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ABSTRACT

Literature values provide estimates ol some general
ccosystem parameters which are used in a2 model to demon-
strate the effeats of two different kinds ol control prograims
en an aquatic ccosvstem. The steps one Tollows in con-
ceptualizing, programming. and evaluating o
model are described.

simulating,

INTROGUCTION

In determining the impact of aquatic weeds and aquatic
weed control practices on a hody ol water, it is important
to be able to assess the changes that are brought about
in the whole ccosystem, since chemical, physical, and
biological propertics ol the ecosystem are intervelated. "Too
frequently, however, these changes and their impacts on
the ccosystem are disregavded in light of the urgency of
the aquatic weed problem and the desive for immediate
action. In additon, experience in working with enune
ecosystems, such as likes and streams, has shown that it
is extremely difficult to perform broad ccosystent analyses
dong with experiments on these weeds and with their
associated conwrols, allowing suitable variation in treat-
ments within a reasonable tme period. The size of an
aflected body ol water, the species involved, and the various
ecological cllcets ol the control mechanisms that can be
usedd may be haportant variables, but then significance
cannot be thoreughly assessed experimentally because ol
the time and money involved.

The analysis of an aquatic weed problem generally in-
cludes field work, when the chemical and physical at-
tributes of the environment ol the weed are investigated,
and Laboratory work, m which dati on such processes s
rates ol nutricnt uptake and growth are obtained. .\ thivd
phase that could prove to be exaamely useful msuch an
analysis is modelling, the use of computers to reconstiruct
the important variables oo svstem as a series of inter-
related cquations. Modelling allows us to use information
that has heen collected over the span ol a normal field
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project to predict the possible behavior ob the system
under diflerent environmentil or biological conditions.

Ixtensive ficld work and carelul laboratory analyses
and tests are necessary to obtain the information needed
[or the model, Occasionally, however, information {rom
previous studies can be used o construct a single compre-
hensive model. Nevertheless, i order o validate the pre-
dictions of the model, it is generally uselul to have suflicient
experimental data to provide a range ol acceptability for
the results ol the simulation.

The construction of the model itsell is useful in the
identification of important components and  processes in
the system being studied. Subscquent shinulation may prove
or disprove initial assumptions often indicating relation-
ships which are not obvious in a component-by-component
analysis. I this way, modelling can clfectively be used to
indicate the most important directions that should  he
taken in continuing rescarch on a particular ecosysten.

A GENERAL MODEL AS AN EXAMPLE

To demonsuate some ol these points, o model was
devised using values in the literature as well as estimates
for certain parameters o indicate how an aguatic system
overtaken by waterhyacinths (Eichhornia crassipes (Mart.)
Sulms) might be aflected by the plants and how control
measures might atlect the system,

In the process of modelling an ccosystem. the  first
step s the definition of the limits ol the system. 'The
ceosystent diagrimmed  in Figure 1 is assumed o he a
lake with an average depth ol 5 m. containing plants
rooted i the detritus on the bottom, phytoplankton, wid
invading waterhyacinths, Te iy assumed that the size and
shape ol the lake are such that the wind does not have
an clfect on the growth ol the plants. Dissolved nitrates
and  phosphates are the kev nutrients considered  here,
since they are usually considered the main factors con-
toliing the growth rates of both algae and macrophytes.
Again, 1uis assumed  thar the other potentially limiting
factors are present in adequate supply. Fhese nutrients
are intoduced from outside the system and are reeveled
within ie. 'The dissolyved oxveen level in the water s allected
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Figure 1. the main components of a pond
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by diftusion from the air and by respiration of the bottom-
dwelling bacteria responsible for the remineralization of
the organic matter. Waterhyacinths affect the ecosystem by
shading out the bottom plants and the phytoplankton and

by decreasing the rate of diffusion of oxygen from the air
into the water.

The important pathways in this model are listed in
Table 1. Average growth rates and death rates were es-
timated from values in the literature for the plant popu-
lations, while the inputs and outputs of the nutrient and
oxygen compartments were estimated. Because of the
simplicity of the model, several flows, such as nutrient in-
puts from sewage effluent, runoff, and rainfall were lumped
together as one.

The model in Figure 2 is an energy flow model in-
dicating more precisely the relationships discussed above;
the symbols used were developed by Odum (6). The tank-
like symbols indicate storages of oxygen, phosphorus, nitro-
gen, and detritus. Changes in these storages are brought
about by differences between the inputs and outputs shown.
The three bullet-shaped symbols at the bottom designate
energy stored in plant populations: algae, bhottom-rooted
plants, and waterhyacinths are included as three general
catcgories. The circles at the left are forcing functions
from outside the ecosystem: air available f[or diffusion,
phosphates and nitrates from rainfall, runoff, etc., and
solar radiation. The lines connecting the symbols are
flows of nutrients, oxygen, or encrgy. T'he arrow-shaped

TABLE 1. NUMERICAL VALUES USED IN A MODEL OF A HYPOTIIETICAL AQUATIC ECOSYSTEM.

Designation
Compartment oxr Pathway in Model in Model Value Source of Value
Dissolved phosphorus P 1.01 gem-3 5
Phosphorus input* Po(k) 5.82 gem-deyyr-1 cstimateda
Phosphorus uptake by waterhyacinths k,wp 288 gem-seyr-i see note b
Phosphorus uptake by phytoplankton k AP 2.26 x 10-1 gemi—Seyr-1 estimatede
Reminceralization of phosphorus k,O 2.5 gem-3eyr-1 7
Dissolved nitrogen N 1.75 gem-3 5
Nitrogen input* N, 2.59 x 101 gemi-3eyr-1 estimatecla
Nitrogen uptake by waterhyacinths k, ,WN 1.77 x 101 gem—ssyr-1 see note b
Nitrogen uptake by phytoplankion k,,AN 1.39 gem-3eyr-1 estimatede
Remineralization of nitrogen kO 1.64 x 10! gem~3eyr~1 1
Effective solar radiation S 8.32 x 101 kcalem-3eyy-1 4
Biomass of phytoplankton A 8.65 x 102 kcalsm=2 3
Net primary productivity of phytoplankton k, APSN/W 7475 kcalom-3eyr-1 3d
Death rate of phytoplankton leAZ 747.5 kealem-seyr-1 3d
Biomass of bottom plants 2.66 x 103 kcalem~3 3
Net primary productivity of bottom plants k“BS/W 55 kealsm-seyr-1 3d
Death rate of hottom p]ants kmm 55 kealem~3syy-1 34
Biomass of waterhyacinths H 1.10 x 10+ kcalem-3 see note b
Net primary productivity of waterhyacinths k,,WPSN 3020 kcalem-2eyr-1 sce note
Death rate of watcrhyacinths k, W 2 kcalsm-3eyr-1 estimatede
Oxygen in air Air 2 x 106 gem-3 estimatedt
Diffusion from air k Alr/W 175.2 gsm-Beyr—1 estimateds
Benthic respiration k0 175.2 gem-sayr-1 2

*Indicates that this number was vavied in the different simulations of the model.
a#Inputs of nutrients from the outside were calculated by balancing the inputs with all outputs.

b Fstimate from unpublished manuscript: Brown, 8., T.
measurements of Take Alice,

Center, K. Duggar, and W. Mitsch. 1975,

Management model and associated field

¢ Nutrient uptake values for phytoplankton were estimated by using the same ratio to phytoplankton biomass as is found in waterhyacinths.
4 Values for temperate arcas were multiplied by 1.25 to account for the longer growing scason.
¢ The death rate for watcrhyacinths was adjusted to simulate a rapid growth rate.

I'This value is an upper estimate of the density of oxygen in air.

g Diffusion of oxygen from the aiv was assumed to be equal to benthic respivation under the initial conditions.
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Figure 2. Encrgy flow model of a hypothetical pond ecosystem.

symbols are work gates indicating the interactions of these
flows. Waterhyacinths, for instance, are shown to inhibit
both diffusion of air into the water and growth of the
other plants in this ecosystem. The growth of water-
hyacinths is in turn affected by solar radiation and by
the supply of nitrogen and phosphorus.

The relationships formalized in this model can be
readily translated into differential equations (Table 2).

‘TABLE 2. DIFFFRENTIAL EQUATIONS WHICII EXPRESS THE RELATIONSILPS
DEMONSTRATED IN 1011 ENLERGY FLOW MODEL.A

ar/de =k, 4 kO — kWP — k AP
AN/dt =k, 4 k(O —k ;WN —k AN
dA/dt =k, APSN/W — Kk, A2

dB/dt = k. BS/W — k, B2

AW/dt = k,; WPSN — k, W

AD/de = k A2 4 k B2 4k, W~k O
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do/dt =k AIR/W (1 — 0/satn) -k, O

aThe term to the left of the equality sign indicates that a change
in a storage, or amount of a quantity, overtime is brought about
according to the inputs and outputs designated on the right-hand
sicle of the cquation.
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AlR - Oxygen in air
SUN - Effective solar radiation

F(’) - Phosphorus from outside the system

N - Nitrogen from outside the system
o ¢

- Dissolved phosphorus
- Dissolved nitrogen

- Algae and other phytoplankton

P
N
A
B - Bottom -rooted plants
W - Waterhyacinths

D

- Detritus

The “k” values ave transfer coefficients which determine
the magnitude of the effect of each expression on the
right-hand side of the equation on the overall change cal-
culated on the left-hand side. The change in the level of
phosplorus, in the first equation, is therefore affected by
a constant input (k;), by the rate of remineralization,
which is in turn dependent on the amount of available
oxygen (k,O0), and by the rate of uptake by water-
hyacinths and phytoplankton (k,WP and k;AP).

The values for each of the expressions and the
differential equations are then programmed in a com-
puter, and as the values are substituted, the levels change,
affecting each of the other levels according to their equa-
tions. Digital computers are commonly used for large-scale
models, although the differential equations must be trans-
lated into difference equations which provide less accurate
solutions when simulated for longer time periods. Com-
puter languages such as FORTRAN, DYNAMO, and
CSMYT are well-adapted and flexible enough to handle
difference equations and plotting routines. Analog com-
puters solve differential equations simultaneously, allow
direct interaction with the program, and are ideal for
situations requiring solutions over long time periods.



The results of the simulation of the model (in
DYNAMO) are shown in Figures 3 to 6. These figures
illustrate both the effect of a large population of water-
hyacinths on the ecosystem, and the reaction of the eco-
system to a variety of policies which might be implemented
to control the waterhyacinths, The graphs in Figure 3
show changes that occur in the system when water-
hyacinths are allowed to multiply without any control
measures. High levels of phosphorus and nitrogen coming
into the system from the outside are taken up by water-
hyacinths, which in turn shade out bottom plants and
phytoplankton. The increase in the waterhyacinth biomass

.q"E’ B P W
- 87 40] 257
o
(4]
i 4
,(,é X 304 20
= " 2 W
o = 3 £ 157
o 844 Zppq ©
= o c o
=) o =
= E ° £ 10
m o o @
- = 24 7‘\'0“ G
& ® & = 57 p B
a
- -l
0 Years 10
*]
3-
5 N
2 E L
E &l P
e SR
P
0 Years 10
D 0
1007 "?E 8.5‘}
- &
£ =
-—'U— o
g :
" (@]
© 501 o 757
. 2
3 S 0
£ 2
® a —
o D e
0. 6.5
0 Years 10

Figure 3. Simulated changes in a hypothetical pond ecosystem that
are induced by the programmed increase of a waterhyacinth popula-

tion.
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may be expected to level off eventually. The pulses evi-
dent particularly in the phytoplankton reflect seasonal
changes in solar radiation and therefore in temperature
as well. The increase in the cover of waterhyacinths causes
a decrease in the oxygen level, which in turn affects the
rate of remincralization of the nutrients. Detritus on the
hottom of the lake builds up slowly.

Reducing the rate of nutrient inputs, as was done for
the simulation shown in Figure 4, would solve the prob-
lem, according to the constraints of this model, causing
waterhyacinths to decrease and bottom plants and phyto-
plankton to assume dominance. Oxygen levels would then
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Figure 4. Effect on the hypothetical pond ecosystem of a reduction in

the programmed nutrient input,
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Figuve 5. Fffectiveness of a moderate control program in containing
a simudated waterhvacinth population.

increase to near saturation level; the amount of detritus
remains nearly constant in this case.

Chemical control of waterhyacinths would bring about
the results diagrammed in Figure 5. Use ol a partial-
kiil spray could vesult in rapid regrowth of the water-
hyacinths, necessitating an annual reapplication. The other
components of the systent are maintained in a fairly con-
stant state under this treatment, although the dead water-
hyacinths do cause a more rapid increase in detritus.

The cellects of a single large dose of herbicide, driving
the waterhyvacinth level to o raction of its previous level,
would result in an immediate increase of the phytoplankton
and a subsequent stabilization of both the algal and the
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Figure 6. Effectiveness ol an intensive control program in containing
a simulated waterhyacinth population.

bottom plant populations, as shown in Figure 6. The kill-
g of so many waterhyacinths causes the detrital layer to
thicken appreciably. Return of the waterhyacinths would
be considerably slower than before, suggesting a possible
economic benefit in that control might then only be re-
quired at infrequent intervals.

The implementation of mechanical controls would
probably not cause significant differences among the plant
populations when compared with the elfects of chemical
controls; the dead waterhyacinths, however, would not
sink to the bottom and so would represent a removal of
nutrients from the system, therchy affecting not only the
nutrient levels but the oxygen level and detrital pool as
well.



FURTHER DEVELOPMENT OF THE MODEL

Because of the simplicity of this model and the lack
of sufficient data from a single source, firm recommenda-
tions could obviously not be made on the basis of the
stmulations described above. Considerable detail is still
needed to include such important aspects of the system
as the use of nitrates, nitrites, and ammonia by the plant
community, as well as the remineralization vates for both
nitrogen and phosphorus compounds. The effects of vary-
ing depths in the body of water, of the size of the lake,
and of the presence of aerobic and anaerobic zones within
the lake are also important considcrations.

In addition, several factors which might affect the out-
come of the model have not been taken into account. The
timing of a kill to coincide with winter frosts might in-
crease the effectiveness of the partial-kill spray. Removing
the wceds mechanically might help keep the regrowth
under control.

An evaluation ol waterhyacinth control methods in
such a system should include a consideration not only of
the biological system but of the economic system as well,
taking into account jnflationary rates which we are now
experiencing in the prices ol herbicides and which we
might expect to continue. One approach to this would
be to include in the model a set of pathways that would
outline the expenditures of energy, human energy as well
as energy used in manufacturing, to indicate a baseline
energetic cost per hectare of different waterhyacinth con-

trol methods. Included in this sub-model might be the
energy conserved in the system by utilization of mechanical-
ly harvested waterhyacinths as food, fodder, or fertilizer.

It is hoped that this general model demonstrates that
it is possible not only to investigate a wider variety of
situations than might be feasible under ficld conditions
but also to determine which of several proposed experi-
ments might yield the most useful information. In
diagramming the system and identifying the most im-
portant variables, therefore, it is possible to emerge with
a more complete understanding of the system. Just as im-
portant, a better idea of the critical measurements that
are necessary may be obtained, enabling one eventually
to reach more valid decisions on control policies.
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ABSTRACT

Infestation of the White Nile system by waterhyacinth
(Eichhornia crassipes (Mart.) Solms) can be classified into
three major consecutive phases of a cyclical nature. These
phases are related to seasonal changes in certain important
environmental factors, resulting in an annual cyce. It
is shown here that the periodic rise and fall of infestation
is based on the responses of waterhyacinth to the optimum
conditions of high flood scason and adversities of low
flood, respectively. In the former case, the whole stretch
of the White Nile becomes littered with vigorous popula-
tions. This dense infestation gives rise to great difficulties
for navigation, fishing, and irrigation. In the latter, how-
ever, waterhyacinth populations retreat and become con-
fined to sporadic occurences in the perpetually infested
swamps of the Sudd-Sobat complex.
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INTRODUCTION

Waterhyacinth has been infesting the Sudanese White
Nile system since 1958 (4). Throughout its short history
in the Sudan, waterhyacinth has been found to follow a
rhythmic annual cycle of infestation. The critical part
of the cycle occurs when the greater portion of the White
Nile system is subject to epidemic infestation which lasts
over a period of 3 months. Under the optimum conditions
of high flood (August to October), the inlestation soars to
its peak. At this time, the distribution of the plant reaches
its maximum extent, and the remarkable vitality of popu-
lations results in a massive cover of floating waterhyacinth.
T'his  picture contrasts strongly with the insignificant
vegetational aspect which prevails during the low {lood
season, when the infestation declines to its minimum both
in space colonized and overall vegetative vigor. At its



	
	
	
	
	
	
	


