.g. Clarias sp. can also be used as a means of re-
ducing fingerlings (de Graaf, Galemoni & Banzoussi
1996). However, curbing recruitment in these sys-
tems proved very difficult (Kaggwa 2006; Kipkemboi
2006).

Light limitation was one of the main hindrances
for higher primary production. Fingerponds are
turbid, and one of the main differences between
the lake-dependent and river-dependent ponds was
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the higher turbidity in the lake pond model. This was
based on observations in Gaba, where high non-algal
turbidity was observed (Kaggwa et al. 2009). The dif-
ference cannot be attributed conclusively to the
difference in pond type but is probably caused by
site-specific factors (e.g., soil type) and was incorpo-
rated in the model through the non-algal turbidity
coefficient (Table 2). As a result, light limitation was
stronger in the lake ponds. The model does not
account for increased resuspension as a result of
wind action. This may be an important cause of tur-
bidity in Fingerponds, especially as water levels are
reduced in the course of the culture period.

Fish and fingerling biomass accounted for 8-10%
of the total N input. This is in the same range as that
found in other manured fish ponds (Edwards 1993;
Acosta-Nassar et al. 1994; Hargreaves 1998; Gross
et al. 2000; Azim 2001). About half of this N was in
fingerling biomass, again stressing the importance
of fish reproduction in the functioning of the ponds.
The ON input of up to 244 mgNm ~*day ~ ' from
manure in the Fingerponds was lower than the
normal range for semi-intensive fish ponds of
700-800mgNm ~ *day ~* (Schroeder et al. 1990;
Knud-Hansen, McNabb & Batterson 1991). For Finger-
ponds, pond water levels determine the quantity of
manure that can be added to these closed systems.
While manuring had a positive effect on fish produc-
tion in Fingerponds (Kaggwa et al. 2009), simulations
with increasing manure applications suggested that
applications over 30 kg per fortnight per pond did not
further increase Chl a concentrations and did not
have much effect on fish biomass. The model pre-
dicted maximum fish yields of 1500-2800 kgha ~*
for a 200-300-day culture period. This is close to the
highest yield of 2670 kg ha ~ ' obtained in 310 days in
Ugandan Fingerponds (Kaggwa et al. 2009) and simi-
lar to yields of 800-2000kg ha ~ 'year ~ ! from com-
parable waste-fed polyculture systems (albeit with
controlled stocking) elsewhere in Africa (e.g., Brum-
mett & Noble 1995; Ofori, Asamoah & Prein 1996).

Nutrient limitation in the ponds is apparent, and
with low N:P ratios particularly N is limiting. To-
wards the end of the culture period, DIN limitation
decreased, partly as a result of the concentration of
nutrients in low water levels. The quantity of N added
to aquaculture ponds by fixation depends largely
upon species composition of the phytoplankton com-
munity, presence of heterocystous cyanobacteria and
ammonia concentration. We were not able to quantify
the proportion of heterocystous cyanobacteria in the
pond. With high ammonia concentrations, N, fixa-
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tion is minimal (Lin et al. 1988). In view of the low
N:P ratios and the presence of Cyanobacteria, N fixa-
tion may be more important than the model suggests.
It is not clear if the assumption that denitrification
losses from Fingerponds are negligible is reasonable.
On average, DO concentrations in the ponds were not
favourable for denitrification. This might change with
cycles of natural flooding and subsequent drying out
of ponds (i.e., of reduced and oxidized conditions) and
the accumulation of organic matter. Dissolved inor-
ganic nitrogen limitation can be lowered with higher
N input but this effect is limited by the turbidity-in-
duced light limitation. Mitigation of turbidity should
be a priority for improving phytoplankton productiv-
ity in Fingerponds. This can be achieved by con-
structing ponds in sites with suitable soil and in
such a way that water levels can be maintained as
long as possible. This will also increase the success
of periphyton substrates in Fingerponds (Kaggwa
et al. 2006). Moreover, it will help to increase fish
growth and prevent excessive reproduction. De Graaf
et al. (1996) found that early breeding of Nile tilapia
(O. niloticus) in ponds and stunting of somatic growth
could be controlled by increasing the feed supply.

As in many other fishponds (Hargreaves 1998),
most of the N input into Fingerponds ends up at the
pond bottom. Organic N accumulation in detritus
and sediment accounted for 60-70% of the total N
in the pond systems. The accumulation of N at the
pond bottom offers potential for the use of pond det-
ritus and sediments as crop fertilizers in integrated
production systems (Muendo, Stoorvogel, Verdegem,
Gamal & Verreth 2007). In Fingerpond systems, these
sediments were used effectively to fertilize the vege-
table gardens on the pond banks (Kipkemboi, Van
Dam, Ikiara et al. 2007) and contributed to the inte-
gration of the ponds with the agricultural compo-
nent of the system. Aquaculture is frequently held
responsible for considerable nutrient discharges into
the environment (e.g., Edwards 1993). Fingerponds in
their current form are an exception because of the
relatively low external nutrient input and the natural
hydrological regime. Nitrogen losses from Finger-
ponds through leaching were low because water
level decrease was more due to evaporation than
to seepage. When manure from local livestock is
collected and used as a pond input, Fingerponds do
not lead to additional nutrient inputs into the wet-
lands. Rather, the ponds serve to concentrate nutri-
ents in the detritus and sediment, from where they
can be utilized to enhance crop production. In this
sense, Fingerpond systems could be used to increase
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the efficiency of nutrient and land use, increase food
production intensity and contribute to a reduction of
the widespread conversion of papyrus wetlands in
East Africa for extensive crop production (Owino &
Ryan 2007). A preliminary analysis showed that the
environmental impact of Fingerponds is limited (Kip-
kemboi, Van Dam & Denny 2007). However, more
large-scale introduction of Fingerponds should be
accompanied with a thorough impact analysis and
take a precautionary approach. Provided that the
model is developed further and improved, it can be
used as a supporting tool for the implementation
and management of Fingerponds on a wider scale.

Fingerponds contribute to sustainable manage-
ment of wetlands because they enhance fish produc-
tion (and therefore contribute to the livelihoods of
wetland communities) without negatively affecting
the ecological and hydrological functioning of the
wetlands through nutrient discharge or drainage.
The downside of this is that fish production is vari-
able (and therefore more risky for the fish farmer) be-
cause there is little control over fish stock and water
supply. Further implementation and development of
this technology can be supported by research into
improved pond engineering to maintain sufficient
water levels with naturally harvested water as long
as possible. Also, the use of locally produced fish
foods to increase somatic growth of fish and reduce
reproduction should be explored.
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