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Abstract

In this study, eutrophication control in shallow streams is analyzed from the viewpoint of a trophic chain. A
trophic-dynamic model for aquatic ecosystems is established to resolve the interactions between all trophic species.
The simulated taxa are algae, aquatic insects and fish, and the major relationship among them is predation. The
trophic-dynamic model is built on the mass balance of each trophic level in terms of growth, respiration, and
predation. The results of simulation show that algae are limited by nutrients in one-link and three-link systems and
by predators in a two-link food chain. These conclusion is in good agreement with other theoretical predictions. As
a result, bio-management of predators to regulate excessive algae only works in two-link and four-link food chains.
The impact of the trophic cascade on dissolved oxygen (DO) level also is simulated. DO variation is greatly affected
by the population of algae. © 1998 Elsevier Science B.V.
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1. Introduction

A common water quality problem is eutrophi-
cation, which is caused by excessive growth of
aquatic plants, especially algae. Elevated produc-
tion of algae results in turbid water, large diurnal

variations of dissolved oxygen (DO), death of fish
by suffocation, increased costs of water treatment
to remove tastes and odors (Thomann and
Mueller, 1987). Reduction of nutrient inputs and
reduction of algal production by predators are
two possible methods of eutrophication control.
In general, the nutrient control method is consid-
ered of primary importance. In some cases, the
bio-manipulation of trophic chains can be consid-
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ered as another eutrophication controlling ap-
proach depending on the trophic structure of
lakes or streams.

The discharge of phosphorus and nitrogen by
municipal, industrial, and agricultural sources is
considered as the primary cause of eutrophica-
tion. Therefore, environmental engineers focused
most of their water quality modeling efforts on
transport and reaction of these nutrients in water
bodies. However, from the viewpoint of trophic-
dynamic interactions, ecologists conclude that the
primary control of the abundance of organisms is
either by predators (top-down forces) or by food
sources (bottom-up forces) (Power, 1992). Power,
1990b has shown that the standing crop of ben-
thic algae is correlated with the presence or ab-
sence of fish that feed on insect larvae. But,
‘‘which one is the first regulator controlling the
ecological structure?’’ is still a hot controversy
(Ward, 1992). Previous research provided only
verbal analysis for this issue. Quantitative simula-
tion is an alternative to resolve the controversy.
Moreover, for a practical application it still re-
mains to consolidate the qualitative theory into a
quantitative model. Therefore, establishing a
mathematical model to simulate the interactions
between trophic species for aquatic ecosystems is
the purpose of this study.

1.1. Related literature

Half a century ago, Lindeman, 1942 presented
a pioneering trophic analysis built on the balance
of nutrients between input and output in organ-
isms. Thereafter, Hairston et al., 1960 explained
how vegetation can proliferate if herbivores are
eliminated by heavy predation. On a whole, most
studies were verbal analyses, except for Sykes,
1973 who provided mathematical analysis of the
trophic cascade.

Nowadays, ecologists know a great deal more
about aquatic trophic systems. Since Vollen-
weider, 1969 illustrated a variety of methods for
measuring primary production in aquatic environ-
ments, algae have been drawing a great of atten-
tion from ecologists. Shubert, 1984 described
various developments in the use of algae as indi-
cators of ecological changes in his symposium.

Edmondson and Winberg, 1971 took into consid-
eration of insects’ secondary production in a
trophic community and presented general features
and measurements of aquatic insects in their
book. Recently, Williams and Feltmate, 1992 pre-
sented an overall picture of aquatic insects, in-
cluding their toxicology and behavior. Fish are
the top trophic level in most aquatic ecosystems
and serve as a major food source for human
being, and they are the subject of many studies
(Paloheimo and Dickie, 1965, 1966a,b; Kitchell
and Stewart, 1977; Persson, 1983a,b,c, 1984,
1986).

Recently, Power, 1990a,b,c, 1992 has employed
controlled manipulations of fish to examine the
relationship between prey density and predation
in river communities. The results of these experi-
ments are consistent with the predictions of
Hairston et al., 1960; Persson et al., 1992 com-
pared the observations in 11 temperate lake
ecosystems and found that the relationship be-
tween primary producers (phytoplankton), herbi-
vores (zooplankton), and primary carnivores
(planktivores) also conformed to the trophic cas-
cade predictions. However, the generality of the
trophic cascade, especially the utility of biomanip-
ulation of predators, has been disputed by
DeMelo et al., 1992.

1.2. Trophic le6el and trophic length

In a food web, energy is transferred from pri-
mary producers up to the top consumers along
food chains, which are made up of two or more
trophic levels. Trophic level is defined as ‘‘the
feeding position occupied by a given organism in
a food chain and measured by the number of
steps removed from the [primary] producers’’
(Moran et al., 1980). In other words, a trophic
level is a collection of several related species which
live in an ecosystem and have similar diets and
predators. Each species in a food chain occupies a
trophic level and connects with other trophic lev-
els. Two or more connected trophic levels com-
prise a food chain. For example, through the
process of photosynthesis algae assimilate nutri-
ents and solar energy in an aquatic ecosystem.
Subsequently, aquatic insects (or herbivores) feed
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on algae, and serve as a major forage for many
freshwater fish.

When trophic structure is discussed, the deter-
mination of trophic length, i.e. the number of
trophic levels in a food chain, is the first concern.
Trophic length reveals the amount of energy that
is transported in an ecosystem (Persson et al.,
1992). Within a food chain, energy is consumed as
metabolizable biomass and dissipated as it is
transferred from one trophic level to the next.
Only a small portion of energy at one trophic
level can be grasped by the species at the next
trophic level. Consequently, the higher trophic
levels will be short of energy if the primary energy
source is not sufficiently abundant or the trophic
length is too long.

Fretwell, 1987 described a number of trophic
level patterns (plant——grazer——predator——
or more predators). An n-link food chain is
defined as an ecosystem has a dynamic structure
of n trophic levels, and the nth trophic level is the
top trophic predator. Different plant communities
imply different lengths of the food chain. A one-
link food chain is a plant community with hardly
any grazers. As food chain length goes to two,
grazers appear and become increasingly present in
the amount and diversity up to the level that total
plant biomass can sustain. When predators show
up and begin to limit the grazers, a three-link
food chain is formed. Plants continue to increase
because the grazers are held down by predators. A
three-link food chain is a lightly-grazed plant
community with high productivity.

With increasing trophic length, it may happen
that some predators of higher trophic levels ap-
pear to regulate the predators at lower levels and
release the grazers. A four-link food chain is a
highly grazed plant community with much higher
productivity. A five-link food chain is similar to a
three-link food chain, but the predator is severely
limited by other higher trophic level predators.
Oksanen et al., 1981 suggests that trophic length
could not be more than three or four in terrestrial
systems and five in aquatic systems. In a headwa-
ter reach, a three-link food chain, including algae,
aquatic insects, and fish, is a typical aquatic
ecosystem pattern.

2. Methodology

2.1. A general trophic-dynamic model

For benthal ecosystem in which immigration
and emigration of species are minimal, the
biomass change of any species within a control
area is the resultant of food consumption, eges-
tion, excretion and respiration rate (Kitchell and
Stewart, 1977). Including predation by the next
higher trophic level, the model is:

dm
mdt

=C−E−R−P (1)

where m is the total biomass within the control
area, t is the time, C is the food consumption rate,
E is the excretion rate, R is the respiration rate,
and P is the predation of the next higher trophic
level. Since the assimilated food is used for
growth, C-E is replaced by a specific growth rate
m. Subsequently, this equation is rewritten as:

dm
mdt

=m−R−P (2)

The general model of an n-link food chain is
written as:

dLn

dt
= (mn−Rn)Ln (3a)

dLn−1

dt
= (mn−1−Rn−1−Pn−1)Ln−1 (3b)

dL2

dt
= (m2−R2−P2)L2 (3c)

dL1

dt
= (m1−R1−P1)L1 (3d)

where Li is the total biomass of the ith trophic
level in the control area. In this model, the sub-
script number refers to the trophic level, counting
from 1 as the primary producer to n as the highest
level consumer. For the top trophic level, P is set
to zero because no species feeds on it.

Monod, 1942 function is adopted to estimate
the specific growth rates, depending on the con-
centration of prey as:

mi=mmax, i

Li−1
Ks, i+Li−1

(4)
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where mmax, i is the maximum growth rate of
trophic level i, and Ks, i is the affinity constant of
trophic level i. The total consumed ration on the
contiguous lower trophic level can be estimated
by dividing the growth rate by the assimilation
efficiency (Si):

Ci, i−1=
mi

Si

(5)

where Ci, i−1 is the consumed ration that species
level i predates on species level i−1 (g-wet wt
prey/g-wet wt predator). Since the growth rate of
each species depends on the density of its ration,
the relationship of prey and predator links these n
equations together.

Through the prey–predator relationship, the
consumption of one trophic level (i−1) due to
the predation of the next higher trophic level (i ) is
equal to the ration consumption of the trophic
level i, that is,

Pi−1 ·Li−1=Ci, i−1 ·Li (6)

The estimation of respiration rates depend on
the species weight and its grazing condition
(Kitchell and Stewart, 1977). A general expression
of respiration rate is:

Ri=aiW
ri
i +biCi, i−1 (7)

where R is the respiration rate; a and r are species
parameters; b is a coefficient linking the consumed
ration and respiration rate; and Wi is the mean
body weight of trophic level i.

Generally speaking, growth and respiration are
considered as the main bio-chemical reactions in
living organisms, and predation is the loss due to
other trophic species threat. However, in different
species there may be other minor different reac-
tions which will be taken into consideration re-
spectively for balancing each trophic level.

2.2. A modified DO model

DO concentration is a crucial variable for an
aquatic ecosystem. A wide range of DO variation
causes an unbalanced ecosystem and fish mortal-
ity (Thomann and Mueller, 1987). Thus, a
modified DO model is developed to simulate the
impact of trophic development on DO variation
in the study.

A simple stream DO model includes only bio-
chemical oxygen demand (BOD) as the oxygen
consumption process and atmospheric reaeration.
The reaeration rate depends on the oxygen deficit.
The differential equation for the rate of DO
deficit is:

dD
dt

=KdB−KaD (8)

where Kd is the deoxygenation rate coefficient, Ka

is the reaeration rate coefficient, B is the carbona-
ceous biochemical oxygen demand, and D is the
DO deficit. However, DO consumption is the
result of respiration at all trophic levels, in addi-
tion to bacterial BOD consumption. Overall, the
oxygen balance is composed of (Thomann and
Mueller, 1987):
1. Reaeration from the atmosphere;
2. Photosynthetic oxygen production by aquatic

plants (or algae);
3. DO from inflow;
4. Oxidation of carbonaceous waste material;
5. Oxidation of nitrogenous waste material;
6. Sediment oxygen demand; and
7. Oxygen uptake due to the respiration of

aquatic organisms.
In the study, the DO model in QUAL2E devel-

oped by US EPA (Brown and Barnwell, 1985)
was modified to incorporate explicitly the respira-
tion of a trophic chain with three levels:

dO
dt

=K2(O*−O)+ (a3m−a4R1)
L1

d
−K1B−

K4

d

−a1b1N1−a2b2N2−a5r2

L2

d
−a6r3

L3

d
(9)

where,
O= the concentration of DO, mg/l;
O*= the saturation concentration of DO at
local temperature and pressure, mg/l;
B= the concentration of ultimate carbonaceous
BOD, mg/l;
L1= the total biomass of algae, g/m2;
L2= the total biomass of trophic level 2, g/m2;
L2= the total biomass of trophic level 3, g/m2;
V= the control volume, l3;
N1=ammonia nitrogen concentration, mg N/l;
N2=nitrite nitrogen concentration, mg N/l;
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d= the mean stream depth, m;
R1= the respiration rate of algae, 1/day;
R2= the respiration rate of aquatic insects, 1/
day;
R3= the respiration rate of fish, 1/day;
K1= the carbonaceous BOD deoxygenation
rate, 1/day;
K2= the reaeration rate, 1/day;
K4= the sediment oxygen demand rate, g/m2

per day;
a1= the rate of oxygen uptake of ammonia
nitrogen oxidation, g O/g N;
a2= the rate of oxygen uptake of nitrite nitro-
gen oxidation, g O/g N;
a3= the rate of oxygen production of algal
photosynthesis, g O/g P;
a4= the rate of oxygen uptake of algal respira-
tion, g O/g P;
a5= the rate of oxygen uptake of aquatic in-
sects, g O/g insects;
a6= the rate of oxygen uptake of and fish, g
O/g fish;
b1=ammonia oxidation rate coefficient, 1/day;
and
b2=nitrite oxidation rate coefficient, 1/day.
On the right-hand side of Eq. (9), the first term

represents stream reaeration; the second term rep-
resents the sum of algal photosynthesis and respi-
ration; the third term represents the oxygen
consumption caused by suspended and dissolved
CBOD oxidation by bacteria and fungi; the
fourth term represents the sediment oxygen de-
mand; the fifth term represents the ammonia ni-
trogen oxidation; and the sixth term represents
the nitrite nitrogen oxidation.

These six items are in the original QUAL2E
model. The last two terms, which represent respi-
ration by other species in the food chain, are
added. The seventh term represents the oxygen
uptake due to the respiration of aquatic insects
and the eighth term represents the oxygen uptake
due to the respiration of fish. If there is a higher
trophic level beyond fish, an extra term just simi-
lar with the 7th and 8th terms may be added.

The respiration of aquatic insects and fish can
be expressed as an oxidation of cell tissue. The
equation of the chemical reaction is shown as
(Hoover and Proges, 1952):

C5H7NO2+5O2�5CO2+NH3+2H2O (10)

A unit of C5H7NO2 has a mole weight of 113
and consumes 5 moles of oxygen with the total
weight of 160. The process of respiration needs
1.42 g oxygen for per gram of organisms (1.42 g
O2/g cell), that is to say, a5 and a6 in Eq. (9) are
1.42 g O2/g cell. The total DO consumption due
to the respiration of aquatic insects and fish can
be computed by multiplying the metabolized
biomass by 1.42. As the development of trophic
cascade, the impact of trophic species on DO level
will be simulated through the modified DO
model.

3. Results

3.1. Circumstance description

The trophic-dynamic model was translated into
FORTRAN and compiled with several QUAL2E
subroutines, which estimate the nutrient factor,
light factor, and temperature factor for algal
growth rate. Runge-Kutta method is adopted,
which is a common numerical method, to solve
the series of those first order ordinary differential
equations (Eq. (3a) through Eq. (9)). The essential
idea is to repeatedly use a linearizing formula to
calculate a proximate value of a variable over a
short-time interval (Gerald and Wheatley, 1989).

The integrated model simulates two-and three-
link food chains in a hypothetical constant
aquatic ecosystem which is based on several previ-
ous researchers’ observations. In shallow streams,
a three-link food chain is the most common type
in an aquatic trophic ecosystem, and consists of
algae, aquatic insects, and fish. Algae represent all
of the first level organisms, mostly periphyton in
shallow rivers. To simplify the food chain,
zooplankton, invertebrates, and insect larvae are
collectively treated as trophic level two, named
‘aquatic insects’ in the trophic structure discussed
hereafter. Similarly, fish are defined as trophic
level three which is a large aggregation of the
predators of aquatic insects, instead of any spe-
cific fish species. Feeding on insects, fish have an
assimilation efficiency of 0.8, whereas a ration of
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Table 1
Suggested species parameters for the trophic-dynamic model

Algae Aquatic insects FishSpecies parameters

1.0–3.0 1/daya 0.5–1.1 1/dayb 0.01–0.20 1/daycMax growth rate, mmax

——Affinity constant, Ks 0.001–0.005 g/l
— 0.3–0.5 g/geAssimilation eff., S 0.6–0.8 g/gf

0.05–0.5 1/daya —Respiration coef. a 0.035 g/dayc

— −0.20c0Respiration coef. r
0 — —Respiration coef. b

—, No referece was found.
a Brown and Barnwell, 1985.
b Zaika, 1972.
c Kitchell and Stewart, 1977.
d Thomann and Mueller, 1987.
e Wallace and Merritt, 1980.
f Persson, 1983a.

detritus or algae yields an efficiency less than 0.5
(Persson, 1983b). This is the reason why fish
prefer to eat on insects rather than detritus or
algae.

The hypothetical simulation site is a 1 km reach
of headwater with the average water depth of 1 m.
This shallow stream has a steady flow of 10 m3/s
at a velocity of 10 000 m/day (about 1 cm/s). The
water temperature is 18°C. DO and BOD concen-
trations in the inflow are assumed as constant
inputs, 7.0 mg/l and 20.0 mg/l, respectively. Sedi-
ment oxygen demand (SOD) is also set as a
constant DO consumption, 0.5 mg O2/m2 per day.
The limiting nutrient to the algal growth is as-
sumed to be phosphorus which is a constant
concentration in the inflow of 0.050 mg/l in most
runs. Inputs of ammonia nitrogen and nitrite
nitrogen concentration are given as 10.0 and 1.0
mg/l, respectively.

The values of initial conditions and parameters
used in the numerical simulation are those listed
in Table 1, unless otherwise noted. In addition,
the suggested range of biological parameters are
collected from previously field investigations as
listed in Table 2.

3.2. Simulation results and sensiti6ity analysis

In the first case, a two-link aquatic food chain
is simulated in which only algae and aquatic
insects exist. As shown in Fig. 1, when algae are

not limited by nutrient concentrations, aquatic
insect biomass increases and decreases depending
on the increase and decrease of algal biomass.
When the biomass of aquatic insects grows to
about a half that of algal biomass, the algal
population rapidly drops due to the heavy preda-
tion by aquatic insects. Aquatic insects have to
ingest about twice their weight in algae, because
the assimilation efficiency of aquatic insects is set
to 0.5. After the biomass of aquatic insects falls,
algae grow up again.

When the nutrient is limited, the first peak of
algal population in Fig. 2 is much less than the
first peak in Fig. 1 in which nutrient supply is
unlimited. The first peaks are highest in both
figures because for the first 20 days the trophic
structures just start developing and look like one-
link food chains under no predation from insects.
Only until aquatic insects accumulate, the food
chain length extends to two. Then, algal popula-
tion is controlled to under 10 g/m2 by the preda-
tion of aquatic insects that is the same result from
both simulations with and without nutrient limita-
tion. Also, both two-link food chains exhibit a
periodic cycle of 100 days no matter whether the
food chain is limited by the nutrient or not.
Therefore, nutrient input has a less effect on a
two-link food chain, and predation controls algal
population.

DO concentration is strongly impacted by algal
biomass. Whenever algae bloom, the DO level
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increases and even exceeds the saturation level (as
Fig. 1). When algae are reduced and other aquatic
species keep growing, DO levels rapidly decrease
because of respiration and excretion from all
trophic species. Both Figs. 1 and 2 show that DO
variation is greatly affected by the population of
algae.

Figs. 3 and 4 show the development of a three-
link food chain with different nutrient level in-

Fig. 1. Two-link food chain and DO simulation with no
nutrient limitation, which means the nutrient factor of algal
growth rate G(N)=1, and species parameters mmax1=1.7/d,
mmax2=0.7/d, Ks1=0.005 mg/l, Ks2=20 g/m2.

Table 2
Parameter values used for the trophic-dynamic modeling

UnitParameter Value

Trophic length 3 —
Fish’s max growth rate, mmax,3 1/day0.15
Insects’ max growth rate, mmax,2 1/day0.70

1.7 1/dayAlgal max growth rate, mmax,1

Fish’s affinity constant, KS3 1. g/m2

20.Insects’ affinity constant, KS2 g/m2

Algal affinity constant, KS1 mg/l0.005
Fish’s assimilation efficiency, S3 g fish/g insects0.7
Insects’ assimilation efficiency, g insects/g algae0.5

S2

g algae/g PAlgal assimilation efficiency, S1 100
Fish’s respiration coefficient a3 0.075 1/g day

0.05 1/g dayInsects’ respiration coefficient
a2

0.30 1/dayAlgal respiration coefficient a1

100.Fish’s mean weight, W3 g
g1.Insects’ mean weight, W2

−0.2Fish’s respiration coefficient r3 none
Insects’ respiration coefficient r2 none−0.1
Algal respiration coefficient r1 0. none

g fish/g insects0.4Fish’s respiration coefficient b3

day
g insects/g algae0.2Insects’ respiration coefficient

b2 day
0. g algae/g nutri-Algal respiration coefficient b1

ent day
1.42 g O2/g insectsInsects O2-uptake
2.0Algae O2-uptake g O2/g algae

g O2/g algaeAlgae O2-produce 1.5
10.0Ammonia input mg/l

g O2/g NH3NH3 O2-uptake 3.0
mg/lNitrite input 1.0

1.0 g O2/g NO2NO2 O2-uptake
0.05Phosphorus input mg/l

1/day0.3Reaeration rate
20.0 mg/lBOD input
1.0 1/dayBOD decay

mg O2/m
2 day0.5SOD

Solar radiation 600 ly/day

puts, 0.10 and 0.05 mg/l, respectively. The
presence of aquatic insects greatly reduces the
algal growth. The algal standing crop increases
when fish appear and feed on the insects. Eventu-
ally the simulated ecosystem cycles periodically.
The results show that the alternate trophic levels
beneath the top trophic level receive a benefit due
to the reduction of predation threat. Also, the
reduction of phosphorus input decreases the algal
biomass and determines the standing crop of all
species. Even under the predation of aquatic in-
sects algal population still increases with the in-
crease of the nutrient input in three-link food
chains.

These results support the prediction from the
top-down view, that is, the top trophic level in a
food chain and alternate lower levels are food-

Fig. 2. Two-link food chain and DO simulation with a nutri-
ent limitation P=0.05 mg/l and species parameters mmax1=
1.7/d, mmax2=0.7/d, Ks1=0.005 mg/l, Ks2=20 g/m2.
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Fig. 3. Three-link food chain with a high phosphorus input
P=0.1 mg/l and species parameters mmax1=1.7/d, mmax2=
0.7/d, mmax3=0.15/d, Ks1=0.005 mg/l, Ks2=20 g/m2, Ks3=
1.0 g/m2.

Fig. 5. Three-link food chain with a high algal growth rate
mmax1=2.7/d, nutrient limitation P=0.05 mg/l, and other
species parameters mmax2=0.7/d, mmax3=0.15/d, Ks1=0.005
mg/l, Ks2=20 g/m2, Ks3=1.0 g/m2.

limited, but the intervening lower levels are preda-
tor-limited. The reduction of nutrient input be-
comes the only way to control the algal growth.

A sensitivity analysis of the biological parame-
ters was also performed in this study. A higher
algal maximum growth rate rapidly depletes the
nutrients, and the ecosystem quickly reaches a
periodic cycle (Fig. 5 vs. Fig. 4). A lower algal
growth rate severely reduces the sizes of the
predator populations (Fig. 6), because less energy
is transported in the food chain. Thus, the limit-
ing nutrient has a more important effect on the
food chain with a higher algal growth rate.

A higher growth rate of aquatic insects takes
the trophic community a longer time to reach a
periodic cycle than a smaller growth rate of
aquatic insects does (Fig. 7 vs. Fig. 8).

A high growth rate of fish holds down the
growth of aquatic insects that causes an algal
bloom. With a small growth rate, fish cannot
breed fast enough to limit aquatic insects, so the
three-link food chain looks like a two-link food
chain.

The growth affinity constant is another parame-
ter controlling growth rates. A large affinity con-
stant means that the growth of predators is

Fig. 6. Three-link food chain with a low algal growth rate
mmax1=1.5/d, nutrient limitation P=0.05 mg/l, and other
species parameters mmax2=0.7/d, mmax3=0.15/d, Ks1=0.005
mg/l, Ks2=20 g/m2, Ks3=1.0 g/m2.

Fig. 4. Three-link food chain with a low phosphorus input
P=0.05 mg/l and species parameters mmax1=1.7/d, mmax2=
0.7/d, mmax3=0.15/d, Ks1=0.005 mg/l, Ks2=20 g/m2, Ks3=
1.0 g/m2.
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Fig. 7. Three-link food chain with a high growth rate of
aquatic insects mmax2=1.0/d, nutrient limitation P=0.05 mg/
l, and other species parameters mmax1=1.5/d, mmax3=0.15/d,
Ks1=0.005 mg/l, Ks2=20 g/m2, Ks3=1.0 g/m2.

Fig. 9. Three-link food chain with a high affinity constant of
aquatic insects Ks2=50 g/m2, nutrient limitation P=0.05
mg/l, and other species parameters mmax1=1.5/d, mmax2=0.7/
d, mmax3=0.15/d, Ks1=0.005 mg/l, Ks3=1.0 g/m2.

4. Discussion

A trophic-dynamic model was used to simulate
a food in a benthal aquatic system. In a headwa-
ter reach of streams, the typical aquatic trophic
ecosystem is a three-link food chain, including
algae, aquatic insects, and fish. The standing crop
in any trophic levels changes due to growth, respi-
ration, and predation. The relationships between
predators and prey link every trophic level into a
food chain.

The predators dominate the trophic structure as
shown in the two-link and three-link simulations.

significantly dependent on the density of their
prey. Algae with a large growth affinity constant
grow slowly, especially under low nutrient inputs.
Comparing Fig. 9 with Fig. 10, aquatic insects
with a high growth affinity constant exhibit re-
duced predation on algae, which results in an
enlarged algal population. Also the cycle period
increases from 175 to 200 days. Similarly, fish
with a high growth affinity hardly control the
growth of aquatic insects and that reduces algal
standing crops.

Fig. 8. Three-link food chain with a low growth rate of aquatic
insects mmax2=0.5/d, nutrient limitation P=0.05 mg/l, and
other species parameters mmax1=1.5/d, mmax3=0.15/d, Ks1=
0.005 mg/l, Ks2=20 g/m2, Ks3=1.0 g/m2.

Fig. 10. Three-link food chain with a low affinity constant of
aquatic insects Ks2=10 g/m2, nutrient limitation P=0.05
mg/l, and other species parameters mmax1=1.5/d, mmax2=0.7/
d, mmax3=0.15/d, Ks1=0.005 mg/l, Ks3=1.0 g/m2.
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The presence of aquatic insects greatly affects
algal productivity and controls algal populations.
Also, it is found that the control of algal popula-
tion can reduce the DO variation in a eutrophic
system.

In the three-link food chain, algae can prolifer-
ate because of the predation of fish on aquatic
insects. The alternate trophic levels beneath the
top trophic level benefit from the top trophic level
due to the reduction of predation. On the other
hand, aquatic insects significantly reduce the algal
population in a two-link food chain, but not in a
three-link food chain. These two points support
Hairston’s top-down view. In conclusion, whether
algal growth is limited by nutrient supply or
aquatic insects depends on the trophic length and
the growth rates of trophic species. It can be
imagined that the eutrophication problem will be
controlled through bio-management in a four-link
food chain, in which fish’s predators are intro-
duced into a three-link trophic structure. The
forth trophic level can hold down fish and free
aquatic insects in a four-link food chain, in which
algae can be controlled by a top-down force.

5. Conclusion

This trophic-dynamic model is able to give a
quantitative description about the development of
an aquatic ecosystem, and can be compiled as a
subroutine with the complete QUAL2E model to
be a comprehensive water quality model. The
simulation of the spatial and temporal variations
of DO, BOD, and nutrients is estimated properly
when the trophic-dynamic model is included.

The results from the hypothetical ecosystem
conclude that whether eutrophication problems
can be controlled by aquatic insects (top-down
forces) or by nutrient sources (bottom-up forces)
depends on the trophic structure of the aquatic
ecosystem. In a two-link food or four-link chain,
aquatic insects can control the algal population.
However, the reduction of the limiting nutrient is
the only way to control eutrophication in one-and
three-link food chains.

Furthermore, the estimation of the efficiency of
bio-manipulation on eutrophication problems will

be a practical application of the trophic-dynamic
model. Through the trophic-dynamic simulation,
one can predict the consequence if a specific
trophic level is added into or eliminated from the
aquatic ecosystem.
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