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Abstract

Invasive aquatic weeds have spread throughout the world's waterways because of

anthropogenic activities. The three most problematic species are water hyacinth,

floating water fern and water lettuce. With the potential to double in biomass in a

matter of days and the abil ity to migrate easily due to their free-floating vegetative

form, they can successfully colonise new habitats, form dense mats along shorelines

and displace native vegetation. In doing so they effect ecological processes within

lakes and decrease biodiversity. Moreover for human populations living around such

lakes they reduce access and quality of available drinking and irrigation water,

prevent fishermen from making a living, clog water intakes at hydro-electric dams,

increase vector-borne diseases and generally lead to an increase in human suffering.

Cultural eutrophication of lakes is also a major problem around the world and can

amplify the problem of nuisance floating plants. Weed growth can expand rapidly if

loading of nutrients such as nitrogen and phosphorus increases. In Africa there are

many examples of eutrophication leading to elevated weed biomass and the

subsequent problems that this brings. In Lake Victoria, East Africa, water hyacinth

was a major problem in the 1990s that has now largely subsided. However there are

signs that eutrophication, as a result of anthropogenic changes in land use, is still
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increasing. At minimum this will likely maintain the presence of water hyacinth

within the lake but it also has the potential to bring about a resurgence to nuisance

status. If this occurs then the human suffering experienced could be above and beyond

that seen during the 1990s. Methods to manage water hyacinth are available. These

include physical, chemical and biological forms of control. However for the long-term

sustainabil ity of Lake Victoria, including the control of water hyacinth, only improved

land, air and watershed management can provide the solution to reducing

eutrophication and the potential of water hyacinth outbreaks. The measures needed to

effect the changes necessary for nutrient control require a massive financial injection.

The countries bordering Lake Victoria have a direct responsibil ity towards it and

should contribute in every way to its restoration as the result of non-action wil l be

regionally devastating. However there are also implications for the global economy

therefore solutions also need to involve a wider arena.

Introduction

Invasive aquatic weeds

Freshwater macrophytes are a diverse conglomeration of macroscopic vascular plants

including some relatively "large plants" living either in, on or at the periphery of

freshwaters. These aquatic plants include ferns, mosses and flowering plants as well

as large trees (Sculthorpe 1967) that require saturated conditions or access to standing

freshwater to thrive. Understandably whilst morphological characteristics enable this

wide ranging group to be delineated into a plethora of sub-divisions the whole array

of aquatic macrophytes can be loosely divided into four main groups. Those that grow

either totally submerged and are often, although not always rooted (1), those that float

freely on the surface and typically remain unrooted (2) and those that have an

immersed and rooted basal structure but with upper immersed parts with leaves either

emergent (3) or floating on the waters surface (4). Macrophytes are diverse in form

and structure not merely between species but also within as morphological differences

can occur within a species depending upon the environmental conditions in which it

finds itself (Smith 1982). Having adapted to nearly all aquatic habitats they are a

common sight within freshwater systems. However this diversity and adaptabil ity has

also enabled aquatic macrophytes to establish in areas outside of their natural range.

With increases in anthropogenic migration and commerce, plants and animals, aquatic

and terrestrial, have been globally distributed both intentionally and accidentally.
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Horticulturists have intentionally introduced many aquatic plants. Water hyacinth

(Eichhornia crassipes (Martias) Solms) (Fig. 1), a hugely problematic aquatic weed,

was taken from its native range in the Amazon River basin and spread around the

world during the 19th century. It was seen as a botanical speciality and because of its

beautiful and delicate inflorescence used to decorate ornamental ponds (Penfound &

Earle 1948, Lindsey & Hirt 1999). On the other hand some plants have been taken by

settlers due to the benefits those plants provided their society in the homeland.

Furthermore the inevitable influence of global travel has resulted in plants and their

spores becoming accidental travellers within many diverse forms of transport such as

suitcases or tanker ballast waters (Hayes 2002). As such non-indigenous plants can

and indeed often have colonised new aquatic habitats.

Various terms have been used to describe these aquatic macrophytes such as alien and

invasive. Synonyms for alien species include exotic, introduced, non-indigenous and

non-native species. Alien species include those introduced and present in areas

beyond their known historical range. This includes introductions from other

continents, bioregions and also those not native to the local geographic region (Melvin

1999). Clearly many alien species are not problematic and indeed coexist peacefully

within native ecosystems providing habitat and sustenance to native wildli fe and

human populations. Invasive species however are those alien species that invade

habitats and displace other species through rapid growth and spread. Invasive species

are easily propagated asexually by root or stem fragments and / or rapidly mature, are

typically proli fic seed producers and have high seed germination rates (Auld et al.

1987). Alien species that are inclined to invasiveness also have the added advantage

of being relatively free from natural controls such as disease, parasites or even

herbivores as a result of them being outside of their natural biogeographic ranges

(Melvin 1999). Therefore alien species can expend more energy on growth and

reproduction thus aiding their invasive nature Bazzaz et al. (1987).

Invasive species have been referred to as a form of biological pollution because they

can upset equilibria between native species that have formed slowly over millennia

within natural ecosystems. However how do invasive species interfere with

waterbodies and wetlands? Although every species behaves differently in the

environment as well as in its interaction with other species there are general patterns
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of influence that commonly occur. When an invasive plant enters a new habitat it will

out-compete and thus displace native vegetation thereby becoming established. Some

of the ways such displacements affect the native biota include a reduction in

biodiversity, a decrease in habitat and food and an overall change to ecological

processes (de Groot 1993). Furthermore invasive species may even hybridise with

native plants further changing the ecosystem (Melvin 1999).

As invasive species can rapidly out-compete natives and dominate an ecosystem a

reduction in biodiversity follows. Indeed it is estimated that alien, invasive species are

implicated in 42 % of the species listed as endangered or threatened under the United

States Endangered Species Act (Melvin 1999). Furthermore as native flora and fauna

have co-evolved over long periods of time replacement of native vegetative systems

with ones dominated by invasive species typically alters these relationships with

accompanying reductions in available habitat and food.

Ecosystem processes may change as a result of invasive plants. Native ecosystems

have developed under and adapted to particular abiotic factors and ecosystem

processes such as rates of nutrient cycling, rainfall patterns and fire regimes. The

presence of alien species can alter these processes which has a knock on effect to the

ecosystem as a whole (Flack & Benton 1998). For instance where water hyacinth has

been introduced it alters the natural hydrologic cycle by transpiring greater quantities

of water, up to three times more, than native vegetation in the same habitat (de Groot

1993). Water tables and some surface water habitats are thus reduced and native

species are impacted.

Invasive water weeds also have more direct impacts on anthropogenic activities. Due

to their typically fast growth rate and the absence of predators they can make

waterways unnavigable, decrease the generating capacity of hydro-electric stations,

reduce fishing catches and block irrigation canals. By clogging sewage and drainage

systems, they can cause flooding, contaminate drinking water and create breeding

grounds for harmful insects and bacteria (Twongo et al. 1995, de Groot 1993). In

West Africa the inland waters of Ghana, Burkina Faso and Togo have been

particularly hard hit by invasive macrophytes. The weeds slow down the boats of

fishermen and make landings diff icult, as a result more of their catch goes off.
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Fishermen also use more fuel, up to three times as much, to push their boats through

the heavy weeds (Akinyemiju 1987, FAO 2000). These increased costs are then

reflected in consumer prices.

Whilst invasive aquatic macrophytes such as submerged hydrilla (Hydrill a verticill ata

(L. fil.) Royle) and Eurasian watermilfoil (Myriophyllum spicatum Linaeus) are

problematic around the world (Gangstad 1978) the weeds that have caused most

nuisance, especially in the tropics, are the floating plants such as water hyacinth,

floating water fern (Salvinia molesta Mitchell) (Fig. 2) and to a lesser extent water

lettuce (Pistia stratiotes Linaeus) (Fig. 3). These three species are well known for

their abil ity to colonise, establish and alter physical and biological functions within

aquatic systems (de Groot 1993, Howard & Harley 1998).

Water hyacinth, a perennial, herbaceous member of the pickerelweed family

(Pontederiaceae), is native to tropical America. It can grow up to a metre or so in

height and can double its biomass in 6 days (Lindsey & Hirt 1999). It has an attractive

purple flower that has made it a favourite amongst horticulturists. As a result it has

been spread widely. It was recorded in Egypt in the 1870s, the USA in the 1880s,

Australia and southern Asia by the 1890s, China and the Pacific by the early 1900s,

South Africa in 1910, East Africa by the 1930s and West Africa by the 1970s. It is

now established throughout tropical and warm temperate regions of the world (Gopal

1987, Julien et al. 1999). Reproduction is largely by vegetative growth with daughter

plants forming from stolons that break allowing dispersal by wind and current.

However large quantities of seeds are also produced which sink and remain viable in

the benthic substrate for up to 20 years (Das 1969).

Floating water fern is a free-floating, branched member of the Salviniaceae family. It

originates from south-eastern Brazil and is probably the hybrid of two species, S.

biloba and S. auriculata (Forno & Harley 1979). Individual plants are up to 30 cm

long with numerous leaves that are capable of rapid growth doubling in biomass in

just over 2 days (Harley & Mitchell 1981) and forming dense mats. Common in

aquaria it has been spread to most tropical and subtropical areas of the world. It

arrived in Asia in 1939 (Will iams 1956), Southern Africa, namely the Zambezi River,

in 1949 (de Groot 1993), East Africa in 1957 when it was accidentally introduced into
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a dam near Kitale in Kenya (Ivens 1967) and Australia in 1953. The plant is

considered to be a sterile pentaploid and only reproduces vegetatively by parent plants

breaking and forming numerous daughter plants although other members of its family

form sporocarps on their trailing underwater stems (Mitchell 1978).

The origin of water lettuce is uncertain and while it may have originated in South

America it has been used in Africa as a medicine and fodder for cattle for centuries

being recorded in Egypt in 77 A.D. (Sculthorpe 1967). As such it is now considered a

native of Northern Africa (Harley 1993). However it has spread over the rest of Africa

and parts of Asia and in the 1970s also found its way to Australia (Mitchell 1978).

Water lettuce reproduces both vegetatively and sexually. It is less aggressive and

smaller than either water hyacinth or floating water fern and has, in places, been

replaced by these more aggressive plants. However it can still cause serious problems

in tropical and subtropical regions such as blocking inlet grilles of hydro-electric

stations as it has done on the Pangani River in Tanzania (Ivens 1967).

Eutrophication and invasive aquatic weeds

Nutrients are continuously lost from lakes. Loss occurs through outflows, burial

within sediments or to the atmosphere (Moss et al. 1997). Therefore allochthonous

inputs of nutrients into a lake are extremely important to the production within that

lake. Eutrophication can be defined as the gradual increase in the concentration of

phosphorus, nitrogen and other plant nutrients in ageing aquatic systems, such as a

lake, which results in the system becoming more productive. Eutrophication was

originally identified as an inevitable and natural phenomenon and the process usually

takes thousands of years to progress eventually reaching an end point as the lake is

converted to a wetland (Lindeman 1942, Deevey 1942). However later investigations

found that lakes may enter phases where their waters become more oligotrophic or

more eutrophic due to biogeochemical changes in their catchments (Haworth 1969,

Macan 1970). For example climate change can influence chemical weathering and

thus nutrient loading can alter (Pennington 1981, Whiteside 1983). As such lakes

naturally high in nutrients do exist dependent on the yield of nutrients from their

catchments and the morphology of their basins (McGowan et al. 1999, Moss et al.

1994). Overall however the most pervasive cause of nutrient enrichment within



7

waterbodies is usually considered to be anthropogenic in nature. Whilst technically

this is termed cultural or anthropogenic eutrophication it is more readily just called

eutrophication and refers to increasing nutrient concentrations in receiving

waterbodies and the consequent rise in organic productivity.

In nearly all cases the expansion of human colonisation has brought eutrophication

and other ecological shifts within lakes. The expansion of the Roman Empire resulted

in algal species changing in some lakes, indicating that eutrophication had occurred

(Jones et al. 1978). More recently the settlement and growth of cities like Seattle has

resulted in similar changes within the algal community of associated lakes (Stockner

& Benson 1967). Sawyer (1947) and Hasler (1947) were among the first scientists to

see that industrialisation and urbanisation were having serious effects on lake

ecosystems. Sawyer (1947) investigated a chain of lakes in Wisconsin, USA and

found that sewage effluent from the town of Madison was the cause of algal blooms

and resulting odours in Lakes Monona and Waubesa. Nutrients can however enter a

system from several sources. Point sources, as the name implies, enter at a single

point and include outputs from such things as sewage treatment works that can carry

large volumes of industrial as well as domestic waste. When a contaminant comes

from a widespread area, rather than from a specific point, the source of the

contaminant is known as diffuse or non-point source (Nebel & Wright 1998).

Palaeolimnological records have shown that eutrophication has occurred globally and

diachronically (Fritz 1989, Zullig 1989, Anderson 1995). As such these records

identify that eutrophication is not just a recent phenomenon occurring only within the

last hundred years or so. However the increase in eutrophication due to industrial,

urban and agricultural policies and phosphorus and nitrogen usage has wrought

changes in lakes over the last few decades that have caused great concern to scientists,

governments and the public alike. These concerns are based around problems of water

supply, recreation, aesthetic value, public health and loss of biodiversity. However

what are the impacts of eutrophication on aquatic macrophytes? Aquatic plant

biomass often increases when nutrient loading from within a catchment increases

(Mitchell 1974). As rooted emergent and floating leaved macrophytes typically gain a

substantial amount of their nutrient requirements from sediments via their roots, it is

the unrooted submerged and free-floating plants that generally respond most
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dramatically to eutrophication. Free-floating plants depend almost entirely on the

water beneath them for their nutrients and can respond in a similar way to

phytoplankton (Denny 1980). However phytoplankton, being surrounded by water

and smaller, have shorter diffusion pathways than macrophytes and are thus usually

quicker to respond to increased nutrient loads. As such phytoplankton can often out-

compete macrophytes for increased nutrients. In some circumstances though

macrophytes prevent phytoplankton blooms from developing thus enabling

macrophytes to survive and dominate in relatively high nutrient conditions. Ultimately

as eutrophication increases submerged macrophytes do disappear because of light

limitation through shading and a phytoplankton dominated state takes over (Timms &

Moss 1984, Scheffer 1993). Floating plants however are not affected by decreasing

light penetration within the waterbody and can persist and indeed benefit from

increasing nutrient supplies. In fact if phytoplankton growth becomes light limited

because of self shading or shading from floating plants, then floating plants can take

advantage of the increased nutrient availabil ity and expand their coverage even

further. Overall eutrophication can increase floating plant biomass of both native as

well as invasive macrophytes but as invasives are superior competitors with fewer

parasites or grazers they consequently flourish to a greater extent than natives. This

can lead to severe problems within lakes.

Within Africa there are several incidences of eutrophication leading to an increased

biomass of invasive water weeds and subsequently having detrimental impacts upon

lakes. When new lakes are formed waters that once ran through deposit their nutrient

rich sediment in the recently formed lake. In addition increased water retention behind

the dam reduces washout of plankton populations. Soils, newly waterlogged, release

nutrients and terrestrial vegetation, now inundated, rots and also releases nutrients.

Oxygen levels can also fall as a result of decomposition and this can further increase

the release of soil bound nutrients from mineral particles. After a while deltas form at

the lake periphery and sediment is deposited there whilst submerged soils no longer

leach nutrients and terrestrial vegetation has all been broken down. Once the lake has

reached capacity nutrient loss via outflow streams will remove a considerable amount

of the nutrient load. But in the initial flooding phase there can be a considerable

loading of nitrogen and phosphorus compounds within the lake (Moss 1991).
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The construction of the Kariba Dam on the Zambezi River along the border between

Zimbabwe and Zambia was completed in 1959 and provides a prime example of how

eutrophication, due to reservoir creation, can favour the expansion of invasive

macrophytes. It was a massive undertaking and formed Lake Kariba a 300 km long

waterbody with a maximum surface are of 5580 km2 (Fig. 4) much of it over flooded

land. Shortly after the dam's completion, during the flooding and nutrient loading

phase, the invasive weed S. molesta appeared. At the time the lakes maximum storage

capacity was reached in 1962 weed infestation was at its peak covering 22 % of the

lake's surface i.e. in excess of 1000 km2 (Denny 1985). In the mid 1960s and as a

result of flushing of plants and nutrients, that could only occur once the lake had

filled, the infestation declined to about 12 %. There then followed a collapse

attributed to several factors such as a grasshopper (Paulinia acuminata) that was

introduced as a biological control in 1970 as well as the large scale removal of

Limnothriss miodon, a clupeid introduced from Lake Tanganyika, whereby as much

as 50 tons of P was harvested from the lake annually (Marshall 1993).  Whatever the

cause of the collapse in 1980 S. molesta only covered 1 % of the lake surface and was

considered to no longer be problematic. Since then P. stratiotes has appeared but not

to any great extent. In more recent years however water hyacinth has begun to cause

problems. It first appeared in the lake in 1984 but reached the eastern shores of Gache

Gache Bay by 1994 where plants covered over 4 km2 of the bay. This has had serious

socio-economic impacts for the local communities there (Chikwenhere 1993).

Lake Chivero, formerly known as Lake McIlwaine, in Zimbabwe has had similar

problems. It is a small man-made lake with a surface area of 26 km2 (Fig. 4). It was

dammed in 1952 likely undergoing a similar initial phase of eutrophication as other

dammed waterbodies. However in addition the Manyame River system washed soil

and agricultural nutrients into the lake and enrichment was further increased as a

result of industrial and sewage effluent entering from the city of Harare (Chikwenhere

& Phiri 1999). Water hyacinth was first identified in the lake in 1953, one year after

dam completion, however the first major outbreak was not until 1955. This was

controlled with herbicides but the weed returned with outbreaks in 1971 and 1986

with over 20 % of the lake surface being covered with the weed. There then followed

a period where the macrophyte community was dominated by P. stratiotes but this

was later replaced again with water hyacinth and by 1990 it covered over a third of
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the lake surface. Undoubtedly high nutrient levels in the lake were a main causative

factor for the water hyacinth invasion (Marshall 1993, Moyo 1997). By 1997 the weed

had diminished to less than 5 % cover but whether this was as a result of control

methods or that the lake was flooded in 1996, potentially flushing weed and nutrients

out of the system, has not been determined.

Several lakes in Ghana have undergone weed invasions following impoundment. The

Akosombo Dam on the River Volta in Ghana formed Lake Volta. Completed in 1966

the lake is around 400 km long and 25 km wide covering a surface area of about 8500

km2 (Fig. 4). The whole lake became anoxic for a while after completion as a result of

decomposing softwood forests. The resulting de-oxygenated hypolimnion likely led to

the release of phosphorus from iron and manganese mineral complexes in the

sediment thus bringing them into the water column (Mortimer 1941). The lake has

infamously been troubled by the invasive P. stratiotes (Okali &  Hall 1974). Other

man-made lakes in Ghana have had similar problems such as the Weija and Kpong

reservoirs (Odei 1973, de Graft-Johnson 1993) (Fig. 4). The identification of water

hyacinth in Ghana in 1984 has caused further concerns and throughout Ghana the

implications of eutrophication on invasive weeds are well understood (de Graft-

Johnson 1993).

In Tanzania the dam reservoir Nyumba ya Mungu (Fig. 4) similarly went through an

initial eutrophic phase upon completion and fill ing of the reservoir (Taylor 1993).

However an initial phase of eutrophication does not always occur. In Lake Nasser,

Egypt and Sudan, (Fig. 4) the basin, comprising largely of rock and sand, showed no

initial signs of eutrophication. Indeed it appears that Lake Nasser is still free of any

major infestations of invasive weeds (Fayad 1999).

As previously mentioned nutrients within a lake tend either to be washed out, locked

within the sediment or lost to the atmosphere. As such following a period of

disturbance man-made lakes often begin to become more oligotrophic as the internal

loading subsides. However this is only true if additional anthropogenic eutrophication

does not occur. In Lake Kainji, Nigeria (Fig. 4), water retention is short and the loss

of nutrients by flushing rapid (Moss 1991). As such nutrient build up and problems

with invasive weed were not initially apparent. The situation changed however and in
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1994 when large floating mats of water hyacinth became prevalent in the lake (Farri

& Boroffice 1999). Agricultural and urban run-off containing high nutrient loads was

blamed for these later infestations of invasive weeds. The same process can be seen

within naturally occurring lakes.

Lake Naivasha in Kenya is a natural freshwater lake with a surface area of 150 km2

(Fig. 4). It has had severe S. molesta infestations since 1962. At times up to 25 % of

the lake surface has been covered by the weed (Ivens 1971). In the early 1990s water

hyacinth began to proli ferate and has now largely replaced S. molesta (Ivens 1971,

Njuguna & Thitai 1993). Eutrophication resulting from agricultural and urban run-off

within the lake catchment has aided the invasion of these aquatic weeds (Harper

1992). Likewise in Zambia water hyacinth on the Lower Kafue River has been

directly attributed to anthropogenic nutrient loading. Water hyacinth first appeared in

Zambia in the 1960s. In the early 1970s it was seen on the Lower Kafue River and by

1998 the government had declared it a national disaster (Kampeshi & Shantima 1999).

The main infestation was near the large commercial farms in the Mazabuka area some

100 km from the Kafue Gorge Dam and as such was considered to have been

encouraged by farm run-off rather than being influenced by the dam.

Lake Victoria

Located at the equator at an altitude of 1134 m Lake Victoria is the second largest

lake in the world with a surface area of almost 69,000 km2 and 3450 km of shoreline.

It has a residence time of 21 years and a flushing time of almost 150 years. Lake

Victoria is shared by Kenya, Tanzania and Uganda. Living within its catchment area

of over 250,000 km2, which includes parts of Rwanda and Burundi (Fig. 5) are 28

million people. The lake system is a hugely important socio-economic resource to

these people and their governments. On a local level it is an important source of

drinking and irrigation water as well as food. In addition the lake offers an effective

medium for transportation. On a national level it provides export revenue from

fisheries (both live and processed exports), electricity from hydro-power generation

and income from tourism for both governments and local populations alike.

Furthermore the lake is a convenient disposal site for human, agricultural and

industrial waste (Balirwa 1998). The area surrounding Lake Victoria is rich in
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agriculture, animal husbandry and industrial growth and is the most densely populated

area in the region (Bootsma & Hecky 1993, Hecky 1993). Annual population growth

is in the region of 3 % and yet the population is among the poorest in the world with a

per capita income of under US$ 300 per annum (UNECA 1995).

Lake Victoria is not an isolated waterbody as its catchment area clearly crosses

several national boundaries. Indeed the lake contributes to the hydrological regime of

the Nile basin and the ecohydrology of the whole region (Bugenyi &  Balirwa 1998).

Moreover the vegetated littoral habitats are closely linked to the ecology of the lake

(Beadle 1981). Indeed many freshwater lakes are dynamically dependent upon their

riparian zone. In contrast to smaller lakes and even large reservoirs, which typically

have long dendritic forms with relatively simplistic shorelines, Lake Victoria is an old

flooded land surface (Johnson et al. 1996) with a complex shoreline of many local

embayments and protected channels. These bays and channels can be more directly

affected by human activities than the broad open expanses of other waterbodies and

provide different ecological conditions for plant growth (Kling et al. 2001). The

wetland ecotone, being the transition zone between land and water and thus two very

different ecological systems, is complex and damage of it highly undesirable. Without

the wetland acting as a buffer the influence of one of the bounding ecosystems on the

other can be both large and potentially detrimental (Holland 1988). The impacts can

go in either direction be that increased run-off and eutrophication from the land to

water or increased flooding of land adjacent to water.

The largest wetland areas surrounding Lake Victoria are in western Uganda where the

Katonga and Ruizi-Kibale Rivers drain into the lake (Beadle & Lind 1960). Along the

Kenyan shoreline are the Yala and Nyando wetlands. Other important areas include

the wetlands around major urban conurbations such as Kampala and Jinja that help

reduce inputs of nutrients from those towns through natural purification processes

(Balirwa 1998). The plant community of all these wetlands is dominated by emergent

species such as papyrus (Cyperus papyrus Linaeus), hippo grass (Vossia cuspidada

(Roxb.) Griff.), bulrush (Typha domingensis (Pers.) Kunth) and reeds (Phragmites

mauritianus Kunth). However over the last two decades one invasive weed has

become prevalent. Of the three floating aquatic weeds outlined above only water

hyacinth is a serious problem in Uganda. Water fern is apparently not present in
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Uganda and although water lettuce can be found in most of Uganda's aquatic systems

it has not attained the same pest status that water hyacinth has. (Twongo 1993)

Water hyacinth has been in Africa since the 1870s but was not reported in Lake

Victoria until 1989 although it is believed to have been present since at least the early

1980s (Twongo & Balirwa 1995). It was present upstream of Lake Victoria on

European plantations within the Kagera catchment since at least the 1940’s and

reached nuisance levels here, choking riverine wetland lakes, by the 1980’s.

Migration via the Kagera River was the most likely point of entry for water hyacinth

into Lake Victoria. Indeed the Kagera River remains an active immigration point for

water hyacinth. The problems associated with water hyacinth became apparent in

Lake Victoria in the early 1990s. As demonstrated in the Democratic Republic of

Congo where two plants were seen to produce 1200 daughter plants over four months

(Ivens 1967) water hyacinth has massive growth potential. By 1995 80 % of the

Ugandan coastline was fringed with the plant (Matagi 2002). The weed usually

formed mats that extended out from shore for at least 15 m but could in places

completely cover small embayments. In Murchison Bay, which receives the urban

run-off and sewage of the City of Kampala, the fringe crept out beyond 50 m and

formed dense floating mats, some of which were over 300 ha in size.

Water hyacinth, with its characteristic thick fringes and floating mats, has had serious

impacts on many aspects of li fe around Lake Victoria (Twongo 1996). The weed has

impeded navigation, even in motorised boats and transportation costs have risen due

to the necessity of taking alternative indirect routes or as a result of motoring through

the mats which, if physically possible, increases fuel consumption. The weed has

affected fishermen by fouling their nets and traps, reducing catches and preventing

access to landing sites. Under the mats reduced light and oxygen has decreased

plankton primary production and native fish have died. Fish are an important source

of protein to lake side communities and without it health suffers. Moreover the mats

are breeding grounds for carriers of human and animal disease such as malaria,

schistosomiasis, encephalitis and river blindness. Irrigation schemes have been put

under pressure and indeed irrigation channels blocked. The weed has reduced the

supply of clean potable water and caused difficulties in water extraction.

Unsurprisingly its presence has increased disputes between local communities and
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overall has been was responsible for the translocation of some communities away

from Lake Victoria when local watering points and lake access became unavailable.

Within the wetland fringe elimination of native plants, through successional shifts, has

occurred and generally a loss of biodiversity apparent (Willoughby et al. 1996). Apart

from the reduction in national revenue, from the reduced export of fish produce,

tourism has declined and intermittent closure of the hydro-electric plant in Jinga, due

to weed build up, has caused disruption within Uganda's capital, Kampala (Twongo &

Balirwa 1995, Twongo et al. 1995, Lindsey & Hirt 1999).

However despite the proli fic and aggressively invasive nature of water hyacinth and

its dominance in Lake Victoria during the 1990s. By the end of 1998 80 % of the

weed had gone (LVEMP 2001) and by 2000 although small pockets could be seen the

weed was no longer the nuisance it had been. Various control methods (see below)

had been utilised and its demise was largely attributed to the use of a biological

control. However recent work strongly suggests that the climatic influence of El Nino

also played a major role in the weeds subsidence (Wil liams et al. in review).

Furthermore despite its disappearance it is likely that the weed will return and indeed

recent evidence indicates that this may already be happening with water hyacinth

clogging the mouth of Murchison Bay at Port bell and preventing fishermen from

launching their boats (IMPECCA 2001, TNV 2002). It might be considered that at

worst any water hyacinth resurgence event would not exceed the extent to which it

reached in 1998. However Lake Victoria is a changing system and as such it is

important to consider the potential impact of water hyacinth resurgence within Lake

Victoria under these changing conditions. Furthermore it is essential to define the best

possible methods for its control so that they may be applied in a timely manner to

prevent resurgence.

The growth rate of water hyacinth is strongly dependent upon the concentration of

dissolved nitrogen (N) and phosphorus (P) within which it grows (Debusk & Dierberg

1989, Moorhead et al. 1988, Reddy et al. 1989, 1999). Reddy & Tucker (1983) found

that rates of N and P uptake were similar to one another and correlated directly with

growth. Desougi (1984) found that low levels of total P (0 - 0.62 mg L-1) significantly

inhibited growth relative to higher concentrations and plant productivity did not

increase with concentrations of total N above 21 mg L-1 and total P above 62 mg L-1.
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Sato & Kondo (1981) on the other hand reported that water hyacinth achieved its

maximum growth rate at nutrient concentrations of 28 mg L-1 total N and 7.7 mg L-1

total P.

Gophen et al. (1995) found average concentrations of total N and total P within Lake

Victoria (Kenya) to be 0.64 and 0.07 mg L-1 respectively. Likewise Guildford and

Hecky (2000) report a mean total P concentration for offshore Lake Victoria (Uganda)

of 0.08 mg L-1. Although measurements taken from Napoleon Bay in 2001 (A.E.

Will iams pers. obs.) found the concentrations, at that time, to be a higher and in the

region of 0.75 and 0.18 mg L-1 for total N and total P respectively. In Murchison Bay

and other inlets fed with nutrient rich waters from land run-off and sewage outfalls

from large municipalities the concentrations can be an order of magnitude higher than

these (Fisheries Resources Research Institute Uganda unpublished data). However

despite this range, 0.64 - 7.5 mg L-1 total N and 0.07 - 18.0 mg L-1 total P, the levels

are still below those required for maximum weed growth. This is particularly so for N.

The C:N:P ratio from plant tissues provides more information concerning the relative

scarcity of certain nutrients. In July 1995 the average C:N:P ratio (atoms) for water

hyacinth plants from the north-eastern area of Lake Victoria was 995:31:1 (n = 23,

SEM = 208:6.4:0.21) (R.E. Hecky unpublished data) whilst in July 2001 it was

327:19:1 (n = 8, SEM = 116:6.6:0.35) (A.E. Williams unpublished data). These ratios

are not identical and Duarte (1990) suggested variability in N and P content could be

due to plants growing in different nutrient concentrations found within their local

environments. This fact is not helped by the mobili ty of the plants in that where a

plant is found does not necessarily indicate where it grew. Moreover the analysed

plants were taken during different growing seasons. However there is a similar pattern

between the two groups of plants in comparison with the Redfield ratio of 106:16:1

(Redfield 1934), which is often considered optimal for phytoplankton growth, in that

water hyacinth requires a great deal of carbon relative to the other two macronutrients.

As a large macrophyte the requirement for more carbon relative to phytoplankton is

clearly understandable and this nutrient is available to water hyacinth in inexhaustible

supply from the atmosphere. Atkinson & Smith (1983) found that the mean C:N:P

ratio for 92 benthic marine macroalgae and seagrasses was 700:35:1 whilst using data

from 26 other species described in the literature the ratio was 430:17:1. These high
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carbon ratios were accredited to the structural complexity of macroalgae relative to

phytoplankton. The higher carbon requirements of water hyacinth in 1995 prior to

population collapse, in comparison to 2001 when populations were low, may have

been due to the size of plants. In a crowded environment the need to grow above your

neighbours and therefore your competitors is paramount for obtaining sufficient solar

radiation. In fact water hyacinth is known to adapt morphologically to reduced light

conditions by extending their petioles (Methy et al. 1990, Methy & Roy 1993). In

1995 when dense mats were present within Lake Victoria and plants were therefore in

strong competition with one another the plants were probably, on the whole, taller.

Furthermore Atkinson & Smith (1983) found that plants grown in low nutrient

conditions had higher C:N and C:P ratios than those grown in nutrient rich waters. As

such in 1995 the higher biomass of weed probably reduced the total amount of

available nutrients and thus raised the C:N and C:P ratios. Moreover growth in dense

mats might also explain the higher N:P ratios seen in 1995 and suggests that in dense

stands P may ultimately limit growth. In 2001 when relatively few plants were present

the N:P ratio is much closer to the Redfield ratio and as such may indicate that neither

N nor P were limiting water hyacinth growth to the same extent as they seemed to be

in 1995.

Other plant nutrients are also important. Water hyacinth grown in a medium that

lacked calcium did not reproduce and a threshold of 5 mg L-1 was determined.

Likewise Fe deficiency (< 0.3 mg L-1) inhibited growth and resulted in chlorosis of

the leaves (Gopal 1987). In 1995 Fe levels in Lake Victoria were less than 0.05 mg L-

1, well below the published threshold. However in the near shore environment iron

may be mobil ised from insoluble iron oxides as a result of the anoxic conditions

existing beneath floating weed mats (Hill et al. 1999) although equally during

prolonged anoxia iron is lost to the sediment as it binds with sulphide. In June 2001

concentrations of calcium within the waters of Thruston and Napoleon Bay, including

both open water and near shore sites, was on average 4.7 mg L-1 (n = 16, SEM = 0.12

mg L-1) and Fe 0.32 mg L-1 (n = 16, SEM = 0.04 mg L-1). Whilst plant tissues (leaf

and root combined) contained 10.6 and 6.1 mg g-1 of calcium and iron respectively (n

= 8, SEM = 1.8 and 2.9 mg g-1 respectively). Likewise the sediment contained 5.0 and

9.3 mg g-1 of calcium and iron (n = 13, SEM = 1.3 and 2.2 mg g-1) respectively.
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Overall water hyacinth plants, at the low population densities observed in 2001, did

not seem unduly stressed and in competition for nutrients. Although it is apparent that

water hyacinth can proli ferate in a wide range of nutrient regimes it is also clear that

water hyacinth thrives in high levels of nutrients. In the 1990s water hyacinth was

particularly abundant in Speke Gulf, Tanzania (Fig. 5). This was most likely as a

result of discharge wastes from Mwanza Town (APS 1991). Likewise in Murchison

Bay, Uganda where nutrient levels are typically 10 times higher than that found in

open water, as a result of inputs from the city of Kampala, weed proli feration was and

still is greater than in many other areas of the lake. As such any increase in nutrients

within Lake Victoria is highly undesirable from many ecological perspectives not

least of which is the potential massive proli feration of water hyacinth under such

conditions.

Lake Victoria is however becoming more eutrophicated and this may have serious

consequences for the return of the weed. Evidence for this eutrophication is well

documented. During the 1950s and 60s the distribution of oxygen within Lake

Victoria followed an annual cycle of thermal stratification. From a thermally stratified

state developing in September, the lake's isotherms began to destabilise and usually

by January wind and internal waves could mix the lake making it almost isothermal

between July and August. Oxygen concentrations were only low during the stratified

period and then only below a depth of 55 m. Complete anoxia was rare. Throughout

the year surface oxygen levels were, as a result of atmospheric diffusion, high

typically being in the region of 95 - 100 % and even during periods of mixing, surface

waters were still at 90 % oxygen saturation (Talling 1957, Fish 1959, Newell 1960,

Kitaka 1971). However by the 1980s things had changed. Oxygen concentrations in

the top 20 m of the lake had risen in comparison to the 1960s. Indeed the surface

waters were often supersaturated. However at a depth below 40 m oxygen levels had

fallen and during the thermally stratified period from October to March between 30 -

50 % of the bottom of the lake was anoxic (Hecky 1993, Hecky et al. 1994) (Fig. 6).

As a result of anoxic conditions in the hypolimnion and in general near the lake

bottom, denitrification has likely increased (Hecky et al. 1996). In turn this results in

low N:P ratios beneath the thermocline and throughout the water column once the

system turns over. Furthermore due to the de-oxygenated hypolimnion phosphorus is
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more likely to be released from iron and manganese complexes in the sediment thus

bringing more P into the water column and further decreasing the N:P ratio (Mortimer

1941) and as seen from the nutrient concentrations described above (Gophen et al.

1995). However most (> 90 %) P in sediments is organically bound (R.E. Hecky

unpublished data) and release from sediments due to anoxia may be a minor process

in the P cycle. Closer to shore the situation is slightly different in that light is available

for nitrogen fixation (Mugidde et al. in press) throughout the shallower waters and

oxygen is higher thus reducing denitrification and phosphorus release and so the N:P

ratio increases (Bootsma & Hecky 1993, Hecky 1993). Nonetheless a decreasing N:P

ratio will encourage the development of nitrogen-fixing cyanophyta and moreover the

algae community has changed. Talling (1965) recorded a clear seasonal succession

within the phytoplankton, which consisted largely of diatoms (Aulacoseira and

Cyclostephanus), cyanophyta (Anabaena) as well as chlorophyta. Now the system is

dominated by more nitrogen-fixing cyanophyta such as Cylindrospermopsis,

Planktolyngbya and Anabaena as well as low-sil iceous diatoms such as Nitzschia

(Ochumba & Kibaara 1989, Lehman & Branstrator 1993, Kling et al. 2001). The

changes in the algal community have resulted in higher rates of photosynthesis and

nitrogen fixation. Indeed a two fold increase in pelagic productivity and a four or five

fold biomass increase has been contemporaneous with the shift to nitrogen-fixing

cyanophyta and the increase has lead to surface waters being supersaturated with

oxygen (Hecky 1993, Mugidde 1993, Lung'ayia et al. 2001).

The changes that have been seen over the last few decades are given further credence

with the aid of palaeolimnological evidence gleaned from sediment cores from the

bottom of Lake Victoria. These identify that the changes now seen in the lake began

in the 1940s becoming very noticeable in the 1960s (Fig. 7). Not only do the cores

confirm changes in nutrient deposition and algal species they also show that the

benthic macro-invertebrates underwent change. The abundance ratios of Procladius

brevipetiolatus and Chironomus imicola, anoxia intolerant and tolerant Chironomidae

respectively, shifted towards the anoxia tolerant species in the 1960s (Hecky 1993,

Vershuren et al. 2002).

It is imperative to understand why these biotic and abiotic changes occurred if

successful management of the system and invasive weeds is to be relevant and
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successful. Initially it was considered that fish introductions, in particular the

voracious predator Nile perch (Lates niloticus) introduced in the mid 1950s, had

impacted the food chain and disrupted the ecological stabil ity of the system from a

top-down perspective. This in turn affected nutrient regeneration and recycling

(Ogutu-Ohwayo 1990, Carpenter et al. 1986). However whilst fish introductions did

no doubt have an impact (Kaufman 1992) on the fish community, it is now understood

that changes within the lake began to manifest themselves by at least the 1940s i.e.

over a decade before the fish were introduced (Verschuren et al. 2002). Therefore

some other factor was responsible. Natural climatic changes have been observed

through Lake Victoria's history in that water temperatures have risen in the later half

of the 19th century to present (Hecky 1993, Hecky et al. 1994) and changes in water

level are also apparent, a 2.5 m rise between 1961 - 1964 and another significant rise

of 1.5 m between 1977 - 1980 (Kite 1981). Such climatic alterations could impact

upon the processes within the lake. However the rising lake level would only have

increased the surface area by about 3 % (Bootsma & Hecky 1993). This in itself

would not have increased N and P deposition, of the like seen when dams are built

because a lake as large as Victoria is well buffered against small oscil lations in lake

level. Furthermore whilst these climatic events have probably occurred on a number

of occasions within the last 10000 years palaeolimnological evidence identifies that

algal species have remained fairly uniform for at least the last 12400 years, only

beginning to change within the last 80 years (Stager & Johnson 2000; Hecky 1993).

As such the changes in the biological structuring of Lake Victoria and increases in N

and P sedimentation whilst almost certainly interlinked and involved in various and

complicated feed-back and cascading mechanisms (Will iams & Moss 2003) have

been primarily driven by causative agents other than natural climatic variations or fish

introductions.

Phosphorus deposition has increased in sediments and total P concentrations have

risen in lake waters. Indeed there is no doubt that P loading has increased by a factor

of at least 2 and that planktonic primary production has increased to a similar extent

with a shift to nitrogen-fixing cyanophyta. The lake is now light limited for

phytoplankton growth due to self shading by the high algal turbidity and deep mixed

layers (Mugidde 1993, Mugidde et al. in press). It now appears that anthropogenic

activities around the lake have lead to the changes seen today and are the primary
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cause of eutrophication (Hecky 1993, Bootsma & Hecky 1993, Scheren et al. 2000).

The lake has undergone a classic cultural eutrophication (Hecky 1993) with

consequences for the upper food web as well (Seehausen et al. 1997). The whole

process of bottom-up versus top-down control in lakes is a complex process (Wil liams

& Moss 2003) and not within the remit of this chapter to explore. However rather than

a top-down fisheries driven ecosystem it seems that Lake Victoria is a bottom-up

nutrient driven system.

With the population of the Lake Victoria catchment being in the region of 4.5 mill ion

people between 1900 and 1932 the population rose to 27.7 mill ion by 1995 (United

Nations 1995). This was largely due to the completion in 1930 of the Ugandan

railroad and the resulting immigration and better availabil ity of medicine that it

bought. It is therefore unsurprising that changes within Lake Victoria, evident within

the fossil record, began in the 1930s. The increase in population around Lake Victoria

has increased point source pollution resulting from both industrial and municipal

waste. Industrial pollution originates mainly from large towns on the periphery of the

lake and whilst many Kenyan factories do have waste treatment plants most factories

in Uganda and Tanzania do not. Moreover treatment facil ities for municipal waste are

considered, in Uganda, to be either inadequate for the growing population or non-

existent (UNEMA 1995). However the majority of waste from Ugandan factories

does at least filter through a wetland buffer before entering the lake. Overall urban

waste in its entirety accounts for only a small proportion of the nutrient input into

Lake Victoria contributing, as it does, for 6 and 9 % of the total N and P entering the

lake (Scheren et al. 2000).

Of more concern to Lake Victoria is diffuse pollution. With 90 % of the growing

population relying directly on subsistence farming and animal husbandry a growing

population brings increases in agriculture. In the early stages of agricultural

development land is often deforested and burnt. Atmospheric inputs of nutrients are

therefore increased (Bootsma & Hecky 1993). The average rainfall over the lake is

approximately 100 km3 yr-1 (Piper et al. 1986) and based upon calculations by

Scheren et al. (2000) this accounts for 72 % of the N and 36 % of the P entering the

lake.
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A further impact of agriculture is that soil erosion is increased as vegetation is

removed and with Lake Victoria supplying water for irrigation many agricultural plots

are situated adjacent to the lake. Soil as well as organic matter from crop debris thus

enters the system (Lindenschmidt et al. 1998). Agriculture itself brings with it

increased fertili ser use which also enters the lake and in places cattle densities are

above those of the human population with manure also contributing to the nutrient

input of the lake (Bootsma & Hecky, 1993). As the population increases and land

becomes less available agriculture encroaches into the wetlands. Riparian vegetation

surrounding Lake Victoria prevents erosion and the transport of solutes into the lake

(Lindenschmidt et al. 1998). The removal of this vegetation for agricultural and fuel

purposes increases sediment and nutrient loading in the lake. Wetlands, being the

natural purification system between land and water, are critical to the lakes

functioning. Whilst soils themselves are efficient phosphorus retainers, nitrogen

compounds are very soluble and plant uptake and denitrification within wetlands

reduces nitrogen inputs dramatically. The reclamation of wetlands due to the growth

of human populations within the Lake Victoria catchment over the last few decades

has probably decreased the buffering capacity of the wetlands and thus further

exacerbated eutrophication (Crul 1995). It has been estimated that agricultural run-off

accounts for the remaining 22 % of N and 55 % of P entering Lake Victoria, the total

of which is in the order of 117000 t yr-1 of N and 14000 t yr-1 of P (Scheren et al.

2000). However these estimates do not allow for biological nitrogen fixation within

the lake nor atmospheric dry deposition that will substantially increase these estimates

(R.E. Hecky unpublished data).

On the whole it is clear that whilst water hyacinth has largely disappeared within Lake

Victoria it is known that water hyacinth growth and production is highly favoured by

an environment rich in nutrients. The current and ongoing eutrophication of Lake

Victoria is therefore of great concern on many levels not least of which is the potential

for an enormous explosion in water hyacinth biomass above and beyond that

previously seen at its peak in the mid 1990s.

If the weed does return there are several methods that can be used to control it. Some

of these were used in Lake Victoria during the 1980s and 90s and some are believed

to have been quite effective.
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The control of water hyacinth

Once established invasives may be difficult or impossible to control or eliminate and

often attempts to do so adversely impact remnant native vegetation (Njuguna & Thitai

1993). If water hyacinth returns to Lake Victoria procedures will be undertaken, as

they were before, to remove it. But the elimination of water weeds is a costly process

both in fiscal and temporal terms. Three basic methods exist to remove the alien

invaders these being physical, chemical and biological controls.

Physical control involves employing manual labour and mechanical harvesters to

remove weeds. The use of physical barriers such as floating booms to coral weeds and

prevent their spread as well as aiding ease of physical removal can also be

implemented (Akinyemiju 1987). In Lake Victoria manual removal at landing stages

was previously undertaken extensively by locals being provided, as they were, with

equipment such as rakes and wheelbarrows via the Lake Victoria Environmental

Management Project (LVEMP) and other emergency response programs. Aquatic

vegetation cutters or "Swamp devils" were used around Kisumu Port and Homa Bay

Pier, Kenya as well as within the vicinity of the hydro-electric dam at Jinja. Booms

were also used, particularly at the hydro-electric dam, to reduce weed expansion

(LVEMP 2000). These techniques clearly worked in that weed was removed.

However benefits are typically localised due to the sheer scale of the problem on Lake

Victoria and short lived as a cleared site can be inundated with new weed in a matter

of days, either through growth of any remaining weed or immigration of plants from

outside of the site. Furthermore booms can become over burdened from the weight of

the weed (Goodland 1995) and machinery can breakdown. Unfortunately with a lack

of expertise, tools and spare parts the expensive harvesters were, on occasion, left to

rust on the shore. However physical control has been used successfully throughout the

world to manage invasive weeds (NAS 1976) and in Nigeria such methods are

considered relatively effective (Juweto 1993). Overall however physical control has to

be intensive and regular and is thus ultimately expensive. The cost of clearing a

hectare of weed is estimated to be between US $ 2400 - 30000 (Haller 1996). Farri &

Boroff ice (1999) when also considering physical control in Nigeria considered it be

too costly (US $ 5000 ha-1). Moreover none of these estimates take account of the

health risks associated with clearing operations as faced by the clearing crews.



23

Therefore for a waterbody the size of Lake Victoria physical control is not a feasible

long-term control option.

Chemical control is, world wide, one of the most commonly used methods of

macrophyte repression. Chemicals can be applied from the air, water or land and some

degree of accuracy as to where the herbicide lands can be achieved. Chemicals such

as diquat, glyphsophate, amitrole and the amine and acid formulations of 2,4-D are

the most effective and commonly used chemicals against water hyacinth. Application

needs to be undertaken by trained individuals using correct dosages and applied at

appropriate stages of growth. When they are applied incorrectly problems can be

encountered not least of which is kil ling non-targeted plant species be they aquatic

macrophytes or agricultural crops (Njuguna & Thitai 1993). Herbicides themselves

typically only cost in the region of US $ 50 ha-1 of treated area however application

costs be that by plane, boat or hand are in addition to this (Howard & Harley 1998).

Therefore herbicide use is only viable over small areas, on the larger scale application

can become prohibitively expensive. However whatever the operational costs if weeds

grow faster than chemicals can be applied then the control of invasives is clearly not

accomplished (de Groot 1993). Moreover if the dead or dying weed is not removed

the rotting biomass can lead to localised de-oxygenation which can in turn lead to

other detrimental impacts upon the waterbody (Mallya 1999, LVEMP 2000).

Furthermore whilst plants may appear to have been controlled the problem may not

have been solved if, as in the case of water hyacinth, seeds remain buried in the

sediment and propagate some years later or, as is more typical, plants remaining in the

marginal vegetation re-colonise the waterbody. Repeated applications are therefore

required (Julien et al. 1999).

The main problem associated with herbicide use and indeed the reason they are not

used as widely as they might be is the potential effect, real or perceived, of chemicals

on humans be that either directly through ingestion or indirectly through reduced

income. Lake Victoria is a major source of drinking water and therefore the problem

of ingestion is clear. Also the sites most affected by water hyacinth and therefore most

in need of herbicide application are typically adjacent to lakeshore communities and

farmlands which increases the risk of destroying non-targeted plants and crops.

Furthermore fear concerning the impact on native biota, not just the loss of non-
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targeted plants but also the potential for bioaccumulation of contaminant dioxins

through the food chain, is also an area of concern for governments considering their

own populations health and the sale of fish to international exporters (Murty &

Mulendema 1999). The lake supports an extremely valuable export fishery that earns

critical foreign exchange for the riparian countries. The European Union, which is a

major importer of fish from Lake Victoria, made it very clear that widespread

application of chemicals could threaten the marketability of the fish. Finally if

biological control is used (see below) the application of herbicides may have impacts

on the biological agents. Whilst experiments have found that diquat, glyphsophate,

and 2,4-D do not increase mortality rates of Neochetina eichhorniae they did move

away from treated plants to untreated ones (Haag 1986). In addition Patnaik et al.

(1987) found that N. bruchi mortality was increased by several of the commonly used

herbicides.

On the whole chemical control, if undertaken correctly, can be very effective in the

short-term but as with physical control the use of herbicides is too expensive for

repeated use on the scale required for Lake Victoria. Whatever the human and

ecosystem effects of herbicide application are, other than limited trials in 1997 within

Ugandan waters, no off icial large scale application of herbicides has been carried out

within Lake Victoria. Currently an agreement among the three riparian states

forecloses application within any one country without prior consultation with the

other countries because of possible economic damage that could arise from loss of the

valuable fish export industry.

Biological control involves the use of host specific agents that are naturally occurring

enemies of invasive weeds in their native bioregion. The United States Department of

Agriculture initiated biological control in Argentina in 1961 and since then weevils,

moths and fungi have been tested for host-specificity (Center 1994). Host specific

agents have now been successfully used to control several aquatic weeds such as

water hyacinth, floating water fern and water lettuce in a variety of localities around

the globe (Harley 1990, de Groot 1993, Julien et al. 1999). Indeed by 1998 a total of 7

agents had been released in 33 countries (Julien & Griffiths 1998). Biological control

of water hyacinth has therefore become very popular and two weevils in particular, N.
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eichhorniae and N. bruchi, have been used extensively and successfully in North

America, Asia, Australia and Africa.

In the long-term once the weed is under control a natural flux between agent and weed

should exist thus keeping in balance the density of weed and numbers of biological

agent present (Howard 2000), although as with all dynamic systems fluctuations in

both populations will occur (Harley 1993). Biological control can provide an

environmentally sensitive, cost effective and permanent solution to invasive weed

growth. However the two draw backs, assuming that host-specificity is guaranteed, is

that biological control usually takes between 3 to 5 years for the insect populations to

reach a level from which control can be achieved (Howard & Harley 1998, Julien et

al. 1999) and moreover it does not always work (Salmah et al. 1991, McFadyen 2000,

Julien et al. 2001).

In Lake Victoria both species of Neochetina weevil were introduced on a large scale

in December 1996 and the 80 % decrease in water hyacinth abundance has been

accredited to these introductions (Ochiel 1999; LVEMP 2000). However the rapid

decrease in water hyacinth biomass from December 1996 to 1998 (2 years) is

extraordinarily fast and not usual of typical weevil control. Whilst the introduction of

weevils into Lake Victoria probably did weaken water hyacinth over large areas, the

driving force behind the sudden and concurrent loss of weed from Lake Victoria, and

other lakes in Uganda during 1997 / 1998, was most likely a result of El Nino events

which occurred at that time (Will iams et al. in review).  El Nino related events likely

had multiple affects on water hyacinth. Since the late 1980s water levels had fallen in

Lake Victoria however the El Nino caused a dramatic increase (> 1 m) in lake level.

Rising water levels dislodged and mobil ized shore bound plant mats and carried the

now free floating mats to open water where wave action helped to destroy them. In

addition extreme river discharges flushed water hyacinth from neighbouring wetlands

and rivers thereby reducing immigration potential in subsequent years. Moreover light

reaching the lake's surface was reduced by thick and extensive cloud cover which

limited plant productivity because of the plant’s high light saturation for

photosynthesis (Will iams et al. in review). All these effects on growth and mortality

caused a rapid decline in hyacinth populations. In any case during 2001 observations

over a 6 month period found weevil abundance to be very low with the majority of
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plants hosting no weevils. Feeding scars were also very minimal (A.E. Williams pers.

obs.). There is a possibil ity that when the water hyacinth mats sank they took with

them many of the weevil larvae and eggs (IMPECCA 2001). Therefore remaining

populations may not be in a natural state of flux, being too few and dispersed, and will

likely be unable to combat any resurgence event.  Reintroduction of the weevil from

rearing centres will be necessary to insure adequate populations to effect control.

However, even at low densities, weevils are now present in the lake and these may

reduce growth rates from those experienced during the original colonization of Lake

Victoria by water hyacinth. A thorough study of the population dynamics of water

hyacinth in Lake Victoria is required to manage the weed effectively and to apportion

the affects of weevil, light, wave action and nutrients on controlling the weed in Lake

Victoria.

Of most use in the control of water hyacinth is an integrated method of control.

Integrated control employs all three of the above control methods in an overall

management strategy. Each of the three is tailored to suit a specific problem and the

extent to which each is used varies with location. In general however mechanical and

chemical controls are used initially to bring short-term benefits whilst the biological

approach, taking longer to implement and develop, follows after the first two control

strategies (de Groot 1993, Howard & Harley 1998). In this regard, maintaining weevil

rearing centres established by the LVEMP wil l be an essential feature of active

management to insure that weevil populations remain at an adequate level for control.

There is one other type of control however that is of key importance but yet is not

mentioned as often as the above control methods - the control of nutrient inputs. The

levels of available nitrogen and phosphorus have often been cited as the most

important factors in limiting water hyacinth growth (Carignan & Neiff 1994, Heard &

Winterton 2000, Musil & Breen 1985, Reddy et al. 1989, 1990, 1991). Indeed a

Commonwealth Science Council survey of exotic floating weeds throughout Africa

(Harley 1993) recommended "that action be taken at a national and sub-regional level

to reduce nutrient input (particularly from urban and industrial waste) into water

bodies, and to develop land-use schemes for long-term utilisation and sustainable

development of watersheds." However in 1993 at a symposium on water hyacinth

control only three papers from 13 country and regional reports mentioned the
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importance of managing nutrient inputs through improved watershed management. In

1998 during a global working group on biological and integrated control of water

hyacinth, in a session dedicated to integrated management, only two out of the 13

papers presented identified the importance of nutrients in controlli ng water hyacinth.

In 2000, at the second meeting of the global working group, just two from 22 papers

contained the word "eutrophication" in the context of it encouraging water hyacinth

whilst the impact of nutrient inputs on weed growth was only mentioned in a further

five. The concerns over nutrient inputs were however often mentioned in the

summaries and overviews of the symposiums and indeed within the global arena the

problems of eutrophication and nutrient pollution are well known by scientists,

governments and the public alike. It is understood that nutrient rich waters offer prime

conditions for weed growth and if unabated eutrophication and lack of management

will lead to future invasions.

The management of Lake Victoria

It is understandable and necessary that from within affected countries scientists and

practitioners of weed control turn to mechanical, chemical and biological means of

short-term control and management. Moreover in the short-term all biological

possibilities should be vigorously explored as appropriate insects are available and

have been used elsewhere often to good effect. Yet the only real long-term solution to

the water hyacinth problem is not biological control but rather the control of

eutrophication and nutrient inputs through sustainable management of watersheds and

resources. The reliance of developing nations on biological control as a long-term

solution rather than sustainable management and development of their treasured

resources is of major concern.

The control and remediation of eutrophication is diff icult due to the complexities of

the systems involved. Many attempts have been made to reduce the impact as well as

causative agents of eutrophication through biological and chemical manipulations.

Biological approaches of controlling eutrophication typically involve the

manipulation of the biological system such as changing the dominance of certain fish

species, particularly piscivorous fish through top-down biomanipulations (Shapiro et

al. 1975, Carpenter et al. 1985). Within the context of Lake Victoria however

chemical manipulations are of more pertinence. Chemical manipulations include the
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treatment of waters flowing from sewage works and factories and reducing diffuse

nutrient loading by changing land-use practices. These approaches can lower nutrient

inputs into a waterbody and thus reduce problems of eutrophication through bottom-

up processes (McQueen 1990). However whilst the control of point sources is

relatively easy the control and treatment of diffuse sources is much more challenging

and non-point sources dominate the current loading of N and P into the lake (Scheren

et al. 2000). Within an African context and in particular Lake Victoria, land

management is key and must be fully planned to minimize the impact of current

practices and to reduce risks inherent in the expansion of agriculture, which at present

is at 1 % each year (Scheren et al. 2000). By reducing slash and burn and

deforestation, atmospheric deposition should decrease as the land surface recovers

vegetative cover. Wetlands provide a natural buffer and the preservation of these is

essential. Reduced and slow release fertili ser use and crop / land rotation should be

encouraged through education. Overall there needs to be a change in anthropogenic

land-use and a reduction in polluting events, both chemical and biological. Big steps

need to be made towards a greater level of sustainabil ity. Although these steps are

complex, expensive and time consuming in the final synopsis it is the only sustainable

solution for continued long-term alleviation of current and future problems within

Lake Victoria. All the systems: macrophytes, nutrients, fisheries, plankton and

microbial are interlinked and holistic management involving land, water and airsheds

is required. Whilst the solutions are not easy the consequences of not doing anything

may be even worse.

Due to the scale of Lake Victoria a massive financial commitment must be

undertaken. However unfortunately whilst governments work on 4 or 5 year cycles

desiring re-election gained primarily from creating and spending wealth, ecosystems

work on much longer time scales. Moreover the continuing growth of the population

in Lake Victoria's catchment means that greater sustainabil ity is unlikely to be

accomplished soon (Marshall 1993). United Nations (1995) projects that the Lake

Victoria catchment will contain 53 mill ion people by 2020. It is quite likely therefore

that further degradation of the Lake Victoria system wil l be encountered. However

whilst people and governments understand the requirements to invest in research on

areas such as fisheries there is less understanding as to why a shift in algal species, for

instance, is of any cause for concern. The responsibility of education is therefore on
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all ecologists from around the world. Due to the enormous cost in human and natural

resources that will be incurred if the current situation is not amended and the potential

economic knock on effect this wil l likely have on the global economy, the financial

burden for implementation must be shared by both the countries immediately affected

and the world's governments at large.



30

References

Akinyemiju O.A. (1987). Invasion of Nigerian waters by water hyacinth. Journal of

Aquatic Plant Management, 25, 24-26.

Anderson N. J. (1995). Naturally eutrophic lakes: reality, myth or myopia? T.R.E.E.,

10, 137-138.

APS (1991). Harmful hyacinth resists elimination. Science and Technology Features

Service, All Africa Press Service, 31st January 1991, Nairobi, Kenya.

Atkinson M.J. & Smith S.V. (1983). C:N:P ratios of benthic marine plants. Limnology

and Oceanography, 28, 568-574.

Auld B.A., Menz K.M. & Tisdell C.A. (1987). Weed Control Economics. Academic

Press, London, pp. 177.

Balirwa J.S. (1998). Lake Victoria wetlands and the ecology of the Nile tilapia

Oreochromis niloticus Linne. PhD thesis, Wageningen Agricultural University,

247 pp.

Bazzaz, F.A., Chiariello, N.R., Coley, P.D. & Pitelka, L.F. (1987). Allocating

resources to reproduction and defense. New assessments of the costs and

benefits of allocation pattern in plants are relating ecological roles to resource

use. BioScience, 37, 58-66.

Beadle L.C. & Lind E.M. (1960). Research on the swamps of Uganda. Uganda

Journal, 24, 84-98.

Beadle L.C. (1981). Inland water of tropical Africa. Longman, London, 475 pp.

Bootsma H.A. & Hecky R.E. (1993). Conservation of the African great lakes: A

limnological perspective. Conservation Biology, 7, 644-656.

Bugenyi F.W.B. & Balirwa J.S. (1998). East African species introductions and

wetland management: Socio-political dimensions. In: "Science in Africa

emerging water management issues". American Association for the

Achievement of Science Symposium Proceedings.

Carignan R. & Neiff J.J. (1994). Limitation of water hyacinth by nitrogen in

subtropical lakes of the Paraná floodplain (Argentina). Limnology and

Oceanography, 39, 439-443.

Carpenter S.R., Kitchell J.F., Hodgson J.R., Cochran P.A. Elser J.J., Elser M.M.,

Lodge D.M., Kretchner D., He X. & von Ende C.N. (1986). Regulation of lake

primary productivity by food web structure. Ecology, 68, 1863-1876.



31

Carpenter S.R., Kitchell J.F. & Hodgson J.R. (1985). Cascading trophic interactions

and lake productivity. BioSciences, 35, 634-639.

Center T.D. (1994). Biological control of weeds: Water hyacinth and water lettuce. In:

"Pest management in the subtropics. Biological control - a Florida

perspective". Eds.  Rosen D., Bennet F.D. & Capinera J.L. Intercept Ltd.,

Andover, UK, 737 pp.

Chikwenhere G.P. & Phiri G. (1999). History of water hyacinth and its control efforts

on Lake Chivero in Zimbabwe. In: "Proceedings of the first IOBC global

working group meeting for the biological and integrated control of water

hyacinth". Eds. Hill M.P., Julien M.H. & Center T.D. Weeds Research Division,

ARC, South Africa, 182 pp.

Chikwenhere G.P., Keswani C.L. & Liddel C. (1999). Control of water hyacinth and

its environmental and economic impacts at Gache Gache in the Eastern reaches

of Lake Kariba, Zimbabwe. In: "Proceedings of the first IOBC global working

group meeting for the biological and integrated control of water hyacinth". Eds.

Hill M.P., Julien M.H. & Center T.D. Weeds Research Division, ARC, South

Africa, 182 pp.

Crul R.C.M. (1995). Conservation and management of the African great Lakes

Victoria, Tanganyika and Malawi. UNESCO/IHP-IV M-5.1. Comparative and

comprehensive study of great lakes, 129 pp.

Das R.R. (1969). A study of reproduction in Eichhornia crassipes (Mart.) Solms.

Tropical Ecology, 10, 195-198.

de Graft-Johnson K.A.A. (1993). Aquatic plants infestation in water bodies in Ghana.

In: "Control of Africa's floating water weeds". Eds. Greathead A. & de Groot

P.J. Commonwealth Science Council, Series no. CSC (93) AGR-18,

Proceedings 295, pp.187.

de Groot, P.J. (1993). Introduction and summary. In: "Control of Africa's floating

water weeds". Eds. Greathead A. & de Groot P.J. Commonwealth Science

Council , Series no. CSC (93) AGR-18, Proceedings 295, pp.187.

Debusk T.A. & Dierberg F.E. (1989). Effects of nutrient availabil ity on water

hyacinth standing crop and detritus deposition. Hydrobiologia, 174, 151-159.

Deevey E.S. (1942). Studies on Connecticut lake sediments II I. The biostratification

of Linsley Pond. American Journal of Science, 240, 313-24.



32

Denny P. (1980). Solute movement in submerged angiosperms. Biological Reviews,

50, 65-92.

Denny P. (1985). The ecology and management of African wetland vegetation: A

botanical account of African swamps and shallow waterbodies. Geobotany 6,

Dr W Junk Publishers, The Netherlands, 344 pp.

Desougi L.A. (1984). Mineral nutrient demands of the water hyacinth (Eichhornia

crassipes (Mart.) Solms) in the White Nile. Hydrobiologia, 110, 99-108. (1984

Duarte C.M. (1990). Seagrass nutrient content. Marine Ecology Progress Series, 67,

201-207.

Farri T.A. & Boroff ice R.A. (1999). An overview on the status and control of water

hyacinth in Nigeria. In: "Proceedings of the first IOBC global working group

meeting for the biological and integrated control of water hyacinth". Eds. Hill

M.P., Julien M.H. & Center T.D. Weeds Research Division, ARC, South Africa,

182 pp.

Fayad Y.H. (1999). Water hyacinth infestations and control in Egypt. In:

"Proceedings of the first IOBC global working group meeting for the biological

and integrated control of water hyacinth". Eds. Hill M.P., Julien M.H. & Center

T.D. Weeds Research Division, ARC, South Africa, 182 pp.

Fish G.R. (1959). A seiche movement and its effect on the hydrology of Lake

Victoria. Fish Publications, London, 10, 1-68.

Flack S.R. & Benton N.B. (1998). Invasive Species and Wetland Biodiversity.

National Wetlands Newsletter, 20, 7-11.

Food and Agriculture Organisation (2000). Fighting water weeds in West Africa.

News and highlights, no. 705.

Forno I.W. & Harley K.L.S. (1979). The occurrence of Salvinia molesta in Brazil.

Aquatic Botany, 6, 185-187.

Fritz S.C. (1989). Lake development and limnological response to prehistoric land-use

change in Diss, Norfolk, U.K. Journal of Ecology, 77, 182-202.

Gangstad, E.O. (1978). Weed control methods for river basin management. CRC

Press, Florida, pp. 229.

Goodland R. (1995). Uganda: Owen Falls hydroproject: An environmental

reconnaissance of the water hyacinth problem. Environment Department

Report, World Bank, Washington, 23 pp.



33

Gopal B. (1987). Water hyacinth: Aquatic plant studies. Elsevier Science Publishers,

Amsterdam, 471 pp.

Gophen M., Ochumba P.B.O & Kaufman L.S. (1995). Some aspects of perturbation in

the structure and biodiversity of the ecosystem of Lake Victoria (East Africa).

Aquatic Living Resources, 8, 27-41.

Greathead A. & de Groot P.J. (1993). "Control of Africa's floating water weeds".

Commonwealth Science Council, Series no. CSC (93) AGR-18, Proceedings

295, pp.187.

Guildford S.J. & Hecky R.E. (2000). Total nitrogen, total phosphorus and nutrient

limitation in lakes and oceans: Is there a common relationship. Limnology and

Oceanography, 45, 1213-1223.

Haag K.H. (1986). Effects of herbicide application on mortality and dispersive

behaviour of the water hyacinth weevils, Neochetina eichhorniae and

Neochetina bruchi. Environmental Entomology, 15, 1192-1198.

Haller W.T. (1996). Evaluation of the Kelpin 800 aquatic weed harvester. Aquatic, 18,

10-15.

Harley K.L.S. & Mitchell D.S. (1981). The biology of Australian weeds 6. Salvinia

molesta. Journal of Australian Institute of Agricultural Science, 47, 67-76.

Harley K.L.S. (1990). The role of biological control in management of water

hyacinth, Eichhornia crassipes. Biocontrol News and Information, 11, 11-22.

Harley K.L.S. (1993). Biological control of floating aquatic weeds in Africa. In:

"Control of Africa's floating water weeds". Eds. Greathead A. & de Groot P.J.

Commonwealth Science Council, Series no. CSC (93) AGR-18, Proceedings

295, pp.187.

Harley K.L.S. (1993). Commonwealth Science Council survey project on exotic

floating African water-weeds: survey report. In: "Control of Africa's floating

water weeds". Eds. Greathead A. & de Groot P.J. Commonwealth Science

Council , Series no. CSC (93) AGR-18, Proceedings 295, pp.187.

Harley K.L.S. (1993). Floating aquatic weeds: What are they? Where are they? How

should we manage them? In: "Control of Africa's floating water weeds". Eds.

Greathead A. & de Groot P.J. Commonwealth Science Council, Series no. CSC

(93) AGR-18, Proceedings 295, pp.187.

Harper D.M. (1992). The ecological relationships of aquatic plants in Lake Naivasha,

Kenya. Hydrobiologia, 232, 65-71.



34

Hasler A.D. (1947). Eutrophication of lakes by domestic drainage. Ecology, 28, 383-

395.

Haworth E.Y. (1969). The diatoms of a sediment core from Blea Tarn, Langdale.

Journal of Ecology, 57, 429-439.

Hayes K.R. (2002). Identifying hazards in complex ecological systems. Part 2:

Infection modes and effects analysis for biological invasions. Biological

Invasions, 4, 251-261.

Heard T.A. & 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.

Hecky R.E. (1993). Peter Kilham memorial lecture: The eutrophication of Lake

Victoria. Verhandlungen Internationale Vereinigung fur Theoretische und

Angewandte Limnologie, 25, 39-48.

Hecky R.E., Bugenyi F.W.B., Ochumba P., Talling J.F., Mugidde R., Gophen M. &

Kaufman L. (1994). Deoxygenation of the deep water of Lake Victoria, East

Africa. Limnology and Oceanography, 39, 1476-1481.

Hecky R.E., Bootsma H.A., Mugidde R. & Bugenyi F.W.B. (1996). Phosphorus

pumps, nitrogen sinks, silicon drains: plumbing nutrients in the African Great

Lakes. In: "The Limnology, Climatology and Paleoclimatology of the East

African Lakes". Eds. Johnson T.C. & Odada E. Gordon and Breach, Toronto,

pp. 205-224.

Hill G., Day R., Phiri G., Lwanda C., Njaya F., Chimatiro S. & Hill M.P. (1999).

Water hyacinth biological control, in the Shire River, Malawi. In: "Proceedings

of the first IOBC global working group meeting for the biological and

integrated control of water hyacinth". Eds. Hill M.P., Julien M.H. & Center

T.D. Weeds Research Division, ARC, South Africa, 182 pp.

Holland M.M. (1988). Technical consultations on landscape boundaries. Report of a

SCOPE/MAB workshop on ecotones. In: "A new look at Ecotones: Emerging

international projects on landscape boundaries". Eds. Di Castri F., Hansen A.J.

& Holland M.M. Biology International, Special Issue 17, Paris, 163 pp.

Howard G.W. & Harley K.L.S. (1998). How do floating aquatic weeds affect wetland

conservation and development? How can these effects be minimised? Wetlands

Ecology and Management, 5, 215-225.



35

Howard G.W. (2000). Control options: Freshwater invasives. In "Best management

practices for preventing and controlli ng invasive alien species". Eds. Preston

G., Brown A.G., van Wyk E. Symposium Proceedings, Cape Town, South

Africa, 316 pp.

IMPECCA (2001). Biological and integrated control of Eichhornia crassipes. Water

hyacinth news, 4. The IMPECCA programme, CABI Bioscience, UK

Ivens G.W. (1967). East African Weeds and their Control. Oxford University Press,

Nairobi, 244 pp.

Johnson T.C., Scholz C.A., Talbot M.R., Kelts K., Ngobe G., Beuning K. Ssemanda I.

& McGil l J.A. (1996). Late Pleistocene desiccation of Lake Victoria and rapid

evolution of cichlid fishes. Science, 273, 1091-1093.

Jones R., Benson-Evan K., Chambers F.M., Seddon B.A. & Tai Y.C. (1978).

Biological and chemical studies of sediments from Llangorse Lake, Wales.

Verhandlungen Internationale Vereinigung fur Theoretische und Angewandte

Limnologie, 20, 642-648.

Julien M.H. & Griffiths M.W. (1998). Biological control of weeds. A world catalogue

of agents and their target weeds. Wall ingford, UK, CAB International, 240 pp.

Julien M.H., Giff iths M.W. & Stanley J.N. (2001). Biological control of water

hyacinth 2. The moths Niphograpta albiguttalis and Xubida infusellus: biologies

host ranges and rearing, releasing and monitoring techniques for biological

control of Eichhornia crassipes. ACIAR Monograph No. 79, 90 pp.

Julien M.H., Giff iths M.W. & Wright A.D. (1999). Biological control of water

hyacinth. The weevils Neochetina bruchi and N. eichhorniae: biologies, host

ranges and rearing, releasing and monitoring techniques for biological control

of Eichhornia crassipes. ACIAR Monograph No. 60, 87 pp.

Juweto E. (1993). Mechanical control of water hyacinth: The Nigerian experience. In:

"Control of Africa's floating water weeds". Eds. Greathead A. & de Groot P.J.

Commonwealth Science Council, Series no. CSC (93) AGR-18, Proceedings

295, pp.187.

Kampeshi C. & Shantima M. (1999). Nutrient loading and water hyacinth infestation

in the Lower Kafue River. In: "Proceedings of the first IOBC global working

group meeting for the biological and integrated control of water hyacinth". Eds.

Hill M.P., Julien M.H. & Center T.D. Weeds Research Division, ARC, South

Africa, 182 pp.



36

Kaufman L. (1992). Catastrophic change in species-rich freshwater ecosystems.

BioScience, 42, 846-858.

Kitaka G.E.B. (1971). An instance of cyclonic upwell ing in the southern offshore

waters of Lake Victoria. African Journal of Tropical Hydrobiology and

Fisheries, 1, 85-92

Kite G.W. (1981). Recent changes in level of Lake Victoria. Hydrological Sciences

Bulletin, 26, 233-243.

Kling H.J., Mugidde R. & Hecky R.E. (2001). Recent changes in the phytoplankton

community of Lake Victoria in response to eutrophication. In: "The Great Lakes

of the World (GLOW): Food-web, Health and Integrity". Eds. Munawar M. &

Hecky R.E. Backhuys, Netherlands, pp. 47-65.

Lehman J.T. & Branstrator D.K. (1993). Effects of nutrients and grazing on the

phytoplankton of Lake Victoria Verhandlungen Internationale Vereinigung fur

Theoretische und Angewandte Limnologie, 25, 850-855.

Lindeman R.L. (1942). The trophic-dynamic aspect of ecology. Ecology, 23, 399-418.

Lindenschmidt K.E., Suhr M., Magumba M.K., Hecky R.E. & Bugenyi F.W.B.

(1998). Loading of solute and suspended solids from rural catchment areas

flowing into Lake Victoria in Uganda. Water Research, 32, 2776-2786.

Lindsey K. and Hirt H.M. (1999). Use water hyacinth – A practical handbook of uses

for the water hyacinth from across the world. Marianum Press, Kisubi, Uganda,

pp. 114.

Lung'ayia H., Sitoki L. & Kenyanya M. (2001). The nutrient enrichment of Lake

Victoria (Kenyan waters). Hydrobiologia, 458, 75-82.

LVEMP (2000). Water hyacinth and other invasive weeds in Lake Victoria: A status

report. Lake Victoria Environmental Management Project, Fisheries Resources

and Research Institute, Jinja, Uganda.

LVEMP (2001). Water hyacinth control component. First Lake Victoria

Environmental Management Programme (LVEMP) Regional Scientific

Conference. Kisumu, Kenya.

Macan, T.T. (1970). Biological studies of the English Lakes. Longman Group,

London, 260 pp.

Mallya G.A. (1999). Water hyacinth in Tanzania. In: "Proceedings of the first IOBC

global working group meeting for the biological and integrated control of water



37

hyacinth". Eds. Hill M.P., Julien M.H. & Center T.D. Weeds Research Division,

ARC, South Africa, 182 pp.

Marshall B.E. (1993). Floating water-weeds in Zimbabwe, with special reference to

the problem of water hyacinth in Lake Chivero. In: "Control of Africa's floating

water weeds". Eds. Greathead A. & de Groot P.J. Commonwealth Science

Council , Series no. CSC (93) AGR-18, Proceedings 295, pp.187.

Matagi S.V. (2002). Some issues of environmental concern in Kampala, the capital

city of Uganda. Environmental Monitoring and Assessment, 77, 121–138.

McFadyen R.E.C. (2000). Successes in Biological Control of Weeds. In:

"Proceedings of the X International Symposium on Biological Control of

Weeds". Ed. Spencer N.R. Montana State University, Bozeman, Montana, USA,

149 pp.

McGowan S., Britton G., Haworth E. & Moss B. (1999). Ancient Blue-Green

Blooms. Limnology and Oceanography, 44, 2, 436-439.

McQueen D.J. (1990). Manipulating lake community structure: where do we go from

here? Freshwater Biology, 23, 613-620.

Melvin N.C. (1999). Noxious, invasive and alien plant species: A challenge in

wetland restoration and enhancement. Wetland restoration information series 1,

Wetland Science Institute, Washington.

Methy M. & Roy J. (1993). Morphogenetic changes induced by a low red : far-red

ratio and their growth consequences in water hyacinth (Eichhornia crassipes).

Journal of Experimental Botany, 44, 1275-1280.

Methy M., Alpert P. & Joy J. (1990). Effects of light quality and quantity on growth

of the clonal plant Eichhornia crassipes. Oecologia, 84, 265-271.

Mitchell D.S. (1974). Aquatic vegetation and its use and control. UNESCO, Paris,

135 pp.

Mitchell D.S. (1978). Aquatic weeds in Australian inland waters. Australian

Government Publishing Service, 189 pp.

Moorhead K.K., Reddy F.R. & Graetz D.A. (1988). Water hyacinth productivity and

detritus accumulation. Hydrobiologia, 157, 179-185.

Mortimer C.H. (1941). The exchange of dissolved substances between mud and water

in lakes. Journal of Ecology, 29, 280-329.



38

Moss B., Beklioglu M., Carvalho L., Kilinc S., McGowan S. & Stephen D. (1997).

Vertically challenged limnology: contrasts between deep and shallow lakes.

Hydrobiologia, 342 / 343, 257-267.

Moss B., McGowan S & Carvalho L. (1994). Determination of phytoplankton crops

by top-down and bottom-up mechanisms in a group of English Lakes, the West

Midland Meres. Limnology and Oceanography, 39, 1020-1029.

Moss, B., (1991). Ecology of Fresh Waters: Man and Medium. Blackwell Scientific

Publications, Oxford, 417 pp.

Moyo N.A.G. (1997). Causes of fish deaths in Lake Chivero. In: "Lake Chivero: A

polluted Lake. Proceedings of a workshop held in Harare". Ed. Moyo N.A.G.

University of Zimbabwe Publications, Harare, 103 pp.

Mugidde R. (1993). The increase in phytoplankton primary productivity and biomass

in Lake Victoria (Uganda). Verhandlungen Internationale Vereinigung fur

Theoretische und Angewandte Limnologie, 25, 846-849.

Mugidde R., Hendzel L. & Hecky R.E. (In press). Pelagic nitrogen fixation in Lake

Victoria, Uganda. Journal of Great Lakes Research.

Murty A.S. & Mulendema B.C. (1999). Growth of the water hyacinth on Lake Kariba

and planning for integrated control. In: "Proceedings of the first IOBC global

working group meeting for the biological and integrated control of water

hyacinth". Eds. Hill M.P., Julien M.H. & Center T.D. Weeds Research Division,

ARC, South Africa, 182 pp.

Musil C.F. & Breen C.M. (1985). The development from kinetic coeff icients of a

predictive model for the growth of Eichhornia crassipes in the field. I.

Generating kinetic coefficients for the model in greenhouse culture. Bothalia,

15, 689-703.

NAS (1976). Making aquatic weeds useful: Some perspectives for developing

countries. National Academy of Sciences, Washington, 174pp.

Nebel B.J. & Wright R.T. (1998). Environmental science: The way the world works.

Prentice Hall , New Jersey, 630 pp.

Newell B.S. (1960). The hydrology of Lake Victoria. Hydrobiologia, 15, 363-382.

Njuguna S.G. & Thiai G.N.W. (1993) The control of floating water-weed infestations

in Kenya. In: "Control of Africa's floating water weeds". Eds. Greathead A. &

de Groot P.J. Commonwealth Science Council, Series no. CSC (93) AGR-18,

Proceedings 295, pp.187.



39

Ochiel G.R.S., Mailu A.M., Gitonga W. & Njoka S.W. (1999). Biological control of

water hyacinth on Lake Victoria, Kenya. In: "Proceedings of the first IOBC

global working group meeting for the biological and integrated control of water

hyacinth". Eds. Hill M.P., Julien M.H. & Center T.D. Weeds Research Division,

ARC, South Africa, 182 pp.

Ochumba P.B.O & Kibarra D.I. (1989). Observations on blue-green algal blooms in

the open waters of Lake Victoria, Kenya. African Journal of Ecology, 27, 23-34.

Odei MA. (1973). Observations on some weeds of pharmacological importance of the

Volta Lake. Bulletin of IFAN, 35, 57-66.

Ogutu-Ohwayo R. (1990). The decline of the native fish in lakes Victoria and Kyoga

(East Africa) and the impact of introduced species, especially the Nile perch,

Lates niloticus, and the Nile tilapia, Oreochromis niloticus. Environmental

Biology of Fishes, 27, 81-96.

Okali D.U.U & Hall J.B. (1974). Die-back of Pistia stratiotes on Volta Lake Ghana.

Nature, 248, 452-453.

Patnaik N.C., Mohapatra L.N., Ghode M.K. & Misra B.K. (1987). Effects of some

weedicides on the water hyacinth weevil (Neochetina bruchi Hustach) and its

weed host. Plant Protection Bulletin - India, 39, 23-26.

Penfound W.T. & Earle T.T. (1948). The biology of water hyacinth. Ecological

Monographs, 18, 447-472.

Pennington W. (1981). Records of a lake’s life in time: the sediments. Hydrobiologia,

79, 197-219.

Piper B.S., Plinston T. & Sutcliffe J.V. (1986). The water balance of Lake Victoria.

Hydrological Sciences Journal, 31, 25-37.

Reddy K.K. & Tucker J.C. (1983). Productivity and nutrient uptake of water hyacinth,

Eichhornia crassipes. I. Effect of nitrogen source. Economic Botany, 37, 237-

247.

Reddy K.R., Agami M. & Tucker J.C. (1989). Influence of nitrogen supply rates on

growth and nutrient storage by water hyacinth (Eichhornia crassipes (Mart.)

Solms) plants. Aquatic Botany, 36, 33-43.

Reddy K.R., Agami M. & Tucker J.C. (1990). Influence of phosphorus on growth and

nutrient storage by water hyacinth (Eichhornia crassipes (Mart.) Solms) plants.

Aquatic Botany, 37, 355-365.



40

Reddy K.R., Agami M., D’Angelo E.M. & Tucker J.C. (1991). Influence of potassium

supply on growth and nutrient storage by water hyacinth. Bioresource

Technology, 37, 79-84.

Redfield A.C., (1934). On the proportions of organic derivatives in sea water and their

relation to the composition of plankton. James Johnstone Memorial Volume.

Liverpool University Press, Liverpool, 192 pp.

Salmah M. R., Mansor M. & Ahmad A. B. (1991). A preliminary study of the

distribution of Neochetina eichhorniae; a possible biological agent for water

hyacinth in Kerian District, Perak. In: "Proceeding Asas dan Gunaan dalam

Biologi". Ed. Bidin A. A. UKM.

Sato M. & Kondo S. (1981). Biomass production of water hyacinth and its ability to

remove inorganic minerals from water. I: Effect of the concentration of culture

solution on the rates of plant growth and nutrient uptake. Japanese Journal of

Ecology, 31, 257-267.

Sawyer C.N. (1947). Fertilisation of lakes by agricultural and industrial drainage. New

England Water Works Association, 61, 109-127.

Scheffer M., Hosper S.H., Meijer M-L., Moss B. & Jeppesen, E. (1993). Alternative

equilibria in shallow lakes. T.R.E.E., 8, 275-279.

Scheren P.A.G.M, Zanting H.A. & Lemmens A.M.C. (2000). Estimation of water

pollution sources in Lake Victoria, East Africa: Application and elaboration of

the rapid assessment methodology. Journal of Environmental Management, 58,

235-248.

Sculthorpe C.D. (1967). The biology of aquatic vascular plants. Arnold, London, 610

pp.

Shapiro J.H., Lamarra V. & Lynch M. (1975). Biomanipulation: an ecosystem

approach to lake restoration. In: "Water quality management through biological

control". Eds. Brezonik P.L. & Fox J.L. Symposium proceedings, University

Florida, 164 pp.

Seehausen O., van Alphen J.J.M. & Witte F. (1997). Cichlid fish diversity threatened

by eutrophication that curbs sexual selection. Science, 277, 1808-1811.

Smith H. (1982). Light quantity, photoperception and plant strategy. Annual Review of

Plant Physiology, 33, 481-518

Stager J.C. & Johnson T.C. (2000). A 12400 14C yr offshore diatom record from east-

central Lake Victoria, East Africa. Journal of Palaeolimnology, 23, 373-383.



41

Stockner J.G. & Benson W.W. (1967). The succession of diatom assemblages in

recent sediments of Lake Washington. Limnology and Oceanography, 12, 513-

532.

Talli ng J.F. (1957). Some observations on the stratification of Lake Victoria.

Limnology and Oceanography, 2, 213-221.

Talli ng J.F. (1965). The photosynthetic activity of phytoplankton in East African

lakes. Internationale Revue der Gesamten Hydrobiologie, 501, 1-32.

Taylor A.R.D. (1993) Floating water-weeds in East Africa, with a case study in

Northern Lake Victoria. In: "Control of Africa's floating water weeds". Eds.

Greathead A. & de Groot P.J. Commonwealth Science Council, Series no. CSC

(93) AGR-18, Proceedings 295, pp.187.

Timms, R.M. & Moss B. (1984). Prevention of growth of potentially dense

phytoplankton populations by zooplankton grazing, in the presence of

zooplanktivorous fish, in a shallow wetland ecosystem. Limnology and

Oceanography, 29, 472-486.

TNV (2002). Hyacinth back with vengeance. The New Vision, October 8th 2002,

Uganda.

Twongo T. (1996). Growing impact of water hyacinth on near shore environments on

Lakes Victoria and Kyoga (East Africa). In: "The Limnology, Climatology and

Paleoclimatology of the East African Lakes". Eds. Johnson T.C. & Odada E.

Gordon and Breach, Toronto, pp. 633-642.

Twongo T. & Balirwa J.S. (1995). The water hyacinth problem and the biological

control option in the highland lake region of the upper Nile basin - Uganda's

experience. The Nile 2002 conference: Comprehensive water resources

development of the Nile basin - Taking Off. Arusha, Tanzania Arusha, Tanzania.

Twongo T. (1993). Status of the water hyacinth in Uganda. In: "Control of Africa's

floating water weeds". Eds. Greathead A. & de Groot P.J. Commonwealth

Science Council, Series no. CSC (93) AGR-18, Proceedings 295, pp.187.

Twongo T., Bugenyi F.W.B. & Wanda F. (1995). The potential for further

proli feration of water hyacinth in Lakes Victoria, Kyoga and Kwania and some

urgent aspects for research. African Journal of Tropical Hydrobiology and

Fisheries, 6, 1-10.

UNECA (1995). African compendium of environment statistics. Addis Ababa, United

Nations Economic Commission for Africa.



42

UNEMA (1995). The National Environment Action Plan for Uganda. Ugandan

National Environment Management Agency, Ministry of Natural Resources,

Kampala.

United Nations (1995). World population prospects: The 1994 revision.

ST/ESA/SER.A/145, Department for Economic and Social Information and

Policy Analysis, Population Division, New York, 886 pp.

Verschuren D., Johnson T.C., Kling H.J., Edington D.N., Leavitt P.R., Brown E.T.,

Talbot M.R. & Hecky R.E. (2002). History and timing of human impact on

Lake Victoria, East Africa. Proceedings of the Royal Society, London Series B,

269, 289-294.

Whiteside M.C. (1983). The mythical concept of eutrophication. Hydrobiologia, 103,

107-111.

Wil loughby, N.G., Watson, I.G. & Twongo, T. 1996. Preliminary studies on the

effects of water hyacinth on the diversity, abundance and ecology of the littoral

fish fauna in Lake Victoria, Uganda. In: "The Limnology, Climatology and

Paleoclimatology of the East African Lakes". Eds. Johnson T.C. & Odada E.

Gordon and Breach, Toronto, pp. 643-655.

Will iams A.E. & Moss B. (2003). Effects of different fish species and biomass on

plankton interactions in a shallow lake. Hydrobiologia, 491, 312-328.

Will iams A.E., Duthie H.C. & Hecky R.E. (In review). Water hyacinth (Eichhornia

crassipes (Martias) Solms) in Lake Victoria - Why did it vanish so quickly and

will it return? Aquatic Botany.

Will iams R.H. (1956). Salvinia auriculata Aublet: The chemical eradication of a

serious aquatic weed in Ceylon. Tropical Agriculture, 33, 145-157.

Zullig H. (1989). Role of carotenoids in lake sediments for reconstructing trophic

history during the late Quaternary. Journal of Palaeolimnology, 2, 23-40.



43

Figures

Fig. 1 Water hyacinth (Eichhornia crassipes (Martias) Solms). (Based on Greathead

& de Groot 1993).

Fig. 2 Floating water fern (Salvinia molesta Mitchell). (Based on Greathead & de

Groot 1993).

Fig. 3 Water lettuce (Pistia stratiotes Linaeus). (Based on Ivens 1967).

Fig. 4 Location and size of African waterbodies mentioned in the text.

Fig. 5 Lake Victoria and its surrounding catchment. (Taken from Scheren et al. 2000).

Fig. 6 Depth profiles of O2, soluble reactive phosphorus (SRP), NO2-N and Si in

February 1961 and March 1990 during the stratified season. (Based on Hecky

1993).

Fig. 7 Diatom stratigraphy and sedimentary C, N and P content of the recent deep

water sediments (55 m) in the north-eastern sector of Lake Victoria. Date at 13

cm is 1800 A.D. (Taken from Hecky 1993).
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