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Abstract We assessed the effect of two biological

control agents, the mirid Eccritotarsus catarinensis

(Carvalho) and the weevil Neochetina eichhorniae

(Warner), singly or in combination, on the compe-

titive ability of their host plant, water hyacinth,

Eichhornia crassipes (Mart.) Solms-Laub., grown in

a screen house, in competition with another aquatic

plant (Pistia stratiotes L.). Water hyacinth plant

growth characteristics measured included fresh

weight, leaf and petiole lengths, number of inflores-

cences produced, and new shoots. Without herbivory,

water hyacinth was 18 times more competitive than

water lettuce (across all experimental combinations

of initial plant densities), as estimated from fresh

weights. Both insect species, singly or in

combination, reduced water hyacinth plant growth

characteristics. E. catarinensis alone was less dam-

aging than the weevil and under normal conditions,

i.e., floating water hyacinth, is not expected to

increase control of water hyacinth beyond that of

the weevil. When combined with the weevil, half the

inoculum of weevils and half the inoculum of mirids

produced the same growth reduction as the full

inoculum of the weevil. Under conditions where the

weevils are not effective because water hyacinths are

seasonally rooted in mud, the mirid, which lives

entirely on leaves, should become a useful additional

biological control agent.
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Introduction

Water hyacinth, Eichhornia crassipes (Mart.) Solms-

Laub. (Pontederiaceae) and water lettuce, Pistia

stratiotes L. (Araceae) can be found in similar

habitats, for example slow-moving or still water

bodies (Harley 1990). In the absence of its natural

enemies, water hyacinth is the dominant species

(Center and Spencer 1981; Wright and Purcell 1995)

because of its rapid growth and ability to shade other

aquatic plants such as water lettuce (Chadwick and

Obeid 1966).
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The preferred method of controlling water hyacinth

is biological control, because it is environmentally

friendly (reviewed in Greathead 2003) and has suc-

cessfully reduced infestations in many African

countries (Hill et al. 1999a; Cilliers et al. 2003; Mbati

and Neuenschwander 2005). Among the six arthropod

agents released worldwide (Harley 1990; Julien et al.

1999), the two weevils, Neochetina eichhorniae

(Warner) and N. bruchi Hustache (Coleoptera: Curcu-

lionidae) are the most effective (DeLoach and Cordo

1976; Center and Van 1989; Center et al. 1999). In

West Africa, N. eichhorniae is better adapted than

N. bruchi (Ajuonu et al. 2003).

Despite the release of several agents against water

hyacinth in South Africa, control has been variable,

necessitating the search for more agents (Hill et al.

1999a). The most recent is the mirid, Eccritotarsus

catarinensis (Carvalho) (Heteroptera: Miridae) first

released in South Africa in 1996 (Hill et al. 1999b)

and later in Malawi. It was released in Benin in 1999

to complement biological control by the weevil,

under ecological conditions where the weevil was not

fully effective, but has not become established. There

is a possibility that it could be released in the USA

(Coetzee et al. 2003).

Water lettuce sometimes re-colonizes water bodies

after water hyacinth cover had been reduced by

weevils (Ajuonu and Neuenschwander 2003). The

response of competing vegetation has therefore been

used as an indicator for evaluating the effect of

biological control agents against water hyacinth,

when measuring their effect on the host plant (Center

et al. 2001). This is based on the hypothesis that

competition from a second aquatic plant would

further increase the effect of herbivory on water

hyacinth growth. Center et al. (2005) compared the

effect of the two weevils and Coetzee et al. (2005)

evaluated the effect of the mirid alone. Using the

same methodology, this present study compares the

subtle impact of the mirid, E. catarinensis with the

more obvious impact of the weevil, N. eichhorniae.

Materials and methods

Location

This experiment was conducted outdoors in a shade

screen house (40%) in the centre of a fallow field at

the International Institute of Tropical Agriculture

(IITA) near Cotonou, Benin. The first replicate lasted

from 24 July to 6 October 2004, the second from 11

December 2004 to 26 February 2005, and the third

from 9 March to 1 June 2005. The daily minimum

and maximum temperatures were 19–22.8 and 25.7–

30.9�C, respectively, for the first replicate, 14–25.5

and 29.5–34.7�C for the second, and 20–25 and 30–

33.8�C for the third.

Rearing plants and insects

Plants were grown in plastic tubs (30 cm deep; 54 cm

diameter) buried 22 cm in soil and covered by a

95 cm high white mosquito net canopy. Heat accu-

mulation in small water containers adversely affected

water hyacinth growth; burying the rearing tubs

reduced water temperatures by 0.5�C at 8:00 h and by

2�C from 12:00 to 17:00 h compared with surface

placement. On the first day, the plastic tubs were

filled with 20 l of water. Liquid fertiliser (Fertigofol

737) was used at an application rate of 0.5 ml per

litre of water. Thereafter water containing 0.1 ml l-1

Fertigofol 737 was added periodically to maintain the

depth of water in each plastic tub between 20 and

30 cm.

Water hyacinth plants were collected from Sazoué

(08�18.320 N, 001�50.130 E) on the Mono River

where the weed has remained free of weevil infes-

tation. The initial fresh weight per individual plant

ranged from 170 to 258 g. Water lettuce plants were

taken from a stock maintained at IITA in plastic pools

(265 9 67.5 cm). Before placement in the tubs, all

plants were washed by spraying with tap water to

remove all arthropods, and then covered with the net-

canopy. Adult weevils N. eichhorniae, were collected

from a field population on the Sô River (06�40.07 N,

002�24.59 E). The mirids E. catarinensis, were

reared in the laboratory (Ajuonu et al. 2007).

Experimental set-up

The trial followed an addition series competition

experimental design (Spitters 1983), consisting of

factorial combination of the two competing species in

a randomised complete block design with the plant

density ratios nested in species treatment levels.

A mixture of water hyacinth and water lettuce was

planted with the following numbers of plants per tub:
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3:0, 3:3, 3:9, 9:0, 9:3, 9:9, 0:3, and 0:9. Four sets of

each combination were set up; of these, three were

each infested either with a single species or a

combination of agents and the fourth served as a

control (C). The single-species infestations were:

E. catarinensis (E) at the rate of 40 adults per plant,

or N. eichhorniae (N) at the rate of two pairs of adults

per plant. In the combined species treatment (E + N),

the infestation rate was 20 adult E. catarinensis and

one pair of N. eichhorniae per plant, which is half the

inoculum used in the single treatments. This expe-

rimental setup was replicated three times on the dates

given above.

In contrast with previous studies using the same

methodology, which either dealt with two very

similar weevils, N. eichhornaie and N. bruchi (Center

et al. 2005) or with the impact of a single agent,

E. catarinensis (Coetzee et al. 2005), we faced the

problem of having to compare the effect of two

highly different organisms. The two species

N. eichhornaie and E. catarinensis were combined

in numbers approximating observed field population

levels, and their weights were determined in order to

reach a common standard. Ten adult weevils were

frozen for 24 h and air dried on a filter paper for 7 h.

The weevils were individually weighed (Denver

Instrument M-220D, measuring a minimum

of 0.0001 mg), yielding an average weight of

0.0077 mg (range 0.0058–0.0094 mg). Forty

E. catarinensis adults treated by the same procedure

were found to equal one quarter of an adult

N. eichhorniae. It would have required 160 mirids

to correspond to the two pairs of N. eichhorniae or

N. bruchi per plant used in a similar study (Center

et al. 2005). For this experiment, this number was

reduced to 40 adults per water hyacinth plant, which

corresponds to 25% of the weight of the weevil. By

comparison, Coetzee et al. (2005) used 15 adult

E. catarinensis (50:50 sex ratio), which were

considered too few to cause severe damage.

Data collection

Comparing the impact of mirids and weevils was

difficult because their damage symptoms are so

different. Therefore plant growth characteristics were

considered as standard measurable units (Center et al.

1999) and indicators of the effect of both agents (Del

Fosse 1978). Measurements taken were:

1 length of the second leaf;

2 length of the petiole;

3 number of daughter plants (only those with three

unfurled leaves each were considered);

4 number of inflorescences produced per plant by

water hyacinth;

5 estimates of surface cover of basins (in 5%

increments) by water lettuce (Ajuonu et al. 2003);

and

6 fresh weights of water hyacinth and water lettuce

(taken at the beginning on a per plant basis and

the end of the experiment as total).

Data were taken at week zero, the date the agents

were introduced, and at weeks three, six, and eight.

The three-week sampling period corresponds to the

generation time of the mirid (Hill et al. 1999b).

However, destructive sampling was carried out on

week eight instead of week nine, because in an initial

trial with the mirid, production of new water hyacinth

leaves occurred after eight weeks. At this time most

of the leaves were yellowing and brownish and the

mirid population collapsed for lack of suitable food.

The numbers of adult and immature mirids were

counted on weeks three and eight, on ten leaves in

plastic tubs initially containing three plants and on 20

leaves for those initially containing nine water

hyacinth plants, to quantify the mirid population.

On the same date, the number of adult weevil feeding

scars on the second leaf was counted as an indicator

of the presence of adults (Wright and Center 1984).

Data analysis

Analysis of variance by the GLM procedure (SAS/

STAT Software version 2002) was used to assess

differences in species treatments (single agent, spe-

cies combination, and the control), followed by

Student–Newman–Keuls test at P = 0.05. To achieve

normality, count data were log10(x + 1) transformed

before analyses. The means for fresh weight (water

hyacinth and water lettuce), number of daughter

plants, and inflorescences of water hyacinth were

calculated on the basis of the initial planting densi-

ties. Means of leaf and petiole lengths of water

hyacinth (on the second leaf position) were based on

the number of mature plants (plants with at least five

unfurled leaves) per plastic tub on each sampling

date.
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Multiple regression analysis was carried out, using

an inverse linear model, 1=wh ¼ ah0 þ ahhdh þ ahid1

(Spitters 1983). Here, 1/wh is the inverse biomass

yield of individual water hyacinth plants, while dh

and d1 represent water hyacinth and water lettuce

planting densities, respectively. The coefficient ahh

estimates intraspecific competition, while the coeffi-

cient ahi estimates interspecific competition. The ratio

ahh/ahi measures the effect of intraspecific competi-

tion by water hyacinth on its own yield, relative to the

effect of interspecific competition by water lettuce.

Results

Numbers of mirids and adult weevil feeding scars

Three weeks after introducing the agents, the mean

numbers (±SE) of adults and immatures were

15.1 ± 1.3 per leaf in the treatment (E) with the

mirid alone, where 40 adults (20 females: 20 males)

per plant had been used. In the treatment (E + N)

with both species (with half the inoculation rate of

single species), the mean was 9.2 ± 0.7 adult and

immature mirids. At week eight the mean counts

(adults and immatures) per leaf declined to 7.1 ± 0.6

(53%) in treatment E and to 1.9 ± 0.2 (79%) in

treatment E + N, when plants became less suitable

because of declining vigour resulting from the effect

of the weevil.

The mean numbers (±SE) of adult weevil feeding

scars in treatment with the weevil alone (N) were

62 ± 6 per leaf at week three and 56 ± 6 at week

eight, indicating that some of the adults used for

inoculation survived the period of the experiment. In

treatment with both species (E + N) inoculated with

two adult weevils, which is half the rate in treatment

with weevil alone, feeding scars numbered 42 ± 4 at

week three and 36 ± 4 at week eight. During the

destructive sampling (week eight), several weevil

pupae were observed in treatments with weevil alone

and the combination of weevil and mirid, indicating

that full larval development had occurred.

Plant growth characteristics

Data on plant growth characteristics from the first

replicate (24 July to 6 October 2004) and the third

replicate (9 March to 1 June 2005) were generally

higher in value than those from the second replicate

(11 December 2004 to 26 February 2005). This

showed that the periods of the first and third

replicates, which corresponded to the short and long

rainy periods, supported plant and insect population

growth better than the second replicate conducted

during the dry season and the harmattan, a dry dusty

wind originating in the Sahara desert. The block

effect, created by repeating the experiment three

times, was therefore removed and replication was

introduced as a factor in the ANOVA model.

The results of ANOVA (Table 1) show that fresh

weight (F1,62 = 34.60, P \ 0.01) and number of

shoots produced (F1,39 = 94.86, P \ 0.01) were

significantly greater at low initial planting density

of water hyacinth (3H:0L, 3H:3L, 3H:9L) than at

high density (9H:0L, 9H:3L, 9H:9L), while the other

Table 1 Water hyacinth fresh weights, leaf/petiole lengths,

numbers of new shoots and inflorescences, according to the

initial plant densities (3 = low and 9 = high) of water

hyacinth (H) and water lettuce (L) taken eight weeks after

introducing biological control agents

Plant densities Mean fresh weight

in grams (n = 12)

Length in cm Number produced

Leaf

(n = 12)

Petiole

(n = 8)

New shoots

(n = 8)

Inflorescence

(n = 8)

3H:0L 210.4 a (±32.3) 6.6 a (±0.8) 19.6 ab (±2.9) 1.54 a (±0.41) 0.20 a (±0.20)

3H:3L 221.9 a (±23.8) 7.4 a (*) (±0.6) 21.9 a (**) (±2.4) 1.39 a (±0.39) 0.34 a (**) (±0.21)

3H:9L 235.7 a (±24.8) 7.3 a (±0.5) 20.6 ab (±2.4) 2.0 a (±0.42) 0.43 a (±0.30)

9H:0L 151.8 b (±21.1) 6.9 a (*) (±0.9) 21.6 a (**) (±4.7) 0.09 b (±0.17) 0.19 a (**) (±0.16)

9H:3L 128.4 b (±20.0) 5.8 a (±0.9) 15.1 b (±3.7) 0.06 b (±0.27) 0.17 a (±0.17)

9H:9L 143.9 b (±22.1) 5.9 a (±1.0) 18.1 ab (±5.1) 0.05 b (±0.23) 0.37 a (±0.26)

Data are means (per plant) ±SE and values followed by the same letters are not significantly different (P \ 0.05)

* n = 11, ** n = 7
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characteristics were not, but followed similar pattern.

The subsequent discussion therefore focuses on plant

weight and new shoots, with less emphasis on the

other variables.

Plant competition

Regression results (Table 2) show that yield in fresh

weight was affected by intraspecific competition

(ahh [ 0) in all treatments, and in some cases (where

ahi [ 0) by interspecific competition. Without herbi-

vores, the competition ratio ahh/ahi for water hyacinth

was 18 times (P = 0.04) more than water lettuce. The

ratio declined to 2.64 (P = 0.27) in the treatment with

the weevil N. eichhorniae and to -0.328 (P = 0.28) in

the treatment with E. catarinensis. It further declined to

-23.87 (P = 0.01) for both species together.

Effect of treatments

The effects of treatments varied according to species,

and species combination, and on the growth

characteristics measured. Water hyacinth fresh

weight in the control (C) increased significantly and

differed from the treatments with agents

(F1,48 = 62.85, P \ 0.01) (i.e. E, N, and E + N

combined). In Table 3, the percentage changes

(increase or decrease) in growth characteristics were

based on the initial means and final (eighth week)

values and, except for treatment with mirid alone,

with increased number of shoots, all water hyacinth

growth characteristics declined compared with the

initial values. The effect on the production of

inflorescences was highest (-100%), indicating

reduced reproductive capacity of the water hyacinth.

Leaf and petiole lengths varied according to

treatments (Fig. 1). At the third week although leaf

length in the treatment with both species did not

differ statistically, it was lower than the treatment

with the weevil alone. By the sixth and eighth week,

leaf and petiole length declined in all treatments with

agents compared with the control, except in the

treatment with mirid alone, where no statistical

difference was found in petiole lengths.

Table 2 Multiple regression analysis on water hyacinth fresh weight showing effects of the initial water hyacinth and water lettuce

planting densities in treatments without and with agents, using the inverse linear model

Treatment Regression coefficients Intercept R2 F2, 15 (P)

ahh ahi ahh/ahi aho

E 0.00010859 -0.00033080 -0.32 0.00725 0.15 1.36 (0.29)

N 0.01603 0.00607 2.64 -0.00801 0.47 6.74 (0.05)

E + N 0.00067129 -0.00002812 -23.87 0.00445 0.48 5.92 (0.01)

C 0.00017358 0.00000936 18.54 0.00274 0.35 4.07 (0.03)

C = control, E = E. catarinensis, N = N. eichhorniae, and E + N = combination of E. catarinensis and N. eichhorniae (using half

the inoculum of single treatments)

Table 3 Percentage change, (+ = increase; - = decrease) in mean values of water hyacinth growth characteristics and cover by

water lettuce (WL) eight weeks after introducing agents

Agents Adults inoculated

per plant

% Fresh weight % Length of % Number of % Cover by WL

Lamina Petiole Inflorescences Shoots

C 0 +26.1 -2.9 -1.1 +182.8 +82.7 +15

E 40 -7.5 -16.1 -9.1 -10.7 +25.8 +100

N 4 -34.8 -49.8 -62.5 -89.5 -53.6 +332

E + N 20 + 2 -33.3 -44.5 -53.8 -100.0 -30.1 +283

C = control without agents, E = E. catarinensis, N = N. eichhorniae, and E + N = a combination of both species at half the

inoculum of the single species treatments

Formula used: percentage change = [final measurement (taken on week 8) - Initial measurement (taken on week 0)] 7 Initial

measurement 9 100
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Planting density and herbivory

Initial water hyacinth planting densities and herbi-

vory affected one another, as indicated by fresh

weights and the numbers of new shoots (Fig. 2). At

low densities (3H) there was no statistical difference

among treatments with agents, although each differed

significantly from the control. At high water hyacinth

planting densities (9H) fresh weights decreased and

differed depending on treatment.

Discussion

With similar methodology, two closely related wee-

vils, Neochetina eichhorniae and N. bruchi, were

used as single treatments and together (Center et al.

2005) and Coetzee et al. (2005) used the mirid,

E. catarinensis alone. This experiment assessed, for

the first time, the impact of the mirid and the weevil

(singly and both together), from different insect

orders with very different modes of feeding. The

reduction in growth of the host plant, water hyacinth,

which was experimentally subjected to competition

by another floating water weed, water lettuce, was

measured.

Water hyacinth is generally assumed to be a

superior competitor over water lettuce (Wright and

Purcell 1995). This study quantifies this competitive

advantage (18.5 times), which is, however, only

shown when the plant is not attacked by biological

control agents as indicated by the competition ratio

ahh/ahi (Table 2). This confirms the displacement of

water lettuce where it already exists before the

introduction of water hyacinth (Center et al. 2001;

Ajuonu and Neuenschwander 2003). With agents, the

ratio declined to -0.32 in the presence of the mirid,

to 2.6 with the weevil only, while both species

reduced the ratio to -23.87. In similar studies,

without agents, the ratio was 23.6 times but declined

to 10 in the presence of the mirid (Coetzee et al.

2005) while Center et al. (2005) reported a ratio of 41

times without agents which declined to 1.4 in the

presence of the weevil N. eichhorniae.

In the single-species treatments, the differences in

damage severity of the two biocontrol species are

reflected in the impact on plant growth characteristics,
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with the weevil having greater effect. The mirid, with a

short life cycle of three weeks, lives entirely on the leaf

of water hyacinth (Hill et al. 1999b) and damage is

usually mild (Coetzee et al. 2003). For the weevil, with

a longer life cycle of 120 days, the primary damage is

due to the larval stages that bore into the crown of the

water hyacinth (DeLoach and Cordo 1976) leading to

shoot mortality (Center and Van 1989). In this

experiment, although the mirid inoculation rate was

25% of the weight of the weevil, it reduced water

hyacinth growth by an amount similar to that by the

weevil when compared with the control (Fig. 2).

The mean number (±SE) of adults and immature

mirids per leaf after one generation in the single

treatment (E) was 15.1 ± 1.3 compared with

9.2 ± 0.7 in the mixed treatment with half the

inoculum of mirids. This relatively better perfor-

mance in the mixed treatment may be because of

access to fresh feeding holes made by the weevils, as

reported in a laboratory study (Ajuonu et al. 2007).

In treatments with both species, the impact of

agents is expected to occur in an overlapping

sequence according to their respective life cycles,

i.e., three weeks for the mirid (Hill et al. 1999b) and

120 days for the weevil (DeLoach and Cordo 1976).

At the third week of this study, the increased mirid

population caused severe leaf damage, added to

damage on young leaves and petioles by adult

weevils (DeLoach and Cordo 1976). By the sixth

and eighth week (while the mirid population dropped

by 79% due to reduced food value of the leaves),

weevil larvae had developed into second/third instars

and were old enough to cause severe damage

(DeLoach and Cordo 1976) in addition to the damage

by mirids. This explains why, despite the 79%

decrease in the mirid population at week eight,

effects of treatment with both agents (E + N) was

statistically similar to those for the weevils alone (N)

(Fig. 1) and also produced the lowest number of

inflorescences (Table 3).

Initial planting density affected water hyacinth

turnover and impact by agents. At the end of the

experiment, fresh weights at low water hyacinth

densities (3H) were 1.5 times higher, while the

numbers of new shoots were 27.3-fold those at high

densities (9H) (Table 1). Also, other plant growth

characteristics, leaf/petiole length and number of

flowers produced, had higher turnover at low water

hyacinth planting densities. Center and Van (1989)

have shown that at low plant densities leaf production

is accelerated. This explains the small effect of agents

recorded at low planting densities in contrast with

high planting densities where effects of herbivory

were severe (Fig. 2). The better performance of the

agents at high planting densities can be attributed to

the combined effects of intraspecific interaction

among plants at high densities and interspecific

interactions with water lettuce when affected by

biological control agents, similar to the results of

Center et al. (2005).

The addition series competition design (Spitters

1983) used in the two studies (Center et al. 2005;

Coetzee et al. 2005) shows that herbivory can

reduce the competitive ability of water hyacinth

grown with another aquatic plant, water lettuce,

similar to this study that combined the mirid and

the weevil for the first time. Although there is

uncertainty about whether one species of agent is

better than multiple agents (Denoth et al. 2002),

this experiment has demonstrated that both species

are compatible with each other. E. catarinensis

alone is less damaging than the weevil and under

normal conditions, i.e., floating water hyacinth; the

mirid is not expected to increase control of water

hyacinth beyond that of the weevil. However, when

combined with the weevil, half the inoculum of

weevils and half the inoculum of mirids still

produced the same growth reduction as the full

inoculum of the weevil. Under conditions where the

weevils are not effective because water hyacinths

are seasonally rooted in mud (Ajuonu et al. 2003),

the mirid, which lives entirely on leaves (Hill et al.

1999b), should become a useful additional biolog-

ical control agent.
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