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Address of Welcome

Good morning, ladies and gentlemen

On the occasion of this splendid autumn season in Beijing, it is a great pleasure
for all of us to greet the opening of the Second Global Working Group Meeting for
the Biological and Integrated Control of Water Hyacinth, held under the auspices
of the International Organization of Biological Control (IOBC). On behalf of the
Biological Control Institute of the Chinese Academy of Agricultural Sciences,
please allow me to extend our warm congratulations. I sincerely wish the meeting
a great success.

As is known to all, water hyacinth is one of the most dangerous weeds in the
world, causing great damage to agriculture, aquatic production, tourism and the
environment in over 40 countries including China. Currently in China, water hya-
cinth grows in 17 provinces, and millions of dollars are spent on its control every
year. Although China has made great efforts and achieved remarkable progress in
the biological and integrated control of water hyacinth, the weed is still spreading
into new regions at an alarming speed. As this working group meeting provides a
good opportunity for mutual exchange of information and experiences in the field
of water hyacinth control among the delegates and scientists from various coun-
tries, I am sure that a successful meeting will not only promote the research work
on water hyacinth control in China, but also help advance research activities on
global water hyacinth control into a new phase. Therefore, it is essential that the
working group meeting be held regularly so that scientists and experts from dif-
ferent countries and regions can get together and cooperate in finding good solu-
tions to the worldwide problem of water hyacinth.

Finally, I’d like to wish everyone a nice stay in China.
Thank you.
Professor Yang Huaiwen,

Director of the Biological Control Unit,
Chinese Academy of Agricultural Sciences
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Editorial

These are the papers presented at the Second Global Working Group Meeting for
the Biological and Integrated Control of Water Hyacinth, held in Beijing, China in
October 2000 under the auspices of the International Organization for Biological
and Integrated Control of Noxious Animals and Plants (IOBC). The meeting
brought together 31 delegates from 11 countries with the common purpose of
identifying suitable biological and integrated control options for water hyacinth.

These proceedings represent the current status of work on water hyacinth world-
wide and include new research initiatives, overviews of water hyacinth implemen-
tation programs in various countries and a proposal for a mechanism to facilitate
the dissemination of information on water hyacinth through a clearinghouse. The
papers, which were each refereed by at least two of the editors, were presented
under a series of themes. The salient points from each of the papers were then sum-
marised at the end of the theme session. These summaries are included in the pro-
ceedings. Nevertheless, much of the discussion that occurred at these workshops
is not recorded here. The address list appended to the proceedings will, it is hoped,
stimulate further interaction between the delegates. We are very grateful to the
Australian Centre for International Agricultural Research (ACIAR) for sup-
porting the preparation and publication of these proceedings.

One of the roles of this working group is to identify further research needs on
water hyacinth. From the presentations and discussions the following ideas
emerged as requiring further investigation.

» The impact of cold climates on the success of biological control. Investigation
of the thermal tolerance of the natural enemies used was suggested, and of the
value of collecting biological control agents from climatically similar localities.
Also, studies of the impact of releasing large numbers of healthy, fertile females
through the winter to obviate the lag time in population build-up of the weevils
following cool winters were suggested.

» The use of plant competition studies between water hyacinth and other aquatic
plants as an indicator of how effective particular agents are.

* The compatibility of the different control options that could be used in
integrated management.

+ The compatibility of each biological control agent with each of the herbicides
likely to be used and their surfactants.

* The selection of suitable locations and undertaking of integrated management
of water hyacinth where biological control is the base technique. This has been
done in South Africa in a temperate climate (Jones, these proceedings). The
Kafue River, where various agents are established but control has not been
successful, offers an opportunity in the tropics.

* Identification and conduct of surveys for additional natural enemies (both
insects and pathogens) in new areas in the region of origin of water hyacinth.

» The interactions between the insect natural enemies with the pathogen natural
enemies.
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* The development of mycoherbicide for water hyacinth. It is hoped that the
IMPECCA project (Bateman, these proceedings) will achieve this goal.

* Quantification of the contribution of Orthogalumna to biological control in the
field. Studies in Malawi may be the first step in this.

* Quantification of the impact of Eccritotarsus in the field.

The workshop closed with a general meeting of the working group (the partici-
pants). During the meeting it was suggested that a mission statement for the
working group be developed and this was done (see below). It was also decided
that the next meeting should be held in Uganda on the shores of Lake Victoria in
early August 2002.

Mission Statement

The mission of the IOBC Working Group for the Biological and

Integrated Control of Water Hyacinth is to promote better management

of water hyacinth through:

« facilitation of interactions,

 dissemination of information, and

+ identification of research needs.

This will be achieved by:

* holding a meeting every 2 to 3 years,

* publishing the meeting proceedings, a water hyacinth newsletter and
maintaining web site, and

* supporting activities that contribute to better management of water
hyacinth.

Meeting participants

Front row (left to right): Wu Zhenquan, Chen Ruoxia, Joseph Ndunguru, Gasper Mallya,
Raghavan Charudattan, Fu Weidong, Ding Jianqing, Peter Mjema and Xia
Shanlong.

Back row (left to right): Lu Qingguang, Wang Qinghai, Sun Junmao, Ma Ruiyan, Tom
Moorehouse, Tom McNabb, Eric Gutiérrez, Garry Hill, Yahia Fayad, Ted Center,
Roy Bateman, Lius Navarro, Harry Evans, Richard Shaw, Godfrey Chikwenere,
John Wilson, Roy Jones, Mic Julien, Andrew Mailu and Martin Hill.
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Biological Control of Water Hyacinth with
Arthropods: a Review to 2000

M.H. Julien”

Abstract

Water hyacinth, native to the Amazon River, invaded the tropical world over the last century and has become
an extremely serious weed. The search for biological control agents began in the early 1960s and continues
today. Six arthropod species have been released around the world. They are: two weevils, Neochetina bruchi
and N. eichhorniae; two moths, Niphograpta albiguttalis and Xubida infusellus; a mite Orthogalumna
terebrantis; and a bug Eccritotarsus catarinensis. The mite and X. infusellus have not contributed to control and
the bug is under evaluation following recent releases in Africa. The two weevils and the moth N. albiguttalis
have been released in numerous infestations since the 1970s and have contributed to successful control of the
weed in many locations. It is timely to assess their impact on water hyacinth and, to help in planning future
strategies, to identify the factors that contribute to or mitigate against successful biological control. Although
the search for new agents continues, and as a result biological control will likely be improved, this technique
alone is unlikely to be successful in all of the weed’s habitats. It is important that whole-of-catchment
management strategies be developed that integrate biological control with other control techniques. The aims
of such strategies should be to achieve the best possible control using methods that are affordable and

sustainable; hence the need to develop strategies using biological control as the base component.

WATER hyacinth apparently became a problem in the
USA following its distribution to participants in the
1884 New Orleans Cotton Exposition. By the early
1900s it was widespread in the southern states. During
the same period it spread through the tropics of other
continents and now reaches around the world and north
and south as far as the 40° latitudes (Center 1994).
More recently it spread into the many waterways of
Africa and has expanded rapidly, probably in response
to high nutrient conditions, to cause serious problems.
To combat the problems caused by the weed, efforts to
control its spread and to reduce its biomass have been
many and varied and include weed management
methods such as physical removal, application of her-
bicides and release of biological control agents. Utili-

* CSIRO Entomology, 120 Meiers Road, Indooroopilly,
Queensland 4068, Australia.
Email: mic.julien@brs.ento.csiro.au

sation of the weed for commercial and subsistence
purposes has also been widely considered. It is now
generally recognised that physical and chemical con-
trols have very limited application in most countries
because of their high cost and low sustainability. Utili-
sation has never developed into sustainable activities
other than localised cottage industries or to support
very poor communities in subsistence existences such
as the production of biogas. Only small amounts of
water hyacinth can be utilised in such activities, which
should never be confused with control. Neither should
the potential for utilisation prevent the implementation
of control strategies (Harley et al. 1996; Julien et al.
1996). The cost of water hyacinth to communities far
outweighs the benefits that might occur through utili-
sation. In general, even when the weed is successfully
managed there is likely to be sufficient present to
support the small-scale utilisation activities that persist.
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The one control technique that continues to show
promise, can be developed further, is affordable, envi-
ronmentally friendly and above all sustainable, is bio-
logical control. The remainder of this paper is a review
of the activities and results of biological control of
water hyacinth using arthropods, and includes a dis-
cussion of the attributes and limitations of this tech-
nique. A review of biological control of water hyacinth
using pathogens is presented separately in this volume
(Charudattan 2001).

Exploration for Natural Enemies

Surveys for natural enemies of water hyacinth for use
as biological control agents began in 1962 and have
continued until recently. A brief chronology, summa-
rised largely from Center (1994), follows.

* Mr A. Silveira-Guido conducted the first surveys in
Uruguay in 1962 to 1965. He found the moth
Xubida (Acigona) infusellus, two weevil species
Neochetina eichhorniae and Neochetina bruchi, the
mite Orthogalumna terebrantis and the grasshopper
Cornops aquaticum, among other species.

* Biology and host range studies were conducted on a
number of these agents at the USDA-ARS
laboratory at Buenos Aires. This laboratory was set
up in 1962 to work on alligator weed and from 1968
studies focused largely on water hyacinth.

* During 1968 surveys were conducted by F. Bennett
and H. Zwolfer of CIBC, now CABI Biosciences, in
Guyana, Surinam and Brazil. To the list of species
they added the petiole-tunnelling moth Niphograpta
(Sameodes) albiguttalis, the petiole-boring flies
Thrypticus spp., and an unnamed mirid bug.

« D. Mitchell and P. Thomas conducted surveys in
Uruguay, Brazil, Guyana and Trinidad but did not
extend the list of known phytophages.

* Bennett surveyed the West Indies, Belize and
Florida USA in the late 1960s and found
O. terebrantis and the stem-boring moth Bellura
densa.

* Surveys were also carried out in India in the early
1960s by Rao, and in Indonesia in the mid 1970s by
Mangoendihardjo and Soerjani.

* In 1969 R. Gordon and J. Coulson conducted
surveys in Florida, Louisiana and Texas, USA, and
found O. terebrantis and B. densa.

* In 1981 Bennett surveyed Mexico, finding
X. infusellus, N. eichhorniae, C. aquaticum and
O. terebrantis.

9

» In 1989 Stephan Neser, PPRI, collected the mirid
Eccritotarsus catarinensis in Santa Catarina State,
Brazil (Hill et al. 1999). This may have been the bug
recorded by Bennett and Zwolfer during their 1968
surveys in Guyana, Surinam and Brazil.

* In 1999 a survey was conducted by M. Hill, PPRI
South Africa, H. Cordo and T. Center, USDA-ARS,
and H. Evans and D. Djeddour, CABI Biosciences,
into the upper reaches of the Amazon River in Peru
(M. Hill, pers. comm. 1999).

The native range of water hyacinth is widely
referred to as South America. Using the variations in
flower morphology, Barrett and Forno (1982) sug-
gested that it was more accurately the Amazon Basin.
Recent surveys suggest that the centre of origin for
water hyacinth may be the upper reaches of the
Amazon River and its tributaries. The reasons are that
the widest diversity of fauna associated with the plant
has been found in that area, and the floating habit of
the plant probably evolved to withstand rapid fluctua-
tions in water level that occur in the upper Amazon
River (T. Center and M. Hill, pers. comm. 1999).

The range of surveys provided lists of fauna related
to the weed. From these lists arthropods and pathogens
have been selected for further studies. The selection
process relies initially on the observations and judg-
ment of the surveying scientists. The host ranges of
those selected are observed in the field and studied in
the laboratory. Those showing a narrow host range are
then subjected to host-specificity tests to determine the
safety of releasing them in the exotic range of the
weed. The listing and selection of potential agents is a
continuous process that occurs while surveys continue
and as new information becomes available about the
fauna. The most recent list was presented to the last
International Organisation for Biological Control
Water Hyacinth Workshop in 1998 (Cordo 1999),
where three levels of priority were assigned to groups
of potential agents. The first priority group listed the
four agents that have been released for some time.
They are: the weevils N. eichhorniae and N. bruchi;
the moth N. albiguttalis; and the mite O. terebrantis.
The second priority group included agents that have
recently been released—E. catarinensis and
X. infusellus—and others recently or currently under
study including C. aquaticum, B. densa, the moth Par-
acles (Palustra) tenuis and the flies Thrypticus species.
The third priority list included a list of nine organisms
(eight insects and a mite) about which little is known.
The second and third priority lists may change as a
result of the recent and proposed surveys in Peru.

Biological and Integrated Control of Water Hyacinth, Eichhornia crassipes,
edited by M.H. Julien, M.P. Hill, T.D. Center and Ding Jianqing
ACIAR Proceedings 102
(printed version published in 2001)


http://www.aciar.gov.au

Biological Control Agents

Six arthropod biological control agents have been
released around the world (Table 1). Five are insects
(two weevils, two moths and a sucking bug), and one
is a mite. The two weevils, N. bruchi and N, eichhor-
niae, and one of the moths, N. albiguttalis, have been
released widely since 1971 in 30, 32 and 13 countries,
respectively, while the others, the mite O. terebrantis,
the moth X. infusellus and the bug E. catarinensis,
have been released in fewer countries: 2, 3 and 6,
respectively. The mite was first released in 1971 while
the other two were first released in 1996.

Neochetina bruchi
Biology

Small whitish eggs are laid into the petioles, often
into insect chew holes, singly or several together. Eggs
hatch in about seven days and don’t hatch below 15°C.
Larvae tunnel inside the petioles towards the base and
into the crown where they often feed on developing
axillary buds. A number of larvae may feed in the
same petiole or crown and they may move between
petioles. Larvae have three instars and development
takes about 33 days, the rate of development being
temperature and nutrient dependent. Final instar larvae
exit the crown and move to the roots and construct a
circular cocoon using excised root hairs, attached to a
larger root. Pupal development takes about 20 days.
Adult beetles are 4-5 mm long and tan brown in
colour. They are nocturnal and remain concealed in the
crown of the plant. They feed externally on the epi-
dermal tissues of the leaves, forming characteristic
feeding scars. Adults also feed preferentially on the
narrow upper part of the petiole of the first and second
leaves. Most eggs are laid within five weeks of emer-
gence, and between about 300 and 700 eggs have been
recorded per female. Adults may live to nearly 100
days. The generation time has been recorded at
between 72 and 96 days. The optimum temperature for
feeding and oviposition is about 30°C. High tempera-
ture and low humidity may decrease egg production
and reduce adult survival, while low temperature,
probably below about 15°C, arrests development, pre-
vents population increase and decreases survival
(Cordo and DeLoach 1976; Julien et al. 1999)

Damage

The damage caused by this insect and by N. eichhor-
niae (see below) is similar. Adult feeding scars, when
numerous, debilitate the plant by removing extensive
proportions of epidermal tissue thus increasing water
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loss and exposing the plant to attack by pathogens.
Extensive feeding around the upper petiole may girdle
the petiole and kill the lamina above. Larval tunnelling
in the lower petiole and crown damages tissues and
buds, initially preventing flowering. As damage
increases, plant growth rate is reduced and the produc-
tion of new leaves and new stolons is reduced. Plant
size (height, weight, size of leaves, size of stolons)
declines. Internal damage to plant tissues results in
rotting of the lower petioles, waterlogging of the
crown and gradual sinking of the plant so that the
crown is several centimetres below the surface of the
water. In time the plant dies, most sinking, though
some may remain as a floating mass. The process from
release of the weevils to plant death takes years, the
duration depending on a combination of factors, such
as temperature, nutrient status of the weed, climate,
hydrology of the catchment, and number of healthy
insects released.

Releases

The first recorded release was in 1974, in the USA.
Neochetina bruchi was recorded in Mozambique in
1972 but there is no record of how it got there. It has
been released in 30 countries, is not known to be estab-
lished in four and recent releases in three others are
under evaluation (Table 2). This weevil is contributing
to control of the weed in 11 countries where the initial
releases were made between 1974 and 1996. It is
established and under evaluation in four other coun-
tries and, unfortunately, there are no post-release
assessments for seven countries. Neochetina bruchi
was distributed within Argentina in 1974 and in
Bolivia (year unknown) to areas where the weed had
become a problem (Julien and Griffiths 1998; Julien et
al. 1999). It was released in The Republic of Congo in
1999 (IITA 2000), and in Egypt (Fayad et al. 2001)
and Rwanda during 2000 (Moorhouse et al. 2001).

Neochetina eichhorniae
Biology

This insect’s small whitish eggs are more slender
and softer than those of N. bruchi. They are laid singly
beneath the epidermis of the leaves, petioles and
ligules. Eggs hatch in about 10 days and will not hatch
at temperatures below 20°C. Larvae have three instars
and tunnel inside petioles towards and into the crown.
A number of larvae may exist in the same petiole or
crown where they damage axillary buds. The rate of
development of larvae is dependent on temperature
and nutrition and takes 60—90 days. Construction of a
cocoon, about 5 mm diameter, and pupal development
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Table 1. Countries (total 34) where biological control agents have been released on water hyacinth and the dates of
initial releases. Data modified from Julien and Griffiths (1998)

Neochetina Neochetina Niphograpta  Eccritotarsus  Orthogalumna Xubida

bruchi eichhorniae albigutallis catarinensis terebrantis infusellus
Australia 1990 1975 1977 1981; 19961
Benin 1992 1991 1993 1999h
China 1996 1996 20002
Congo 1999h 1999h
Cuba 1995
Egypt 2000P 2000b
Fiji 1977
Ghana 1994 1994 1996
Honduras 1989 1990
India 1984 1983 1986
Indonesia 1996 1979
Kenya 1995 1993
Malawi 1995 1995 1996 1996
Malaysia 1992 1983 1996
Mexico 1995 1972
Mozambique 1972 1972
Myanmar 1980
Nigeria 1995 1993
Panama 1977 1977
Philippines 1992 1992
PNG 1993 1986 1994 1996
Rwanda 20004 20004
Solomon Islands 1988
South Africa 1989 1974 1990 1996
Sri Lanka 1988
Sudan 1979 1978 1980
Taiwan 1993 1992
Tanzania 1995 1995
Thailand 1991 1979 1995 1999
Uganda 1993 1993
USA 1974 1972 1977
Vietnam 1996 1984
Zambia 1997¢ 1971; 1996 1971; 19978 1997¢ 1971
Zimbabwe 1996 1971 1994 1999¢
Totals 30 32 13 6 2 3

a. Ding et al. (2001).

b.Fayad et al. (2001).

c. M. Hill (pers. comm., 2000).

d.Moorhouse et al. (2001).

e. G. Chikwenhere (pers. comm., 2000).

f. Failed to persist after releases in 1981 and was imported and released again in 1996 (Julien and Stanley 1999).
g. Initial releases did not establish and it was released again in 1997 (M. Hill, pers. comm. 2000).

h.IITA (2000).
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Table 2. Neochetina bruchi: status of releases for each country. Data modified from Julien and Griffiths (1998)

Established Control
Year No Unknown Under Yes No Yes Under Unknown
released evaluation evaluation
Panama 1977 v
Philippines 1992 J
Taiwan 1993 v
Zambia? 1997 J
Congod 1999 J
Egypt® 2000 v
Rwanda® 2000 J
Malaysia 1992 v v
Benind 1992 J J
Australia 1990 J v
India 1984 v J
Kenya 1995 J J
PNG 1993 v J
Sudan 1979 J J
Tanzania 1995 J v
Thailand 1991 v J
Uganda 1993 v J
USA 1974 J J
Zimbabwe 1996 J J
China 1996 v v
Malawi 1995 J J
Mexico 1995 J v
South Africa 1989 J J
Cuba 1995 v v
Ghana 1994 v v
Honduras 1989 J J
Mozambique 1972 v v
Nigeria 1995 J v
Indonesia 1996 J v
Vietnam 1996 J v

a. M. Hill (pers. comm., 2000).
b. Fayad et al. (2001).

c. Moorhouse et al. (2001).

d. IITA (2000).

12

Biological and Integrated Control of Water Hyacinth, Eichhornia crassipes,
edited by M.H. Julien, M.P. Hill, T.D. Center and Ding Jianqing
ACIAR Proceedings 102
(printed version published in 2001)


http://www.aciar.gov.au

are similar to that for N. bruchi. Adults are 4-5 mm
long, slightly smaller than N. bruchi, and are coloured
mostly grey. They feed nocturnally and hide in the
crown during daylight. Adults feed externally on the
epidermal tissue of the leaves and upper petioles pro-
ducing feeding scars indistinguishable from those
caused by N. bruchi feeding. The generation time is
longer than for N. bruchi, 96-120 days. Adult lon-
gevity has been recorded at 140 and 300 days and eggs
per female at 5—7 per day and 891 total (Cordo and
DeLoach 1976; Julien et al. 1999). Neochetina eich-
horniae is less dependent on good quality plants for
development than N. bruchi. Consequently, the rela-
tive abundance varies between sites; more N. eichhor-
niae at sites with lower quality water hyacinth, and
vice versa.

The two Neochetina species can be readily distin-
guished in the adult stage. In N. bruchi two dark marks
on the elytra are equal in length, are relatively short
and are located midway along the elytra. The elytra
furrows are broader and have comparatively shallow
curvature. New adults have scale coloration that forms
a ‘v’ on the elytra. This mark fades with age. In com-
parison, the two elytra marks on N. eichhorniae are
longer, not equal in length and tend to occur closer to
the front of the elytra. The elytra furrows are narrow
with strong curvature. There is no ‘v’ pattern on the
elytra (Julien et al. 1999).

Damage

This weevil damages water hyacinth in a similar
way to N. bruchi (see above). An important difference
is that N. bruchi populations develop better under
eutrophic conditions (Heard and Winterton 2000) and,
in polluted waterways, may complement the damage
by N. eichhorniae.

Releases

The first releases were in 1971 in Zambia and Zim-
babwe. Thereafter it was released in another 32 coun-
tries (Table 3). This insect is established in all but six
countries and three of these were recent releases and are
under evaluation. It contributes to control the weed in
13 countries where releases were made between 1971
and 1995. It is being evaluated in two others and there
is no post-release information about control from seven
countries. Neochetina eichhorniae was distributed in
Bolivia (year unknown) to areas where the weed had
become a problem (Julien and Griffiths 1998; Julien et
al. 1999). It has been released in The Republic of Congo
in 1999 (IITA 2000), and in Egypt (Fayad et al. 2001)
and Rwanda during 2000 (Moorhouse et al. 2001).
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Niphograpta albiguttalis
Biology

Eggs are creamy white, 0.3 mm diameter and are laid
singly or in small groups in leaf tissue, particularly at
injury and feeding sites. Hatching occurs in 3—4 days.
The five larval instars develop over 16-21 days. Larvae
feed externally initially and after one or two days they
tunnel into the petiole and feed below the epidermis
causing characteristic ‘windows’. As larvae grow they
tunnel deeper into the petiole tissues and into the central
rosette of the plant. They may move between petioles
and several larvae may feed in the same petiole. Larvae
are rarely found in older, tougher plants or petioles, but
prefer younger, tender material, characteristic of the
small bulbous plants that grow on the edge of water hya-
cinth infestations. Pupation occurs in a chamber chewed
in a relatively undamaged portion of petiole with a
tunnel leading to the leaf epidermis where a thin window
is left for protection across the emergence exit. Pupation
occurs within a white cocoon and takes about 57 days.
The adult moves up the emergence tunnel and exits
through the ‘window’ in the epidermis. Adults are 6-10
mm long with a wingspan of 17-25 mm. Colour is var-
iable from golden yellow to charcoal grey, with brown,
black and white markings. Mating occurs soon after
emergence and oviposition begins soon afterwards.
Some 70% of eggs are laid during the second and third
nights and moths live for 4-9 days. Females lay 370
eggs on average. The life cycle takes 21-28 days. For
greater detail see Bennett and Zwolfer (1968), DeLoach
and Cordo (1978), Center (1981) and Harley (1990).

Damage

Early larval tunnelling causes necrosis and water-
logging of internal tissues. Small, dark spots occur on
the surface of the petiole. Larger larvae cause severe,
internal damage causing petioles and leaves to wilt,
turn brown and rot. When damage destroys the apical
bud, growth is prevented and ramet death occurs.
However, axillary buds may continue to develop and,
unless attacked by the moth, will replace the dead
ramet. The adult moths disperse rapidly, up to 4 km per
day. Severe local damage to water hyacinth may occur,
but overall the damage is patchy as adults tend to ovi-
posit on healthy young, tender plants. Quantifying the
impact of this moth on weed populations is extremely
difficult. Its role in biological control is thought to be
in slowing the rate of expansion of mats by reducing
new growth along the expanding edges. It could also
play an important role in reducing the rate of invasion
by preferentially attacking rapidly growing plants that
are typical of invasion and regrowth areas.
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Table 3. Neochetina eichhorniae: status of releases for each country. Data modified from Julien and Griffiths (1998)

Established Control
Year No Unknown Under Yes No Yes Under Unknown
released evaluation evaluation

Philippines 1992 J
Taiwan 1992 J
Vietnam 1984 v
Congo? 1999 J
Egypt? 2000 v
Rwanda? 2000 J
Fiji 1977 J J
Indonesia 1979 v v
Mexico 1970 J J
Sri Lanka 1988 v v
Australia 1975 J J
Benin 1991 J J
India 1983 v v
Kenya 1993 J J
Nigeria 1993 v v
PNG 1986 J v
South Africa 1974 J J
Sudan 1978 J v
Tanzania 1995 J J
Thailand 1979 v v
Uganda 1993 J J
USA 1972 J J
Zimbabwe 1971 J J
China 1996 v v
Malawi 1995 J v
Ghana 1994 J J
Honduras 1990 v v
Malaysia 1983 J J
Mozambique 1972 v v
Myanmar 1980 J v
Solomon Islands 1988 J J
Zambia 1971 J

1996 v v

a. Fayad et al. (2001).
b. Moorhouse et al. (2001).
c. IITA (2000).
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Releases

This moth was first released in Zambia in 1971 and
has been released in a total of 13 countries (Table 4). It
is established in six countries, contributes to control in
two and is being evaluated in three others. Although
not deliberately released there, this insect has been
recorded in Cuba.

Eccritotarsus catarinensis
Biology

Eggs are inserted into the leaves just below the sur-
face. Four nymphal instars are gregarious and feed on
the surface of the laminae with the adults. Nymphs are
pale, while adults, which are 2-3 mm long, have dark
bodies and pale wings with dark markings. The devel-
opment of the immature stages (egg to adult) takes 22
days and adults live for about 50 days (Stanley and
Julien 1999; Hill et al. 1999).

Damage

Feeding by the nymphs and adults of this small,
sucking bug causes chlorosis of the laminae. With
severe damage, photosynthesis and therefore growth
and reproduction of the weed could be reduced.

Releases

E. catarinensis was recently studied in South Africa
and Australia. It was released in South Africa in 1996
(Hill et al. 1999). It has also been released in Malawi in
1996 (Julien and Griffiths 1998), Zambia in January
1997 (Hill 1997), Zimbabwe in May 1999 (G. Chik-
wenhere, pers. comm. 2000), Benin in June 1999 (O.
Ajuonu, pers. comm. 2000), and in China during the
spring 0of 2000 (Ding et al. 2001). It was not released in
Australia because of its potential to damage native
Monochoria species (Stanley and Julien 1999). It is
well established in South Africa and is being evalu-
ated. However, it appears not to have established in
Malawi (M. Hill, pers. comm. 2000). This insect has
been imported into Thailand for study but has not yet
been released into the field.

Xubida infusellus
Biology

Eggs are 0.52 mm by 0.87 mm long and are depos-
ited in groups in an elongated gelatinous mass up to
several centimetres long. Eggs hatch after 6 days.
Larvae enter the laminae or petiole and tunnel down-
wards, eventually entering the rhizome. There are 7-10
instars and the development of larvae takes about 48
days. The final instar larvae are about 25 mm long.

Table 4. Niphograpta albigutallis. Status of releases for each country. Data modified from Julien and Griffiths (1998)

Established Control
Year Unknown Under No Yes No Yes Under
released assessment evaluation
Ghana 1996 J
Zimbabwe 1994 J
Panama 1977 J
Malawi 1996 J
Benin 1993 v
PNG 1994 J
Zambia 1971 v
19972 J
South Africa 19902 J v
Sudan 1980 J J
Australia 1977 J v
USA 1977 v J
Malaysia 1996 v v
Thailand 1995 J v
a. Hill (1997).
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They move from the rhizome into a petiole where they
tunnel to the surface. From the inside of the plant the
larvae cover the exit hole with a silken window and
then pupate in the tunnel below the window. The pupae
are about 20 mm long, do not have a cocoon and
require 9 days to develop to adults. The adult emerges
from the petiole through the window. Mating occurs on
the first night of emergence and most eggs are depos-
ited in the second and third nights. Oviposition is not
restricted to water hyacinth and may occur on other
plant species, on pots and cage material. The number of
eggs masses per female (4-26) and number of eggs per
female (180—684) are quite variable. Females live for
4-8 days. Development from egg to adult is completed
in about 64 days. This moth is susceptible to diseases,
and variations in recorded biology may be due to vari-
ations in the disease status of the colonies that were
studied. For greater detail see Silvera Guido (1971),
DeLoach etal. (1980), and Sands and Kassulke (1983).

Damage

This moth attacks the older, slender petiole form of
the weed and should complement the damage caused by
the moth N. albigutallis, which prefers to attack young,
tender plants, typified by the short, bulbous growth
form. Young larvae of X. infusellus tunnelling inside
the petiole may girdle the petiole causing the portion
above the girdle to wilt and die. Feeding by larger
larvae in the lower petioles and rhizome severely debil-
itates the plant and destroys apical meristems. Under
caged conditions, damage by larvae destroys plants.

Releases

This moth was first released in Australia in 1981
where it persisted for up to 13 months at two locations
before the demise of water hyacinth at those sites as a
result of human activity or drought. X. infusellus was
imported into Australia again for further study and
released in Australia and Papua New Guinea (PNG)
during 1996. Populations have persisted at one site in
Australia for over three years with no apparent impact
on the plants. Adults were recorded at a release site in
PNG on several occasions up to 18 months after
release, suggesting that the moth was established
(Julien and Stanley 1999). However, no further assess-
ments have been conducted in PNG since 1998.

Orthogalumna terebrantis
Biology

Eggs are placed in small holes in the surface of
leaves and hatch in 7-8 days. The ensuing larvae are
less than 0.24 mm long. Thereafter, three nymphal
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stages occur, the final stage being up to 0.5 mm long.
Development of larvae and nymphs requires 15 days.
For details see Cordo and DeLoach (1975, 1976) and
Del Fosse et al. (1975).

Damage

The nymphs of this sucking mite form galleries
between the parallel veins of the laminae from which
adults emerge. High populations of the mite cause leaf
discoloration and desiccation. Although this mite has
infested various populations of water hyacinth for con-
siderable periods it has not contributed to control of
the weed.

Releases

O. terebrantis was first released in Zambia in 1971
and in India during 1986. It is present in Mexico, Cuba,
Jamaica, the southern USA and South America, and
has spread from Zambia to Malawi, Mozambique,
South Africa and Zimbabwe (Julien and Griffiths
1998). The impact of the mite, along with other agents,
is being studied in Malawi (M. Hill, pers. comm. 2000).

Potential Agents Recently
Considered or Currently Being
Studied

A resurgence of interest in better management of water
hyacinth, partially in response to the serious and
increasing water hyacinth problems in Africa, resulted
in renewed interest in the studies of known potential
agents and the search for new agents. For example,
recent studies were conducted and releases were made
of X. infusellus and E. catarinensis (see earlier). Other
insect species have recently been assessed and rejected
as insufficiently host specific, while others are cur-
rently being studied. They include the following.

* The moth B. densa Walker has been rejected
because it attacks taro, Colocasia esculenta (L.)
Schott. (Center and Hill 1999).

* The moth P tenuis has been rejected as it
developed on a range of plants over several
families (Cordo 1999).

* The grasshopper C. aquaticum is currently under
study in South Africa to clarify its host range
(Oberholzer and Hill 2001).

o Thrypticus species flies are being studied in
Argentina. Until recently this group of flies was
thought to have low priority because of suspected
wide host acceptance. Current studies have identified
a number of species within the group, one or more
apparently specific to water hyacinth (Cordo 1999).
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Factors that Affect Establishment of
Biological Control Agents

After identifying host-specific natural enemies that are
suitable for introduction and release, the next most
important step is establishing the agent(s) in the field.
For those countries that release known agents, estab-
lishing the agent is the first and most important step.
Successful establishment is a prerequisite to control.
The researcher can influence some issues that affect
establishment, and lack of attention to these can limit
or prevent progress. They include: site selection,
obtaining and maintaining healthy colonies of agents
for mass rearing, rearing and releasing healthy and
fecund individuals, and, depending on the dispersal
capacity of each agent, repeated and multiple releases.
These issues are discussed by Wright (1997a,b) and
Julien et al. (1999) for Neochetina species.

The Impact of Biological Control on
Water Hyacinth Infestations

Of'the six organisms that have been released, four (the
two Neochetina weevils, the moth N. albigutallis and
the mite O. terebrantis) have been released either
widely or for long periods (Table 1). The two weevils
have provided excellent control in some habitats and
have contributed much less or not at all in others. It is
more difficult to assess the effects of the moth. Its
impact on populations of the weed is insidious, and
hard to quantify. It targets new, tender plants, typi-
cally those on the edge of expanding mats, regrowth
plants or those plants involved in early invasion. The
damage caused by the moth is unlikely to control
serious infestations of the weed. However, it appears
to complement the actions of other control methods,
both biological and non-biological, by reducing
spread and invasiveness. The fourth organism, the
mite, has been established for about 30 years in Africa
and USA. It has failed to contribute to control in its
own right, but there is conjecture that it may debilitate
the weed and therefore may contribute to control in
the presence of other factors.

Where biological control of water hyacinth is
demonstrably successful it has been a result of the
activities of either N. eichhorniae or N. bruchi or both.
It is timely to assess the factors that have influenced
the successes and to try to identify the factors that have
restricted or prevent control occurring. Such informa-
tion may help in future management of the weed. It
may assist in making and testing predictions about
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impact and control and in deciding how to develop
integrated management strategies.

Successful biological control has occurred in
various locations in the following countries: Argen-
tina, Australia, India, USA, PNG, Zimbabwe, the three
Lake Victoria countries (Uganda, Tanzania, Kenya),
South Africa and Thailand (Harley 1990; Julien et al.
1999; Hill and Olckers 2001). The attributes of most of
these locations are as follows.

» They are subtropical or tropical areas.

* The weed mostly grew as a monoculture and not as
an understorey plant.

» The weed was free to sink once damaged and was
not supported by other growth; nor were the roots
resting in mud beneath water.

» The mats were stable for long periods so that insect
numbers could build up.

» The weed was not subjected to regular removal by
periodic or annual flows and so insect density
increased unabated to damaging levels.

» In some instances, the action of wind and waves
assisted the rate of damage and sinking of mats, e.g.
Lake Victoria, Uganda. It is probable that control
would have occurred regardless, although the level
of control may have been less. In other locations, the
lack of the additional stresses on the damaged plants
imposed by wind and wave buffeting may limit
control (Hill and Olckers 2001).

* In other instances, the reduction in plant growth and
stature, resulting from insect attack, caused mats to
disintegrate into smaller components that could be
flushed from lagoons via narrow channels and
hence to the ocean, e.g. lagoon of the Sepik River.
This flushing-out accelerated the rate of removal of
water hyacinth from the system, but it is likely that
the heavily damaged plants would have been
destroyed and sunk anyway, as occurred at other
impounded locations, e.g. Lake Phayao, Thailand
and Crescent Lagoon, Australia (A. Wright, pers.
comm. 2000).

High nutrient status of the plant may influence the
rate of control in tropical areas by allowing rapid
increase in insect populations. High nutrients may
work against control in temperate regions where the
insect activity is curtailed by cool winter conditions.
As spring and summer approach, the weed is able to
rapidly outgrow previous damage before insect popu-
lations have time to increase. Once insect populations
reach high proportions there is insufficient time in the
remaining summer period to significantly damage the
weed populations. Even if mat collapse occurs at the
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end of the season, the seed would not have been
depleted (plants flower within six weeks of germina-
tion) and reinvasion is inevitable. In such situations,
appropriate intervention with other methods might
provide control.

Disruption of biological control by inappropriate
use of herbicides is another reason for failure. This
may occur where infestations are at important loca-
tions and require immediate removal, in which case
biological control is inappropriate. It also occurs when
managers or politicians become frustrated waiting for
biological control to become evident. In many situa-
tions, planned strategies could utilise biological
control to reduce the weed in the source area over the
long-term while shorter-term controls are used to
reduce the problem at the critical points. When biolog-
ical control becomes effective, three or more years
after release of the weevils, the water hyacinth at the
source will be reduced and hence the need to apply
short-term controls downstream should decline, e.g.
Pangani River, Tanzania.

Conversely, it is important to identify the factors
that may militate against control. These include the
following.

* Locations that experience temperate climates where
periods of low temperature reduce or stop weevil
population increase and allow the weed to recover,
e.g. areas in South Africa (Hill and Olckers 2001).

* High nutrient status of the water in temperate
regions. See discussion above.

* Catastrophic reductions of the weevil populations
by periodic or annual floods. The weed populations
can recover much faster than the insect populations
and hence control is prevented.

* Catastrophic reductions in the weed biomass and
insect populations because of drought. The insect
populations are driven to local extinction in the
absence of the host plant, whereas the water
hyacinth population continues with seedling growth
after rain (Hill and Olckers 2001).

* Sudd formation that prevents damaged water
hyacinth from sinking and provides a floating
receptacle for seeds and a seedling bed.

+ Shallow water where roots are embedded in mud
and debris that may limit pupation, prevent
damaged plants from sinking and encourage the
growth of other plant species e.g. Melaleuca forest
swampland in Australia (A. Wright, pers. comm.
2000) and shallow inlets of Lake Kyoga, Uganda
(J. Ogwang, pers. comm. 1999).
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 The uptake of heavy metals by water hyacinth may
reduce fecundity of the weevils that feed on those
plants (Jamil and Hussain 1993).

+ Inappropriate application of other control methods
may restrict the impact of biological control.
Herbicide applications or physical removal may
eliminate establishing populations. They may limit
increase of established populations and reduce
establishing populations by killing plants that
support the insects. Application of some chemicals
to the weed may directly affect some control agents.

Interactions between the many environmental
factors affect survivorship and population dynamics of
each biological control agent and hence the level of
damage and control. As a consequence, for each
control agent, there is likely to be a range of control
outcomes, from areas where excellent control is
achieved to those where biological control may have no
impact. For those locations where water hyacinth con-
tinues to grow at greater than acceptable levels, man-
agement should aim to make best use of the cheapest
and most sustainable control method, normally biolog-
ical control, in synergy with other available tools—
herbicides, physical removal, manipulation of flows,
and reductions of nutrient input.

Biological control is being developed through the
search for new organisms to assist control in those
locations where less than satisfactory control can be
achieved with the current agents. There is room to
improve biological control and this is proceeding with
the research being conducted by USDA-ARS, ARC-
PPRI and CABI Bioscience. However, it is unrealistic
to think that biological control on its own will solve all
water hyacinth problems. Hence, there is a need to
develop integrated management strategies. This
means selecting the most appropriate control tech-
niques available and implementing those techniques
so that they complement each other in time and space.
The objective should be to obtain the best level of
control that is affordable and sustainable while consid-
ering environmental impacts. Since affordability and
sustainability are major considerations in the manage-
ment of most water hyacinth problems, biological
control should be the base component of all strategies.
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Biological Control of Water Hyacinth by Using

Pathogens: Opportunities, Challenges, and Recent

Developments

R. Charudattan™

Abstract

There is good justification to renew concerted efforts to develop pathogens for biological control of water
hyacinth (Eichhornia crassipes, (Mart.) Solms-Laub.). Among the most promising pathogens are Uredo
eichhorniae, suitable as a classical biocontrol agent, and Acremonium zonatum, Alternaria eichhorniae,
Cercospora piaropi, Myrothecium roridum, and Rhizoctonia solani, which are widely distributed in different
continents, as bioherbicides. Other, less widely distributed pathogens, notably species of Bipolaris,
Drechslera, and Fusarium, may hold promise, but further studies are needed to confirm their usefulness.
Ongoing studies on the biology of U. eichhorniae are expected to help resolve the biocontrol potential of this
rust fungus in the near future. It is also anticipated that recent advances in bioherbicide technology, and
previous experience with pathogens of water hyacinth, will enable development of effective bioherbicides.
Success in this effort will require the use of highly virulent pathogens and pathogen strains as well as novel
formulations that help to counter water hyacinth’s ability for rapid growth under different site conditions and
assist the pathogen to overcome environmental limitations. In Florida, USA, our aim is to develop a
bioherbicide that could be used in integration with the existing suite of introduced arthropod biocontrol agents
and improve the overall effectiveness of the biological control strategy under different weed-control scenarios.
In this attempt, unlike in previous unsuccessful attempts, we are aided by the availability of a large and diverse
collection of highly virulent pathogen strains to choose from, the facility to formulate effective pathogens in
newer materials to assure consistency of performance, the ability to integrate dual and multiple pathogens, and
a ‘biofriendly’ posture of regulatory agencies toward the development and registration of bioherbicides.
Results from our ongoing field trials suggest the feasibility and commercial potential of our current approach.

THERE are several good reasons to consider pathogens
as biocontrol agents: pathogens can cause significant
reductions in water hyacinth biomass, especially fol-
lowing natural disease outbreaks, after severe insect
attacks, or when used as inundative bioherbicide
agents (Charudattan et al. 1985; Shabana et al. 1995b).
Published accounts of natural declines in water hya-
cinth populations following natural disease outbreaks

* Center for Aquatic and Invasive Plants, Plant Pathology
Department, University of Florida, Gainesville, FL 32611-
0680, USA. Email: rc@gnv.ifas.ufl.edu

further confirm the potential of pathogens in limiting
water hyacinth populations (Martyn 1985; Morris
1990). Controlled experimental studies have con-
firmed the potential of Acremonium zonatum, Alter-
naria eichhorniae, and Cercospora piaropi to control
(i.e. reduce weed biomass) water hyacinth (Martyn
and Freeman 1978; Charudattan et al. 1985; Shabana
et al. 1995b). In addition, it has been well proven that
pathogens can be successful as classical or inundative
(bioherbicide) agents. Currently, worldwide about 15—
20 weeds are biologically controlled with pathogens
(Rosskopf et al. 1999). Therefore, there is clear justi-
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fication to explore pathogens fully and fairly as agents
of biological control of water hyacinth. In this effort,
we will be starting with the benefit of past attempts
that have helped to lay the foundation through surveys
and characterisation of host—pathogen systems. It is
now imperative to take steps to turn this early empir-
ical knowledge and success into practical utilisation of
pathogens in weed-management programs. Clearly,
with some pathogens, such as the rust fungus Uredo
eichhorniae, further studies are needed to understand
the biology and biocontrol potential of the agents
before they can be used. Nonetheless, the current state
of knowledge and experience give us the optimism to
assert that pathogens can succeed in practice, espe-
cially when used in integrated weed control systems
rather than as stand-alone control options.

Opportunities and Challenges

Development of a pathogen or pathogens for use in
operational weed management systems is long
overdue. In this regard, the present timing and oppor-
tunities may be the best we can ever expect. For
instance, there is renewed interest in developing addi-
tional biological control agents to supplement those
already in use. There is an urgent need for effective
controls for water hyacinth in countries of Africa and
Asia. Support, in the form of funding initiatives, is also
evident, as in the case of the recently formed Pan-
African mycoherbicide program. Despite these opti-
mistic signs, the most important lesson learned from
earlier attempts should not be forgotten: that foliar
pathogens generally do not have the capacity to kill
water hyacinth plants completely and quickly unless
they can be used in conjunction with efficacy-
enhancing formulations and adjuvants, low doses of
chemical synergists, and/or insect biocontrol agents.
Bioherbicides were regarded as biological substitutes
for chemical herbicides and therefore as stand-alone
products. There was little technological sophistication
in the bioherbicide products; usually fresh fungal inoc-
ulum was used without formulations devised to protect
the inoculum from adverse environmental conditions
or to improve its performance. Improvements in effi-
cacy of foliar pathogens are now possible through a
number of recently developed formulations such as
hydrophilic polymers, emulsions, surfactants etc.
(Shabana et al. 1997; Green et al. 1998; Boyetchko et
al. 1999). Several pathogens can be combined and
used in a ‘multiple-pathogen strategy’ (Chan-
dramohan et al. 2000) to improve the level of weed
control, minimise or prevent development of host
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resistance, overcome age-related host resistance,

assure consistency in bioherbicide performance,

improve environmental latitude of activity, and so on.

It is also possible to ‘customise’ the pathogen mixture

depending on the types of pathogens available for use

in a given country or region.

Among the challenges, we must address the perva-
sive perception among aquatic weed managers that
biological control does not provide quick and accept-
able levels of control and that biological control is
inadequate under conditions that promote rapid expan-
sion of water hyacinth mats. Given the general con-
sensus of this working group that the overall
effectiveness of biological control should be (could
be) improved, we should aim to develop a pathogen or
pathogens that can provide quick and assured levels of
biological control. Accordingly, we should explore all
potentially useful pathogens. In this respect, both clas-
sical and bioherbicide strategies should be pursued.

As we renew our efforts to develop pathogens, we
should remember the following.

* Localised pathogens, fungi and bacteria that have not
been previously explored, may be useful. Therefore,
further surveys, especially in the African continent
and the Neotropics, and thorough evaluations of the
pathogens found, should be a part of our plans.

» Technological innovations should be developed to
overcome micro-environmental conditions
surrounding the plant that are non-conducive for
disease development.

» Water hyacinth plants growing under conditions
that promote rapid growth will result in the plant
outgrowing the rate of progress of foliar diseases.
Consequently, soon after a bioherbicide application,
the disease pressure will wane, turning even a
disease with polycyclic potential into a monocyclic
disease. Therefore, the ability of water hyacinth
plants to grow at rapid rates under different site
conditions is a challenge that must be factored into
the design of bioherbicides.

To address the dual challenges of rapid host growth
rate and environmental constraints and to assure bio-
control effectiveness, the pathogen (specifically a bio-
herbicide) may be applied with low rates of a
registered chemical herbicide. Alternatively, the bio-
herbicide formulation may contain an adjuvant (e.g. a
phytotoxic compound or a registered chemical herbi-
cide at low rates). Multiple applications of the bioher-
bicide may be also used, but the economics of multiple
applications would have to be assessed. Also, bioher-
bicide applications may be timed to maximise the
impacts of insect agents and thus increase the level of
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biotic stress. Novel formulations should be developed
that help to prolong humidity on the leaf surface,
protect the pathogen against solar irradiation, and/or
promote leaf penetration by the pathogen. Combina-
tions of two or three different pathogens may be used
to increase the level of damage and consistency of per-
formance, as has been tried under experimental condi-
tions, most recently by Den Breeyen (1999) and
Vincent and Charudattan (2000). An approach that is
quite applicable but has not been tried is the use of
several strains of a pathogen (e.g. C. piaropi), each
having different levels of virulence, fitness, phyto-
toxin production, and other desirable traits.

It is fair to say that, despite several field surveys in the
past two decades, no new and highly promising patho-
gens have been added to the list of known, prospective
biocontrol agents. However, this statement is not meant
to imply that there may be no additional pathogen can-
didates left to discover, but rather it is an assessment of
the current situation. For example, of the nearly 70 fungi
and bacteria recorded on water hyacinth (Barreto and
Evans 1996; Charudattan 1996), only about 15 have
been adequately tested and confirmed to be highly vir-
ulent pathogens. Of these, three fungal pathogens, Acre-
monium  zonatum, Alternaria eichhorniae, and
Cercospora piaropi (= C. rodmanii), have been studied
intensively as biocontrol agents and shown to be effec-
tive in controlling water hyacinth under experimental
conditions (Martyn and Freeman 1978; Charudattan et
al. 1985; Shabana et al. 1995b). This leaves a large
number of other reported fungi and bacteria that remain
to be assessed for their biocontrol potential. Thus, for
now, the choice of pathogens for biological control is
limited to Uredo eichhorniae, as a classical biocontrol
agent, and as bioherbicide agents, A. zonatum, A. eich-
horniae, C. piaropi (= C. rodmanii), Myrothecium
roridum, and Rhizoctonia solani. Several other, less
widely distributed pathogens, such as species of Bipo-
laris, Drechslera, and Fusarium, may hold promise, but
they need to be studied further to confirm their potential.

A Synopsis of Highly Virulent and
Useful Pathogens

The following are brief descriptions of virulent
pathogens that are leading candidates for further
development.

Acremonium zonatum

This fungus causes an easily identified necrotic
zonate leaf spot characterised by spreading lesions,
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most noticeable on the upper laminar surface (Fig. 1).
On the lower surface, which is normally protected
from direct sunlight, the area directly under the spot
may have a sparse, spreading layer of white fungal
(mycelial) growth. Each spot may be small (2 mm
diameter) to large (> 3 cm diameter) and the spots may
coalesce, covering most of the lamina. The zonate
pattern may not be evident in new infections when
most spots are small. This disease has been reported
from Australia, USA, and many countries of Asia,
Central America, and South America. It is often asso-
ciated in the field with infestations of the water hya-
cinth mite Orthogalumna terebrantis. This pathogen is
represented by several highly virulent strains such as
the ones found in Mexico by Martinez Jimenez and
Charudattan (1998).

Alternaria eichhorniae

Two species of Alternaria, A. eichhorniae and A.
alternata, have been recorded on water hyacinth. One
or both of these species have been reported from Aus-
tralia, Bangladesh, Egypt, India, Indonesia, and South
Africa. Alternaria alternata appears to be a weak,
opportunistic parasite, whereas A. eichhorniae is a
highly virulent, host-specific pathogen of water hya-
cinth. Alternaria eichhorniae has been shown to have
good potential as a bioherbicide agent (Shabana et al.
1995a,b; these proceedings). It causes discrete
necrotic foliar spots (oblong, 2-4 mm long) sur-
rounded by a bright yellow halo. Blighting of the
entire leaf lamina can be induced by using mycelial
inoculum and providing prolonged, 100% relative
humidity (Fig. 2). In culture, 4. eichhorniae produces
several bright red compounds in culture, including
bostrycin and deoxybostrycin that are phytotoxic to
water hyacinth leaves (Charudattan and Rao 1982).
The extent of naturally occurring variability in viru-
lence in this pathogen is not clear. More details about
this pathogen are given by Shabana (2001).

Cercospora piaropi (= C. rodmanii)

Symptoms caused by Cercospora spp. may be easily
confused with those of many other foliar pathogens,
including many opportunistic, weak parasites. Until
now, two species of Cercospora, C. piaropi and C. rod-
manii, have been recognised as pathogens of water
hyacinth, but recently Tessmann et al. (2001) have
merged the two species into an emended C. piaropi.
Cercospora piaropi has been reported on water hya-
cinth from throughout the present range of the weed.
This pathogen causes small (2-4 mm diameter)
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necrotic spots on laminae and petioles (Fig. 3). The
spots are characterised by pale centres surrounded by
darker necrotic regions. Occasionally, the spots may
appear in the shape of ‘teardrops’ that coalesce as the
leaf matures, causing the entire leaf to turn necrotic and
senescent. In fact, the senescence is accelerated by the
Cercospora disease, and the disease can rapidly spread
across water hyacinth infestations, causing large areas
of the weed mat to turn brown and necrotic. Under
severe infections, the plant may be physiologically
stressed, lose its ability to regenerate, become water-
logged, and sink or disintegrate.

Tessmann et al. (2000) compared 60 isolates of Cer-
cospora species isolated from water hyacinth leaves
showing symptoms of Cercospora infection which
were collected from the USA, Mexico, Venezuela,
Brazil, South Africa, and Zambia. They found the iso-
lates to be variable in pigmentation in culture, spore
morphology, and virulence. Virulence of the isolates
was also variable: isolates ranged from being nearly
avirulent to highly virulent and capable of causing leaf
death. These traits were independent of the geographic
origin of isolates. The isolates were then tested to see
if the species concept based on conidial and cultural
morphology and virulence, as used by Conway (1976)
in his designation of C. rodmanii into a separate spe-
cies, might agree with a species concept developed
with the help of molecular markers.

Accordingly, members of a collection of isolates
representing acquisitions from the USA (Florida and
Texas), Mexico, Venezuela, Brazil, South Africa, and
Zambia were compared on the basis of the DNA
sequences of gene segments for beta-tubulin (T7UB2),
histone-3 (H3), and elongation factor-1-alpha (EFla),
corresponding to 380, 309, and 431 base pairs (bp),
respectively. Eight of the isolates were also compared
for the rDNA regions containing ITS1, ITS2, and the
5.8S gene. Extracted DNA was amplified by
polymerase chain reaction using TUB2, H3, and ITS
primer pairs selected from the literature. The com-
bined phylogenetic relationships of TUB2, H3, and
EFla sequences done with phylogenetic analysis
using parsimony did not support the species distinc-
tion between C. piaropi and C. rodmanii. Isolates rep-
resentative of both species grouped into a single, well-
supported clade (Tessmann et al. 2000).

Thus, the molecular evidence pointed strongly to a
common phylogeny of Cercospora pathogenic to
water hyacinth. This raises some important questions
relevant to the use of C. piaropi for water hyacinth
control. For instance, given the worldwide distribution
of this pathogen and the molecular evidence pointing
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to a common origin of Cercospora isolates pathogenic
to water hyacinth, should this pathogen be subject to
plant quarantine restrictions? Would it not be advanta-
geous to import and supplement native C. piaropi
strains with more highly virulent strains from which-
ever continent or country they could be found? Perhaps
a search for highly virulent strains (of any pathogen)
should be an inherent priority for all mycoherbicide
programs in order to ensure that only the best strains
are used. These questions deserve to be considered.

Mpyrothecium roridum

This fungus causes a teardrop-shaped leaf spot (up to
1 x 5 c¢cm), rounded on the side facing the petiole and
tapering to a narrow point in the direction of the
laminar tip (Fig. 4). Older leaf spots turn necrotic with
dark brown margins, with the centre of the spot covered
with discrete white and black conidial masses.
Myrothecium disease of water hyacinth has been
reported to occur in India, Malaysia, Indonesia, pos-
sibly Mexico, and some western African countries.
Although this species is worldwide in distribution, the
typical myrothecium disease has not been recorded on
water hyacinth in the Americas. The occurrence of var-
iability in virulence in this pathogen is therefore not
clear. Some recent studies suggest that some
Mpyrothecium species can be used as broad-spectrum
bioherbicides against several weeds (Walker and Tilley
1997), a finding that has implications for the develop-
ment of M. roridum for water hyacinth control.

Rhizoctonia solani

Disease symptoms caused by this fungus may
resemble damage caused by a desiccant type of chem-
ical herbicide (e.g. diquat). Symptoms consist of irreg-
ular, necrotic spots, and broad lesions (Fig. 5). Unlike
chemical damage, the brown necrotic areas are usually
surrounded by noticeable, thin, water-soaked margins
of darker brown colour than the rest of the lesion.
Rhizoctonia disease has been reported on water hya-
cinth from the southeastern United States, Brazil,
Mexico, Panama, Puerto Rico, India, Malaysia, and
Indonesia. This fungus is usually very aggressive and
destructive, capable of rapidly killing water hyacinth
plants. The extent of variability in virulence of R.
solani pathogenic to water hyacinth is not clear, but
isolates collected in the USA, Panama, and Brazil have
been found to be extremely virulent (R. Charudattan,
unpublished data; R.A. Pitelli, University of the State
of Sao Paulo, Jaboticabal, Brazil, pers. comm.).
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Figure 1. Zonate leaf spots caused by Acremonium
zonatum (left) and naturally infected plants

in the field (right)

Figure 4. Teardrop-shaped foliar lesions and the extent
of damage caused by Myrothecium roridum

Figure 2. Discrete necrotic leaf spots surrounded by
yellow halo (left), symptoms developed
when inoculated with spores (middle) or
mycelium and kept under high humidity
(right)

Figure 5. Blighting symptoms caused by Rhizoctonia
solani on leaves (left) and whole plants
(right). Picture on the right shows fungus-
infected and uninfected control plants

Figure 3. Leaf spot symptoms caused Cercospora
piaropi

Figure 6. Water hyacinth leaves showing uredial

pustules of Uredo eichhorniae
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Despite its high virulence and destructive capabili-
ties, R. solani has never been seriously considered as a
bioherbicide agent because of its reputed wide host
range. However, this should not be a deterrent in
today’s regulatory environment which has permitted
registration and commercial use of pathogens that do
not possess high levels of host specificity (e.g. Colle-
totrichum  gloeosporioides f.sp. aeschynomene,
Phytophthora palmivora, and Chondrostereum pur-
pureum).

Uredo eichhorniae

This rust fungus occurs in southern Brazil, Argen-
tina, and Uruguay. It is known only in its uredial spore
stage (Fig. 6). Because it is a rust fungus, it is likely to
be highly host-specific and therefore a desirable clas-
sical biological control agent, but several aspects of'its
biology remain to be fully understood. For instance,
since this fungus was first described from the Domin-
ican Republic, a tropical island, it is unclear why it
does not occur beyond its present range of distribution
in the subtropical to temperate regions of South
America. It is possible that it is adapted to slower
growing plants of the temperate fringes of water hya-
cinth’s distribution and its original finding in the
Dominican Republic is an anomaly. Nevertheless, the
occurrence of this pathogen only inside the native
range of water hyacinth, but not outside (e.g. Asia,
Africa, or Australia), is to be expected on the basis of
ecological theory of coevolution of rust fungi.

Our earlier attempt to import U. eichhorniae into
Florida was disallowed by U.S. regulatory agencies
on the grounds that the full life cycle of this fungus
was unknown. Stimulated by the current interest in
deploying additional biocontrol agents, we have
recently restarted research on the life cycle and
biology of this fungus in collaboration with scientists
from the Plant Protection Research Institute, Stellen-
bosch, South Africa and the University of the State of
Sao Paulo at Jaboticabal, Brazil. The objective is to
import the rust into quarantine at two locations
outside its native range, one in the southern hemi-
sphere (Stellenbosch, South Africa), the other in the
northern hemisphere (Gainesville, Florida), to initiate
epidemio-logical studies under controlled conditions.
In this regard, South Africa, with its climatic, latitu-
dinal, and hemispheric similarity to temperate South
America, offers an eminently suitable location to
conduct these studies.

As a first step in the evaluation of its biocontrol
potential, we have initiated studies on the life cycle
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(i.e. spore stages, particularly the aeciospores and tel-
iospores) and disease cycle of U. eichhorniae under
field conditions. The biocontrol potential of this
fungus will be determined by using fungicide(s) to
block the effects of the rust disease in natural field
populations of water hyacinth and comparing the
growth rates of such fungicide-protected plants with
rust-infected plants. These studies should help to
establish the suitability of U. eichhorniae as a clas-
sical biocontrol agent and set the stage for its eventual
release into the USA, South Africa, and elsewhere.
The addition of this rust pathogen to the existing suite
of biocontrol agents is likely to improve the prospects
for a sustainable, long-term biological control of
water hyacinth.

Recent Developments in Progress

With the above-mentioned concepts in mind, our
current efforts in Florida are aimed at the develop-
ment of a bioherbicide that can be used in combina-
tion with existing insect biocontrol agents. Our goal is
a bioherbicide that will help to improve the overall
effectiveness of the biological control system under
different control scenarios. Our emphasis is on a
knock back (reduce biomass) rather than a knock
down (weed kill and biomass elimination) strategy.
Specifically, we are evaluating two pathogens, C.
piaropi and an isolate of M. roridum (isolated from
begonia since no virulent isolate of this pathogen has
been found on water hyacinth in the United States).
The pathogens are being tested individually and in
combination and applied with a surfactant, an invert
emulsion, and/or a humectant gel. Applications are
made to water hyacinth plants with and without
natural populations of Neochetina spp. Results from
field trials in progress indicate that a treatment with C.
piaropi applied in the surfactant Silwet L-77 provided
the best levels of biomass reduction and damage
severity. The combination of the two pathogens was
not significantly better than C. piaropi plus Silwet L-
77, possibly because the isolate of M. roridum used is
not a true pathogen of water hyacinth (Vincent and
Charudattan 2000). Further, large-scale field trials are
under way to develop a commercially feasible bioher-
bicide formulation.

Conclusions

It is a challenge to develop an effective bioherbicide
that is acceptable for use in practical water hyacinth
management programs. The challenge can be met,
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especially now, given the bio-friendly regulatory
climate in the United States and other countries, and
the availability of newer, innovative approaches to
bioherbicide development and deployment. An assess-
ment of the potential usefulness of Uredo eichhorniae
as a classical biocontrol agent is in progress and the
prospects for using this rust fungus on a global scale
should be known in the near future.
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Water Hyacinth in China: Its Distribution,
Problems and Control Status

Ding Jianqing, Wang Ren, Fu Weidong and Zhang Guoliang”

Abstract

Water hyacinth is one of the most important invasive alien plant species in China, into which it was introduced
in the early 1900s. Now the weed is distributed in 17 provinces, and in Guangdong, Yunnan, Fujian, Zhejiang
and Taiwan has become a bio-disaster. Compared with the situation in 1960, few people now use water
hyacinth plants to feed pigs or ducks, or to make fertilisers. It poses a great threat to agriculture, fisheries,
transportation and the environment. It is estimated that each year more than 100 million RMB yuan (US$12m)
is spent on control of water hyacinth throughout China, but in most areas the weed remains vigorous and
continues to spread. Chemical, mechanical and biological control, as well as integrated control strategies, have
been employed to combat water hyacinth in more than 10 provinces. Two weevils, Neochetina eichhorniae and
N. bruchi, which were introduced from Argentina and USA in 1995, have established and spread their
populations in Zhejiang and Fujian provinces. The weevils greatly suppressed the plants around the release
areas. In early 2000, a mirid, Eccritotarsus catarinensis, was introduced from South Africa but did not

establish. A survey for pathogens of water hyacinth began in spring 2000 in southern China.

WATER hyacinth was introduced into China in the early
1900s. As an ornamental plant, it was first introduced
into Taiwan in 1903 from Southeast Asia. In the 1930s
it was introduced to the mainland (Diao 1989). But the
first scientific record appeared for the mainland in 1954
in the book, ‘Taxonomy Catalogue for China’s Plants:
Families and Genera’ (Anon. 1954). In the 1950s and
1960s, water hyacinth was distributed widely into
almost all provinces for animal food. After artificial
transplanting and mass rearing and breeding, water hya-
cinth was distributed to further areas in the 1970s and
began to cause damage in the 1980s. Increasing damage
has been reported since the 1990s as nutrient levels
increased in water bodies and the use of water hyacinth
plants began to fall.

* Biological Control Institute, Chinese Academy of
Agricultural Sciences, 12 Zhongguancun Nandajie,
Beijing, 100081, China. Email: djq@public.east.cn.net
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Distribution

Water hyacinth is now distributed naturally in 17 prov-
inces or cities in China. In several other provinces
water hyacinth is still utilised but cannot overwinter.
Water hyacinth causes damage in more than 10 prov-
inces (Ding et al. 1995). Great damage has been
reported in five provinces: Yunnan, Guangdong, Zhe-
jiang, Fujian, Taiwan. Figure 1 maps the distribution
of water hyacinth in China.

Problems Arising from Water
Hyacinth

As in many other countries, in China water hyacinth
has caused many economic, social and environmental
problems. It blocks waterways, affects water transport
for agriculture and tourism, covers lakes and rivers,
lowers the dissolved oxygen in water bodies and
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Figure 1. The distribution (shaded areas) of water
hyacinth in China. Black areas are where
damage is greatest.

reduces aquatic production. It also affects the irriga-
tion of agricultural fields.

As an invasive alien species, water hyacinth has
posed a great threat to biodiversity by competing with
native plants for water, nutrients and space. At Caohai,
Dianchi Lake, in Yunnan province, southwestern
China, the plant diversity has been greatly reduced in
the past 30 years because of the competition by water
hyacinth and the increased water pollution. The
number of water plant species at Caohai has fallen
from 16 in 1960, 8 in 1970, 5 in 1980, to 3 in 1990 (Wu
1993) . The plants absorption of heavy metals causes a
second water pollution problem after they die and sink.
In rural areas, after control by harvesting, huge
numbers of plants were always heaped together along
the banks of rivers and allowed to decay, which greatly
affected environmental quality (Wu 1993).

Water hyacinth has also caused a series of problems
to local society in China. People have difficulty in
their daily lives as it covers their rivers, ponds and
lakes. The health of local people is threatened as water
hyacinth provides a habitat for mosquitoes and flies. It
is said that water hyacinth even creates a public secu-
rity issue: dense and high water hyacinth plants
provide a nice place for criminals to hide.

Utilisation of Water Hyacinth

During the 1950s—1970s, water hyacinth was widely
used for animal food in China, as at that time, the
economy in rural areas was very depressed and there
was great shortage of food for animals. It was also
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used for fertiliser in a few areas. Some people even
tried to make paper from water hyacinth plants. But
since the end of 1980s, and the economy improved, the
number of people seeking to use water hyacinth has
fallen. The sole use of water hyacinth now, and in only
a few places, is for feeding ducks. In some environ-
mental institutes, water hyacinth is used as a test plant
in the purification of polluted water.

Control Status

Manual removal has been employed in most areas in
China in the past 10 years. It is estimated that more
than 100 million RMB yuan (US$12m) was spent on
artificial control of water hyacinth each year but the
practice was neither economic nor effective. Mechan-
ical control is used in only a few places, but it cannot
provide long term control. In some areas, herbicides
such as Roundup and paraquat were used, but they are
prohibited in some places where the water is used by
people and animals.

Biological Control

In China, biological control activities for water hya-
cinth were initiated in early 1995, when the Biological
Control Institute (BCI) introduced two weevils Neo-
chetina eichhorniae and N. bruchi from the USA and
Argentina, respectively. Upon the request of the local
government, host range tests for the two weevils were
conducted in Kunming, Yunnan Province in 1995.
Forty-six plant species from 23 families representing
local economic, ornamental, and ecologically impor-
tant plants (Ding et al. 1998) were tested. As they had
done previously in the USA, Australia, India and other
countries, host range tests showed the weevils attacked
and completed their life cycles only on water hyacinth
and they were safe to other local plant species.

After host-specificity tests, weevils were first
released at four rivers in Wenzhou and Zhejiang prov-
inces in September 1996. Some 1000 individuals of a
mixture of the two weevil species were released at each
river. The weevils established at all the four rivers
within one year of release. At Lincun River, about 50%
of water hyacinth plants were killed in late spring 1998,
while a native grass, Paspalum spp., recovered and
occupied the space where water hyacinth grew. Since
then, the density of water hyacinth has varied season-
ally between 10 and 50% of coverage of the water sur-
face. By means of water flow, the weevils spread
rapidly to water bodies up to 40 km from the release site
by the summer of 2000 (Ding et al., unpublished data).
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In 1998, the weevils were distributed to Fuzhou,
Fugqing and Fuan cities of Fujian Province where water
hyacinth was a great disaster. They established quickly,
as it was warmer than in Zhejiang Province. Significant
control has been achieved at several release sites but no
detailed survey results are available yet.

In the early summer of 2000, a colony of the weevils
was introduced to Ningbo, another city of Zhejiang
Province, where they were released in one river. There
is some concern about the ability of the weevils to
overwinter there. Located at around 30°N, Ningbo is
in the north of Wenzhou and Fujian. In some years
when it is very cold in winter, the water hyacinth
plants die. In the next year, plants may regrow from
seed. Hence, tests have been planned to see if the
weevils can overwinter in Ningbo.

In 2001 the weevils will be introduced to Guandong
Province which is one of the areas in China most seri-
ously affected by water hyacinth damage.

Besides the weevils, a bug, Eccritotarsus catarin-
ensis, was introduced into China in the early spring
2000 from the Plant Protection Research Institute
(PPRI), South Africa but, for unknown reasons, had
not established its population after 4 months. BCI will
introduce it again later. Pathogen surveys have also
been started in Fujian and Zhejiang provinces in May
2000. Several promising isolates have been screened.

Integrated Control

In order to control the weed rapidly, an integrated
control system was developed from 1996 by BCI sci-
entists. Several herbicides, e.g. Roundup (41% IPA
salt of glyphosate) and Caoganlin (10% salt of glypho-
sate), were screened to supplement the activity of the
weevils. Bioassay tests showed that Roundup and
Caoganlin had almost no adverse effect on the adults,
pupae, larvae and eggs of the weevils. The tests of inte-
grating Roundup at different concentrations with
weevils indicated that herbicides had to be used at a
lower concentration than normal, so as to not kill the
plants too rapidly and not deprive the insects of food
and habitat. The details of those tests were reported in
the first IOBC water hyacinth workshop in Zimbabwe
in 1998 (Ding et al. 1999).

Prospect

Water hyacinth is still a big problem in South China
(even a new disaster in some areas) although great
efforts have been made to control it in the past 10
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years. As more and more attention from central and
local governments is paid to improvement of the envi-
ronment, control of water hyacinth is becoming one of
their objectives. Biological control will be employed
in more and more areas, but more effort still needs to
be made to make the public and government officials
aware of the important role that biological control can
play in the solution of the weed problem.

BCI research on the biological and integrated
control of water hyacinth will focus on the following
subjects in the next few years by means of national and
international collaborations:

+ Study of the factors influencing the level of control
of water hyacinth achieved by weevils, including
the nutrients in the water body, lower temperatures
in winter, natural enemies of the weevils,
competition from other aquatic plants such as
Paspalum species etc.

* Distribution of the weevils into more areas and
introduction of new insects from abroad. An
agreement between the South African and Chinese
governments has been signed for collaboration on
water hyacinth over the next three years. BCI will
obtain help from PPRI for the importation of new
natural enemies e.g. Eccritotarsus catarinensis.

* Conduct of field tests of integrated control on a
large scale. The results from the tests in 19961998
on integrating herbicides with weevils will be
verified and amplified on a large scale in the field in
South China so as to modify the integrated
management system.

+ Continuation of the survey of pathogens in South
China and introduction of promising fungi from
abroad. More effort will be put into pathogen
studies. In BCI a pathogen laboratory has been set
up for the study of control of the weed by this
means. China’s strong background on developing
biopesticides and bioherbicides in the past 40 years
should help the laboratory to make good progress in
the near future.
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THE biological control program against water hya-

Biological Control Initiatives against Water
Hyacinth in South Africa: Constraining Factors,
Success and New Courses of Action

M.P. Hill"* and T. Olckers’

Abstract

The success of biological control initiatives undertaken against water hyacinth in South Africa has been variable,
despite the establishment of six natural enemy species (five arthropods and one pathogen) between 1974 and
1996. By contrast, successful biocontrol was achieved in a relatively short time frame (4 years) on Lake Victoria
in Uganda and in Papua New Guinea, using only the two insect agents, Neochetina eichhorniae and N. bruchi.
The variable results achieved in South Africa have so far been attributed to variable climatic conditions,
eutrophication of the aquatic ecosystems and interference from integrated control operations. However,
hydrological features, notably the size of the water body, and techniques for establishing agents, may also affect
the degree of biocontrol. It is believed that biocontrol is more successful in larger water bodies where wind and
wave action increase the mortality of agent-stressed plants. These considerations have prompted several courses
of action in South Africa, notably: (i) mass-rearing and re-releases of agents that failed to establish at specific
sites; (ii) evaluation of the impact of the combinations of agents already established; (iii) development of
management strategies in which biocontrol can be appropriately integrated with existing control operations; and
(iv) search for additional agents that are effective under more temperate conditions. The success of these
initiatives will ultimately rely on the extent to which water authorities and policy-makers become educated about,
and come to accept, the principles of biological control.

vertently introduced:

the pathogen Cercospora

cinth in South Africa was initiated in 1973 and resulted
in the release of the weevil Neochetina eichhorniae in
1974 (Cilliers 1991). Three agents have since been
released, including another weevil Neochetina bruchi
in 1989, the moth Niphograpta albiguttalis (= Same-
odes albiguttalis) in 1990 and the mirid Eccritotarsus
catarinensis in 1996 (Julien and Griffiths 1998; Hill
and Cilliers 1999). In addition, two agents were inad-

* Weeds Division, ARC-Plant Protection Research
Institute, Private Bag X 134, Pretoria 0001, South Africa.
Email: Rietmh@plant2.agric.za

T Weeds Division, ARC-Plant Protection Research
Institute, Private Bag X 6006, Hilton 3245, South Africa.
Email: ntto@natall .agric.za
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piaropi, which was first recorded in 1987, and the mite
Orthogalumna terebrantis, recorded in 1989 (Cilliers
1991). Despite the high number of established agents
(the highest of all the countries involved with this pro-
gram), the success of these initiatives has been vari-
able. Although several water hyacinth populations in
South Africa have been significantly reduced through
biological control, notably in the Eastern Cape Prov-
ince (Hill and Cilliers 1999), the results overall do not
compare with those obtained in Papua New Guinea
(Julien and Orapa 1999) and more recently on Lake
Victoria in Uganda (Cock et al. 2000).

Hill and Cilliers (1999) discussed several factors that
have constrained the impact of the arthropod agents in
South Africa. These include: (i) cold winters, which
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vastly increase the time taken to control the weed; (ii)
highly eutrophic waters in which the weed thrives; (iii)
periodic removal of the weed and natural enemy popu-
lations through flooding and drought; and (iv) interfer-
ence from other control methods, notably herbicide
applications. This situation has prompted several
courses of action in South Africa, which include the
search for additional natural enemies that are effective
in cooler areas and the development of management
strategies in which biocontrol can be appropriately
integrated with existing control operations.

In this paper, we further discuss the above con-
straining factors and suggest two additional factors
(viz. the size of the water body and techniques for
establishing agents), which might also affect the bio-
control of water hyacinth in South Africa.

Factors Affecting the Efficacy of
Biocontrol

Variable climatic conditions

Water hyacinth populations are subject to a wide
range of climatic conditions in South Africa,
including: (i) high altitudes (above 1500 m), temperate
summer rainfall areas, where frosting occurs fre-
quently during the colder months (May to August); (ii)
coastal, Mediterranean winter rainfall areas, where
frost is absent; and (iii) coastal, subtropical summer
rainfall areas. Although all five arthropod agents have
become established on water hyacinth throughout this
climatic range, this is little doubt that the varying con-
ditions affect their impact.

In the high elevation areas of South Africa (high-
veld), the plants and insects remain dormant for up to
5 months of the year (May—September). Despite this,
there is some evidence that agent-induced stress
inflicted on the plants during summer increases the
mortality of the plants which suffer cold stress during
the following winter (Cilliers and Hill 1996). How-
ever, plant populations increase rapidly with the onset
of spring (late September and October) while the
resurging insect populations, which have to regenerate
from considerably lower numbers because of cold-
induced mortality and low reproductive output, do not
reach damaging levels until the end of summer (March
and April), only to ‘crash’ during the following winter.
Consequently, unlike the situation in tropical and sub-
tropical areas, the agents persisting in temperate areas
seldom reach the population densities required to
severely stress the weed, and successful biocontrol

34

thus takes considerably longer. Unfortunately, water
authorities often regard such time lags as unacceptable
and the water hyacinth mats are invariably subjected to
other control methods, notably herbicide applications
and mechanical removal, which further reduces the
natural enemy populations (Center et al. 1999).

The Mediterranean climate typical of the Western
Cape Province may also have had a negative impact on
the agents, which appear to have been ineffective in
this region. However, the reasons for this are unclear,
as the effect of cool, wet and frost-free winters and hot,
dry summers on the agent populations has not been
determined. In addition, other factors such as flooding
and eutrophication (see below) also limit the efficacy
of biocontrol in this region.

By contrast, biocontrol has been considerably more
successful in the coastal and subtropical areas of the
Eastern Cape (EC) and Kwa Zulu-Natal (KZN) prov-
inces. This has occurred in both integrated control pro-
grams, such as at Lake Nsezi on the Nseleni River near
Richards Bay (KZN) (Jones and Cilliers 1999), and
pure biocontrol programs, such as at New Year’s Dam
near Alicedale (EC) (Hill and Cilliers 1999). How-
ever, even in the subtropical areas of South Africa,
eutrophication (see below) has hampered the efficacy
of biocontrol.

Although not quantified, the range of climatic con-
ditions under which water hyacinth occurs in South
Africa certainly has an effect on the natural enemy
populations and thus the degree of biocontrol.
Whereas successful biocontrol usually takes 3—5 years
in tropical areas (Harley 1990), it takes considerably
longer (8-10 years) under more temperate situations.
As aremedy, insect species that have short generation
times and which are capable of rapid population
increases during the 6-month growing season of water
hyacinth in South Africa should be targeted for
release. Such agents have already been identified in
South America and include a petiole-mining dolico-
podid flies Thrypticus spp., a delphacid Megamelus sp.
and a dictyopharid Taosa sp.

Eutrophication of aquatic ecosystems

Many of the rivers and dams in South Africa receive
run-off which is highly polluted with nitrates and phos-
phates arising from agricultural activities. These
eutrophic waters enhance the growth of water hyacinth
and other aquatic plant species, both native and intro-
duced, to such a degree that aquatic weed problems
should be regarded as a symptom of eutrophication. A
positive implication for biocontrol is that natural enemy

Biological and Integrated Control of Water Hyacinth, Eichhornia crassipes,
edited by M.H. Julien, M.P. Hill, T.D. Center and Ding Jianqing
ACIAR Proceedings 102
(printed version published in 2001)


http://www.aciar.gov.au

populations may proliferate because of higher quality
host plants (Room 1990). Alternatively, the impact of
the natural enemies may be negated by the extraordi-
nary plant growth caused by rapid leaf production. This
appears to be the case at Hammarsdale Dam (KZN)
where both N. eichhorniae, established since 1989, and
E. catarinensis, established since 1998, have reached
very high population densities but appear to have had
little impact on the weed population.

Although Hammarsdale Dam occurs in a warm-
temperate area where the insects are not affected by
frost, this seems to be negated by severe pollution.
Indeed, during the summer months some 50% of the
dam’s inflow is made up of effluent from textile
industries and a wastewater treatment plant and this
increases to 100% of the inflow during winter.
Eutrophic conditions ideal for water hyacinth popu-
lations to proliferate thus persist throughout the year.
Current post-release evaluations at this site have indi-
cated that, although the density of the weed popula-
tion has not been reduced, the two agents appear to
have reduced the size of individual plants. Other
factors may thus have played a role at Hammarsdale
Dam. One explanation is that the system may be too
small for wind and wave action to continually disturb
the weed mat and thereby enhance plant mortality
(see below).

Four other agents have been released at Hammars-
dale Dam— N. bruchi and C. piaropi in 1989 and N.
albiguttalis and O. terebrantis in 1991—but none have
become established. Possible reasons for this include
inadequate release techniques (see below) and host-
plant incompatibility in the case of N. albiguttalis
which is poorly suited to the tall plants with elongated
petioles typical of this site. Further releases of these
species are under way.

The different agents established on water hyacinth
have differing plant requirements. Niphograpta albi-
guttalis requires plants with actively growing, young
tissue and is therefore unlikely to establish on plants
growing under oligotrophic (i.e. unpolluted or unen-
riched) conditions. Heard and Winterton (2000)
showed also that N. bruchi is more damaging than N.
eichhorniae under eutrophic conditions. In addition,
Jamil and Hussain (1993) showed that uptake of heavy
metals by the two Neochetina species reduced female
fecundity and might thus prevent their establishment
in weed populations that have assimilated high con-
centrations of heavy metal pollutants. These consider-
ations emphasise the importance of host plant quality
when trying to establish agents on water hyacinth.
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A strategy for the biocontrol of water hyacinth at
Hammarsdale Dam should involve new approaches.
These would include: (i) reducing the effluent inflow
into the dam; (ii) releasing large numbers of the better-
suited N. bruchi to ensure establishment; (iii) allowing
sufficient time for biocontrol to be effective; and (iv)
manipulating the water level in the dam to allow peri-
odic flushing of the system.

Interference from herbicide control
operations

In South Africa, the control of water hyacinth relies
heavily on the application of herbicides, and this policy
has been antagonistic to biological control for two rea-
sons. Firstly, certain herbicide formulations used on the
weed in South Africa, especially those with high sur-
factant content, cause high mortality in the natural ene-
mies. Although N. eichhorniae was resistant to most
herbicide applications, those that contained diquat as
an active ingredient were toxic to the weevil (Uecker-
mann and Hill 2000). These authors also found that all
herbicides tested, with the exception of one glyphosate-
based product that contained no surfactants, were toxic
to the mirid E. catarinensis. Secondly, herbicidal
destruction of water hyacinth populations, especially in
impounded systems, causes extensive mortality of the
sessile immature stages and dispersal of the adult
stages, when the weed mats start to sink. Re-infestation
of these treated sites occurs via seed germination and
isolated plants that were left unsprayed and the water
hyacinth populations proliferate in the absence of
natural enemies (Center et al. 1999).

Solutions to these problems, currently under inves-
tigation, include: (i) using herbicide formulations that
are less toxic to the natural enemies; (ii) re-inoculating
plants that are overlooked during herbicidal applica-
tions; and (iii) accepting the concept of leaving
untreated ‘reserves’ to act as refugia for the agents.
Ultimately, successful integrated control of water hya-
cinth in South Africa will rely on a change in the atti-
tude of water authorities. This will entail their
acceptance that the control of water hyacinth depends
on reducing the level of nutrients flowing into the
water bodies, allowing sufficient time for biocontrol to
take affect and limiting the use of herbicides, particu-
larly formulations that are damaging to the agents.

Hydrological features

The influence of hydrological features on water hya-
cinth infestations and subsequent biological control has
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often been underestimated. This is illustrated by three
recent examples of successful biocontrol of water hya-
cinth, namely the lagoons of the Sepik River in Papua
New Guinea (Julien and Orapa 1999), Lake Kyoga in
Uganda (Ogwang and Molo 1999) and Lake Victoria in
Uganda (Cock et al. 2000). All three systems comprise
large, deep-water bodies with a wind fetch greater than
2 km (Clayton 2000). In these situations, the two
weevil species reduce the size of the plants, the plants
sit lower in the water and the weed mats loosen and
fragment more easily. The mats are then further frag-
mented by wind and wave action, which also kills
many plants and causes the mats to sink, as occurred at
Lake Victoria (Ogwang, pers. comm.). Alternatively,
the small mats may be flushed out of the system, as
occurred down the Nile River off Lake Kyoga
(Ogwang and Molo 1999) and down the Sepik River in
Papua New Guinea (Julien, pers comm.).

In South Africa, many of the impoundments are
small (<100 ha), shallow (<10 m) basins and are there-
fore not subject to wind and wave action. Although the
agents can inflict severe damage on the plants, with up
to 30 adult weevils per plant in some areas, the lack of
physical stress on the mats prevents them from
breaking up and the plants from sinking. Furthermore,
some areas in certain impoundments are too shallow
(<0.3 m) for the plants to sink and the roots merely rest
on the substrate, as occurred at New Year’s Dam near
Alicedale. Lack of wind and wave action, coupled
with an inability to flush these impounded systems,
has prevented the spectacular success observed in
Papua New Guinea, Lake Victoria and Lake Kyoga
from being repeated in South Africa.

South African river systems that are infested with
water hyacinth but which have not been impounded,
present a different problem for biological control. Most
African rivers are prone to periodic flooding and
drought, which cause unscheduled, sporadic removals
of both weed and agent populations. This results in
water hyacinth resurging from dormant seed banks and,
in the absence of the agents, proliferating to reach pre-
biocontrol levels. In these situations, redistribution of
the natural enemies and close monitoring of the weed
populations is necessary to restore biological control.

Techniques for establishing agents

The use of appropriate release techniques may
prove critical in ensuring the establishment of natural
enemies on water hyacinth. Establishment relies on the
release of large, healthy populations of the agents onto
healthy plants in the field. In South Africa, the release
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of the two weevil species as adults has mostly ensured
establishment, while the pathogen, mirid, mite and
moth are more likely to establish when individual
plants, heavily infested with them, are placed into the
weed populations. All releases must be made in shel-
tered areas that are protected from disturbance by both
biotic or abiotic factors. Numbers released have also
proved crucial, since large or multiple releases have a
higher chance of ensuring establishment. Indeed, the
very low numbers (less than 100) of N. bruchi released
at several sites in South Africa may well explain its
failure to establish in some areas and its poor distribu-
tion. Furthermore, the very large releases of Neo-
chetina species carried out on Lake Victoria (greater
than 100,000) appears also to have contributed to the
spectacular success of biocontrol.

A series of dossiers on the rearing, release and mon-
itoring of natural enemies for water hyacinth is being
produced by CSIRO Australia. One has already been
completed for the two Neochetina species (Julien et al.
1999), while others are either in press (e.g. that on the
moths, N. albiguttalis and Xubida infusella) or in prep-
aration (e.g. that on the mite, O. terebrantis, and the
mirid, E. catarinensis). These publications will
provide essential information on the techniques
needed to ensure the successful establishment of
agents for water hyacinth.

Successful Biocontrol: a South
African Case History

One of the best examples of successful biocontrol of
water hyacinth in South Africa is New Year’s Dam, a
150 ha impoundment near Alicedale (EC). In 1990,
when the weed mat covered some 80% of the dam,
around 200 adult N. eichhorniae were released. The
weevils became established, spread throughout the
population and by 1994 had reduced the weed mat
cover to less than 10% of the dam’s surface area. The
remaining plants were small (10 to 20 cm tall) and
unable to sink because of very shallow water.
Niphograpta albiguttalis, O. terebrantis and E. cat-
arinensis were released in 1996 but failed to establish,
possibly because of both incorrect timing of the
release (middle of winter) and the very poor condition
of the surviving plants. By 1998, the weed mat cover
had increased to 80% of the water surface, but, with no
further releases, N. eichhorniae once again reduced
this to around 10% by 2000. This system is thus con-
sidered to be under biological control and three factors
appear to have contributed to this.
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Firstly, the system is oligotrophic in that the sus-
taining catchment is fairly small, sparsely populated
and does not support intensive agriculture or industry.
Run-off into the dam is thus low in nitrates and phos-
phates and even before the introduction of the weevils,
the plants were small (<35 cm) and nutrient-stressed.
The weed’s resurgence in 1998 may have been initi-
ated by above-average rainfall in this semi-arid area,
which significantly increased the nutrient input to the
dam. A small resident weevil population, caused by
the reduced weed mat and poor quality of the plants,
allowed the resurging mat to temporarily ‘escape’ the
weevils, which then took 2 years to respond and
restore biocontrol.

Secondly, climate appears to have played a signifi-
cant role in the success of the weevils. New Year’s
Dam is situated in a warm temperate region character-
ised by spring and autumn rainfall, summer tempera-
tures of 20-35°C and winter temperatures that seldom
drop below 10°C. Consequently, the life cycle of N.
eichhorniae might be protracted during the winter
months but their populations are not hit by frosts.

Thirdly, and most importantly, no other control
methods have been employed at this site. The town of
Alicedale, which obtains all its water from the dam,
supports a small community, and the weed has never
severely affected the quality or quantity of water. In
addition, the infestation does not threaten any infra-
structure and is not regarded as a source of infestation
for other nearby catchments and rivers. Consequently,
the national water authorities are under no pressure to
control the infestation in the short-term and are thus
prepared to allow biocontrol to operate in isolation.

Discussion

Problems with biological control of water hyacinth are
presumably not unique to South Africa and are likely
to be experienced elsewhere in the world. Although
the biocontrol program in South Africa has been less
successful than those implemented in other tropical
areas of the world, it has, nevertheless, lessened the
overall impact of water hyacinth. Besides the few sit-
uations where water hyacinth infestations have been
significantly reduced, the plants have generally
become smaller in size. Indeed, some 20 years ago
plants of 1 m and taller were frequently recorded while
today plants in mature stands seldom exceed 0.6 m on
average (C. Cilliers, unpublished data). Smaller plants
cause less-extensive mats, which pose less of a threat
to infrastructure. In addition, the natural enemies
reduce the rate of mat expansion after disturbances,
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notably flooding, manual removal and herbicide appli-
cations. As a result, water authorities are able to reduce
the number of herbicide applications at many of the
control sites, leading to considerable economic and
ecological savings.

The success achieved at New Year’s Dam has not
been repeated elsewhere in South Africa and this has
prompted several courses of action. Firstly, there are
several sites where some of the agent species have
failed to establish and these have been targeted for
redistribution. Mass-rearing and re-releases are aimed
at establishing the full suite of natural enemies at all
sites throughout the country, to ensure that inappro-
priate release methods used previously were not the
cause of non-establishment. Secondly, the impact of
certain agents on the weed, notably E. catarinensis, O.
terebrantis and C. piaropi, is unknown. Laboratory
and field studies have been initiated to quantify the
efficacy of these agents, both in isolation and in com-
bination with the other species, and thereby facilitate
the development of improved management strategies
for water hyacinth. Thirdly, additional agents are
under investigation, and recent surveys in northern
Argentina (Cordo 1999) and the upper Amazonian
region of Peru (H. Cordo et al., unpublished data)
have revealed several species that might be suitable
for release in South Africa. These include: (i) the
grasshopper Cornops aquaticum which is very dam-
aging but not suitably host specific (Oberholzer and
Hill 2001), (ii) several species of the petiole-mining
fly Thrypticus; (iii) the delphacid Megamelus, and (iv)
the dictyopharid Taosa. These species have favour-
able attributes, notably the fact that, despite their trop-
ical origin, they thrive in the cooler regions of
Argentina (Buenos Aires province) suggesting adap-
tations to more temperate climates. In addition, all
have short generation times (less than 40 days) and
are thus capable of rapid population increases. These
species may thus be suitable for release in the cooler
areas of South Africa where rapid population
increases during the summer months could cause
more damage to water hyacinth populations than the
agents currently established.

Although some 26 years have elapsed since the
first release of a biological control agent against
water hyacinth in South Africa, the program has
remained very active in researching additional ways
of controlling the weed. However, the emphasis has
shifted from a purely biological to a more integrated
management approach, which includes aspects of
biocontrol, herbicide applications, manual removal,
hydrological control and nutrient control. The
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success of this program will ultimately rely on the
extent to which water authorities and policy-makers
become educated about, and come to accept, the prin-
ciples of biological control.

Acknowledgments

We thank Jan-Robert Baars, Hester Sparks and
Helmuth Zimmermann (all from the Plant Protection
Research Institute) and Marcus Byrne (University of
the Witwatersrand) for comments on the manuscript.
The technical assistance of Hardi Oberholzer is grate-
fully acknowledged. The water hyacinth program is
supported by the ‘Working for Water’ program, an ini-
tiative of the Department of Water Affairs and Forestry
of South Africa, and the Water Research Commission.

References

Center, T.D., Dray, F.A., Jubinsky, G.P. and Grodowitz,
M.J. 1999. Biological control of water hyacinth under
conditions of maintenance control: can herbicides and
insects be integrated? Environmental Management, 23,
241-256.

Cilliers, C.J. 1991. Biological control of water hyacinth,
Eichhornia crassipes (Pontederiaceae), in South Africa.
Agriculture, Ecosystems and Environment, 37,207-217.

Cilliers, C.J. and Hill, M.P. 1996. Mortality of Eichhornia
crassipes (water hyacinth) in winter following summer
stress by biological control agents. In: Moran, V.C. and
Hoffmann, J.H., ed., Proceedings of the IX International
Symposium on Biological Control of Weeds, 21-26
January 1996, Stellenbosch, University of Cape Town,
Cape Town, South Africa. p. 507 (abstract).

Cock, M, Day, R., Herren, H., Hill, M.P., Julien, M.H.,
Neuenschwander, P. and Ogwang, J. 2000. Harvesters get
that sinking feeling. Biocontrol News and Information,
21, 1-8.

Cordo, H.A. 1999. New agents for biological control of
water hyacinth. In: Hill, M.P., Julien, M.H. and Center
T.D., ed., Proceedings of the 15t IOBC Global Working
Group Meeting for the Biological and Integrated Control
of Water Hyacinth, 16-19 November 1998, Harare,
Zimbabwe, 68-74.

Harley, K.L.S. 1990. The role of biological control in the
management of water hyacinth, Eichhornia crassipes.
Biological News and Information, 11, 11-22

Heard, T.A. and Winterton, S.L. 2000. Interactions between
nutrient status and weevil herbivory in the biological
control of water hyacinth. Journal of Applied Ecology,
37,117-127.

38

Hill, M.P. and Cilliers, C.J. 1999. A review of the arthropod
natural enemies, and factors that influence their efficacy,
in the biological control of water hyacinth, Eichhornia
crassipes (Mart.) Solms-Laubach (Pontederiaceae), in
South Africa. African Entomology, Memoir, 1, 103-112.

Jamil, K. and Hussain, S. 1993. Biochemical variations in
ovaries of water hyacinth weevils Neochetina
eichhorniae (Warner) exposed to heavy metals. Indian
Journal of Experimental Biology, 31, 36-40.

Jones, R. and Cilliers, C.J. 1999. Integrated control of water
hyacinth on the Nseleni/Mposa rivers and Lake Nsezi in
Kwazulu-Natal, South Africa. In: Hill, M.P., Julien, M.H,
and Center T.D., ed., Proceedings of the 15t IOBC Global
Working Group Meeting for the Biological and
Integrated Control of Water Hyacinth, 16-19 November
1998, Harare, Zimbabwe, 160-167.

Julien, M.H. and Griffiths, M.W. 1998. Biological control of
weeds: a world catalogue of agents and their target weeds.
Fourth Edition. CABI Publishing, Wallingford.

Julien, M.H., Griffiths, M.W. and Wright, A.D. 1999.
Biological control of water hyacinth. The weevils
Neochetina  bruchi and Neochetina eichhorniae:
biologies, host ranges and rearing, releasing and
monitoring techniques for biological control of
Eichhornia crassipes. Canberra, ACIAR Monograph No.
60, 87p.

Julien, M.H. and Orapa, W. 1999. Structure and
management of a successful biological control project for
water hyacinth. In: Hill, M.P., Julien M.H. and Center,
T.D., ed., Proceedings of the 15t IOBC Global Working
Group Meeting for the Biological and Integrated Control
of Water Hyacinth, 16-19 November 1998, Harare,
Zimbabwe, 123—-134.

Oberholzer, I.G. and Hill, M.P. 2001. How safe is the
grasshopper, Cornops aquaticum for release on water
hyacinth in South Africa? In: These proceedings.

Ogwang, J.A. and Molo, R. 1999. Impact studies on
Neochetina bruchi and Neochetina eichhorniae in Lake
Kyoga, Uganda. In: Hill, M.P., Julien, M.H. and Center,
T.D.. ed., Proceedings of the 15t IOBC Global Working
Group Meeting for the Biological and Integrated Control
of Water Hyacinth, 16-19 November 1998, Harare,
Zimbabwe, 10-13.

Room, P.M. 1990. Ecology of a simple plant-herbivore
system: biological control of Salvinia. Trends in Ecology
and Evolution, 5, 74-79.

Ueckermann, C. and Hill, M.P. 2000. Impact of herbicides
used in water hyacinth control on the natural enemies
released against the weed for biological control. Report to
the Water Research Commission No. 78. (in press)

Biological and Integrated Control of Water Hyacinth, Eichhornia crassipes,
edited by M.H. Julien, M.P. Hill, T.D. Center and Ding Jianqing
ACIAR Proceedings 102
(printed version published in 2001)


http://www.aciar.gov.au

Recent Efforts in Biological Control of
Water Hyacinth in the Kagera River
Headwaters of Rwanda

T. M. Moorhouse”, P. Agaba® and T. J. McNabb

Abstract

As part of regional water hyacinth management activities in the Lake Victoria Basin that also involve Kenya,
Tanzania, Uganda and several international partners, Rwanda is currently implementing efforts to rear and
release the two Neochetina weevil species as biological control agents through coordination of training
activities and training visits made to Uganda and Tanzania. Weevils for release in Rwanda have come from

stocks maintained in Uganda.

The implementation of the biological control program within the Kagera River system of Rwanda is expected
to further support the long-term control of water hyacinth in the Lake Victoria Basin by reducing water
hyacinth biomass in source waters. Funding and technical support for the implementation of the biological
control program for water hyacinth in Rwanda are being provided by Clean Lakes, Inc. through a two-year
cooperative agreement with the United States Agency for International Development Greater Horn of Africa
Initiative through the Regional Lake Victoria Water Hyacinth Management Program.

APPROXIMATELY 13 years ago water hyacinth was
officially recognised as having invaded the world’s
second largest lake, East Africa’s Lake Victoria.
During the ensuing years various management activi-
ties have been implemented by Kenya, Tanzania and
Uganda with support from several international part-
ners and donor organisations. Recently, these coun-
tries and Rwanda have begun to coordinate
management efforts through regional organisations
such as East African Cooperation (EAC), the Lake
Victoria Fisheries Organization, the Lake Victoria
Environment Management Program, or through bilat-
eral memoranda of understanding. Biological control

* Clean Lakes, Inc. — Uganda, Nile International Conference
Center, Room 235, PO Box 7057, Kampala, Uganda.
Email: aquatics@imul.com

T Clean Lakes, Inc., P.O. Box 3186, Martinez, CA 94553,
USA.

Email: info@cleanlakes.com, or tmcnabb@aquatics.com.
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efforts using the weevils Neochetina eichhorniae and
N. bruchi began in late 1995 through release efforts
initiated by Uganda that continue to date. Rwanda is
currently implementing water hyacinth control
through rearing and release efforts assisted by Clean
Lakes, Inc. (CLI), under cooperative agreement
funding from the United States Agency for Interna-
tional Development (USAID), and through coordina-
tion of training activities and visits carried out in
Uganda and Tanzania. Weevil stocks maintained in
Uganda are the source of weevils imported into
Rwanda.

The Lake Victoria Basin water hyacinth infestation
extends to its uppermost point within the Kagera River
system to the headwaters of Mukungwa River tribu-
tary, located approximately 50 km northwest of
Kigali, Rwanda (F. Orach Meza, pers. comm.). The
Mukungwa River is joined by the Nyaborongo River,
keeping the latter’s name, until it merges with the
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Burundi’s Ruvubu River system near Lake Rweru, ishes along river banks, growing toward the river

along the Burundi border, to form the Akagera River, centre to a width of about 2 m from the shoreline.
also known as the Kagera River (see Figure 1). The Water currents and velocity prevent water hyacinth
entire Mukungwa/Nyabarongo/Kagera river system to from growing much beyond that with the exception in
Lake Victoria is infested with water hyacinth, a length some bends, inlets or sloughs, or during periods of
of over 500 km. Water hyacinth ultimately enters Lake drought or flood. Considering that all rivers have two
Victoria in the form of mats torn away from the shore- banks, these 160 km of river therefore produce 320 km
line or as individual plants. There is at least one set of of linear shoreline growth potential for the weed to a
major waterfalls along the Rwanda/Burundi border at width of approximately 2m, or a total of about 64 ha. It
Rusoma, Rwanda, and a large swamp/lake complex has been visually estimated by CLI staff that within 1
along the Rwanda/Tanzania border of the Akagera km of Lake Victoria the daily rate of weed flowing
River where water hyacinth becomes damaged or is down the Kagera River ranges between 0.2 and more
caught in the swamp matrix, thus potentially reducing than 1.5 ha/day (average 0.75 ha/day or 300 ha/year),
amounts travelling downstream. Downstream of this depending on seasonal river flow. Others have esti-

large swamp/lake system, which forms a large part of mated weed flow rates at 3.5 ha/week or 0.5 ha/day
the Akagera National Park, the Akagera River changes (Twongo and Balirwa 1995). If a growth rate model of

direction to an easterly course, becomes shared by 1% per day were assumed, then these 64 ha growing
Tanzania and Uganda, and experiences a series of ele- along the shoreline would generate about 0.64 ha of
vational drops near Kikagati, Uganda, where water new weed growth/day. This is equivalent, on average,
hyacinth again becomes damaged by turbulent waters. to the estimated daily inflows documented by CLI

Below Kikagati at a point approximately 160 km staff in 1997 (unpublished data) and by Twongo and
from Lake Victoria, the river flattens and passes pri- Balirwa (1995).

marily through Tanzania where water hyacinth flour-
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The Rwandan Biological Control
Effort—a Summary

It was recognised that, in order to bring the water hya-
cinth under management within the entire Lake Vic-
toria Basin, a cooperative effort should be encouraged
between the countries concerned. Recommendations
were made in various regional and EAC fora to include
Rwanda and Burundi in efforts to manage water hya-
cinth in the lake basin. In 1997, the governments of
Rwanda and Uganda signed a memorandum of under-
standing on common agriculture issues to cooperate
on, among other things, water hyacinth management.
Both governments committed their countries to full
collaboration in management of the water hyacinth
problem.

During a Uganda Agricultural Policy Committee
meeting in July 1999, the Uganda National Agricul-
ture Research Organization (NARO) sought support
for Rwandans to be trained for implementing biolog-
ical control of water hyacinth in the upper Kagera
River watershed.

In August 1999, EAC adopted a regional strategy
document on the control of water hyacinth and other
invasive weeds in East Africa. This document covered
the issue of water hyacinth control in the upper Kagera
River.

In September 1999, CLI staff visited Rwanda to
hold discussions with the Director General, Institut des
Science Agronomique du Rwanda (ISAR), to explore
interest in training and release programs for biological
control of water hyacinth in the upper Akagera River
watershed. While there, CLI staff visited the Nya-
barongo River, a tributary of the Kagera River that
flows south of Kigali, and reviewed the weed infesta-
tion.

During November 1999, the Secretariat of the
EAC, in close collaboration with the United Nations
Economic Commission for Africa, Kigali Sub
Regional office, held a workshop in Entebbe on water
hyacinth in the Lake Victoria Basin. One of the rec-
ommendations of the workshop was that a program
for the biological control of water hyacinth should be
implemented in the upper Kagera River.

Through a USAID cooperative agreement, CLI
facilitated the training of Rwandan and Burundian
government officials in November 1999. The training
was led by Dr James Ogwang, head of biological
control programs at NARO’s Namulonge Agriculture
and Animal Production Research Institute (NAARI)
and by staff of the Uganda Ministry of Agriculture,
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Animal Industries and Fisheries/Water Hyacinth Unit
(MAAIF/WHU).

In May 2000, MAAIF/WHU and CLI staff visited
Rwanda, in cooperation with ISAR officials, to iden-
tify locations suitable for establishing the initial
weevil rearing centre. Karama Animal Husbandry and
Fisheries Unit, one of the ISAR branch locations in
Rwanda, was selected because of its relative closeness
to the Nyabarongo/Akagera River system. This unit is
located in the southern part of the country, approxi-
mately 70 km southeast of Kigali in the Commune of
Gashora on the shores of Lake Kilimbi.

In July 2000, MAAIF/WHU, CLI and ISAR offi-
cials erected two weevil rearing tanks at ISAR/
Karama. The tanks were filled with water and water
hyacinth.

In mid August 2000, the Rwanda Ministry of Agri-
culture, Livestock and Forestry issued an authorisation
allowing the Director General, ISAR, to import water
hyacinth weevils.

During 19-22 September 2000, ISAR/Karama
weevil rearing facility and CLI staff travelled to the
weevil rearing sites at Kyakairabwa (Bukoba) and
Kyaka (Kagera River), Tanzania, to review and further
strengthen weevil-rearing techniques and experience
through observation and discussions with weevil-
rearing technicians. On their return to Kampala, they
proceeded to the village sometimes known as Goma
(near Kasensero) to a point approximately 1 km
upstream from the Kagera River outlet on Lake Vic-
toria to observe water hyacinth growth. Weevil
damage was noted on plants. The weevils present
might have come from releases carried out by the
Goma weevil rearing site, or have migrated upriver
from Lake Victoria after releases carried out in the
Bukoba, Tanzania area, or from upriver releases at
Kyaka (quarterly releases since June 1998) under the
support of the Lake Victoria Environment Manage-
ment Project, or at Mulongo, Tanzania through
support from the International Fund for Agriculture
Development under the Kagera Agriculture and Envi-
ronmental Management Program (KAEMP) (quar-
terly releases since 1999). The ISAR/CLI team
understood that KAEMP had also made two weevil
releases on the Tanzanian side of the Akagera River,
opposite Rusoma, Rwanda, though no dates were
given and details remain sketchy.

In September 2000, the Deputy Director — Research
of the Ugandan NARO, issued a letter granting
approval for Rwanda to export weevils from Uganda
and gave permission for NAARI to collect and prepare
weevils for transit to Rwanda.
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On 25 September, weevils were collected in coop-
eration with NARO from the NAARI weevil rearing
tanks under the direction of the head of biological
control programs and assisted by NAARI, ISAR, and
CLI staff. The numbers of weevils collected for trans-
port were as shown in Table 1.

In order to help monitor the efficacy of weevil
releases, satellite images were scheduled for acquisi-
tion in late September or early October 2000,
depending on cloud cover. IKONOS 1-metre PAN
and 4-metre multispectral band data were to be col-
lected in collaboration the United States Geological
Survey—EROS Data Center. One image each will be
acquired for the small lakes, Lake Mpanga and Lake
Mahindi, in the Akagera River area of Akagera
National Park (eastern Rwanda) at the upstream and
downstream ends of the swamp/lake complex, respec-
tively. While influences such as flooding, drought and
pathogens may also lead to declines in water hyacinth,
it is expected that these images will provide a baseline
sample for tracking water hyacinth cover and distribu-
tion before and after weevil release. On-the-ground
observations will be made along other sections of the
river.

On 27 September 2000, ISAR and CLI staff trav-
elled by air from Entebbe, Uganda to Kigali, Rwanda,
with the consignment of Neochetina spp. Upon arrival
in Kigali, they were met and transported to the ISAR
Karama weevil rearing facility in order to inoculate the

Table 1. Numbers of water hyacinth weevils collected
in Uganda in September 2000 for release in
Rwanda

Chevroned water
hyacinth weevil

Water hyacinth
weevil (Neochetina

(Neochetina bruchi) eichhorniae)
Females 117 330
Males 127 280
Subtotal 244 610
Total 854
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weevils into water hyacinth in previously established
tanks. Approximately 800 weevils were placed in the
water hyacinth plants of the two tanks. The two weevil
species were deliberately mixed when placing them in
the tanks. The Karama weevil rearing site is within 10
km of the Gashora Bridge on the Nyabarongo River,
which is expected to become one of several weevil
release sites within Rwanda.

On 28 September, approximately 25 weevils of each
species were released in a small depression, Lake
Kiruhura, in the Nyabarongo River floodplain,
approximately 2 km east of the Nyabarongo River
Bridge, 20 km south of Kigali. This seasonal lake, just
over a hectare in area, lies approximately 200 m south
of the Nyabarongo riverbank. It was about 60%
covered with water hyacinth of estimated average
height 3040 cm. About 40% of the plants were in
flower. As a result of drought in much of Rwanda at
the time, rivers, pools, and depressions were experi-
encing very low water levels. It was expected, how-
ever, that the rainy season would commence shortly
over the entire country, as rains had at release time
been reported in the upper Mukungwa/Nyabarongo
rivers of northern Rwanda.

Conclusion

Studies and evaluations of the effectiveness of the
biological control program will continue, and updates
will be provided as data become available. The next
report on the campaign is scheduled for release in
January 2001.
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Ongoing Activities in the Biological Control of
Water Hyacinth in Egypt

Y.H. Fayad,” A.A. Ibrahim,” A.A. El-Zoghby" and F.F. Shalaby’

Abstract

As in many other tropical and subtropical countries, the aquatic floating weed water hyacinth causes serious
problems to various types of water bodies in Egypt. The total infested area is estimated to be 487 km? covering
most of the drainage and irrigation canals in different governorates of Egypt, and about 151 km? covering lakes.
The total amount of water loss by evapotranspiration from water hyacinth infested areas was estimated to be
3.5 billion m3 per year. This amount is sufficient to irrigate about a further 432 km? every year.

During the period 1978 to 1984, two weevils, Neochetina eichhorniae Warner and N. bruchi Hustache, were
introduced into Egypt and studied under quarantine conditions. Host-specificity tests proved the safety of both
weevils for release as biocontrol agents for water hyacinth. No authorisation for release was given until 1999,
when a biological control program to be financed by the French Government was approved. In May 2000, 3004
weevils—1118 N. eichhorniae and 1886 N. bruchi—were collected from water hyacinth infested sites in Fort
Lauderdale, Florida, and transferred to Egypt for rearing and multiplication in an aquatic weed greenhouse.

Field releases of both species in Egypt began in August 2000.

WATER hyacinth, Eichhornia crassippes (Mart.)
Solms (Pontederiaceae), was first recorded in Egypt by
Simpson (1932). During the period 1978-1984, in
cooperation with the United States Department of
Agriculture, Fort Lauderdale, Florida, two weevil spe-
cies, Neochetina eichhorniae Warner and N. bruchi
Hustache, were introduced into Egypt and studied
under quarantine conditions through a PL480 project.
These beneficial weevils have been introduced and
released in several countries in the world (Julien and
Griffiths 1998), such as the USA (Perkins 1973; Center
1982), Australia (Wright 1979) and Sudan (Besher and
Bennett 1985), to control water hyacinth. Host-specif-
icity tests proved the safety of both weevils for release
as biocontrol agents (Julien et al. 1999; DeLoach 1976;
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Fayad 1982, 1999). No authorisation for release in
Egypt was given until 1999 when the Egyptian Min-
istry of Agriculture approved the introduction of the
two Neochetina weevils for release on water hyacinth.
A biological control program, financed by the French
Government, started in January 1999.

In May 2000, 3004 weevils—1118 N. eichhorniae
and 1886 N. bruchi—were collected from water hya-
cinth near Fort Lauderdale, Florida, USA. They were
transferred to Egypt for rearing, multiplication and
release in the northern lakes Mariout (Alexandria
Governorate) and Edko (Beheira Governorate).

Methods

Construction of aquatic weed greenhouse
and growing of water hyacinth

A light and temperature-controlled aquatic weed
greenhouse of dimensions 15 X 7 m, containing 9 cir-
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cular water pools of 160 cm diameter and 100 cm
depth each, were constructed in the Department of
Biological Control, ARC at Giza. Water supply and
drainage was provided to each pool. The greenhouse
was quarantine secure and supplemented with a
dressing room, bathroom and laboratory. The pools
were filled with tap water to 80 cm depth and left for 3
days to remove any undesired dissolved gases before
introducing water hyacinth plants collected from the
River Nile or irrigation canals. Water hyacinth plants
were washed thoroughly with tap water before place-
ment in the pools.

Fifteen grams of a soluble NPK fertilizer containing
micro nutrients (Polyfeed — Haifa Chemicals Ltd) plus
70 g nitrogen and 10 g iron, were added to each pool
monthly or as required, as indicated by leaves turning
yellow or a blue colour appearing on the roots. The
temperature in the greenhouse was set at an average of
about 27.8°C. Plants were washed daily using tap
water to prevent aphid and mite infestations. Water
was added to the pools whenever needed.

Collecting Neochetina bruchi and
N. eichhorniae for introduction into Egypt

A collecting trip was made to Fort Lauderdale,
Florida, USA, during the period 14-19 May 2000.
Individuals of both Neochetina bruchi and
N. eichhorniae were collected by handpicking from
water hyacinth plants either from the shore or a boat.
Collected weevils were kept in plastic containers pro-
vided with tissue paper and water hyacinth leaves. The
containers were transferred to the laboratory, weevils
separated into species and stored in the refrigerator at
10°C. Over 5 days, a total of 3004 weevils of both Neo-
chetina species was collected. Samples from the col-
lected weevils were taken, dissected and micro-
scopically examined for insect-disease detection.
Weevils were placed in screw-capped carton tubes for
shipping, 200-300 weevils per tube. The tubes were
stored in the laboratory at 18°C for 2 days then hand-
carried to Egypt. Upon arrival, insects were inspected
by quarantine officers at Cairo Airport then transferred
to the quarantine room attached to the aquatic weed
greenhouse and stored in a refrigerator at 10°C. The
following day, the insects were examined and healthy
weevils were placed on healthy water hyacinth plants
placed in the 9 water pools in the greenhouse.

N. bruchi adults were released on water hyacinth in
6 pools, while N. eichhorniae were released in the
other 3 pools. Each pool was allocated 200-250 wee-
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vils. The rest of the weevils were stored in the refrig-
erator at 10°C.

The pools were examined daily for feeding spots
and symptoms of weevil activity.

Harvesting the weevils from water hyacinth
plants in the greenhouse

The first generation started to emerge in the first
week of August 2000. During the daytime, many
adults were found on the floor of the greenhouse,
driven out of the pools by overpopulation. These
adults were collected. Furthermore, a metal ring net of
120 cm diameter was placed on the water hyacinth
plants in the pool and pushed down to submerge them.
Floating adults were then collected using a medium-
size strainer. The weevils collected each day were
counted and placed in square, plastic containers fur-
nished with tissue paper and provided with fresh green
water hyacinth leaves. A window of about 8 X 4 cm
covered with wire gauze was made in the cover lid for
ventilation. The containers were stored in the refriger-
ator at 10°C until release of the weevils.

Field release of V. bruchi and N. eichhorniae

Harvested weevils were transferred in an icebox to
the release sites at Mariout and Edko lakes. Both lakes
were chosen as they were heavily infested with water
hyacinth. Airboats, rubber boats and sometimes
narrow wooden fishing boats were used for transfer in
the lakes. Release details are given in Table 1.

Results

Establishment of the weevils in the
greenhouse

Feeding scars and weevil activities including
mating and oviposition were observed 2 days after
release. The damage to water hyacinth plants became
more obvious each day, and new plants were added
periodically or whenever needed. Leaf and petiole
samples were taken, dissected and examined under the
binocular microscope. Weevil eggs could be seen.
Three weeks later, root inspection indicated the pres-
ence of different instar larvae attached to the plant
roots. In late July, cocoons containing pupae were also
found, attached to the submerged roots of the plants. In
the first week of August, the first generation started to
emerge, indicating success in rearing the introduced
weevils under greenhouse conditions.
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Release of N. bruchi and N. eichhorniae in
Mariout and Edko lakes

Some 6573 adults of both Neochetina species were
released in Mariout and Edko lakes (Table 1). Further-
more, water hyacinth plants supporting different Neo-
chetina life stages were distributed on water hyacinth
infestations at certain sites in the lakes.

Follow up of the establishment of the
released weevils

Weekly visits to the release sites in each lake were
conducted to determine the establishment and spread
of the weevils. Many feeding scars were observed on
water hyacinth leaves, suggesting the establishment
of Neochetina weevils at the release sites in both
Mariout and Edko lakes, but more time is needed to
confirm this.

Discussion and Conclusion

Despite the studies conducted in Egypt since 1978 on
the use of insects for the biological control of water
hyacinth with results indicated the safety of releasing
both N. bruchi and N. eichhorniae (Fayad 1982, 1999),
no authorisation for release was given until 1999.

The success of rearing both weevils under green-
house conditions and symptoms of feeding scars grad-
ually increasing after releasing the weevils in both
lakes are very promising signs. By introducing and
releasing N. bruchi and N. eichhorniae, the authors
announce that, in August 2000, Egypt joined other
countries in applying biological control to water hya-
cinth. In combination with other control methods it is

hoped to gain an acceptable level of water hyacinth
control that keeps the population under the economic
threshold. Several other known biocontrol agents have
to be introduced. A search for, and study of, new
agents needs to continue.
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Progress with Biological Control of Water Hyacinth
in Malawi

P.M. Phiri*, R.K. Day', S. Chimatiro¥, M.P. Hill*, M.J.W. Cock™",
M.G. Hill'T and E. Nyando®

Abstract

Water hyacinth appeared in southern Malawi during the late 1960s, and spread slowly northwards in the
Lower Shire River, but in 1995 it was found in the Upper Shire River, just south of Lake Malawi. It is now
present in most parts of the Shire River, and in a number of other locations, including the far north of the
country. Biological control was initiated in 1995 under a UK Department for International Development-
funded project, and is now being continued through a World Bank-funded project. About 200,000 Neochetina
have been reared and released, mainly in the Shire River, but recently at other sites outside the Shire. The
beetles are well established in the Shire, though establishment and subsequent population build-up has been
faster in the Lower Shire than the Upper and Middle Shire. Water hyacinth infestation in the Shire River is
now less than it was two years ago, but it is too early to conclude that this is the result of the biological control
campaign. As new infestations appear elsewhere in the country, biological control agents will be released to

limit build-up of the weed.

FISHERMEN in the southern tip of Malawi report that
water hyacinth first appeared there in the Shire River
in the 1960s, and suggest that it may have arrived from
across the border during floods (Harley 1991; Chi-
matiro and Mwale 1998), a reasonable hypothesis
given that it had been present in Zimbabwe and the
Zambezi River for many years before its discovery in
Malawi. It subsequently spread slowly northwards,
and by 1980 was present at the southern end of Ele-
phant Marsh (Blackmore et al. 1988) (near Makhanga;
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T CAB International Africa Regional Centre, PO Box 633,
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** CABI Bioscience Switzerland Centre,
Switzerland.
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Berkshire, SL5 7TA, UK.

Delemont,
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see Figure 1). By 1991 it had reached the northern end
of Elephant Marsh, south of a Chikwawa (Terry 1991).
In 1995 it was discovered in the Upper Shire River
north of Mangochi, although surveys indicated it was
not present between Lake Malombe and Chikwawa at
that time (Hill et al. 1999), suggesting that it had been
accidentally introduced to the Upper Shire.

The Shire River can be divided into four sections
(Table 1), but only the Murchison Rapids section is
unsuitable for the weed. As well as occurring
throughout the Shire, water hyacinth is now present at
a number of locations across the length of Malawi,
including Blantyre, Lilongwe River, Salima, Nkhota-
kota, south of Nkhata Bay, and north of Karonga. There
are unconfirmed reports from other locations, including
the Songwe River along the northern border with Tan-
zania, so the weed is clearly now widely distributed.
However, in most places outside the Shire River infes-
tations are generally relatively small.
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Makhanga

Figure 1. Map of Malawi showing places referred to in
the text

A project was commenced in late 1995, funded by
the UK Department for International Development
(DFID), which focused on the Shire River. The project
had four components: biological control, public
awareness and community participation, socioeco-
nomic evaluation of the problem, and assessment of
the weed’s environmental impact, and these were
described at a workshop in Harare, Zimbabwe in 1998
(Hill et al. 1999). The project ran for a little over three
years, after which there was a hiatus of nearly a year
before a new project started, funded by the World

Bank. The new project again has several components,
but biological control remains the main thrust in the
strategy for long-term control. In this paper we provide
an update on progress with the biological control of
water hyacinth in Malawi.

Methods

Rearing and release of biological control
agents

Rearing tanks for Neochetina spp. were established
at Fisheries Department facilities at Makhanga and
rearing was started using N. bruchi and N. eichhorniae
hand-carried from Zimbabwe in September 1996. Part
of the initial importation was used to make small-scale
releases. Tanks were set up at Mangochi in May 1997
using insects from the first harvest at Makhanga. Ini-
tially, both units had 10 tanks, but later 5 were added at
Makhanga, and 10 at Mangochi, though the tanks at
Mangochi have not been used for Neochetina rearing
continuously.

Methods used were adapted from those used in
South Africa. Rearing tanks were cylindrical, with a
diameter of 265 cm and height of 67.5 cm, and so con-
tained approximately 3000 litres of water. Each tank
was placed on a concrete plinth, with drainage chan-
nels between tanks leading to a soakaway. Water
levels were checked daily and topped up as required.
Once a fortnight the water was replaced using water
pumped from the river. At replacement 500 g of urea
and 250 g fertiliser (NPK: 6-18-6 or other as available)
were added to each tank. Dead leaves and plants were
removed as necessary. Harvesting was undertaken
about once a month, and harvested beetles were
counted by species and sex then released.

Table 1. Sections of the Shire River (adapted from Crossley 1980, quoted Blackmore et al. 1988)

Section Between Gradient Features
mm/km
Upper Shire Lake Malawi and Lake Malombe ~100 Fisheries
Middle Shire Lake Malombe and Liwonde 16 Liwonde National Park
Liwonde and Matope 96 Barrage at Liwonde
Murchison Rapids Matope and Chikwawa ~5000 Hydroelectric power stations
Lower Shire Chikwawa and southern border 250 Sucoma sugar plantation

Elephant and Ndinde marshes
(major fisheries)
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Eccritotarsus catarinensis and Niphograpta albi-
guttalis were imported in May 1997, May 1998,
January 1999 and April 2000, hand-carried from
South Africa. Initially, imported insects were
released, but subsequently a part of each importation
was released and part used to set up cultures in tanks
at Mangochi.

The mite Orthogalumna terebrantis was already
present on the weed in the Lower Shire, having accom-
panied the weed from the Zambezi where it was
released in Zambia in the 1970s (Julien and Griffiths
1998). It was redistributed onto water hyacinth in the
Upper Shire during 1996 and 1997 and is now well
established on the weed throughout its range in the Shire
River. Mite-infested leaves are being redistributed on
new infestations of the weed as they are discovered.

Monitoring

Currently there are 14 sites at which the impact of
biological control is being monitored, 3 in the Upper
Shire, 3 in the Middle Shire, 5 in the Lower Shire, 2 on
Lake Malawi, and 1 in Blantyre. Monitoring is under-
taken once every 2 months, and on each occasion 30
mature plants are selected at random and the parame-
ters listed in Table 2 recorded for each plant.

Results and Discussion

Rearing

Figure 2 plots the Neochetina harvested at the two
rearing units. By mid 2000 the Makhanga unit had
produced over 100,000 and the Mangochi unit about
90,000. Initial harvests at Makhanga were high as the
tanks had been running for 8 months before har-
vesting commenced, so populations had reached high
levels. During 1999, production was intermittent as
the DFID project had ended and the new project had
not yet started.

Table 4 shows that, at both units, there has been a
slight excess of females in both species. At Makhanga,
where the climate is hotter, slightly more N. bruchi
have been produced than N. eichhorniae, while at
Mangochi, almost two-thirds of production has been
of N. eichhorniae. Rearing of both Eccritotarsus and
Niphograpta has been unsuccessful: after 1-2 genera-
tions the populations in the rearing tanks have died out
for reasons that are not clear.

Releases

The first releases of Neochetina were made in Sep-
tember 1996, from the first importation. The first

Table 2. Parameters recorded during impact monitoring

Parameter Description
Longest leaf The length of the longest petiole plus lamina on the plant
Root length The maximum length of the root system

Lamina length for leaf 2
Lamina width for leaf 2
No. of leaves

No. of ramets

No. of beetles

Leaf 2 scars

Leaf 2 mites

Leaf 2 pathogens

Leaf 4 mites, pathogens
Leaf 5 mites, pathogens

Other agents

Leaf 2 is the second youngest/2"d most recently opened leaf.
At widest part of lamina

Includes sick leaves but not leaves on any daughter plants
The number of daughter plants attached to the sampled plant
The numbers of adult weevils of the two species released
The number of weevil feeding scars on leaf 2

The mite damage score, using the system in Table 3

Damage caused by pathogens on leaf 2, using the same scale as for mite damage (Table 3)

As for Leaf 2
As for Leaf 2

Presence/absence of Eccritotarsus and Niphograpta
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releases of insects reared in Malawi were made in May
1997, and continued regularly until early 1999. Har-
vesting and thus releases during 1999 were intermit-
tent, but with the start of the new project in late 1999,
harvesting and releases have again continued regu-
larly. Including the first releases, by mid 2000 over
190,000 weevils had been released. Figure 3 shows the
proportion of insects released in different areas.
Within an area a number of different release sites have
been used.

Table 3. Mite and pathogen damage scores

Score % of leaf occupied/damaged
0 0%
1 <5%
2 6-25%
3 26-50%
4 51-75%
5 75-100%

The rationale for the pattern of releases between the
different areas is as follows:

* More releases have been made in the Upper Shire
River as it was expected that populations would be
carried downstream to the Middle and Lower Shire.

* During 1999, the time between the two projects, all
of the weevils rearing at the Mangochi site were
released in the Upper Shire.

+ Establishment and build-up of populations in the
Lower Shire have been faster than in the Upper and
Middle Shire, requiring fewer releases.

» The first project focused on the Shire River. Since
the start of the current project, releases have been
made in Salima, Nkhotakota, and Chiwembe dam,
Blantyre. The last site is only about 4 ha, but has
large healthy plants due to pollution of the inflow
(Limbe River).

Further releases are being made in the Middle Shire
where establishment has been slow. No further
releases are required elsewhere unless sites are discov-
ered where the beetles are absent.

To date a little over 5000 Eccritotarsus have been
released at sites in the Upper, Middle and Lower Shire
and at Blantyre. About 800 Niphograpta have been
released in the Upper and Middle Shire.

Table 4. Percentage of Neochetina spp. production by sex and species at the two rearing units

Unit N. bruchi N. eichhorniae
Male Female Total Male Female Total
Makhanga 46.9 53.1 53.7 47.7 52.3 46.3
Mangochi 45.8 54.2 36.3 47.6 52.4 63.7
16000 _
14000 - @ o ®
=== N, bruchi 14000 == N.bruchi
12000 -~ . N. eichhorniae 12000 = ... N. eichhorniae
= 10000 - — Total = 10000
[ L [
% 8000 g 8000
S 6000 o 6000
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Figure 2. Neochetina harvesting at the two production units: (a) Mangochi; (b) Makhanga
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Monitoring

Here we present an example of the data-sets being
collected. Figure 4 shows the mean number of weevil
feeding scars on leaf 2 for one site each in the Lower,
Middle and Upper Shire River.

The beetles are established at all monitoring sites.
Damage by the weevils has increased in the Upper
Shire in the last two years. In Lake Malombe and the
Middle Shire, damage levels have remained low,
while in the Lower Shire there has been a build-up to
higher levels than in the Upper Shire. In recent months
a reduction in weevil damage has been seen at some
Lower Shire sites, and this appears to be associated
with the reduction in plant height, though it may be a
simultaneous response to an environmental variable
rather than a causal link.

From 1998 to 2000 there has been some decrease in
plant height, but this is not matched by a reduction in

Blantyre
15%

Lake Malombe
3%

Upper Shire
47%

Lower Shire
14%

Middle Shire
Nkhotakota 17%

3%

Salima
1%

Figure 3. Releases of Neochetina eichhorniae and
Neochetina bruchi in the Shire River.
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Figure 4. Weevil feeding scars at three monitoring
sites in the Shire River.
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laminar area for leaf 2 or leaf number. If biological
control is working, we would expect a general reduc-
tion in plant vigour and thus size.

Mite damage was generally higher in 1998 than sub-
sequently, though there has been some increase in
2000. Interestingly, the same pattern has occurred for
damage by pathogens, and this suggests that the mites
may be facilitating infection by pathogens. However,
both control agents may be responding to the same
environmental conditions. No evidence has been
found for establishment of either Eccritotarsus or
Niphograpta.

At all the sites on the Shire River there appears to
have been a reduction in the infestation of water hya-
cinth, and at one site in the Lower Shire monitoring has
ceased as there is now so little water hyacinth present
that monitoring is impractical. In the Upper Shire the
reduction of the weed appears to have coincided with
an increase in cover by the sedge Pycreus mundtii, and
Rother and Twongo (1999) have suggested that the
water hyacinth is stimulating a succession in which it
is being replaced by Pycreus and Ludwigia.

Conclusion

Neochetina spp. are well established in most parts of
the Shire River, and numbers at some sites have built-
up to levels at which a significant impact can be
expected on water hyacinth infestations. Hill et al.
(1999) suggested that impact might become visible by
2000-2001, and certainly the population of water hya-
cinth in the Shire River is less than it was two years
ago. Fishermen in the Lower Shire are crediting the
weevils with this reduction, but while this is pleasing,
more data need to be collected to confirm this view.

In other parts of Malawi, new infestations can be
expected to occur. In some cases it may be possible for
local communities to effect control by manual
removal—there are already some cases of this
reported. At the same time, the long-term strategy
remains centred on biological control, and Neochetina
spp. and Orthogalumna will be released on significant
new infestations as they are reported. It is hoped that
Eccritotarsus and Niphograpta will also become
established.

As Julien and Orapa (1999) concluded, a successful
biological program requires expertise, appropriate
training and capacity building, staff and resources over
an adequate period. We are confident that these ingre-
dients are all present in the Malawi project, and so we
are optimistic that the program will be a success.
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IMPECCA!: an International, Collaborative
Program to Investigate the Development
of a Mycoherbicide for Use against
Water Hyacinth in Africa

R. Bateman*

Abstract

The IMPECCA Programme has been established to develop a mycoherbicide for the control of water hyacinth,
using fungal isolates that have been found in Africa. Such a mycoherbicide could replace the use of broad-
spectrum herbicides, which are used routinely at present, but have caused concerns about contamination to fish
and degradation of water quality. In addition, a mycoherbicide might be more compatible with the use of insect
biological control agents. The project will build upon existing studies of formulating water hyacinth fungi into
mycoherbicides which have been carried out in Egypt and Zimbabwe, and expertise gained by CABI
Bioscience during the development and commercialisation of mycoinsecticides.

One of the key outputs will be the strengthening of technical capacity and linkages within African national
programs to undertake biological control of weeds. Scientists will carry out extensive exploration for
pathogens of water hyacinth already present in Africa. These will be identified, characterised and assessed for
suitability as the basis for a mycoherbicide; these studies will include molecular and chemotaxonomic
identification of both fungal isolates and water hyacinth biotypes. Characteristics of a fungus isolate suitable
for mycoherbicide development include: high pathogenicity, acceptable host specificity, low mammalian
toxicity, and capacity for mass production and formulation. Candidate products will be laboratory and field
tested for efficacy and compatibility with other (especially biological) control options. A water hyacinth

management strategy will be proposed appropriate for local needs.

WATER hyacinth is perhaps the most pernicious
aquatic weed in the world. Water hyacinth is generally
the dominant plant when it occurs outside of its native

I The International Mycoherbicide Programme for
Eichhornia crassipes Control in Africa (the IMPECCA
programme) is funded by Danida (Danish International
Development Assistance) through the Environment, Peace
and Stability Facility. This article contains the views of the
author, which do not necessarily correspond to the views of
Danida.

* CABI Bioscience, Silwood Park, Ascot, Berks, SLS 7TA,
UK. Presented by Dr Bateman on behalf of program staff.
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range and is capable of suppressing or eliminating
other species. It forms dense mats of vegetation in
lakes and dams, and irrigation and flood channels,
where it impedes boat traffic, increases eutrophication
and harbours the mosquito vectors of malaria,
encephalitis and filariasis (Forno and Wright 1981).
The problems are most severe in developing countries,
where human activities and livelihoods are closely
linked to the water systems. Conventional methods of
control rely mainly on mechanical/manual removal
and chemical herbicides, which have generally been
found to be inadequate and expensive measures to
apply on a large scale. Herbicides have the added dis-
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advantage that they might have adverse environmental
effects, and must be applied carefully and selectively.
They also can interfere with or nullify the action of
biological control agents present (Charudattan 1995).
In recent years, attention has been given to using
natural enemies to control the weed. Indeed, the only
logical, long-term and sustainable solution to man-
aging the weed is to employ an integrated approach,
with special emphasis on biological control agents
(Charudattan 1995).

As described in other chapters of these proceedings,
biological control using insects such as Neochetina
spp. has been highly successful in reducing water hya-
cinth populations in several countries in northern and
central America and parts of Africa. The need for a
range of effective management tools against this weed,
including mycoherbicides, is illustrated by the water-
ways where water hyacinth remains a problem despite
attempts to introduce insects for biological control
(Hill and Olckers 2001; Charudattan 2001). Further-
more, several studies have demonstrated possible
insect—pathogen interactions combining to cause a
decline in water hyacinth populations (Galbraith 1987;
Charudattan et al. 1978; Kasno et al. 1999). Mycoher-
bicides might therefore be used to augment other
natural enemies.

Stages Required in the Development
of a Mycoherbicide

Several research groups have identified promising
microbial agents that might be used as biopesticides.
However, this research has rarely resulted in the devel-
opment of biopesticide products, which currently
account for only a fraction of one percent of the global
crop protection market (which is approximately US$3
x 1010, Although there is a long history of research on
microbial control agents, it is not always appreciated
that obtaining an active isolate is only the beginning of
a series of activities necessary for implementing the
use of a new mycoherbicide (O’Connell and Zoschke
1996). There are important issues to consider
including: mass production (see e.g. Jenkins et al.
1998), delivery systems and ‘laboratory to field’
studies (Bateman 1998), strategies for use, registration
and commercialisation.

Although focusing on ‘downstream’ processes of
mycoherbicide development, the IMPECCA Pro-
gramme will also carry out further surveys for patho-
gens for a limited period. Several isolates have already
been collected that will act as standard isolates for
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comparison with newly collected material. The criteria

for the selection of fungi were that:

+ they must have been isolated in Africa;

+ they must be widely distributed across the regions
of Africa where water hyacinth is found; and

 they must be shown to have good pathogenicity to
water hyacinth in laboratory or field studies.

In contrast, Evans and Reeder (2001) argue for a
‘longer term’ approach to the use of microbial agents,
in which isolates are sought at the weed’s centre of
origin, for release as classical biological agents. How-
ever, the introduction of exotic pathogens is in its
infancy and there is still a reluctance to the release of
pathogens as biological control agents in many coun-
tries. As part of the inception phase of the IMPECCA
Programme, the scientific collaborators have identi-
fied a short-list of fungal species that show most
promise in their potential as mycoherbicides for water
hyacinth control in Africa. In order of preference, they
are:

Alternaria eichhorniae;

Acremonium zonatum;

Cercospora piapori/C. rodmanii,
Rhizoctonia solani and Alternaria alternata;

wok v -

Myrothecium roridum.

Program of Activities and Progress
to Date

Table 1 gives a possible sequence of activities for

mycopesticide development, as identified by

IMPECCA Programme scientists. The following

major activities are in progress or are planned:

» Collection and preservation of pathogen isolates.
Over 70 isolates have been collated by CABI
Bioscience, and the most promising specimens will
be accessioned at CABI Bioscience, UK. Isolate
collection is being carried out in strict observance of
the International Convention on Biodiversity, and a
document has been prepared explaining IMPECCA
Programme policy.

* Identification and characterisation of specimens:

— morphological, molecular and chemotaxonomic
identification of fungal isolates,

— molecular
biotypes.

identification of water hyacinth

Preliminary analyses of water hyacinth isolates
from Africa, India and South America indicate a
surprising degree of genetic homogeneity (Alex
Reid, pers. comm.). However, we foresee the need

Biological and Integrated Control of Water Hyacinth, Eichhornia crassipes,
edited by M.H. Julien, M.P. Hill, T.D. Center and Ding Jianqing
ACIAR Proceedings 102
(printed version published in 2001)


http://www.aciar.gov.au

Table 1. Major elements of mycoherbicide development

Issues Process (may be repeated with new isolate) Sequence
Survey for indigenous pathogens 1
Pathogen isolation and characterisation Isolation 2
Agreement on standard isolates 2
Preservation of isolates 2
Identification 3
Assessment of pathogenicity 4
Characterisation 5
Working methods Formation of country networks 1
Development of models as research tools 1
Intellectual property issues 1
Policy on publication 2
Biology Key protocols: screening techniques/objectives 1
Water hyacinth biology 1
Water hyacinth—pathogen interactions/nutrient levels 9
Persistence, horizontal transmission 10
Quarantine issues 2
Host range determination For environmental safety 6
Efficacy 6
Mass production Laboratory (Petri dishes / bottles) 2
Pilot plant 7
Commercial 13
Toxicology Mammalian safety tests (isolate assessment) 8
Mammalian safety tests (registration) 12
Ecotoxicology (includes host range data) 6-12
Post control impact (succession of water hyacinth with other
species) and changes in oxygen demand 10
Delivery systems Storage 6
Formulation 7
Application 8
‘Lab to field’ studies ‘Pre field trials’ for efficacy 9
Assessment of synergism (e.g. with Neochetina or 9-11
chemicals/stressors)
Field testing Small-scale field trials 10
Large-scale field trials (operational effectiveness) 12
Strategy for use 10
Socioeconomic assessment 10
Product identification Ideally one product (maximum 2) — registration is expensive! 11
Registration dossier 12
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to characterise approximately 100 samples before

any firm conclusions can be drawn.

Pathogen screening and selection for further

mycoherbicide development on the basis of a

combination of key criteria including;

— virulence,

— host range testing,

— preliminary mammalian toxicity studies, and

— an assessment of production and storage
characteristics.

A series of standard operating procedures for
isolate collection, and assessment of virulence and
host range testing, have been agreed or are in
preparation. Preliminary observations confirm
those of Shabana et al. (1995) that isolates of
Alternaria eichhorniae appear to be the most
promising. These and other useful techniques are
being compiled in the form of IMPECCA Technical
Guides.

Development of a suitable delivery system (Fig. 1)
that includes:

— preparation of prototype formulations,

— storage stability tests, and

— selection of appropriate application equipment.

The use of oil formulations has shown great
promise for enhancing the efficacy of fungal agents
that show potential as insecticides, fungicides and
herbicides. Perhaps most importantly, the need for
high humidity is overcome: Amsellem et al. (1990)
showed that invert emulsions eliminated the need

Mass production

for a minimum inoculum threshold with Alternaria
cassiae and A. crassa. Such formulations (where oil
constitutes the continuous phase) are rather ‘user
unfriendly’ being unstable and very viscous, so the
use of less viscous vegetable oil suspension
emulsions has been investigated by Auld (1993) and
Shabana (1997). Bateman et al. (2000) discuss
important criteria in the selection of application
equipment for biopesticides, and argue that the
equipment normally used for conventional
pesticides is often most appropriate. Rotary
atomisers fitted to aircraft for low volume spraying
of chemical herbicides are a common method for
water hyacinth control (Julien et al. 1999) and
especially suitable for the application of oil-based
formulations.

Field testing and ecological evaluation. A
preliminary model has been developed that
describes water hyacinth phenology; this will later
incorporate (and attempt to interpret) data on the
impact of natural enemies and their interactions
(Neils Holst, pers. comm.)

Programme management, liaison with collaborating
partners, donors and other projects; agreements,
patents, subcontracts, promotion and publicity.

The IMPECCA Programme collaborates with the
IOBC by publishing The Water Hyacinth Newsletter
(editors: Rebecca Murphy and Martin Hill). News
and progress will also be available on our World
Wide Web page: <http//:www.impecca.net>.

Strategy for use

Operational
practicalities

Host-pathogen
interactions

Figure 1. Delivery systems: successful biopesticide development is most likely to
be brought about by considering all the various technical aspects of
product development at an early stage. There are often important
linkages between the mass production, storage and packaging processes.
Formulation and application are likewise interdependent and governed
by appropriate strategies for use of a microbial agent in the field.
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Collaborators

The main investigators of the IMPECCA Programme
include:

1. CABI Kenya:
Kooyman

2. CABI UK: Roy Bateman, Carol Elison, Harry
Evans, Jane Gunn, Jeremy Harris, Nina Jenkins,
Belinda Luke, Rob Reeder, Alex Reid, Sue Paddon,
Emma Thompson

Ignace Godonou, Christiaan

3. Danish Institute of Agricultural Science: Niels
Holst (supervising PhD students: Sander Bruun and
John Wilson)

4. Department of Research and Specialist Services,
Zimbabwe: Bellah Mpofu, Lawrence Jasi

5. International Institute for Tropical Agriculture,
Benin: Jiirgen Langewald, Fen Beed

6. Plant Protection Research Institute, South Africa:
Alana den Breeyen, Cheryl Lennox

7. University of Mansoura, Egypt: Mahmoud Zahran,
Mahomed El-Demerdash, Fathy Mansour, Yasser
Shabana (from August 2001), Abdel-Hamid Khedr,
Gamal Abdel-Fattah, Ibrahim Mashaly, S. El-
Moursy

At the time of writing, the program has also estab-
lished linkages with representatives from Kenya,
Malawi, Rwanda, Tanzania and Uganda.
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Fungi Associated with Eichhornia crassipes

(Water Hyacinth) in the Upper Amazon Basin and

Prospects for Their Use in Biological Control

H.C. Evans and R.H. Reeder”

Abstract

Surveys were undertaken in 1998 and 1999 in the upper Amazon basin of Ecuador and Peru to collect and
catalogue the mycobiota associated with water hyacinth in the river and lake systems. The results indicate that
three groups of fungi, which occupy distinct niches on the plant, can be delimited: biotrophic fungi, colonising
green leaf tissue, often without significant visible symptoms (e.g. Didymella and Mycosphaerella);
necrotrophic fungi, causing prominent leaf lesions (e.g. Leptosphaeria, Colletotrichum, Myrothecium,
Phaeoseptoria and Stagonospora); and fungi associated with and isolated from petioles previously invaded by
coevolved insect natural enemies, such as Taosa and Thrypticus spp. (e.g. Acremonium, Cephalosporiospsis,
Cylindrocarpon, Cylindrocladium and Stauronema). Some of these represent new host records, as well as
undescribed taxa. A re-analysis of the mycobiota associated with water hyacinth worldwide reveals that most
of the records originate from the USA and the Palaeotropics, where the plant is a major invasive species, and
where, as a consequence, most research on its control has been concentrated. Fungal genera such as Alternaria
and Cercospora, which traditionally have been favoured as biocontrol agents, seem to be absent or rare on E.

crassipes in the Upper Amazon.

Introduction

EICHHORNIA crassipes (Mart.) Solms is native to the
Neotropics but its precise centre of origin remains
speculative. Based on style morphology, it has been
suggested that the area of greatest genetic diversity lies
in Amazonia (Barrett and Forno 1982); with natural
spread from these to other regions of the South Amer-
ican continent, and human-vectored introductions into
the Caribbean and Central and North America. Para-
doxically, a search of the literature and unpublished
herbarium records reveals that few fungi have been
reported on water hyacinth in South America. For
example, a detailed survey of the fungal pathogens

* CABI Bioscience, Silwood Park, Ascot, Berks. SL5 7TA,
UK. Email: h.evans@cabi.org

associated with this host in the Brazilian State of Rio
de Janeiro yielded only Cercospora piaropi, compared
with four species recorded on the closely related Eich-
hornia azurea (Swartz) Kunth. (Barreto and Evans
1996). The same authors also compiled the worldwide
records of the mycobiota collected on, or isolated
from, E. crassipes. A reanalysis of this amended list
(Table 1) shows that of the 60 potential pathogens
reported, 54 are from countries or regions where water
hyacinth is an undisputed alien invasive species, 36 of
which are exclusively Old World. Of the New World
records, 18 are from the USA, 3 are from the Carib-
bean or Central America, while only 2 have a South
American (ex Brazil) origin.
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Table 1. Mycobiota recorded on Eichhornia crassipes, worldwide (amended from Barreto and Evans 1996)

Fungi

Distribution

Ascomycotina and Deuteromycotina
Acremonium crotocigenum (Schol-Schwarz) W. Gams

Acremonium implicatum (Gilman & Abbott) W. Gams

Acremonium sclerotigenum (F. & R. Moreau ex Valenta) W. Gams

Acremonium strictum W. Gams

Acremonium zonatum (Sawada) W. Gams

Alternaria alternata (Fr.) Keissler

Alternaria eichhorniae Nag Raj & Ponnappa

Alternaria tenuissima (Nees ex Fr.) Wiltshire
Bipolaris urochloae (Putterill) Shoemaker
Bipolaris sp.

Blakeslea trispora Thaxter

Cephalotrichum sp.

Cercospora piaropi Tharp

Cercospora rodmanii Conway

Chaetomella sp.
Cladosporium oxysporum Berk. & Curt.
Cochliobolus bicolor Paul & Parbery

Cochliobolus lunatus (= Curvularia lunata) Nelson & Haasis

Coleophoma sp.

Curvularia affinis Boedijn

Curvularia clavata B.L. Jain

Curvularia penniseti (M. Mitra) Boedijn
Cylindrocladium scoparium var. brasiliense Batista
Didymella exigua (Niessl) Saccardo

Drechslera spicifera (Bainier) V. Arx
Exserohilum prolatum K.J. Leonard & E.G. Suggs
Fusarium acuminatus Ellis & Everhart

Fusarium equiseti (Corda) Saccardo

Fusarium graminearum Schwabe

Fusarium moniliforme Sheldon

Fusarium oxysporum Schlechtendal

Fusarium solani (Martin) Saccardo

Fusarium sulphureum Schlechtendal

Australia (IMI 288071%2)
Australia (IMI 271067)

Sudan (IMI 284343)

Australia (IMI 288318, 288319)

Australia, India, Pakistan, Panama, USA,
Sudan

Egypt
Egypt, India, Thailand, USA, Kenya, Ghana,
South Africa, Zimbabwe

Hong Kong

Egypt (IMI 324728)
USA, Brazil

Thailand

USA

India, Sri Lanka, USA

USA~/India (IMI 329783), Nigeria (IMI
329211)

Malaysia
Hong Kong—/Nigeria (IMI 333543)
India (IMI 138935)

Egypt (IMI 318639), India (IMI 162522,
242961), Sri Lanka (IMI 264391), Sudan (IMI
263783)

Sudan (IMI 284336)
USA

India (IMI 148984)
USA

India

Trinidad, USA

Sudan

USA

Australia (IMI 266133)
India—/Sudan (IMI 284344)
Australia (IMI 266133)
Sudan (IMI 284342)
Australia (IMI 288317)
Australia (IMI 270062)
India (IMI 297053)

Continued on next page
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Table 1. (Cont’d) Mycobiota recorded on Eichhornia crassipes, worldwide (amended from Barreto and Evans 1996)
Fungi Distribution

Fusidium sp. South Africa (IMI 318345)
Gliocladium roseum Bainier Australia (IMI 278745)
Glomerella cingulata (Stonem) Spauld & Schrenk Sri Lanka (IMI 264392)
Helminthosporium sp. Malaysia

Leptosphaeria eichhorniae Gonzales Fragoso & Ciferri Dominican Rep., Panama
Leptosphaerulina sp. USA

Memnoniella subsimplex (Cooke) Deighton USA

Monosporium eichhorniae Sawada Taiwan

Mycosphaerella tassiana (De Notaris) Johanson USA

Myrothecium roridum Tode ex Fr.

Pestalotiopsis adusta (Ellis & Everhard) Steyaert
Pestalotiopsis palmarum (Cooke) Steyaert

Phoma sorghina (Saccardo) Boerema, et al.

Phoma sp.
Phyllosticta sp.
Spegazzinia tessarthra (Berk. & Curt.) Saccardo

Stemphylium vesicarium (Wallroth) E. Simmons

Basidiomycotina

Doassansia eichhorniae Ciferri

Marasmiellus inoderma (Berk.) Singer
Mycoleptodiscus terrestris (J.W. Gerdermann) Ostazeki
Rhizoctonia oryzae-sativae (Sawada) Mordue
Rhizoctonia solani Kuhn

Rhizoctonia sp.

Thanatephorus cucumeris (Frank) Donk

Tulasnella grisea (Raciborski) Saccardo & Sydow

Uredo eichhorniae Gonzales Fragoso & Ciferri

Chromista

Pythium sp.

India, Philippines Thailand—/Burma (IMI
79771), Malaysia (IMI 277583)

Taiwan—/Hong Kong (IMI 119544)
India (IMI 148983)

Sudan—/Australia (IMI 288313, 288311,
288312, 288315, 333325)

USA
Nigeria (IMI 327627, 327628)
Sudan 284335

USA

Dominican Rep.

India

USA

Australia (IMI 289087)

India, Panama, Thailand and USA
India, USA

China, Taiwan—/India (IMI 3075)
Indonesia (Java)

Argentina, Brazil, Dominican Rep.

USA

4International Mycological Institute isolate reference number

Most of the records in the exotic range, and espe-
cially in the Palaeotropics, comprise a heterogeneous
assemblage of generalist, opportunistic pathogens,
with a minority group of apparently more specialised
species not yet recorded from the native range. For
example, Cercospora piaropi was reported from Asia,
Africa and North America only, before the aforemen-
tioned survey in southern Brazil (Barreto and Evans
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1996). Thus, Table 1 reflects the distribution of water
hyacinth research workers rather than the true coe-
volved mycobiota. As Barreto and Evans (1996) con-
cluded, the doubts and speculation surrounding the
area of origin or diversity of E. crassipes need to be
resolved and addressed in order to open the way for
more targeted and, potentially, more meaningful
surveys for exploitable natural enemies.
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The Surveys

Strategy employed

The Amazon basin, and specifically Amazonian
Brazil, is most frequently cited as the probable centre
of origin of E. crassipes (Harley 1990; Holm et al.
1991). However, ad hoc pathology surveys along the
lower Amazon and its tributaries in the early 1990s, in
the vicinities of Belém (Para State) and Manaus (Ama-
zonas State) yielded few fungi of interest (H.C. Evans
and R.W. Barreto, pers. obs.). This led to speculation
that perhaps the true origin lay further south in the
great basins of the Parana or Sao Francisco rivers (Bar-
reto and Evans 1996), particularly since the earliest
record of the plant was from the Rio Sdo Francisco
(Seubert 1847). Nevertheless, an exploratory survey
along this river in 1996 failed to find any new or
exploitable pathogens (R.W. Barreto and H.C. Evans,
unpublished data). The only major area in South
America for which there were no natural enemy
records, and hence in which no surveys appeared to
have been conducted, is the northwestern region; spe-
cifically, the upper Amazon basin, which comprises a
confluence of many river systems and interlinked or
isolated lakes or ‘cochas’. It was hypothesised that in
such ecosystems, natural enemies of water hyacinth
may have coevolved in isolation and, as the plant
spread naturally down the Amazon to reach the
Atlantic and the other river systems of South America,
these natural enemies were filtered out, especially
those with poor survival or dispersal strategies. Thus,
the biota associated with E. crassipes in the lower
Amazon basin and elsewhere may be depauperate
compared with that in the Upper Amazon, some 5500—
7000 km upriver. The theory was put to the test, ini-
tially by opportunistic surveys, followed-up later by a
more organised collecting trip, in the upper Amazon
basin of both Peru (in Oct. 1988 and May 1999) and
Ecuador (in May and Sept. 1999, and May 2000).

Collecting and isolation

Collecting was done using motorised canoes, trav-
elling down the Napo River in Ecuador from the port
of Coca, and up the Amazon River from Iquitos in
Peru and along the major feeder rivers of the Nanay
and Marafion. In addition, a short survey was under-
taken along the Ucayali River around the port of
Pucallpa. Diseased leaves were collected and dried in
a plant press for processing in the UK. In addition,
plants were lifted and petioles, stems and roots exam-
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ined for disease symptoms. Such fleshy material was
stored in waxed packets for later isolation in the UK.

Isolations were made either: directly from spores
present on the diseased tissues, using a stereomicro-
scope; or tissues were aseptically-dissected, surface
sterilised (30% hydrogen peroxide for 5 minutes) and
rinsed several times in sterile distilled water. All
samples were plated directly onto tap-water agar
(TWA) or potato—carrot agar (PCA) containing anti-
biotics (penicillin, streptomycin sulfate), and incu-
bated at 25°C, with a 12-hour black light regime to
stimulate sporulation.

Results

Field assessment

The striking, and initially depressing, observation of
water hyacinth populations in the rivers and lakes of
the upper Amazon basin is that there is little visible
evidence to signify the presence of fungal pathogens,
especially compared to E. crassipes in its exotic range
where patches of senescing or dying plants are not
uncommon (caused by both abiotic and biotic factors).
However, closer examination reveals that there is a
range of fungal pathogens occurring on water hyacinth
(see Table 2), and that these fungi fall into three
groups. Genera, such as Didymella and Myco-
sphaerella, produce their discrete, black ascostromata
singly but abundantly in the still green leaf tissues and,
thus, apart from some yellowing (chlorosis), symp-
toms are cryptic. These species represent highly coe-
volved or biotrophic fungi, living within the host
without seriously disrupting its physiology. The
second group includes fungi which belong to the
genera Colletotrichum, Leptosphaeria, Myrothecium,
Phaeoseptoria and Stagonospora, and which cause
necrotic leaf spots: some restricted and discrete (e.g.
Colletotrichum); others spectacular, such as a promi-
nent target spot (Leptosphaeria). However, it is only
when the plants are lifted, and the petioles examined,
that the high incidence of disease becomes evident.
Many petioles were attacked by species of 7aosa (Dic-
tyopharidae; Homoptera) and Thrypticus (Dolichopo-
didae; Diptera), with their characteristic feeding and
egg-laying patterns, and a significant proportion of
these showed a positive association with fungal
necrosis, as evidenced by lesion development around
and subsequent spread from the insect punctures. It is
considered that these wounds permit the ingress of
both specialist and opportunistic fungal pathogens into
the petiole, resulting in colonisation and invasion of
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the stele, with decline or eventual death of the plant there was no association of fungi with the feeding scars
caused, in part, by the actions of this third group of of Neochetina adults on the leaves. The fungi isolated
fungi. There is a less clear association with the tunnels from these tissues, excluding well-documented and
of Neochetina larvae, although microorganisms ubiquitous saprophytic species, are listed in Table 2.

readily invade such damaged tissues. Interestingly,

Table 2. Mycobiota associated with Eichhornia crassipes in the Upper Amazon basin

Associated tissue

Isolate reference no.¢

Identification Country
Ascomycotina and Deuteromycotina

Acremoniella sp. Peru
Acremonium sp. (New species) Peru
Acremonium sp. (New species) Peru
Acremonium sp.? Peru
Asteroma sp. Peru
Cephalosporiopsis sp. Peru
Cephalosporium sp. Ecuador
Chaetophoma sp. Ecuador
Cochliobolus lunatus R.R. Nelson & F.A. Haasis Peru
Cochliobolus pallescens (Tsuda & Ueyama) Sivan Peru
Coniothyrium sp. Ecuador
Curvularia sp. Ecuador
Fusarium sp. (New species) Peru
Cylindrocladium sp.? Peru
Fusarium poae (Peck) Wollenw. Peru
Fusarium sacchari (E.J. Butler & Hafiz Kahn) W. Peru
Gams.

Fusarium sp. (New species) Ecuador
Fusarium sp. Peru
Fusarium sp. Peru
Fusarium sp.2 Ecuador
Gliocladium roseum Bainier Ecuador
Gliocladium sp. Peru
Glomerella cingulata (Stoneman) Spauld. & H. Brazil®
Schrenk.

Glomerella cingulata (Stoneman) Ecuador
Glomerella cingulata (Stoneman) Peru
Glomerella sp. Peru
Hyphomycete sp. 12 Ecuador
Hyphomycete sp. 22 Ecuador
Hyphomycete sp. 3 Ecuador
Hyphomycete sp. 4 Ecuador

Hyphomycete sp. 5 with dictyochlamydospores (New  Peru
species).

Petiole
Petiole
Petiole
Petiole
Petiole
Petiole
Leaf

Leaf

Petiole
Petiole
Petiole
Petiole
Petiole
Petiole
Petiole

Petiole

Petiole
Petiole
Petiole
Petiole
Petiole
Petiole
Leaf

Leaf
Leaf
Leaf
Petiole
Petiole
Petiole
Petiole

Petiole

d

384422
384429
384427
379974

379965
379971

384418
384414
384424
384423

384434

384433
384435

384437

384432
384416
384431
384430

379967

Continued on next page
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Table 2. (Cont’d) Mycobiota associated with Eichhornia crassipes in the Upper Amazon basin
Identification Country Associated tissue Isolate reference no.¢
Idriella sp.2 Peru Petiole 384417
Leptosphaeria sp. Brazilb Leaf -
Leptosphaeria sp.? Peru Leaf 384425
Leptosphaerulina sp. Peru Leaf 379972
Mycosphaerella sp. (New species) Peru Leaf 384426
Mpyrothecium verrucaria (Alb. & Schwein.) Ditmar Peru Leaf 379973
Myrothecium sp. Brazilb Leaf -
Phaceoseptoria sp. Peru Leaf 379966
Phoma chrysanthemicola Hollos Peru Petiole 384421
Phoma leveillei Boerema. & Bollen Ecuador Petiole -
Phoma section Peyronellaea (Goid. ex Togliani) Peru Petiole 384420
Boerema

Phoma sp.2 Brazilb Petiole 384436
Phoma sp.2 Peru Petiole 384428
Phoma spp. Ecuador Petiole -
Phoma spp. Peru Petiole -
Pseudocercosporella sp. Peru Leaf 384415
Sarocladium sp. Peru Petiole -
Stagonosp