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Understanding variability in the 
effectiveness of a classical biological control 

agent: the importance of the timing of 
density dependence in the agent life cycle

John R. Wilson,1,4 Mark Rees2 and Obinna Ajuonu3

Summary

Water hyacinth (Eichhornia crassipes) has been successfully controlled in many locations by the weevils
Neochetina eichhorniae and N. bruchi. However, these classical biological control agents are not univer-
sally successful. We use population models of the plant–herbivore interaction to explain this variation. In
particular, we explore the effect of the timing of density dependence in the life cycle of the control agent.
We argue, from experimental work and modelling, that water hyacinth weevils suffer density-dependent
mortality before they cause damage to the plant. This, combined with the developmental delay in
producing individuals that cause damage to the plant (about 30 days), will mean that the herbivore pres-
sure is slow to respond to changes in the plant population. Consequently, the levels of control in regions
where there are regular disturbances (e.g. frost) will be significantly lower than in other regions.

Keywords: density dependence, plant–herbivore models, population regulation, water 
hyacinth.

Introduction
Water hyacinth causes serious economic, environ-
mental and health problems across the tropics by over-
growing waterways. The use of classical biological
control agents (Neochetina eichhorniae and N. bruchi)
has produced noticeable control in some locations, but
there is a great deal of variation in the level of control
(Julien et al. 1999). In order to understand this, we use
mathematical models and experiments to address the
following questions:
• What regulates the weevil population dynamics in

the introduced ranges?

• What is the effect of nutrients on the level of
control?

• What will be the effect of integrated management
on the weevils?
The life history of both weevil species has been well

studied (for a review see Julien et al. (1999)). Adults
feed on the surface of the leaves and petioles and tend
to lay eggs in young leaf tissue. The larvae undergo
three instars. The first two instars feed predominately
inside the leaf in which they were laid, while the third
instar feeds on the root-stock. Pre-pupae form a cocoon
using root hairs, and emerge a couple of weeks later.
The life cycle takes around 60–100 days.

Several models have been used to describe water
hyacinth management (Ewel et al. 1975, Mitsch 1976,
Lorber et al. 1984, Musil & Breen 1985, Akbay et al.
1991, Gutiérrez et al. 2000). Only one model, however,
explored the effect of biological control agents, but this
project finished before key features, such as the effect
of nutrients, could be incorporated (Akbay et al. 1991).
We describe the plant–herbivore interaction using a
classic two species population model (May 1974,
Caughley & Lawton 1981), and a more complicated
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(but still analytically tractable) stage-structured model
(unpublished data).

Classic plant–herbivore model and 
the effect of nutrients

Caughley and Lawton (1981) used the following model
to describe the control of prickly-pear cacti Opuntia
spp. by the moth Cactoblastis cactorum. The plant
density is Β and the insect population density Ω,

In the model, the plant population shows logistic
growth. This provides an excellent description of the
growth of water hyacinth in experimental systems (Fig.
1). A full description and parameterization for the water
hyacinth/weevils system will be presented elsewhere.

Both the weed and the control agent grow faster in
higher nutrient conditions, with nitrogen the most
common limiting factor (Sastroutomo et al. 1978,
Musil & Breen 1985, Imaoka & Teranishi 1988, Reddy
et al. 1989, 1990, Reddy et al. 1991, Carignan & Neiff
1994, Heard & Winterton 2000). Heard & Winterton
(2000) showed that nutrients have a large effect on the
interaction between the weevils and water hyacinth and
that, over short periods, control is reduced at higher
nutrient levels. To assess how equilibrium conditions
are affected, we reviewed the literature to derive a rela-

tionship between nutrients and the parameters of the
model. 

In the absence of weevils, the model is good at
predicting the growth rate of water hyacinth, but, as
would be expected from theory, the intrinsic growth
rate is much higher than the rate of increase in area
covered (Higgins & Richardson 1996).

In the presence of weevils, the equilibrium density
of the plant is predicted to increase with nutrients (Fig.
2). However, control is faster at higher nutrient levels
(Fig. 3). Therefore, the level of control observed in the
field may not decline with increasing nutrients, and so
there is no simple qualitative relationship between level
of control and eutrophication.

The initial model was very sensitive to changes in
the rate of damage, c, but this parameter was poorly
defined and dependent on assumptions that were diffi-
cult to justify. To make parameters biologically intui-
tive, and to include more detail of the weevil’s life
cycle, the model was adapted to include stage structure.

Stage-structured plant–herbivore 
models and the position of density 

dependence
In the stage-structured models, the weevil’s life cycle is
split into stages. Within each stage all individuals have
the same vital rates (Gurney et al. 1983). This allows a
model to include more details of the biology of the
system, e.g. which stage of the insect damages the
plant. Third instar larvae can cause major damage
directly by feeding on the rhizome, or indirectly by
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Figure 1. Specific growth rate against biomass density from experimental studies. A)
Japan (Imaoka & Teranishi 1988); B) Florida, USA (Reddy & DeBusk,
1984); C) Argentina (Fitzsimons & Vallejos 1986); D) Florida, USA
(Debusk et al. 1981).
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facilitating the entry of pathogens. In comparison, adult
feeding is thought to have little impact, unless at very
high densities. Therefore, in the stage-structured
models we assume that only the larval stages have an
effect on the plant.

We consider three separate models, each model
having a different effect of the plant on the insect, i.e. the
models differ in the mechanism regulating the popula-
tion size of the weevils. In the first case, density depend-
ence occurs through adult migration, in the second model
larval survival is density dependent, and finally density
dependence is assumed to occur in the first and second
instar larvae and only third instar larvae cause damage.

All the models predict the weevil population has a
greater ratio of larvae to adults than is seen in the field,

but the model where density dependence occurs in the
larval stages gives the prediction closest to observed
values (unpublished data). It is also the only model
where stability varies strongly across the range of real-
istic parameters, i.e. it can predict a low stable equilib-
rium. In short, the model where population regulation
occurs early in the weevil’s life cycle gives the best
description of observed dynamics. To test this, and to
measure the strength of density dependence, we exper-
imentally manipulated larval densities.

Experiment

The experiment was designed to test the effect of the
number of eggs per plant and host-plant quality on the
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Figure 2. The effect of water nutrient conditions on the
predicted equilibrium plant biomass density as
predicted from the Caughley and Lawton model
(1981). The bold line is the best estimate for the rate
of feeding, c, and the thin lines are the upper and
lower estimates for the rate of feeding.

Figure 3. The effect of nutrients on the speed of control as
predicted from the Caughley and Lawton model (1981).
The system was initiated with 0.05 weevils m–2 and the
plant population at its carrying capacity, K.
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development of N. eichhorniae (unpublished data).
Five-day-old eggs were inserted into plants grown in
water of two different concentrations of nitrate-
nitrogen (0–0.4 mg/L or 1–4 mg/L). The insects were
left to develop until 25 or 45 days old before the plants
were destructively harvested. Based on literature values
(Julien et al. 1999), these development times corre-
spond to sampling late second instar larvae and late
third instar/pupae.

The key result was density-dependent mortality
operating on early larvae (Fig. 4). The strength of this
density-dependent mortality was not found to change
between the harvest dates, i.e. during the third instar.

Discussion
Center (1987) showed that the dispersion patterns of
larvae within water hyacinth shoots in the field were such
that leaf senescence could be an important factor in larval
mortality. First and second instar larvae do not tend to
migrate from the petioles in which they were laid,
whereas third instars frequently move between petioles
and even between plants. This greater mobility would
make them less subject to competition for food, and less
likely to be stranded in a dying leaf (as was observed
during the leaf dissections). Larvae that tunnelled up the
petiole towards the leaf were sometimes unable to tunnel
back down as other larvae had destroyed the lower part
of the petiole. Although leaf production rate was not
affected by egg density, the likelihood of a leaf dying
prematurely would be expected to increase with
increasing larval density. Therefore, the density-

dependent mortality observed may be because the prob-
ability of being stranded in dead and dying leaves
increases with increasing larval density. 

This has two important implications for manage-
ment. First, control methods that disrupt leaf dynamics,
e.g. foliar herbicides, will be expected to disrupt weevil
populations. Second, the weevils will be slow to
respond to changes in the plant population, and so the
weed may be expected to out-grow herbivore pressure
following winter or after mechanical control. Clearly,
such issues of timing could not have been captured
using the classic model. Successful integration of clas-
sical biological control with other control options, at
least for water hyacinth, requires knowledge of the
details of the mechanism that regulates the population
dynamics of the control agent.
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