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Fig. i. Thick water lettuce mat at Cape Recife beforedgjimal control was
implemented (April 2003).

Fig. ii. Cape Recife after thideohydronomus affiniweevils successfully
caused the water lettuce weed mat to crash (Septez0b3).
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Fig. iv. Neohydronomus affinadults and their feeding shotholes on

water lettuce leaf (photograph courtesy of T. Cetd&DA).

Fig. v. Neohydronomus affinisrval and adult feeding damage.
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Abstract

Water lettucePistia stratioted_amarck (Araceae) is a South American plant tlaat h
the potential to be a very damaging and importgoatc weed in many tropical
countries, including South Africa. It has the paoiarto rapidly multiply vegetatively
and completely cover watercourses in a very slhpate of time outside of its natural
range under ideal conditions and without its ndten@mies. In such instances, the
weed may cause hindrances to water transport ahithj, increasing chances of
malaria, as well as affecting the natural ecologthe system. Water lettuce can also
set seed, which may lay dormant for long periodspgnating when conditions are
favourable. It is therefore very necessary to adoptrol methods against the weed
where it is a problem. However, water lettuce Has been effectively and
completely controlled in many countries by the {&sfding weevilNeohydronomus
affinis Hustache. High nutrient levels in the form of ais and phosphates have been
shown to have largely negative effects on bioldgioatrol in several studies, with
control being incomplete or taking longer thanimikar areas with lower nutrient

levels.

The effectiveness dd. affinison the biological control of water lettuce was
investigated in a laboratory study, growiAgstratiotesplants with and without
insects at different nutrient concentrations. kesthstudies biological control of water
lettuce withN. affiniswas found to be complete under eutrophic nutigentditions,

although control took longer when higher nutrieavdls were tested.

A field site study was conducted at a sewage sedth pond in Cape Recife Nature
Reserve near Port Elizabeth, South Africa. Thisilgigutrophic system was used as a
field example for the effectiveness of biocontrbPo stratiotedy N. affinisunder
eutrophic conditions. The weevils at Cape Recifesed a massive and rapid crash in
the percentage coverage of the weed, from 100%eaipn 2003, to approximately 0.5

% in September 2003. Plant growth parameters wesoef@aund to decrease
considerably in size correspondingly with this ari®m May 2003 until spring 2003.
Plant size only again started to increase gradbaitysteadily through spring 2003

and into summer.
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In the laboratory studies, the fecundity of weewilss shown to be much higher on
plants grown under higher nutrient concentratitvagton plants grown in lower
nutrient concentrations. The results from the wimgscle analysis under different
nutrient concentrations were not easy to interpued, there were few differences in

wing muscle state between most of the concentmstion

From these findings it is suggested that nutriencentration, particularly high levels
of nitrates and phosphates is not a limiting factderms of effective biological
control of P. stratioteswith N. affinis but that under high nutrient conditions

biological control might take longer.
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Chapter 1

General introduction and literature review

1.1. Description of water lettuce

Pistiais a monotypic genus in the subfamily Aroideaeaf@m, 1990). There are at
least 2 extinct specieBjstia sibericaDorofeev (Dorofeev, 1955, 1958, 1963 (in
Russian)) anéPistia corrugatelesquereux (Stockest al, 1997). The genus is also
closely associated with the fossil gemursinophyllumKrassilov, through which it is
related to the Lemnaceae (Kvacek, 1995; Stoekey, 1997). Water lettucdistia
stratiotesL. is the only extant species, in this genus. # feee-floating stoloniferous,
small aquatic perennial herb belonging to the afamlily (Araceae). Water lettuce is
thought to have originated from South America,ibig now pan-tropical, and is
considered a weed in many tropical countries. €agds are grey-green, densely
pubescent, and wedge-shaped (obovate-cuneate)piComgs parallel veins run
down the leaves with leaf bases often having ttspkngy parenchymous tissue at the
base. Leaves range from 2-35 cm long and varyapeslrom being slightly broader

(at the apex) than long to much longer than br@ady and Center, 2002).

Pistia roots are unbranched with many lateral et®t{{Sculthorpe, 1967). The flowers
are relatively inconspicuous pale green spathestheaentre of the rosette. These
spathes are constricted near the middle, with \ghafrmale flowers above and a
single female flower below the constriction. Thed®are housed in green berries.

Mature seeds are hard, wrinkled and golden brovaolour (Dray and Center, 2002).

1.2. Distribution of water lettuce

Pistia stratioteds widely distributed through much of the tropéssd subtropics. The
free-floating plants are found in reservoirs, pgradsl marshes along the edges of
large lakes where they thrive amidst the offsh@getation and debris as well as
slow-moving or stagnant water. The plants are seltsitive and are usually restricted
to areas between the tropics of Cancer and Capribomwever it can survive as an
annual in colder climates (T. Center, pers comWigter lettuce has a minimum
growth temperature requirement of 15 °© C, with ptinoum growth temperature of
22-30 ° C, and a maximum growth temperature totexaf 35 © C (Kasselmann,
1995).
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1.3. Origin of water lettuce

The origin of water lettuce is still uncertain, (8borpe, 1967; Cordet al, 1981).
However, 11 host-specific weevil species have lheend on the plant in South
America, suggesting a neotropical origin for thenpl(Bennett, 1975; Cordat al.,
1981). Grayum (1990) suggested tRadtia is an ancient genus with subtropical
Laurasian origins, which later migrated into tr@i¢vest Gondwanaland. This view
is supported by recoveries of fosBiktia genus species in strata from the Upper
Cretaceous Period (103-65 million years ago [MYiAJjhe United States and
southern France, and in strata from the TertiarjoBg€65-2.5 MYA) in the southern
United States and western Siberia (Stoddard, 1886)dard (1989) argued that
Florida served as a refugium for the geRistia during the Tertiary Period and that
the genus is therefore native to the United St&tesever, July temperatures in the
southeastern United States were on averageCl2older in the Pleistocene than
present times (Watts, 1980) and it is likely thegt genus would have become extinct
(Stuckey and Les, 1984). Support for this hypothesfound in the lack of specialist
herbivores found on water lettuce in Florida cornsgao other parts of the world
(Dray et al, 1993). Ancient folk medicines usiiy stratiotesare known from Africa
and Asia (Stoddard, 1989), which would argue ferdhgin of the plant in these
regions. However the lack of specialist herbivarethese two regions creates little
support for these two theories. Considering this flaat most of the phytophagous
insects found on water lettuce are to be foundomtis America would tend to suggest
that the plant originated in Latin America, butek dispersed widely from there

many years ago.

1.4. Biology

Pistia stratioteshas short, depressed hairs on both surfaces wiaiptair, repel water,
and thus prevent the epidermis from becoming wetl{Borpe 1967). All the leaves
are succulent and some have conspicuous, ovoidirsggebn the undersides filled
with spongy parenchyma, which gives flotation te ghant. The bladder-like
swellings with aerenchyma cells are several cetitesdong and usually contain 70
% air. InP. stratiotestranspiration takes place through apical hydagspdhich are
located in a protected pocket. Beneath the parecavity lined with thin-walled cells
and into this chamber the tracheids of the veinrgsdopen (Sculthorpe, 1967).
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1.5. Reproduction

Water lettuce reproduces mainly by vegetative aifgf that are connected to the
mother plant by stolons, which may be 60 cm in ten@he vegetative buds that give
rise to these extensions form in a lateral poakbkich is derived partly from the leaf
sheath and partly from the axial tissue. In Afritas believed that the plant
reproduces principally by seeds (Sculthorpe, 19@@yvever, vegetative propagation
is very prevalent in Africa, and probably the mostnmon form of reproduction with

regards to water lettuce (personal observation).

Flowering, fruiting and seed production have beleseoved in Australia, Thailand,
Brazil, India, the Philippines and a few Africaruotries (Holmet al, 1977; da Silva,
1981, Harley, 1990). Although, it is most likelyattit flowers and sets seed
throughout it’s distribution, only that it has rim¢en documented thoroughly. In India,
flowering begins in the hot season and continue® upe rainy season: the fruits
appear after the rainy season. Most plants prothuwee to eight flowers in a whorl at
the centre. The flowers are 1-2 cm long, lack pghiaand have a unilocular ovary.
When it separates, the spathe first exposes thik ffien within a few hours the
stamens and the flowers abort. The period fromafipearance of the first flower buds
until the flowers open is about 8 days. The flowfafisfrom the plant within 2 weeks.
The seeds are small and float on the water foy2,dster which they sink and
germinate. Seedlings then generally float to thiéase within 5 days (Sculthorpe,
1967).

The viability of water lettuce seeds is variableaypand Center (1989) found that
about 80 % of mature seeds from fruits collecteBebruary in Florida germinated.
This was much higher than the 24 % reported byilda §1981), but compared
favourably with seed viabilities reported in India Datta and Biswas (1969) and
Mitra (1966). For germination, mature seeds requ#e after-ripening period of 7-14
days. Those from the seed bank began germinatitigvé day. These seeds can
remain dormant for months (Buangam and Mercado5;18ércado-Noriel and
Mercado, 1978), withstand freezing and droughttéPseet al, 1981) and still
germinate when favourable conditions prevail (Daag Center, 1989). The ability of

seeds to lie dormant, leadsRostratiotesbecoming a problem in areas with seasonal
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water, such as seasonal pans, where the seedsgtzrai the beginning of new rains.
This makes control difficult, because of a resuogeof new seedling plants.

1.6. Pest status oPistia stratiotes

Water lettuce forms extensive mats; capable ofkiotgcnavigational channels,
impeding water flow in irrigation and flood contrednals, and can disrupt submersed
animal and plant communities (Sculthorpe, 1967)taMgttuce is also recognized as
being among the world’s worst aquatic weeds (Hetral, 1977) because of its
invasive properties; i.e. very fast growing, reproidg and spreading. It has been
placed on prohibited plant lists in many count(iesay and Center, 2002). In the
United States, it is ‘state-listed’ as a prohibigaint in Arizona, Florida, and South
Carolina. However in other states of the U.S, @&vailable for sale as a pond-plant

(http://www.aquatlifas.ufl.edu/seagrant/pisstr2.html

1.6.1. Economic damage and threat to human and anahhealth

Water lettuce is a serious weed of rice crops weise countries where it competes for
space and nutrients with rice (Suasa-ard, 1976 }dsinot been reported as
interfering with production in the United Statesmiay also interfere with
hydroelectric operations (Napompeth, 1990) wheeeplants block turbines and
pipes, leading to equipment damage, as well assaitoefficiency of hydroelectric
power production and labour costs. Direct lossesatso be attributable to water
lettuce clogging up and restricting water flowgation equipment and in flood
control canals. The economic costs of such losemsever have not been quantified,
but federal and state water lettuce control opanatin Florida alone cost nearly $650
000 in 1994 (Center, 1994). The plants may alsm farats, preventing livestock from
drinking, and may be a threat in terms of drowringstock or children, who may not
discern the difference between water and land,usecaf the weed coverage.
Degradation of water quality also occurs, from gaiying and sinking, creating

anoxic conditions.

Indirect losses accrue when large floating maesiate with recreational activities
such as boating and fishing, but these have nat feantified. In tropical Africa,
water lettuce has been linked to increased malafiattions, likely due to the plants

providing refuge for the mosquito larvae, whereythee safe from fish predation.
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Several species of mosquitoes, responsible formgunsalaria, encephalitis, and
filariasis breed and thrive with water lettuce r@s(Dunn, 1934; Bennett, 1975;
Lounibos and Dewald, 1989; Lounibesal., 1990). Costs associated with these
diseases are unknown, and portions of mosquita@onperations directed toward
water lettuce-borne mosquitoes have not been mhditense water lettuce mats also
impede spraying operations and limit access towvgmerces by boats, interfering
with the livelihood of resource-poor people in ¢hwworld countries who rely on open

water for fishing and transport across lakes avetsi

1.6.2. Ecological damage

Few reports of deleterious ecological impacts dased withP. stratiotesnfestations
have been reported, and these studies have geneealh limited in scope. Sculthorpe
(1967) noted that the intertwined root systemsxéémsive infestations accelerate
siltation rates as they slow water velocities \rers and streams. The resultant
degradation of benthic substrates under thesetatii@ss has not been studied, but
accelerated siltation often renders the affectedhus unsuitable as nesting sites for
various fish species (Beumer, 1980) and as macediebrate habitat (Roback, 1974).
The accumulation of water lettuce-generated dstrnder large mats only adds to
this problem and is likely to increase sediment amiient loadings much as it does
under water hyacinth mats (Schrtizal, 1993). Sridhar (1986) also reported that
water lettuce can bioaccumulate considerable arsafriteavy metals, rendering the
detritus under the mats toxic. These heavy metalglavell have a negative effect on
biocontrol agents feeding on the plants (Ceeatal.,, 2002).

Water under dense water lettuce mats becomes thestratified (Sculthorpe, 1967;
Attionu, 1976), with much reduced dissolved oxytgrels and increased alkalinity
(Yount, 1963; Attionu, 1976; Sridhar and Sharma&3)9with increased mortality of
fish (Ayles and Barica, 1977; Clady, 1977) and raawrertebrates (Roback, 1974;
Cole, 1979). Sharma, (1984) reported that the dvapspiration rate over a water
lettuce mat in one African lake was ten-fold gre#tan the evaporation rate over
similar open water. However, the discussion in ABeal, 1997 would tend to
suggest that this figure might not be a true réifbecof the amount of evaporation.
This could lead to premature drying up of pans@thér temporary water-sources,

further affecting natural cycles of native floraddiauna within them.
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1.7. Water Lettuce in South Africa

In South Africa, water lettuce is declared a nogimeed in terms of the Conservation
of Agricultural Resources Act, (Act 43 of 1983) wever, it was not regarded as
damaging as water hyacinth (Cilliers, 1987). Howeites still a very damaging
weed, especially in areas where biological corggants are not present, such as
remote pans. Water lettuce is often out-competeddigr hyacinth where both occur,
and therefore its full potential of damage is ofteh seen (personal observation).
Water lettuce has occurred in the low-lying subittapareas of the Transvaal
(Gauteng) since 1953, when it was first recordetherPafuri River (Cilliers, 1987).
In KwaZulu-Natal, the weed was first recorded atyess 1865 on the Umhlanga
River; since 1981 it has only been recorded fracality (Gonubie) in the Eastern
Cape Province (National Herbarium, Botanical Rede#nstitute, Pretoria).

However, a recent infestation at Cape Recife i Plizabeth, suggests that its
distribution may be wider than previously thoughthe Eastern Cape Province.
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Figure 1.1.Distribution of water lettuce in South Africa (mppovided by Lesley
Henderson, Plant Protection Research Institute frenSAPIA databases). Black

dots indicate recent records of reported watendetinfestations.

Water lettuce is one of three important aquaticdsee the Kruger National Park
(KNP). It occurs in several areas within the pamkluding seasonal pans in the
northern Pafuri area, on the Limpopo flood plaid anthe southern area of the
perennial Sabie River (Cillieet al, 1996). The pans where water lettuce is a
problem include Nhlangaluwe, Dakamila, Makwadsi 8apimbi. These pans are
seasonal but may contain water for several seasgpending on rainfall (Cillierst

al., 1996). The Sabie River runs through the souatpart of the KNP where

originally 12 km of the river was infested with watettuce; a sparse infestation
further downstream was followed by a dense infestadt lower Sabie over
approximately 3 km (16-20 ha). Control of watetuee in these pans was of concern,

as they are not very accessible and infestatiotiseofveed, threatening the
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indigenous flora and fauna (Chickwenhere and Fdt861; Deacon and Gagiano,
1992, Zeller, 1993; Cillierst al, 1996). Apart from the detailed report of contwbl
water lettuce in the KNP there appear to be fewaets of the impacts of water

lettuce in South Africa.

1.8. Control of water lettuce

1.8.1. Chemical control

Terbutryn is the only herbicide currently registefer control againg®. stratiotesn
South Africa (Grobleet al, 2000), although glyphosate and 2, 4 D-amine lads@
been used with some success. However, 2, 4 D wasrdinued in both South Africa
and Zimbabwe because of concerns about its efbecksoad-leaved crops
surrounding rivers. Terbutryn is usually applieche® % mix with water either from a
boat or from riverbanks using backpack spray WdtBiers et al, 1996). In the
United States, glyphosate, copper and diquat gistezed for use against water

lettuce (http://edis.ifas.ufl.edu/Topic_guide_adguaweed management).

The most thorough account of herbicide control afew lettuce is from the KNP. In
the KNP, chemical control of water lettuce on tlabi® River was conducted in 1987
and by the end of 1988; 6 km of river were undetia (generally considered to be
10-20 % weed coverage, Hill, pers comm.). In 1988se controls were continued,
and were supplemented by an aerial applicatiograinl at 30 % by helicopter using a
micronair system (giving 6 litres/ha). Twelve kiletars of river below Skukuza was
cleared of water lettuce and maintained by 2 follgnoperations the same year.
These follow-ups were implemented in 1990 usingnditriazine), Roundup
(glyphosate) or Arsenal (imazypur) and the plars Weught to have been eradicated
from this section of the river (Zeller, 1993, unpudport).

One of the problems with chemical control is thas expensive, not sustainable, and
re-applications of herbicides have to be admintisttrdrequently, as seed-regeneration
occurs with water lettuce as soon as light and &ratpre conditions are favourable.
Many herbicides also have adverse effects on bioaloagents, (Ueckermann and

Hill, 2001) which is important when integrated amhis considered. Unfortunately,
very little literature is available for chemicalrtml of water lettuce outside of South

Africa and Zimbabwe.
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1.8.2. Manual and mechanical control

Because of the rapid growth and reproduction patkot this plant species, manual
and mechanical control, especially on a large-ssatet really suitable or sustainable
and therefore is not recommended. Rapid regenaratiplants from vegetative
reproduction or by seed would limit the succesthese control methods. Manual
control would involve physical labour, collectintapts by hand, where they are
removed from the water and dried on the bank. Meichacontrol would be when
machines replace manual labour (Lindsey and HX@02. These could include
harvesting machines, conveyors, draglines, mowthdredging buckets and push

boats.

These methods of control would have to be contiswend would be better limited to
small infestations. There are other problems aasstiwith mechanical control, such
as finding suitable areas to dump the weeds wihesewill not re-infest the water
source, which may involve transport costs, labasts; with rotting weeds also
producing unpleasant smells and health risks. Pleaps are also aesthetically
unpleasing and may harbour breeding sites for mahlaosquitoes, unless treated
with an insecticide. The water lettuce could beduse compost as indeed water
hyacinth (Lindsey and Hirt, 2000) and salvinia baen, however, there are no
references to this. Mechanical removal may alsddrithe usefulness of biological
control, especially when there are only a few @aett with agents, it would be better

to leave the weed to biological control in suchanses.

1.8.3. Biological control

1.8.3.1. Introduction

Biological control of water lettuce has been higsiiccessful in most areas around the
world, where the weed is present, mainly due tontbevilNeohydronomus affinis
which has been introduced widely along with the dvé&ohydronomus affinisas

been officially released in at least ten countriasstralia, Benin, Botswana, Ghana,
Papua New Guinea, South Africa, Senegal, UniteteSaf America, Zambia, and
Zimbabwe (Julian & Griffiths, 1998).

There are also 2 moth species that are very déis&guo water lettuce, but one,

Samea multiplicalisGuenee (Lepidoptera: Pyralidae) is not entir@gtispecific. In
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addition, the release and establishmer§mddoptera pectinicornidampson
(Lepidoptera: Noctuidae) in North America has beesuccessful, despite mass
releases at numerous sites (Dray and Center, 1988j)e are several other likely
host-specific weevil species in South America; hasveat present in South Africh,
affinis appears to be highly destructive and adequatedmessfully control water
lettuce in most situations, without the need fotHear biocontrol agents (personal

observation).

1.8.3.2.Neohydronomus affinis Hustache (Coleoptera:Curculionidae)

1.8.3.3. Biology oNeohydronomus affinis

Adult Neohydronomus affingre small (3 mm long) and have a nearly straight
rostrum that is strongly constricted ventrallyls baseNeohydronomus affinis

ranges in colour from uniform bluish grey to reddsown (depending on age) with a
tan, lunate band across the elytra. The colouepait associated with scales and may

be difficult to distinguish if they are wet, dirtgr missing (Centeet al, 2002).

The eggs are cream coloured and subspherical 38y 0.40 mm). Females chew
a hole of about 0.5 mm diameter in the water letleaf (usually the upper surface
near the leaf edge), deposit a single egg insidgtincture, and close the hole with
frass. The eggs usually hatch within 4 days (apenatures above 24C). The young
larvae, which are very small (head diameter ofr2), burrow under the epidermis
and work their way toward the spongy portions efldgaf at a rate of about 1.5-2.0
cm/day (Centeet al, 2002). Larval mines are often plainly visiblethe outer third

of the leaf where tissues are thin, but are lepai@nt in the central and basal portions

of the leaf.

The first moult occurs when larvae are about 3 @dg®nd the second, 3-4 days
later. Second-instar larvae have heads 0.25-0.27malameter; third-instar larvae
are 2.5-3.0 mm long and have heads 0.32-0.37 ndiaimeter. The larval stages last
11-14 days in total (Centet al, 2002). Third instars are generally found excagat
the spongy portions of the leaf where they moulidoome naked pupae. Under
optimum temperatures, 4-6 weeks are generally reddorN. affinisto complete the

transition from egg to adult. Adults chew holesofatbl.4 mm in diameter) in the leaf
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surface and burrow in the spongy tissues of thie Tdee characteristic round feeding
holes are easily observed when weevil populatioadaeige, but may be concentrated
near leaf edges and more difficult to observe whieavil populations are small
(Centeret al, 2002).

1.9. Post-release evaluation ddeohydronomus affinisin South Africa
Neohydronomus affinis the only biological control agent to have besleased in
South Africa on water lettuce, and since its intrcttbn, it has established widely and
has effectively controlled water lettuce in mosttp@af the country. The weevils were
first introduced into South Africa in 1985, aftemtrol of the water lettuce had been
obtained byN. affinisin Australia, and after which Harlet al (1984) suggested that
the weevil would probably also affect similar cahin Africa (Cillierset al, 1996).

A starter colony of weevils was obtained and impaitto South Africa from

CSIRO, Brisbane, Australia in 1985. The beetle firasintroduced onto a water
lettuce infestation on Nhlangaluwe Pan in the KNBPecember 1985 and the
progress and effect on the plants was monitoreligisi 1987). A population of 500
adults was first released on the Sabie River atdrdgabie in September 1987. Four
further releases of between 100 and 1000 adultsaawake totaling approximately
5000 weevils took place over the next five yeaifliégs et al, 1996).

Great success was achieved with biological cominadeasonal pans in Nhlangaluwe
and in Dakamila in the northern part of the KNPIl{@€1s, 1987, 1991). On
Nhlangaluwe Pan in the Pafuri area, biological mdiwas achieved within 10 months
(Cilliers, 1987). The pan then dried up and no wigtuce remained. On the Lower
Sabie River both chemical and biological contralggammes were followed within
the KNP in 1987/88. The weevil population at thie semained low and only a year
after initial release of the weevils, damage toglamts could be easily observed
(Cilliers et al,, 1996).

By November 1990, and January 1991, the numbeeetikdamaged plants on the
Lower Sabie River had reached 100 %. Between M&t B&d March 1992, weevil-
damaged plants ranged from 54-100 % (Cilletral, 1996). This introduction of

weevils to the Salitjie River therefore appearedttp the infestation of weevil-free

plants, making control downstream more effective.
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By September 1992, plant coverage had been redadess than 10 %. Between
early 1991 and the beginning of 1992 it was evidleatN. affiniscould controlP.
stratioteson a flowing river (Cillierset al, 1996). On the Sabie River at Lower Sabie,
a cover of less than 10 % of the water surfacedsgntly regarded as the residual
plant population that can be tolerated. Biologaattrol was and is very successful
on the pans and on the Sabie River and remainsaiveform of control in the KNP
(Cilliers et al,, 1996).

1.10. Biological control at Sunset Dam

A repeating cycle of open water followed by totaverage of the weed seems to
occur every few years. Increasing weevil populajavhich cause the plant mats to
collapse, drives the cycle. Low recourse availgbdauses weevil numbers to

decline, which, in turn, enables the plants to vecoand the cycle to repeat.

There appears to be a cycle every few years of ojager total coverage of the weed
on this dam, where the weevils catch up with tleas, causing them to crash, but
thereafter weevil numbers crash in turn, the plastape for a while, and the cycle
continues again. Recently Sunset Dam has beetytoladr of weed for several
months, even over winter, which it has never dagferie (L. Foxcroft personal
communication). It may therefore be possible, tialogical control at Sunset Dam
has finally stabilized and can be considered todmplete. Complete biological
control could be achieved when no other controlsusss are needed to reduce the
weed to acceptable levels, at least in areas viheragents are established
(Hoffmann, 1995).

1.11. Impact of the weevilNeohydronomus affinis in the rest of the world
Neohydronomus affiniwas also introduced into Zimbabwe oRtostratiotesn the
Manyame River in April 1988. By July 1988, the wiiewere well established.
Many plants were severely damaged, plant size waknihg and other aquatic
plants, namely water hyacinth and parrot’s fea(Wgmriophyllum aquaticum
(Velloso Verde) had begun to invade the area. Byk®r 1988, the weevils were
active throughout a region, 9 km upstream and Sl&mnstream of the release site.
Population density averaged 5.6 adults/plant andyméants were rotting and

sinking, due to insect-damage. By February 198%miattuce had been successfully
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controlled and was no longer a problem on the MargyRiver (Chikwenhere and
Forno, 1991).

In Benin, West AfricaN. affiniswas first imported from Zimbabwe and reared at the
International Institute of Tropical Agriculture {IR) in Cotonou (Ajuonu and
Neuenschwander, 2003). The weevils were first seldan 1995, and 2 years later it
had spread 90 km from the release site to the Olrdvez, and by 2000 to Savalou,
which is 250 km to the northwest (Ajuonu and Negbmsnder, 2003). The weevils
were also introduced and released several timeghetRepublic of Congo from
1999-2002 (Mbati and Neuenschwander, 2005).

Neohydronomus affiniwas also introduced into the south-eastern UrStates.
Neohydronomus affinisas first released in North America for biologicahtrol of
water lettuce, at Kreamer Island, Lake OkeechobBleeida, on 29 April 1987 (Dray
et al, 1990). A further 6 releases were made at additisites in southern Florida.
Periodic observations at several of these sitasatetl the weevils established and
were dispersing. Plants in some of these areasesheymptoms dil. affinisattack
typical of areas successfully controlled by the wilsgDray et al. 1990). Although
the weevVilN. affinishas been used successfully in other countriégsitonly had a
limited effect on water lettuce in Florida (Drayda@enter, 1992), possibly due to

pollution (with eutrophication being of particulanportance).

1.12. Aims

It would appear that water quality status mightehavarge role to play in the
biological control of water lettuce and other aguateeds (Hill and Olckers, 2001).
However, by the same token, it is an aspect thebkan neglected in general. Thus
the main focus of this study was to investigate tiwdienutrients are a limiting factor

in terms of biological control of water lettuce Wwil. affinis

1.13. Hypothesis
Ho: High levels of nutrients prevent effective biologli control of water lettuce.
Ha. High levels of nutrients do not prevent effectinelogical control of water

lettuce.
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The above hypothesis forms the basis for all cliapiéhere are 2 ways of addressing
the above hypothesis. One approach is to asses$f¢ies of different nutrient levels
(especially high nutrient levels) on biological trah of water lettuce with
Neohydronomus affinis the laboratory by manipulating the nutrientaogher
approach is to conduct a quantitative post-releaatuation of the weevNl. affinisin
the field at Cape Recife, (which is classified autophic system). Both of these
studies would be very useful as weed managemelst tmod may help explain why
eutrophic systems are often difficult to controtiwibiological control alone. However
comparison to examples of water lettuce under iffenutrient statuses would be

useful if they were available.

1.14. Main questions
1.) Is there a eutrophication threshold above whiclolgioal control is
ineffective and if so, where does this level occur?
2.) How important is eutrophication in terms of biolcgli control of water
lettuce?

3.) CanN. affiniscontrol water lettuce in a hypertrophic system?
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Chapter 2

Effect of differing nitrate and phosphate concentréions on the successful
biological control of water lettuce.

2.1. Introduction

Water lettuce is no longer perceived as a problemdin many areas of South
Africa, and is normally brought under complete cohby the biological control
agentN. affinis However, in highly eutrophic water bodies, theews are thought
to be less effective at controlling the weed betoweconomic or environmental
threshold level. These threshold levels have nenlmiantified but the generally
accepted level is 20 % cover of the weed (M.P. plis comm.).

It is widely known that eutrophic waters resuleixcessive algal and macrophyte
growth, which in turn cause more eutrophication andxic conditions when these
plants die and sink. Macrophyte infestations akscrelase light penetration into the
water column, which results in little or no primamoduction below the macrophyte
mats, causing massive disturbances to the natcolgy of the system (Ayles and
Barica, 1977; Clady, 1977, Roback, 1974, and COOL

2.1.1. Plant nutrition

Many terrestrial studies have shown that limitsbsetemperature, water, and nitrogen
are the most important abiotic factors affectinrgnpland herbivore dynamics (e.g.
Scriber and Slansky 1981). In fairly closed systesush as dams, the dominance of
nitrogen should be expected to be even more impip@a the nutrients are leached
from catchment areas and tend to accumulate in panss, and lakes, where water

lettuce occurs, which could lead to eutrophic cbods.

Most aquatic systems experience fluxes in nitragemlability, with the timing and
magnitude dependent on rainfall and the natureetatchment. An agricultural
region of Australia that experienced heavy raitipfeed by nutrient run off, resulted
in rising levels of nitrogen in the lake as the@vabse, which in turn raised levels of
nitrogen inSalvinia molestdMitchell (Salviniaceae), and increased the growatie r
(Room and Thomas, 1985). In contrast, in a prinnaiyforest catchment in Papua
New Guinea, high water levels in the rainy seaserevaccompanied by reduced

levels of nitrogen in the plants and reduced rafegowth (Roonet al, 1989).
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Salvinia responds to nitrogen shortage by increasezstment in roots and
mobilization of nitrogen from senescing rametsitfogen is abundant, it is stored
and vegetative reproduction increases through &xémaching and earlier
fragmentation of colonies of ramets (Room, 1988k Weevil biocontrol agents of
salvinia Cyrtobagous salviniaandC. singularig are adapted to variable nitrogen
availability by having extremely long lived, almasdentary adults (virtual K-
strategists), with rapid fecundity responses bathmach behavioural response to
nitrogen levels (Forno and Bourne, 1988). In caitrdne moth agen§amea
multiplicalis adults are short-lived (r-strategists), vagilej discriminate between
ovipositional sites on the basis of nitrogen contérihe host (Forno and Semple,
1987). K-selected populations are also called dxisl populations, and can be
defined as populations that are likely to be livaig density near the limit imposed
by their resources (K, or carrying capacity, Cantpt895). On the other hand, r-
selected populations, also called opportunistiaupstpns are likely to be found in
variable environments in which population densitiestuate or in open habitats
where individuals are likely to face little comgieth (Campbell, 1995). It would
therefore seem that r-strategists rely more on feiid high nitrogen content than K-
strategists, where high fecundity and reproducti@not as critical. This means that
some past biological control releases may have besuaccessful because of
inadequate fertilizer levels, with plants beingriianally inadequate. Future releases
of agents may in fact benefit from judicious usdenfilizer as was suggested by
Harris (1981).

Future releases of agents may benefit from judgcime of fertilizer as was suggested
by Harris (1981). Room and Thomas (1985), for eXanfpund that increasing
fertilizer treatments resulted in rapid increasesecruitment ofCyrtobagoussp.
Weevils. The MotiNiphograpta albigutallison water hyacinthEichhornia crassipes

provides another example.

Higher than ‘normal’ nutrient levels can generakacerbate weed problems if
natural herbivores are excluded, such as was séempa Recife before
Neohydronomus affiniseevils were introduced (personal observation)veicer,
field-cage experiments have shown that althouglogén enriched salvinia grew

faster and suffered less damage per individuakplhay sustained more total damage

30



because the insects became more numerous due &vioahnesponses (Rooet al,
1989). This means, that in very eutrophic/hypetiopvaters, although biocontrol
agents may be causing large amounts of damagealahiage may be compensated
for by the growth of plants due to unlimited nigmiand phosphates. Conversely,
higher nitrates and phosphates may mean that pnechection of the biocontrol
agents increases and more damage accrues asuhmiers increase.

Laboratory studies have found higher rates of adgmaknt byCyrtobagoussp. larvae
when fedS. molestaontaining higher nitrogen levels (Sardsl, 1983). Taylor
(1984, 1988) also demonstrated the importancetadgen concentrations f@amea
multiplicalis, another herbivore of salvinia and water letttidee importance of plant
nutritional factors, especially nitrogen (Matts@980) and leaf toughness (Coley and
Barone, 1996) for weed biocontrol has been showa faumber of other aquatic
weeds, including alligator weeAl|ternanthera philoxeroide@Viart.) Grieb.
(Amaranthaeae) (Maddos and Rhyne 1975); salv8ahyinia molestdTaylor 1984,
1988; Room 1990); water hyacinteichhornia crassipegCenter 1994) and hydrilla,
Hydrilla verticillata (L. f.) Royle (Hydrocharitaceae) (Wheeler and @ent996,
1997). Wheeleet al (1998) also found th&podoptera pectinicornid.epidoptera:
Noctuidae) larvae compensated for low nitrogen#sawy increasing their fresh
weight consumption 3-fold.

Thus, in general, low nitrogen levels (oligotropbanditions) appear to result in low
plant growth and poor insect establishment; whenggs nitrogen levels result in
high plant growth and generally better insect depelent and establishment. Fr
pectinicornisat least, it would seem that food quality withaets to nitrogen is very
important, and governs the quantity of food theaonsumes, i.e. lots of low
guality food or a little high quality food, as memted in Wheeler and Halpern,
(1999). However, excess nutrients (eutrophic amehyophic conditions) appear to
interfere with the effectiveness of biological amhin many cases. There would
therefore seem to be a divide where nutrients iaiddpcal control and where they

interfere with it, although there is very littlédrature to support this.
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2.1.2. Aims

The main objective of this part of the study waddétermine whether nutrient levels
(notably nitrates and phosphates) affect the efficd biological control withN.
affinis on water lettuce, especially at high nutrient Isve

Ho: High levels of nutrients reduce the effectivelbdgical control of water lettuce
with N. affinis

Ha: High levels of nutrients do not reduce the effextontrol of water lettuce with

N. affinis

2.2. Materials and methods

Cultures of insect-free water lettuce plants weagntained in a paddling pool
(diameter 1.5 m x 0.5 m high), and were used feddboratory experiments. Sixty 10
L plastic containers were set up in a glasshousgaming various nutrient
concentrations (see Table 2.1). Each treatmenaucuert consisted of a water lettuce
plant of between 15-20 g with two mating pairs @filaN. affinisweevils (the

weevils were pre-sexed before the experiments dwend copula) per plant at the 10
different nutrient concentrations, while the cohtuds contained plants without
insects, at the same 10 different nutrient conedéintis, under the same conditions.
An original Long-Ashton nutrient solution (Hewiit966) was used as a growth
medium, with only the nitrates and phosphates nexiéiccording to the treatment
(Table 2.2) the rest of the macro and micronutsievegre kept constant throughout.
Tap water was used for the medium and high nuttreatments and de-ionised water
for all the low nutrient concentrations. Deioniseakter was used for the low levels,
because tap water in Grahamstown was found to icodta mg/L N (Analytical and
advisory service report for Makana Municipality AyM. Mancotywa, 02/06/2003),
which is higher than the 0.2 mg/L N required fog #xperiments. There were 3
replicates for each treatment, i.e. either withvithout insects at the 10 different

concentrations.
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Table 2.1.The ten different nutrient combination concentrati®atments used in the
laboratory experiments.

Concentration (abbreviations) Concentration (in ful)

LNLP Low nitrogen, low phosphate
LNMP Low nitrate, medium phosphate
LNHP Low nitrate, high phosphate

MNLP Medium nitrate, low phosphate
MNMP Medium nitrate, medium phosphate
MNHP Medium nitrate, high phosphate
HNLP High nitrate, low phosphate

HNMP High nitrate, medium phosphate
HNHP High nitrate, high phosphate
VHNVHP Very high nitrate, very high phosphate

Table 2.2.The Long-Ashton nutrient solution used in the latory experiments.

Macronutrients Micronutrients
KNO3 MnS04.4H20
K2S04 CuS04.5H20
Ca(N03)2 ZnS04.7H20
CaCl2 H3B03
MgS04.7H20 Na2M04.2H20
NaH2P04.2H20 NacCl
FeClI(.3H20)
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Table 2.3 Nitrate and phosphate treatment concentrations fasele laboratory

experimentgall units in mg/L).

Treatment Phosphate Nitrate

Low 0.005 0.2 (Oligo-Mesotrophic)

Medium 0.01 2 (Mesotrophic)

High 0.2 20 (Eutrohic-
Hypertrophic)

Very High 20 200 (Highly Hypertrophic

Table 2.4.South African water quality guidelines for nitragend phosphorus (from
Coetzee unpub. 2003).

Water nutrient Inorganic P (ng/L) Inorganic N (mg/ L)
Classification

Oligotrophic <5 <0.05
Mesotrophic 5-25 0.5-25

Eutrophic 25-250 2.5-10
Hypertrophic >250 >10

The low nutrient levels correspond to oligotrophidrient levels (which are rarely
found in South African waters), whereas the medewels were near the upper limit
of the mesotrophic water nutrient levels, the ragh very high nutrient levels were
well within the hypertrophic nutrient zone (Tabld R

The tubs were stirred weekly to mix the nutriemtd subs were all scoured down and
any algae removed from the sides of the containeigre the next nutrient solution
(every 2 weeks) was added. Temperature and liggnsity within the glasshouse

were constant for all treatments. All the tubs wereered with white gauze
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curtaining, with an elastic cord around them, tefkensects either in or out of the
tubs.

Young plants of similar size and age were usedhemrexperiments (between 5 and 20
g), and these were collected from a quarantinexjipusly insecticide-treated pool
containing field-collected insect-free plants. Aamate pool was used to mass-rear
insects for the experiments, additional insectsevkandly provided by the Plant
Protection Research Institute (PPRI) in Pretonao Ppairs of weevils were used per

tub, with weevils being sexed in copula.

At the beginning of the experiments, a single plaas placed inside each container.
These plants had been pre-weighed before any ssere introduced onto them, and
plant growth rate parameters recorded before aed thie experimental period.

The plants were left in the greenhouse for abomé@ks to acclimatize to the gauze
and nutrient conditions within tubs, before theaxmpents were initiated. Nutrient
concentrations were changed every second weekitdammarelatively constant
nutrient levels. The experiments were run for 6kgda total (8 weeks for the
VHNVHP treatments). In consequence of rapid andkpeeted deterioration in the
condition of the insect treatment plants, due @vigdeeding damage, the
experiments were terminated much sooner than waedhimr. Many of the plants
were starting to die, and it was decided that #pegments should be terminated

before the insect treatment plants died.

2.2.1. Statistics

A factorial 3-way analysis of variance (ANOVA) wased to test for differences
between the different treatments, i.e. plants aittl without insects, between
insect/control treatments at the 10 different cotre¢ions. However, due to almost all
the variables not being normally distributed, afterning a Kolmogorov-Smirnov (K-
S) normality test, nonparametric statistics werdusiowever, a simple square-root
transformation of the data revealed the residweaddltbe normally distributed with a
K-S test, and therefore an ANOVA was deemed perbiessvithout violating any

assumptions.
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2.3. Results

2.3.0. Plant Growth

2.3.1. Effect of nutrient treatment on water lettu@ plant growth

All plant growth variables revealed very similagnds between the start and end of
the 6-week duration of this experiment (see Figar&s2.10 starting over page).
However, root length and plant height showed muaiation. Only the very high
concentrations, VHNVHP were significantly differantall the other concentrations
with respect to the means of all the plant grovghables, including plant mass, plant
height, root length, number of ramets and numbégafes. Some of the plants in the
medium level treatments surprisingly grew bettanteome of the high treatment

plants.

2.3.1.1. Mean water lettuce wet weight

The control and insect treatments at the ten @iffeconcentrations after the end of
the 6-week duration of the experiments revealedesdifferences. The graph (Fig.
2.1) showed that when insects were absent frompltrgs, plant mass was almost
always higher at the end of the experiments contp@réhe insect treatments. Wet
weight and therefore growth was more vigorous ghéi nutrient levels. The HPHN,
HPMN and MPHN concentrations were all higher tHamlow (LPLN) and low-
medium treatments, but not statistically so. The\\WHHP concentrations (treatment

and control) were significantly higher than anyttod other concentrations.
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Figure 2.1.Control vs. insect treatments; square-root transfd graph of mean
water lettuce plant masses at the end of the Ipbrerents with insects either present
or absent at the 10 different nutrient concentreti@@f = 9, F= .491, p = 0.877, error

bars denote standard errors).

2.3.1.2. Mean water lettuce plant height

The control treatments grew taller than the inteetments at all concentrations, but
not significantly so. The ten different concentvas were all very similar with respect
to plant height, with only the VHNVHP concentratsoreally standing out above the
rest. Statistics revealed that there were no sggmt differences between the different
nutrient concentrations. At six weeks, there werti&lly no differences between the

control and insect treatments at most concentrsition
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Figure 2.2.Control vs. insect treatment of square root tranmséd mean water lettuce
plant heights at the 10 different nutrient concaiins with insects both present and
absent. (df =9, F = 0.255, p = 0.985, error barsote standard errors).

2.3.1.3. Mean root length

No apparent trend could be seen for root lengtheallO different nutrient
concentrations. Even the VHNVHP concentrationsndiishow any differences from
lower concentrations (see Fig. 2.3). Root length apparently very variable, as can
be seen by the high standard deviations at mostecdrations and treatments. The
control treatments had longer roots than the inseatments, but not significantly so.
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Figure 2.3.Control vs. insect treatments of mean squaretransformed root lengths
of water lettuce plants at the end of the experisiahthe 10 different nutrient
concentrations, with insects both present and alfdér 9, F = 0.767, p = 0.647,

error bars denote standard errors).

2.3.1.4. Mean number of ramets

For the mean number of ramets, the low nutriertttnents contained more ramets
than the medium and medium high treatments, busigaificantly so. The HPHN
treatment plants contained a higher number of rauthein the low and medium-high
treatments, but not significantly so. The VHNVHPBaiment was much higher than
the rest of the concentrations, but not signifigasb. There were no real difference
between the insect and control treatments withrdsgto the number of ramets, they

were also not statistically significantly differegither.
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Figure 2.4.Control vs. insect treatments showing mean squentetransformed
number of water lettuce ramets at the 10 differeritient concentrations at the end of
the lab experiments with insects both present asdra (df =9, F = 1.668, p = 0.106,

error bars denote standard errors).

2.3.1.5. Mean number of water lettuce leaves

A very similar trend to previous graphs can be sedng 2.5, whereby low
treatments and medium low treatments were lowar tha high treatment, HPHN.
The LPHN treatment seemed to have more leavesd=nngj it was restricted to low
phosphorus treatment, suggesting that nitrateshraag been the limiting nutrient.
The VHNVHP treatments appeared to be significahigher than all other
treatments, but overall, there were no signifidifierences between control and
insect treatments, p = 0.140. With respect toriseat and control treatments, the
control treatments had more leaves than the inssatiment plants, but not
significantly so. In such instances, the leaves heye been small and many, leading

to confounding conclusions.
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Figure 2.5.Control vs. insect treatments of mean squaretransformed number of
water lettuce leaves per plant at the end of tipeements at the 10 different nutrient
concentrations with both insects present and al§dént9, F = 1.554, p = 0.140, error

bars denote standard errors).

2.3.1.6. Mean wet weight vs. concentration vs. be&and after

The following 5 figures show how the insect andtodirtreatments differed before
and after the six week duration of the nutrientstes different nutrient

concentrations, comparing plant growth parametefsrb to after the experiments. In
Fig. 2.6, mean wet weight before the experiments fwgher, (but not significantly)
than after the experiments with the insect treatmBme same pattern can be seen for
the control treatment plants, however, the diffeesbetween before and after are
smaller in general than the insect treatment plansgrall, a significant difference
was detected between before an after vs. nutremtentration and mass, p =
0.00289. This significant difference was mainly dpecifically to the VHNVHP

treatments.
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Figure 2.6.Before vs. after mean square root transformednietteice plant masses
(g) for both control and insect treatments at thedtrient concentrations (df = (9,
80), F =3.119, p = 0.00289, error bars denotedsti@herrors).

2.3.1.7. Mean plant height vs. before and after, vsoncentration

The same trends apply for this graph as the prewgoaph, except that the differences
between before and after are much more pronoumigtirne with the insect
treatment, showing that the insects were certdialying an impact on the plants.
Plant height for the VHNVHP treatment was highentlall other concentrations, but
not significantly so. In the VHNVHP control anddtenent, at six weeks, the plants
were taller after as opposed to before (as oppistied rest of the concentrations),
suggesting that the plants had not stabilized wherexperiments were started, or

they were perhaps growing vertically due to lackudce.
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Figure 2.7.Before vs. after mean square root transformednietteice plant heights
for both insect and control treatments at the fi@mtint nutrient concentrations before
and after the lab experiments (df = (9, 80), F23&8, p = 0.28486, error bars denote

standard errors).

2.3.1.8. Mean root length vs. before vs. after, veoncentration

Root length was highly variable even within the saneatments and concentrations,
as shown by the large error bars (Fig. 2.8). Laifferences were apparent between
before and after with the insect treatment tubspg®sed to the controls. The big
drop in root length for the treatment concentratfter as opposed to before the
experiments, highlights the damage that the weagl®e causing to the plants

compared to the control tubs, however this diffeeewas not statistically significant.
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Figure 2.8.Before vs. after mean square root transformednietteice root lengths
of both control and insect treatments at the 1f@ht nutrient concentrations (df =
(9, 80), F =1.8241, p = 0.07647, error bars destztrdard errors).

2.3.1.9. Mean number of ramets vs. before vs. aftgs. concentration

There was very little difference between before after with the control treatment,
except the VHNVHP control treatment. The overallgide suggests that there were
very significant differences, but these were mathg to the VHNVHP treatments.
Generally the insect treatment tubs containedries®ts than the control tubs (but not
significantly). However, the HPHN treatment does aygpear to make sense, since the
numbers of ramets were higher than the control.plaets producing smaller plants

as a result of insect feeding stress could haveechthis.
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Figure 2.9.Before vs. after mean square root transformed eummbwater lettuce

ramets for both control and insect treatmentsatlthdifferent nutrient
concentrations (df = (9, 80), F = 5.7510, p = O@®MCerror bars denote standard

errors).

2.3.1.10. Mean number of leaves vs. before vs. aftes. concentration

A similar trend was seen with Fig. 2.10 as compéaodtie previous figure. Again the

HPHN insect treatment revealed more leaves afteppesed to the start of the

experiments, which is contradictory to the resthefresults, it is possible again that

this was due to a result of feeding damage.
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Figure 2.10.Before vs. after mean square root transformed eunmbwater lettuce
leaves for the control and insect treatments al thdifferent nutrient concentrations
before (df = (9, 80), F = 3.4007, p = 0.00140, ebars denote standard errors).

2.3.1.11. Plant growth at the different nitrate andohosphate levels

The experiments were only run for 6-8 weeks, algffoeven over this short period,
extensive damage and collapse of many of the plaassevident, suggesting that the
weevils are highly effective and destructive toavagttuce irrespective of nutrient
status. Larval feeding and damage however appéatsel much lower with the lower
concentrations as opposed to the higher nutriemtergtrations, where reproduction
and damage were much more obvious. However, teerery little quantification for
this as the larval and adult damage ratings atlifferent concentrations were all
found to be rather similar (and generally low)ha different nutrient concentrations
(see Figures 2.14 and 2.15).

The VHNVHP concentrations were also very much gjesrfan order of magnitude
larger) than the HNHP concentrations, and the gamwth responses to the extra
nutrients was also very apparent, with growth béamgnore vigorous under the

VHNVHP compared to HNHP concentrations, which maglications for eutrophic
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waters and weed problems. The VHNVHP concentratiogre left for another 2

weeks after the rest of the plants at the otheceatnations were harvested, just to see
what would happen to the plants (see Figures 2.18}2In the 2 weeks, the plants

had deteriorated rapidly, with one of the threenfdavirtually totally collapsing and

the plants were showing very serious weevil damsigggesting that at high nutrient
levels biological control will take longer.

The 10 different nutrient concentration treatmersisd in the experiments were not
found to show a large amount of variation betwagnda the treatments (insect and
control treatments), except for the very high con@dions, both before and after the
experiments. The general trend was that the phaottslly lost mass after the end of
the experiments, and the condition of many of tlaats towards the end of sampling
was generally very poor in the insect treatmentsclvwas to be expected,
considering the feeding damage.

Table 2.4.Results of a 3-Way ANOVA for square-root transfedrata, for
before/after vs. with/without insects vs. concetndravs. different water lettuce plant
growth rate variables (stars denote significarfeddnces at alpha = 0.95 level of
significance).

Variable df SS MS F p

Mass 9 32542 3615.8 2.2278 0.028327*
Plant 9 16.208 1.801 1.770 0.086972
Height

Root 9 14166.4 1574 2.5792 0.011609*%
Length

Number of |9 2490 276.67 5.258 0.000013*
Ramets

Number of |9 14875 1653 1.462 0.176577
Leaves
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The table above shows that there were only twot panables that showed no
significant differences between nutrient concerdres, vs. treatment vs. before/after.
The multiple comparisons are not shown, due tdabethat they would have been
too large to show. However the significant differes can largely be attributed to the
VHNVHP concentrations.

Table 2.5.Kolmogorov-Smirnov normality test run for all thatransformed plant

and insect variables for the lab experiments, shguhat the data was not normally

distributed and why a log-transformation was neagss

Variable Statistical significance d-value p-value

# Leaves before Not significant 0.09691 P>0.20
# Leaves after Significant difference 0.27296 P%0.0
Mass before Significant difference 0.39820 P<0.01
Mass after Significant difference 0.41423 P<0.01
Plant height before Significant difference 0.40702 | P<0.01
Plant height after Significant difference 0.33979 <01
Root length before Significant difference 0.38730 <0P1
Root length after No significant difference 0.10148 p>0.2

# ramets before Significant difference 0.17812 PxO0.

# ramets after Significant difference 0.27862 P%0.0
# adult weevils after Significant difference 0.3850 P<0.01

# larvae after Significant difference 0.53594 P40.C
# pupae after Significant difference 0.53514 P<0.01
Larval damage after Significant difference 0.35836 | P<0.01
Adult damage after Significant difference 0.35733 <0PR1
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Figure 2.11.Mean number of aduieohydronomus affiniseevils per tub after 6
weeks at the different nutrient concentrations @kal-Wallis ANOVA H (9, N = 30)
=21.17891, p = 0.0119. The tubs were inoculated tmro pairs of weevils, error
bars denote standard deviations).
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Figure 2.12.Mean number oNeohydronomus affiniarvae per tub after 6 weeks at
thel0 different nutrient concentrations (KruskaliWgaANOVA H (9, N = 27) =
10.86970, p = 0.2848 (the tubs were inoculated twthpairs of weevils, error bars

denote standard deviations).
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Figure 2.13.Mean number oeohydronomus affinigupae per tub after 6 weeks at
the different nutrient concentrations (Mann-Whitiiéyest, U = 2.5, Z =-0.8729, p =
0.38273. Tubs were inoculated with two pairs of wilseerror bars denote standard

deviations).
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Figure 2.14.Mean square-root transformed larval damage ratoges (0-5) for the
water lettuce plants at the ten different nutrtee&tments after the 6-week duration of

the experiments (F = 0.19286, p = 0.99453, erros banote standard errrors).
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Figure 2.15.Mean aduliN. affinissquare-root transformed damage rating scores (0-5)
for the water lettuce plants at the ten differautient treatments after the 6-week
duration of the experiments (F = 0.0786, p = 0.9996r bars denote standard

errors).

2.3.1.12. Weevil damage to plants

The mean square-root larval and adult damage sa#sgigned to each tub were
found to be very similar for all the different c@mtrations, and as could be seen by
the standard deviations, there were no signifidiférences for both the mean larval
and adult damage estimates. Overall, the mean dassgnates were low for both
larval and adult damage.
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Figure 2.16.Comparison of the VHNVHP nutrient concentrationgwespect to
mean water lettuce plant masses at 6 and 8-weelkats after the start of the

experiments.
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Figure 2.17.Mean water lettuce plant height for the VHNVHP tohand insect

treatments at 6 and 8-week intervals after the etahe experiments.
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Figure 2.18.Mean water lettuce root length at the VHNVHP conragion 6 and 8-

weeks after the start of the experiments.

The deterioration of the VHNVHP insect treatmeng&swery dramatic between 6 and
8 weeks, (Figures 2.16-2.18). The VHNVHP treatmevrdee left for another 2 weeks
after 6 weeks, as they were still very healthy Ingkalthough feeding damage was
relatively intense, while all the remaining insgetatment concentrations had been
terminated, due to severe weevil damage. The dant@ments were still very

healthy and much larger in general compared tanthect treatments.

2.3.1.13. Before/after vs. with/without insects vswtrient concentration

A 3-way ANOVA comparing before/after vs. with/witlibinsects, vs. concentration
for mean plant mass, plant height, root length, lmemof ramets, and number of
leaves revealed the results shown in Table 2.4y (el variables plant mass, root
length and number of ramets per plant showed atigstal significant differences
and for these, it was mainly only the VHNVHP thasasignificantly different from

all the other concentrations and treatments.
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2.3.1.14. Insect responses

The mean number of weevils per tub at the diffecenicentrations was found to be
much higher in the HPHN and VHNVHP nutrient tubsnpared to the lower nutrient
concentration tubs. The VHNVHP tubs contained ssm@rably higher number of
weevils than the other concentrations (see Fid.)2Tlhe mean numbers of larvae per
tub were high in the high nitrogen tubs, in facvée were only found in the high
nitrogen tubs (see Fig 2.12). Pupae were relatisedyce throughout the study, and
were only found in the MPHN and VHNVHP tubs (seg.R2.13). Larval damage in
all the insect treatments was very high in allitteect treatment tubs. However, in the
very low nutrient tubs, larval damage appearecetainch visibly lower on the low
nutrient concentrations compared to the mediumhégia ones. The damage on the
VHNVHP plants after 6 weeks was very high, althotigg plants appeared much
healthier than the mean and low nutrient concantrat which were clearly dying
from the intense adult weevil and larvae damaggures 2.16-2.18.
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Fig. 2.19a.Water lettuce LPLN control after 6 weeks.

Fig. 2.19b.Water lettuce LPLN treatment after 6 weeks.
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Fig. 2.20b.Water lettuce MPMN treatment after 6 weeks.
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Fig. 2.21aWater lettuce HPMN control after 6 weeks.

Fig. 2.21b.Water lettuce HPMN treatment after 6 weeks.
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Fig. 2.22a.Water lettuce HPHN control

Fig. 2.22b.Water lettuce HPHN treatment after 6 weeks.

58



Fig. 2.23b.Water lettuce VHNVHP treatment after 6 weeks.
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2.4. Discussion

2.4.1. Biological control at different nutrient lewels

Biological control at the different nutrient leveksvealed some exciting information,
especially at the very high nutrient levels, it \ebappear that up to and possibly
beyond 200 mg/L N, there is a continuous and likekar growth of water lettuce,
without any limits to growth. It was initially thoint that the 200 mg/L N VHNVHP
concentrations would kill or at least stress ospnithe plants, however this was not
the case, in fact quite the opposite, and the plardw incredibly vigorously, without
any signs of nutrient stress. By the same tokemad also suspected that the low 0.2
mg/L N concentration of the LNLP concentrations Wioalso eventually lead to the
death of the plants; however, this did not occliihoaigh the plants did show very
apparent signs of severe nutrient stress. In tefrtige insects, the same was noted at
the different concentrations, at the low nutri@vigls there was little recruitment,
while at high concentrations, weevil recruitmenswary prominent (Moore and Hill
unpub.). This would therefore seem to reinforeertbtion that food quality governs
fecundity in insects. Larval damage was visibl\slgsthe very low concentrations
compared to the medium and high concentrationstlaaanay have potentially been

due to reduced ovarian development.

Surprisingly, some of the medium nutrient conceditres resulted in better growth
than the higher nutrient concentrations. The re&sothis was uncertain. It is

possible that because some of the medium and medugimconcentrations were
showing some signs of nutrient stress, it may hmen other nutrients besides N or P
that were causing the stress, which was likelycdse, as the plants were showing
burnt leaf tips and were light green, suggestirg & least one form of nutrients may
have been limiting growth. Photosynthesis may hksee been limited to some extent
in all the treatments due to the gauze coveringuhs. With the low concentrations,
the roots did not grow longer, indicative that éx@eriments may have been too short

in duration to detect this.

What was apparent from the study was that there vesv statistical differences
between the different concentrations, except feAthINVHP concentrations,
especially with regards to damage between the ingsstments and the control

treatments. Even though some of the plants weliedlysdead, they weighed
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roughly the same as the live control plants, winsclwhat lead to the erroneous
conclusion that there were no differences betwkenwo treatments, which was
apparently false, or at least visually so (see feéig2.19a-2.23b), treatment and
control plates). It was not the data, which wasngrdut likely the methods that were
used to analyze them that were inappropriate. Thissal differences should have
been mirrored in the statistical analysis, but tiveye not. The methods that we used

were not sufficient or suitable to show differenbesween live and dead plants.

The most exciting aspect about this study, was rapidly 2 pairs of weevils per tub
caused severe damage to most of the plants, witly plants tending to collapse, just
6 weeks after introduction of the weevils. With HldNVHP concentrations, after 6
weeks the plants showed much damage, but the plemésstill relatively healthy,
however, just 2 weeks later, the weevils causeahgptete collapse of most of these
plants, under extremely hypertrophic nutrient |s(@00mg/LN)!

2.4.2. Growth medium

Chadwick and Obeid (1966) studied the effects dewpH and nutrition on the
growth of P. stratiotesandEichhornia crassipesplants which have tendencies to
compete for the same sit€Schhornia crassipegielded the greatest dry weight yield
at pH 7; whereaRistia stratioteperformed best at pH 4, and would not grow at pH
3, losing vigour rapidly at any pH over the optimuiater lettuce’s pH tolerance
range appears much narrower than that of waternyd his means that the pH of
most river water is thus likely to be more favoueafor the growth oE. crassipes
and this could be an additional advantage in itétyabo crowd outP. stratiotesplants
(Chadwick & Obeid, 1966). When grown togetHer crassipeplants have been
shown to grow taller than and soon shade-out atd@upete the much shortét,
stratiotesplants (Agami and Reddy, 1990; Coetetal, 2005).

Pieterseet al, (1981) found that on a #!Strength Long Ashton medium as well as in
mixtures of tap water and half tap water rain watiéh Long Ashton medium, there
was a growth optimum fd?. stratiotesat pH 7, whereas growth at a pH of 4 was
strongly inhibited. These findings contradict theservations of Chadwick and Obeid
(1966), who reported th& stratioteshad a growth optimum at pH 4 on %/&trength
Long Ashton medium as with tap water (Pietessal, 1981). Therefore, it seems
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possible that either water lettuce may have a wpttetolerance range than previously

expected.

2.4.3. Insect responses

The duration of the experiments limited the amanfritme for the number of progeny
that could have been produced, however, if oneiderexd the number of adult
weevils on the very high nutrient levels, the wéekiad reproduced substantially
within the short time frame. This was likely dueviery warm temperatures within the
green house, which would have been optimal for Wweeswth and reproduction,
never dropping below 22 ° C. The damage sustamethhy of the plants, was also
very impressive, and substantial larval damagene#sd on some plants within a
week, which shows just how fast the weevils camagpce, and why they are so

damaging to water lettuce plants.

What was apparent from the results was that whéient concentration was
increased, reproductive output seemed to increasespondingly. This can be seen
by the number of adult weevils being much highanthny other treatments in the
HPHN and VHPVHN treatments, almost exponentiallyrsthe VHPVHN treatments
(see Fig. 2.11). The fact that the number of weaeimained low in the lower nutrient
treatments would strongly suggest that the amolNtreeded for successful
development and reproduction might not have beeilable, as it would have been at
the higher nutrient concentrations. Wheeleal,, (1997) found that fecundity &.
pectinicorniswas dependent on pupal biomass, which was depeaddaod quality.
The adultN. affinisweevils introduced in the lower nutrient levekiiments appeared
to survive the experiments, however, their numbl@siot appear to increase,
suggesting that ovary development and reproduatiay have been inhibited due to
the low nitrogen levels. Wheelet al, (1998) also found th&. pectinicorniadults
preferred to oviposit on plants of higher nutrisiquality, and that larval
development took longer on lower quality food, whaould have predation
implications, as insects on lower quality food wbbhve to forage for longer,
increasing their chances of being predated or fisexs TheS. pectinicornidarvae
compensated for low food quality by increasinglire®igh food consumption, (more
than a 3-fold increase compared to nitrogen-riddjoThis information suggests that

plant food quality is very important to insect gtbvand development.
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2.5. Conclusion

The weevilNeohydronomus affinisould appear to be an extremely effective
biological control agent against water lettuce. @bestion that we searched to
answer in the beginning, as to whether nutrierglig\vespecially high nutrient levels
are a limiting factor in terms of biological contwith water lettuce would appear to
have been answered. However, one can't really godage from a short study done in
the lab to actual field conditions. In this expegimy high nutrient levels did not prove
to be a barrier to effective biological control wthe weevil, although the amount of
time taken before control was slightly longer. Plamtrient status had a definite effect
on weevil performance, with higher N and P con@rns resulting in significantly

more weevils than lower concentrations.

Biological control was found to be complete, eveder extremely high nutrient

levels, far higher than could be found in any Sditican waters (South African
Water Research Council). It would appear that cbmdgrpossible irrespective of the
nutrient level. The plants compensated for damggadre growth under higher
nutrient conditions, but by the same token, thecatsalso grow and reproduced faster
on plants with higher nitrogen content, and dudhéodevastating damage that the
weevils cause in high numbers, collapse and dddtie@lants was inevitable once a

threshold population of weevils was reached.

63



Chapter 3

Quantitative post-release evaluation of biologicatontrol of water lettuce, Pistia
stratiotes L. (Araceae) with the weevilNeohydronomus affinis Hustache
(Coleoptera: Curculionidae) at Cape Recife Nature Bserve in the Eastern Cape

Province of South Africa.

3.1. Introduction

Long-term post-release evaluations in weed biokigiontrol are important because
they are the ultimate test of the success of aojegt. They are also important in the
decision whether or not to release additional ggemiumerous studies (cited in Hill
and Julien 2004) have demonstrated that biologizairol programmes against
aguatic weeds have been highly successful. Howelignd Olckers (2001) listed
several factors that have mitigated against theesscof the biological control
programme of water hyacinth in South Africa. Onéhaf most important was the
nutrient status of the water body. Under conditiohkigh nutrients (nitrates and
phosphates) the biological control of water hydtingas less effective or took longer
to achieve (Hill and Olckers, 2001). It is alsought that the seasonal recurrence of
water lettuce on Sunset Dam in the Kruger Natiétaak (Chapter 1) could also be
ascribed to high levels of nutrients in the waddthough this has not been tested (L.

Foxcroft pers comm.).

The experiments conducted in Chapter 2 showedhkaweevil (. affinig was

highly successful at controlling water lettuce eaehigh levels of nutrients in the
water. However as these experiments were conductger laboratory conditions it
was uncertain whether these results would persdtiufield conditions. The
eutrophic nutrient levels at Cape Recife near Bhizabeth are likely to have lead to
water lettuce becoming a problem we¥thter lettuce was first noticed on the upper
pond in March 2002, and within 2 months it hadltpteovered the upper pond
(Algoa Sun, 20/03/2003). In August 2002, 240affinisweevils were released on the
upper wastewater treatment settlement pond at Rap#e. This provided the ideal
opportunity to investigate the impact of the weewilthe weed under eutrophic field

conditions.
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3.1.1. Hypothesis

Ho: Neohydronomus affinidoes not effectively control water lettuce in tisdd
under eutrophic conditions.

Ha: Neohydronomus affinisan effectively control water lettuce in a eutrigph

environment.

3.2. Study site

Cape Recife Nature Reserve {B4'11.9” S 2841'18.7"E), is situated just a few
kilometers outside the city of Port ElizabethsIB8i66 ha in size and houses two
wastewater reclamation settlement ponds, the lagjeghich is about 1.5 ha in size.
Port Elizabeth airport, the closest weather stataeives a mean annual rainfall of
624mm (South African Weather Services). Mean summedimum temperatures
(January) are 25.4 ° C; while maximum daily tempees during winter (July) reach
19.5 ° C. Extremes range between 2.8 ° C and 41.&fd mean daily sunshine is 7.5
hrs. Sewage enters the sewage works at Cape Rehiee it is fully treated over a
24 hr period after which it enters the settlememids, where it is used to irrigate the
grounds of the Nelson Mandela Metropolitan UnivgréNMMU) and Humewood
Golf Club. Any surplus water after this is eventyalischarged into the Indian
Ocean. The water reclamation ponds at Cape Re@fpapular amongst tourists,
especially birders. There is also an attractiven9nature trail, which is popular, and

runs past both ponds.

3.3. Materials and methods

Water lettuce was sampled monthly on the upper peteen May 2003 and May
2004. During each sampling event, ten 0.5 x 0.5uadcats were thrown around the
perimeter of the dam, about 3 m from the shore.f@iamwas done close to the shore
because of the limitation of wading depth, and une thick water lettuce mat,
which precluded the use of a boat.

The positions of these quadrats remained constaeaoh sampling occasion, so that
plants and insects in quadrats could be comparseba months. However, in times
when no weed was present within these fixed quadaagample of plants was taken

from the vicinity of where quadrats would normaiigve been. This was simply
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achieved by randomly taking handfuls of plants fr@meed mat or pocket and
placing them inside labeled plastic bags. Howetese plants were not considered
as part of the quadrats. If this were not donexyeeds would have been collected for
several months, as the ponds became clear of weadsubstantial period of time.
The monthly sample sizes were still large (Tabl®Bso it was possible to compare
the condition of plants and insect damage withenupper pond, even though the
quadrats were empty. The percentage coverage pbiiedwas estimated visually

during each sampling event.

Plants from within quadrats or in the vicinity wegzlaced in large waterproof bags
and taken back to the laboratory. Plant parameteesured included fresh weight,
plant height; root length and number of daughtantd (ramets). The number of fruit
and seeds per plant were also measured. The nuofg@ents per quadrat were
noted, when there was weed present within the qimdWeevil damage was
measured for each plant according to a damage e€6r& (Table 3.2). Adult
shothole and larval mining-damage ratings werergavenean per plant, e.g. some
plants had 1 or 2 leaves which showed heavy feethingage, but the rest of the
leaves were untouched, which would have lowereddta damage-rating score for
that plant.
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Table 3.1.0.Sample sizes of water lettuce plants sampled pé Gecife from May

2003 to May 2004.

Month and Year Plant Sample Size
May 03 268
June 03 404
July 03 263
August 03 136
September 03 406
October 03 533
November 03 461
December 03 110
January 04 496
February 04 191
March 04 118
April 04 32
May 04 357

3.3.1. Statistics

A normality test was run to test whether the dada wormally distributed. A
Kolmogorov-Smirnov (K-S) test was conducted ortladl variables, which showed
that the data were not normally distributed. Thesant that non-parametric statistics
(Kruskal-Wallis ANOVA) had to be used instead afanventional ANOVA, (which
uses parametric assumptions). The data were atsuitable for transformation
(according to a Box-Cox transformation), so nonapagtric statistics had to be used
to analyze the data. The results of the Kruskalh$/ANOVA and tables of multiple

comparisons, with p-values are shown in Appendix 3.

The median plant variables varied much less sotti@mean plant variables per
plant per month. Since the data was not norma#ifriduted, the median was the
centre of the data distribution, not the mean. Jtaéstics also followed the medians
and not the means, which is also why | only usedntiedians for analysis. This is

why the statistics made sense if one looked atthe@ian data, but not the values for
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the means, and hence the means were not usedysian@he effect of many outliers
and extremes caused the means in general to beeledde than the median as a

measure of the centre of the distribution.

Table 3.2.Larval and adult damage rating scores given foh gédant.

Damage Category Percentage Leaf Area Damaged

0

1-15

16-35

36-55

56-75

gl b~ WO N | O

+75

When leaves were rated as “5”, they were coverdla synall circular holes to the
extent that only a skeleton of the leaf remainetS’Avas scored for larval damage if
the leaves looked as though they had been compketel totally scribbled on with a
white pen, leaving lines all over the leaf. In sgelses, the leaves were hanging on by
threads, as the larval mines very often penetrgie through the leaf, usually only
leaving the one-cell thick leaf membrane behindassess weevil populations, the

numbers of adult weevils were noted for each psiyell as larvae and pupae.

3.4. Results

3.4.1. Cape Recife nutrient data

NH3-nitrogen in the settlement ponds averaged && rx 7.3 mg/L, min. 0.1 mg/L,
max. 57 mg/L) for 275 samples taken over a periddlyears. Mean NO3-nitrogen
levels were 2.0 mg/L (= 2.4 mg/L, min. —0.4 mg/Laxn12 mg/L), (n = 275) (from
Nelson Mandela Metro database). This mean val@3omg/L N is well within the
eutrophic classification zone of South African wateurces (Table 2.3). However,
the ponds frequently reach nutrient levels welhabiive minimum hypertrophic value
of 10 mg/L N, but values fluctuated. No phosphatadvas available for the ponds at
Cape Recife, due to the lack of permission to acoéfiles by the Nelson Mandela
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Metro database, although the phosphate concemtsatie@ measured for the raw
sewage that enters the ponds.

3.4.2. Percentage coverage of water lettuce at CaRecife

The percentage coverage of water lettuce at Cap#eReas found to decrease
rapidly from 100 % coverage in May 2003 onwards] semain relatively clear of
weed over most of summer, slowly increasing agajpeircentage coverage towards
the end of summer going into winter (Fig. 3.1). Eeplants were sampled during
May 2003 than during May 2004, although the plamnesent were much smaller
during the latter period.
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Fig. 3.1.Percentage coverage of water lettuce on the yppet of Cape Recife for
every month from April 2003 (seven months afterittieoduction of the weevils) to
September 2004.

3.4.3. Number of plants per quadrat

The mean number of plants per quadrat showedliket tvere many gaps in the data,
when there was no data available, because of théhat the quadrats were free over
many months (Fig. 3.2). The mean number of plastgded in May 2003 appears to
be much smaller than for May 2004, which is trd#haugh the plants for May 2003
were much larger (mean 191.97 g £+ 247.5938 g) themplants for May 2004 (mean
3.79 g £ 8.2300 g), (Fig. 3.3).
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Fig. 3.2.Mean number of plants per quadrat for plants sathat Cape Recife from
May 2003 to May 2004.

3.4.4. Method difficulties

There were a few complications with using the fixghdrat method to sample water
lettuce. Firstly, when using fixed quadrats to nueasvaterweeds, wind often blows
mats of weed around. Plants can be blown complé&tety one shore to another in a
matter of minutes should the wind direction chariges was one consideration,
which we did not take into account, as we did peet the weed-mat to collapse
completely within such a short space of time. Halweed-mat not collapsed; fixed
guadrat sampling would have been an ideal methedmpling the weed. However,
once started, it was a good idea to continue wighseme sampling technique, so
fixed quadrat sampling was continued throughouptiogect. There were many zero
values in the quadrat data, which were largelytdube fact that there were just no
water lettuce plants within the quadrats, which entee usefulness of graphs taking

into account for example number of plants per gatahuch less meaningful.

3.4.5. Plant Growth Rate Parameters

The plant variables measured in this study includdesh biomass (g), plant height
(cm) along with counts of ramets, leaves, fruitd aeeds per plant (Figs. 3.3-3.9). All
the plant growth variables exhibited similar trendih the plants large by May 2003
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but becoming smaller during winter. Plant size w@sllest during September
because most were seedlings. Plants then gracdweaiyme larger until the end of
sampling during May 2004.
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Figure 3.3.Median water lettuce plant masses per plant petimibom a year of
monthly sampling at Cape Recife (note the larggean plant mass for May 2003;

see Appendix 3 for results of statistical analyses)
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Figure 3.4.Boxplot of median water lettuce plant heights cwgear of monthly

sampling at Cape Recife from May 2003 to May 2004.
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Figure 3.5.Box-plot of median water lettuce root lengths sEd@t Cape Recife

over a period of a year from May 2003 to May 2004.
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Figure 3.7.Median number of water lettuce ramets per plannhpenth after a years

worth of sampling at Cape Recife.



3.4.5. Plant mass, height, root length and numbeif bamets
A sharp decrease was noted in all water lettucat giewth variables after May 2003,
going into winter, generally reaching their loweatues in September 2003, after

which they all started to slowly increase again.

August 2003 and April 2004 may have stood out ftbenrest of the months in Fig.
3.4, possibly because these were relatively sraaibde sizes. In the August 2003
sample, the sampling was biased, as the pond wagletely clear of weed, with only
a few plants to be found and sampled in amonggteth@s and bulrushes, which on
average housed larger plants than open water.

3.4.6. Number of fruit and seed

Figure 3.8 shows that there were virtually no Bt seeds after May 2003. The
numbers of fruits decreased drastically going witater, with none to be found
thereafter. The plants that appeared in spring @aieedlings. The plants remained

very small during most of the summer.

Over most of summer, the plants remained very simaliize, which is likely a
reflection of stunting, most likely from heavy wadeeding damage. All the energy
resources would have been channeled into growtlvegetative reproduction as
opposed to flower and seed formation (sexual rapriboh), which are more energy
costly. The plants may also have not flowered bgeaucritical plant size was not
reached before flowering could occur, because avy&veevil-feeding damage.
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Figure 3.8.Median number of fruit per plant per month for ardettuce plants

sampled at Cape Recife over a year of sampling.
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Figure 3.9.Median number of water lettuce seeds per planpksiover a year at

Cape Recife.
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3.4.7. Weevil populations and their damage assessmat Cape Recife
During May 2003 weevil numbers were very high, @esMarvae and pupae, when
compared to other times of the year (Figs. 3.1@3Weevil damage was

simultaneously very prominent.
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Figure 3.10.Median number oN. affinislarvae per plant collected at Cape Recife

over a year of sampling.
3.4.8. Number of larvae

Counts of larvae (Fig. 3.10) showed a seasonal tndrerein numbers decreased

rapidly from May 2003 onwards up until the endlad sampling period.
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Figure 3.11.Median number oN. affinispupae per plant over a year of monthly
sampling at Cape Recife.

3.4.9. Number of Pupae
Most of the pupae died (Fig. 3.11) with the wirgsash of plants. There was little

evidence of pupae during mid to late summer th&geajoing into winter again in
2004.
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Figure 3.12.Median number of aduN. affinisweevils per plant sampled at Cape
Recife.

3.4.10. Adult weevils

The median number of adult weevils (Fig. 3.12) gexpsteeply from May-June
2003, with very few adult weevils/plant to be fouhdreatfter.
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Figure 3.13.Meanlarval N. affinisdamage scores (from 0-5) per plant per month for
plants collected over a year of monthly samplinGape Recife (error bars denote

standard errors).

3.4.11. Larval Damage

Mean larvalN. affinisdamage scores (Fig. 3.13.) decreased steeplygnmaximum
in May 2003 till June 2003. From here it increaskdrply for a month, decreasing
sharply again going into September 2003. From helecreased gradually to
November 2003. From here larval damage remainedlgers, but constant up until
February 2004. From February 2004 to April 2004dadamage increased

dramatically, finally decreasing again going intayv2004.
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Figure 3.14.Mean aduliN. affinisshothole damage scores (rated 0-5) for plants
sampled at Cape Recife over a year of samplingr(ears denote standard errors).

3.4.12. Adult weevil damage
Adult weevil shothole damage scores followed a wamyilar pattern with the same
trends as the larval damage scores, except the etas smoother, (see Fig. 3.14).

3.5. Discussion

3.5.1. Plant growth

The winter 2003 decline by water lettuce at CapeifRevas due to insect damage
although cold damage was undoubtedly an ancilictof. Many plants showed cold
damage and had rotting leaves during winter, elveset with negligible weevil
damage. However, cold alone was not enough tehalplants during the winter of
2002 in the coastal environment of Cape Reciferdibee the effects of the insects
would seem to be far more important than the effécbld in as much as plants did
not crash during previous winters while insect narstwere low. Thus, insect and

cold damage combined to increase the mortalithefpiants.

The small size of plants throughout most of sumiereafter is indicative that
weevils were largely responsible for keeping théewkettuce plants small. This trend

continued through most of summer and it is highdgly that the plants would have
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totally covered the upper pond within a few mortitbhd the weevils not been present.
The fact is that the weed has not completely cal/ére upper pond since the May
2003 crash, and this can only be attributed tombevils. It is unlikely that the plants
will again cover the entire ponds. However, it aatrive totally ruled out, and there
will likely be fluctuations in numbers of weevilaéweed-coverage until a stable
balance is reached between weed and weevil. Thasdmawill likely take several

years, Sunset Dam, has taken about 6 years tdiztalhi. Foxcroft pers. com).

The size of water lettuce plants also creates sbffieulties if one is to interpret the
number of plants per quadrat. As can be seen in3Rgit would appear that there
were fewer plants in May 2003, which there weraydéner, these plants were much
larger than the plants sampled in May 2004 (194.97247.5938 g in May 2003
compared to 3.79 g £ 8.2300 g in May 2004), ansl ihhone consideration which has
to be taken into account when considering numbeitaofts per quadrat alone and

possibly a better measure would have been bionasguadrat.

August 2003 and April 2004 may have stood out ftberest of the months in Fig.
3.4, possibly because these were relatively sraalbde sizes. In the August 2003
sample, the sampling was biased, as the pond wagletely clear of weed, with only
a few plants to be found and sampled in amongstetbgs and bulrushes, which on
average housed larger plants than open water.rnhease in mean plant height
towards the end of summer going into Autumn waslyiklue to cold temperatures,
where the plants had an edge over the weevils,hxdppear to be cold-sensitive, and

hence the plants escaped a little around this point

3.5.2. Number of fruit and seed

There were virtually no fruit or seeds after Mayp3pwith the number of fruit
crashing drastically going into winter, with virtlyano fruit or seed to be found
thereafter. The resultant plants, which appearegiimg, were all seedlings and

therefore would have taken time to mature and agath.

3.5.3. Water lettuce weevil populations and damage Cape Recife
The water lettuce weevil population at Cape Reajfpears to be affected by

seasonality to some degree and their populatidissvf@ very similar trend to the
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weed population dynamics. Seasonality would apfmeshape the weevil population,
with cold winter temperatures appearing to havgdaregative effects on the weevil
population numbers in all stages of their lifecy@det more so for the larvae and
pupae. However, weevil populations also crash wherplants rot, sink and die, as

they did over this same cold winter period.

This same effect of seasonality has been found atitar studies, e.g. Cillieet al
(1996) found that water lettuce in the KNP was oalgd most effectively in
summer, with control being less effective goingintiinter. However in the absence
of weevil damage the plants appear to tolerate mnidh more so than they do when
weevils were present, therefore cold and insectad@nseverely stress the plants,
almost always resulting in a complete crash ofabed mat. Colder winter
temperatures kill plants when ambient temperatapgsoach zero, this is evident
from plants kept several times in tanks exposeatdéelements of weather in
Grahamstown over winter, (which has lower wintenperatures than Cape Recife)
all plants died completely from cold-damage witld aithout any insects present

(water lettuce growth actually ceases around 1K&3¢elmann, 1995)).

3.5.4. Number of larvae

The large decrease in mean number of larvae from2083 onwards, in (Fig 3.10)
could have been caused by the rapid drop in terpesaafter this point, causing a
crash in the weed mat, likely killing all larvaehieh would have drowned and sunk
with the dying plants.

3.5.5. Number of pupae

In early to mid-summer, there was little evidentpupae as well as toward the end
of summer, when one would have expected to haverseay pupae. This may have
been due to the fact that the plants were smalb@hdot provide easy pupation sites,
which are usually found at the bases of thick lsauglarger plants. Alternatively,
and more likely there were fewer observed pupaausof the small weevil
population over this period, pupae were likely presbut were simply over-looked.
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3.5.6. Biological control efficacy at Cape Recife

Biological control appears to have been highly sgstul at Cape Recife so far, even
if it resulted in coverage of the ponds for some pathe year in 2003 and 2004. A
stable equilibrium between plant and weevil (wheeeplant covers less than 20 % of
the pond) would appear to exist through most ofraem but this wave of stability
tends to break towards winter, when control becdesseffective, probably due to
the reduction in insect damage under colder caditiA minimum of 5-10 years
study would be needed to show a more reliable gadhan a years’ worth of the
Eastern Cape’s unpredictable weather/climate. Adtiively a series of exclusion
experiments would give a clearer picture of theatsveevil dynamics. It is highly
likely that over a few years, a cycle of openingd alosing of the ponds by the weed
might be found, similar to that that experience8atset Dam. After more than 6
years it seems that biological control at SunsehDzay have finally stabilized, and
is currently offering total control of water leteithere (L. Foxcroft pers. comm.,
Kruger National Park). It is well known that sucsfes biological control does not
always occur within a short time frame of one oo tyears, it may take several years

to stabilize and become successful, and sometines g to 10 years.

Over a year of sampling at Cape Recife, we canakethat adult and larval weevil
feeding-damage can be devastating in terms of @linty water lettuce, despite high
nutrient conditions. Both the weed and the weguilear to be sensitive to relatively
cold Eastern Cape winters. The combined damagiegtsfof the weevils appear to
cause a total crash and clearing of the weed witieéw months in this climate, once
their numbers have built up. Relatively cool cobBtstern Cape winters alone also
do not appear to be enough to cause the weed tiadietotally. Most of the
differences in weed coverage and dynamics have \mmgrpronounced and sudden.
The biological significance under these circumstagrghould be perceived to be much

more important than any statistical differences.

3.5.7. The cost savings of biological control to @a Recife

Huge amounts of spraying have been avoided on déipe Recife ponds, because of
the release of the weevils. The cost had they @en lintroduced, would have been
very large, as the area relies on open water foesacto water birds, which supply

tourism for the park. Herbicide applications wobkl/e had to have been applied at
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least three times a year, because of regenerdtigards from seeds. The cost of
spraying water lettuce on Cape Recife would haen e 2632/ha (in 2000 Rands).
This cost would have included equipment and laloogts. (US Dollar costs + R 8 =

1 USD (van Wyk and van Wilgen 2002). As soon as\qmches appeared waterfowl
returned to the ponds, this would have attractedebs and therefore tourism to the
reserve. The actual cost of biological control Vilesy very little. The weevils were
provided and released free of charge by Abbie HeahPPRI, and my research at the

ponds was also provided free of charge.

3.5.8. Further research

Water lettuce seeds would appear to play a larngemallowing the plants to re-
infest and therefore this aspect should be lookéd more detail. The effect of th
affinis weevils in reducing seed output also needs t@bearched. There appears to
be a seed bank at Cape Recife, but it is not kfmswlong the seeds remain viable

for and how long it will take for this seed bankde depleted.

3.6. Conclusion

This study on the post-release evaluatioN o&ffinisat Cape Recife is still in its
infancy, and it is still too soon to tell whetheodontrol of water lettuce with
Neohydronomus affinigt Cape Recife will be totally effective. The vérigh levels

of nutrients may mean that biocontrol will neverdeenpletely effective. However,
from a recent trip to Cape Recife (May 2005), aacspnal communication with the
water reclamation works officer, control at CapeiRewould seem to be complete,
and has more or less stabilized, even under eutibypertrophic nutrient conditions.
This information is very exciting and together wiitlis thesis data (Chapters 2 and 3),
it is suggested tha. affinisis capable of controlling water lettuce, undethhig
nutrient levels in the field. The laboratory expegint results compliment the results
from the field, and both suggest that biologicaitcol of water lettuce under
eutrophic conditions is indeed possible. Howewethe field, a time frame of several
years needs to be given for the weevils to stabiliZluctuations in weed density will
most likely occur, however, these fluctuations stialissipate over time as the weevil

and weed populations stabilize further.
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Chapter 4

Wing-muscle development inNeohydronomus affinis

4.1 Introduction

Wing-muscle development and wing polymorphism imynasects has been linked
to food quality and dispersal (Young, 1965; Kisimd965; Tanaka, 1993; Zera and
Mole, 1994; Mole and Zera, 1994; Denno, 1994). &lee 2 main classes of insect
dispersal polymorphisms; namely wing polymorphiamg wing-muscle
polymorphism. Wing polymorphism occurs when thee\ariations in the size of
wings and flight muscles. In wing polymorphic sgesithere are commonly
macropterous or alate (fully developed wings amghflcapable) and brachyperous or
apterous (both incapable of flight) forms of thedps. The flight incapable forms
may be brachypterous (possessing reduced winggterous (lacking wings).
Species that possess wing polymorphisms are conynfmunhd in aphids and plant-
hoppers (Zera and Denno, 1997). Dispersal polymsnphas been noted to occur in
the Orthoptera, Psocoptera, Thysanoptera, Homqptetaroptera, Coleoptera,
Diptera, Lepidoptera and Hymenoptera (Roff, 199@nmoet al, 1991; Zera and
Mole, 1994). However, dispersal and wing polymosphiwas last studied by Hardie
and Lees, (1985) and Pener, (1985).

With wing-muscle polymorphism, or flight polymorgim, wings are present;
however there can be differences within the degf@velopment of the flight
muscles, and this would result in insects thae#tesr capable or incapable of flight.
With wing-muscle polymorphism, there are often &-adfs between the development
of flight muscles for dispersal and ovariole depet@nt for reproduction. In fact,
ovarian development and wing-muscle developmemh fstudies done thus far have
proven to be mutually exclusive. This trade-ofkmown as the ‘flight-oogenesis
syndrome’ (Johnson, 1966; Mole and Zera, 1993; R&86; Zera and Mole, 1994).
Insects reared on poorer quality or older planésganerally known to be smaller,
have more developed wing-muscles, take longerveldp, and to have delayed
reproduction compared to insects reared on highality food. All of these qualities
would likely be more suited for insects that argrmaiing or about to disperse (Zera
and Denno, 1997). This behaviour makes the maaropsponsible for colonizing
new habitats (Dennet al, 1991). Some macropters have the ability to hizeotheir

wing-muscles (Dixon and Howard, 1986; Fairbairn Besranleau, 1987, Kaitala,
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1988). Flight-muscle histolysis can also be caulseding-shedding (de-alation)
(Tanaka, 1993, 1994). In insect species that hatteddate and flightless morphs,
flightless morphs have been found to have largaries, earlier ovarian development
and reduced flight fuels, compared to the alatm$ofZeraet al.,1994). Dispersal by
the macropter is often orders of magnitude larigentthe brachypter, because the
brachypter can only disperse by walking or hopgbgnnoet al., 1980).

Many weevil species have been found to undertakgAwiuscle polymorphism. A
notable study of this phenomenon was produced bgadtal, (1981), who
described the generation and degeneration of fiigigcles the rice water weeuvil,
Lissorhoptrus oryzophiluKuschel (Coleoptera: Curculionidae). In the wagacinth
weevils,Neochetina eichhorniagndN. bruchiin northern Florida, flight muscle
development appeared to be stimulated by increseperature, and at the same
time, while there was flight muscle developmengréwere corresponding
degeneration in any ovarian and egg developmergkiBgham and Passoa, 1984).
These authors also found that overwintefihgeichhorniaeandN. bruchiweevils in

northern Florida were found to have undevelopephflmuscles.

4.1.1 Aims

Wing muscle development gives insight into the éispl ability of many insects,
most likely includingNeohydronomus affinigherefore the aim of studying wing
muscle development was to demonstrate at whattsiaké affinisweevils were in at
Cape Recife at any time, and hopefully get a bettelerstanding about dispersal in
this species. The effect of different nutrient camications on wing muscle
development iN. affinisweevils would also show whether nutrients haveféact

on wing muscle development and therefore dispersal.

4.1.2 Hypothesis
Ho: As food quality declines\l. affiniswing muscle development increases.

Ha: As food quality declinesyl. affiniswing muscle development does not increase.

4.2. Methods
Neohydronomus affiniseevils were collected from all the plants samptexhthly

from the field study site at Cape Recife. Thesewle&ere placed inside glass vials,
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in 70 % ethanol, to be dissected later. Anotheobeteevils maintained for six weeks
on water lettuce at different nutrient concentradi¢Chapter 2) were collected and
stored in alcohol after the laboratory experimenke weevils were first removed
from 70 % alcohol and dried on blotting paper. ireects were then fixed rostrum-
down on a drop of super-glue on a glass slide.€lyieas and wings were then
removed with a pair of fine forceps, as well asttlie abdominal cuticle membrane,
just behind the thorax, covering the wing-muscWben this was done effectively,
the dorso-ventral and median dorsal longitudinasctes could clearly be seen lying
along the tergum. The median dorsal longitudinaDymuscles were chosen to
categorize the wing-muscle development (Table Zjee categories were
developed, according to different stages of wingsoheidevelopment; poor, moderate

and well developed.

4.3. Results

Overall, wing-muscles were mainly found to beloagte category 1 state of
development for most of the weevils sampled. Uniaately sample sizes for each of
the months sampled were not equal, with some mah&ining many more weevils
than other months. For October 2003 and Februady¢,2@ weevils, were sampled
(4.3 and 4.4).
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Table 4.1.Different categories of wing-muscle developmersigrsed toN. affinis

weevils sampled at Cape Recife over a year of sagipl

Category Comments

1 Poorly developed MDL wing-muscles,
thin and pale in colour, often appearing
thread-like.

2 Medium developed MDL wing-muscles
larger than category 1, but smaller than
category 3, with muscles darker in colour.

3 Well-developed MDL wing-muscles,
with thick bands of muscle present,
considerably thicker than category 2, and
also dark in colour.
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Figure 4.1.Number of weevils categorized from 1-3 wing-musstkge of

development from the laboratory experiments coretlict Chapter 2 (see Table 4.1

above for reference to wing-muscle developmentgcaization).
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Figure 4.2.Categorization of wing-muscles according to 3elight sates (see Table
4.1 for the description of the different categorielsdevelopment olN. affinisweevils

collected monthly at Cape Recife over a period péar.
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Figure 4.3.Total percentage of wing muscle development adagrib the 3 different
categories of wing-muscle developmentbfaffinisweevils at Cape Recitaver a
year of sampling (numbers outside the pie-chartatd sample sizes).
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The different proportions of the different weevihg-muscle categories sampled at
Cape Recife can be seen in Fig. 4.2. From Septe®@i¥& onwards, no category 3

wing-muscles were noted, except for a small prapoin January 2004.

Excluding May and September 2003, the most aburngtapbrtion of wing-muscles
were made up of category 2, or moderately devel@eped muscles, which would
have suggested that most of the weevils were appioga state of active dispersal.
From September 2003 onwards, the major proportbmgeevils were found to be in
an inactive state of wing-muscle development, wétegory 1 or poorly developed

wing muscles predominating.

In Fig. 4.1, the sample sizes were usually verylisimat a trend can still be seen, with
most of the weevils in an inactive state of wingseia development. However, quite
a few concentrations were shown to reveal a snoatiber of weevils in category 2
development, with a moderate state of wing-museletbpment. Only one nutrient
concentration, medium phosphate, medium nitrogeBNIM), showed any signs of

category 3 state of wing-muscle development.

4.4. Discussion

Wing-muscle development in the weeMiohydronomus affiniwould appear from
the field collected weevils at Cape Recife to batesl to food quality and dispersal,
as found with many other insects. However, the tingear and state of wing-muscle
development was found to be completely the oppaditbat found folNeochetina
weevils in northern Florida (Buckingham and Pas§884). The reason for this is
unclear, as one would have expected the biologyeafichetinaveevils to be fairly
similar toNeohydronomusveevils. However, if one looked at the time ofyat

Cape Recife and how it corresponded to food qualitg definitely discerned a trend
in dispersal over winter witN. affinisas food quality deteriorated significantly
leading into winter. Cold might represent a sigrfit dispersal barrier, unless
dispersal occurred over warm window-periods (costher interspersed with short
warm periods), which is likely. The ability to desjge could be perceived to be very
important with insects, especially when food qyadiéclines substantially and if
insects have the option of wing or wing-muscle padyphism, selection would seem

to favour such individuals which could potentidlly off to new areas of better
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quality food. However, the wing-muscle developmarthe laboratory study was
inconclusive, probably due to the short duratiothefstudy and the relatively small
sample sizes encountered. Therefore the implicafionbiological control are that as
the weevils disperse over autumn/winter where ssgdécruitment occurs in spring

there are fewer insects to combat the resurgence.

Most of the weevils were in a category 1 or 2 stdieing muscle development,
which would have suggested that most of the weewitspled at Cape Recife were
not in an active state of dispersal. The most ingmtrfacts to be interpreted from
figure 4.2 are the high incidences of category 8tangly developed wing-muscles
from May 2003 to September 2003, which correspandsost of the winter period to

early spring, the same time when the crash of #sedwccurred.
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Chapter 5

General Discussion and Conclusion

5.1. Introduction

Water nutrient status, in particular high levelsitfates and phosphates have been
shown to exacerbate waterweed problems in SoutbaAémd around the world and
have negatively impacted biological control effqisll, 2003). A number of studies
have raised the concerns that biological contralgufatic weeds might not be
achievable with extremely high nutrient levels (ldihd Olckers 2001; Centet al,
2003).

In this study, the laboratory studies showed cjetdtN. affinisis capable of
controlling water lettuce at extremely high nitrated phosphate levels (Chapter 2).
As these levels far exceed the ambient levels uttSAfrican aquatic ecosystems
(Coetzee 2003). It was concluded that the weewilikhbe able to control the weed
no matter what the nutrient status of the wateis Was tested at a field site, Cape
Recife that was classed as eutrophic accordinget&buth African water quality
guidelines (Coetzee, 2003). In spite of high lewéIsitrates and phosphates, and
despite a small founder colony the weevils sucadigsfontrolled the weed at this site
(Chapter 3).

As the field study was only quantified over a 12atioperiod, subsequent
observations indicate that although the plant patparis do “bounce back” at Cape
Recife, this is short-lived and the weevils areeableffect excellent control (<5 %
cover). Whether this is due to the resident wegslulation or due to weevils
dispersing onto the expanding mat from elsewheonadgrtain, as the results from the

wing muscle experiments (Chapter 4) were largatpmclusive.

5.2. Implications for biological control of water lettuce in South Africa

The results obtained during this study replicatbathas happened in many other
parts of South Africa and the world (Julian andff@inis 1998) in that successful
control of water lettuce is achieved through theoduction ofN. affinis More
specifically this study is similar to that of Cdhiset al. (1996) on Sunset Dam in the
Kruger National Park. Both at Cape Recife and Suldaen the control achieved was

significant and rapid but followed by a resurgeatéhe weed, most commonly
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during autumn or winter at Sunset Dam and lateaviat Cape Recife. Under these
situations (small, highly eutrophic water bodiesyeral options are available.

5.2.1. Additional Agents

It is probably not necessary to release any motenigttuce biological control agents
into South Africa, however there are several offsgential biological control agents.
In the United States of America (U.S.A.), the natitmoth,Spodoptera pectinicornis
was introduced from South-East Asia and followiesting released (Drast al.,

2001). Despite large releases, this agent failexstablish possibly due to host
incompatibility and severe larval and egg predafdray et al, 2001). It is unlikely
that such an agent would be considered for reli@aSeuth Africa after failure to
establish in the U.S.A.

The oligophagous pyralid motBamea multiplicalifias also been considered for the
control of water lettuce and was introduced to Aal& for the control o6. molesta
(Centeret al, 2002). This insect includes a number of diffésgrecies of aquatic

plants within its host-range and should not be ic@ned for release.

There are at least 11 different weevil speciesa@atan with water lettuce in
Argentina (Cordo and Sosa 2000, Coet@l, 1981). However, these weevils,
notably the generArgentinorhynchusindOchetinarequire a dry period for eclosion
from pupation and would not be suitable for releasgouth Africa where water
lettuce invades permanent water bodies. In corausilthough there are several
options for additional agents, these don’t apped#etapplicable to the South African

scenario.

5.2.2. Augmentative Releases

From this study and that on Sunset Dam (Cilledral, 1996) it appears as though the
insect controls the plant very effectively durithg summer months, but the plant
populations return in late winter in the absencthefagents. It has been suggested
that augmentative releases of the insect coulddmerduring this time to prevent this
resurgence (Cilliers pers com.). However this woelglire the mass rearing of the

weevils during the winter months, which is impreatj due to constraints such as
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money and space, however, augmentative releasekisia be ruled out and
demand further study.

One of reasons given for the sporadic resurgenteeofveed is that the weevils are so
effective in the absence of their natural enentiasthey can cause a complete crash
and eradication of the weed. This results in alcodsveevil populations and
recruitment of the weed from seedlings in the absaf the weevil (Neser, pers
com.). This implies that the weevil populations éeshoot” the weed population. A
possible method to attenuate this “boom-bust” cem@d be to introduce a parasitoid
for the weevil. Once again this is impractical igstliy; no parasitoids have been
recorded fronN. affinisin South America. Secondly, the notion of introdgca

“mild” parasitoid for a weed biological control agevould require a paradigm shift

in the science, which is not recommended at gheeiglly since such parasitoids are
often generalists.

Another possible method for preserviNgaffinispopulations could be to treat
sections of the mat with a short residual contasgcticide, thus preserving refugia
for the insect populations. Once again this is sopcal given the small dams
infected by the weed and the management efforinedto implement such a
method. However biological control at Cape Redifeldd eventually balance and

eliminate the need for any other control measures.

5.2.3. Integrated Control

There is very little literature on integrated cohfor water lettuce, probably due to
the success of the biological control agdnaffinis However, it is likely that
integrated control could be very useful in cer@ieas where the weevil is not
effecting complete control, although care wouldéht be taken to leave refugia

areas for the weevils and only insect-friendly he@des used.

5.2.4. Recommendations

The biological control program on water lettucéigts infancy at Cape Recife. To
date the biocontrol effort has been very effectind it remains to be seen over the
next five years how effective this will be in theng-term. Sunset Dam took six years

before an acceptable level of control was achi¢@ders et al, 2003). It is
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therefore recommended that no other managememémtgon be considered for
Cape Recife and that the biological control prograsit stands, be afforded the

opportunity to become another successful aquatedviéological control example.
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Appendix

Table 3.1.1.Results of multiple comparisons of Kruskal-Watkst of water lettuce plant mass collected at Ggaefe: H (12, N = 2360.75, p

= 0.000). Yes = significant difference at the 0&&l of significance, No = no significant differan

Dependent| May June | July | August | September| October | November | December| January | February | March | April | May
variable: | 2003 2003 | 2003 | 2003 | 2003 2003 2003 2003 2004 2004 2004 | 2004 | 2004
Mass
May 2003 0.001| 0.000| 0.000 | 0.000 0.000 0.000 0.000 0.000 0.000 0.000 070.0.000
June 2003 | 0.001 0.389| 0.000 | 0.000 0.000 0.000 0.000 0.000 0.000 0.00D.000| 0.000
July 2003 | 0.000 | 0.389 0.196 | 0.000 0.000 0.000 0.000 0.000 0.000 0.004..000| 0.000
August 0.000 0.000 0.196 0.000 0.000 0.000 0.000 0.000 0.000 | 1.000 | 1.00Q0 0.000
2003
September| 0.000 0.000 0.000| 0.000 1.000 1.000 1.000 0.000 0.000 0.000| 0.0000.000
2003
October 0.000 0.000 0.000| 0.000 | 1.000 1.000 1.000 0.021 0.003 0.000| 0.0000.000
2003
November | 0.000 0.000 0.000| 0.000 | 1.000 1.000 1.000 0.000 0.000 0.000| 0.0000.000
2003
December | 0.000 0.0000.000| 0.000 | 1.000 1.000 1.000 1.000 1.000 | 0.000 | 0.00Q 0.023
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2003

January 0.000 0.000 0.000| 0.000 | 0.000 0.021 0.001 1.000 1.000 0.000 | 0.00Q 0.013
2004

February | 0.000 0.00Q 0.000| 0.000 | 0.000 0.004 0.000 1.000 1.000 0.000 | 0.00Q 1.000
2004

March 0.000 0.000 0.006| 1.000 | 0.000 0.000 0.000 0.000 0.000 0.000 1.000| 0.000
2004

April 2004 | 0.010 | 1.000|1.000|1.000 | 0.000 0.000 0.000 0.000 0.000 0.000 | 1.000 0.000
May 2004 | 0.000 0.0000.000| 0.000 | 0.000 0.000 0.000 0.023 0.023| 1.000 0.000 | 0.000

Table 3.1.2.Results of multiple comparisons of a Kruskal-Walist, on water lettuce plant heights recordétbge Recife over a period of a
year. H (12, N = 3786) = 2020.43 p = 0.000.

Dependent| May | June | July | August | September| October | November | December| January | February | March | April | May
variable: | 2003 | 2003 | 2003 | 2003 | 2003 2003 2003 2003 2004 2004 2004 | 2004 | 2004
Plant
height
May 2003 1.000| 0.000( 0.000 | 0.000 0.000 0.000 0.000 0.000 0.000 0.00D.000| 0.000
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June 2003 | 1.000 0.000( 0.000 | 0.000 0.000 0.000 0.000 0.000 0.000| 0.346 | 1.00Q0 0.000
July 2003 | 0.000 0.000 1.000 | 0.000 0.000 0.000 0.000 0.000 0.000 | 0.701 | 0.712 0.000
August 0.000{ 0.000| 1.000 0.000 0.000 0.000 0.000 0.000 | 0.425 0.016 |0.054|0.121
2003

September| 0.000| 0.000| 0.000| 0.000 1.000 1.000 0.248 0.000 0.000 0.000| 0.0000.000
2003

October 0.000( 0.000| 0.000| 0.000 |1.000 0.254 0.100 0.000 0.000 0.000| 0.0000.000
2003

November | 0.000| 0.000| 0.000| 0.000 | 1.000 0.254 1.000 0.190 | 0.000 0.000 | 0.0000.000
2003

December | 0.000| 0.000| 0.000| 0.000 | 0.248 0.100 0.100 1.000 | 0.000 0.000 | 0.0000.000
2003

January 0.000( 0.000| 0.000| 0.000 | 0.000 0.000 | 0.190 1.000 0.002 0.000 | 0.0000.000
2004

February | 0.000| 0.000| 0.000| 0.425 | 0.000 0.000 0.000 0.000 0.000 0.000 0.0@M00
2004

March 0.001| 0.346| 0.701| 0.016 | 0.000 0.000 0.000 0.000 0.000 0.000 0.000| 0.000
2004

April 2004 | 1.000| 1.000| 0.712| 0.054 | 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0j000
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May 2004

0.000

0.000

0.000

0.121

0.000

0.000

0.000

0.000

0.000

1.000

0.000

0.000

Table 3.1.3.Results of multiple comparisons Kruskal-Wallis AM® for root lengths of plants collected at Cape iReover a year of
sampling. H (12, N = 3785) = 1125.2 p = 0.000.

Dependent| May | June | July | August | September| October | November | December| January | February | March | April | May
variable: 2003 | 2003 | 2003 | 2003 2003 2003 2003 2003 2004 2004 2004 | 2004 | 2004
Root
length
May 2003 0.000| 0.000| 0.000 | 0.000 0.000 0.000 0.000 0.000 0.000| 1.000 | 1.00Q0 0.000
June 2003 | 0.00( 1.000{ 0.001 0.000 0.000 0.000 0.000 0.000| 1.000 0.004 | 1.000| 0.224
July 2003 | 0.000 1.000 1.000 | 0.000 0.000 0.000 0.000 0.000 | 1.000 0.000 |1.000]| 1.000
August 0.000( 0.001| 1.000 0.000 0.000 0.000 0.026 0.001 | 0.220 0.000 | 0.046 1.000
2003
September| 0.000| 0.000| 0.000| 0.000 1.000 1.000 1.000 1.000 | 0.000 0.000 | 0.0000.000
2003
October 1.000| 0.000| 0.000| 0.000 0.000 1.000 1.000 0.161 | 0.000 0.000 | 0.0000.000
2003
November | 1.000| 0.000| 0.000| 0.000 | 0.000 0.000 1.000 0.042 0.000 0.000| 0.0000.000
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2003

December | 0.000| 0.000| 0.000| 0.026 | 1.000 1.000 1.000 1.000 | 0.000 0.000 | 0.0000.000
2003

January 0.000| 0.000| 0.000| 0.001 | 1.000 0.161 | 0.042 1.000 0.000 0.000 | 0.0000.000
2004

February | 0.000| 1.000| 1.000| 0.220 | 0.000 0.000 0.000 0.000 0.000 0.001 |1.000| 1.000
2004

March 0.000| 0.004| 0.000| 0.000 | 0.000 0.000 0.000 0.000 0.000 0.001 1.000| 0.000
2004

April 2004 | 0.000( 1.000| 1.000| 0.046 | 0.000 0.000 0.000 0.000 0.000| 1.000 1.000 1.00
May 2004 | 0.000 0.224| 1.000| 1.000 | 0.000 0.000 0.000 0.000 0.000 | 1.000 0.000 |1.000

Table 3.1.4.Results of multiple comparisons of a Kruskal-WsaANOVA test, testing for differences between marithmedian number of
water lettuce leaves. H (12, N = 3785) = 753.7(hGO0.

Dependent
variable:

Number

May
2003

June
2003

July
2003

August
2003

September
2003

October
2003

November
2003

December
2003

January
2004

February
2004

March
2004

April
2004

May
2004
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of leaves

May 2003 0.000 0.000( 0.000 | 0.000 0.000 0.000 0.000 0.000 0.000 0.000.000| 0.000
June 2003 | 0.00¢ 0.030| 1.000 | 0.000 0.000 0.000 0.000 0.000 0.000 | 0.068 | 1.00Q0 0.000
July 2003 | 0.000 0.030 1.000 | 0.000 0.000 0.000 0.000 0.000 0.000 | 1.000 | 1.00Q 0.000
August 0.000| 1.000| 1.000 0.000 0.000 0.000 0.000 0.000 0.000 | 1.000 | 1.00Q0 0.000
2003
September| 0.000| 0.000| 0.000| 0.000 1.000 1.000 1.000 0.006 1.000 0.000 | 0.00Q0 0.004
2003
October 0.000( 0.000| 0.000| 0.000 |1.000 1.000 1.000 1.000 1.000 | 0.000 | 0.00Q0 1.000
2003
November | 0.000| 0.000| 0.000| 0.000 | 1.000 1.000 1.000 1.000 1.000 | 0.000 | 0.00Q 0.853
2003
December | 0.000| 0.000| 0.000| 0.000 | 1.000 1.000 1.000 1.000 1.000 | 0.027 | 0.007 1.000
2003
January 0.000( 0.000| 0.000| 0.000 | 0.006 1.000 1.000 1.000 1.000 | 0.000 | 0.001 1.000
2004
February | 0.000| 0.000| 0.000| 0.000 | 1.000 1.000 1.000 1.000 1.000 0.001 | 0.001 1.000
2004
March 0.000| 0.068| 1.000| 1.000 | 0.000 0.000 0.000 0.027 0.000 0.000 1.000| 0.002
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2004

April 2004

1.000

1.000

1.000

1.000

0.000

0.000

0.000

0.007

0.002

0.001

1.000

0.004

May 2004

0.000

0.000

0.000

0.000

0.004

1.000

0.853

1.000

1.000

1.000

0.002

0.004

Table 3.1.5.Results of multiple comparisons for a Kruskal-WeaANOVA H (12 N = 3786) = 101.5775, p = 0.0000t teésne on the median

number of water lettuce ramets per plant per md@igmificant differences between the months areasgmted by either Yes or Nocat 0.95

level of significance.

Dependent| May | June | July | August | September| October | November | December| January | February | March | April | May
variable: | 2003 | 2003 | 2003 | 2003 | 2003 2003 2003 2003 2004 2004 2004 | 2004 | 2004
Number

of ramets

May 2003 0.000| 0.000| 0.244 | 0.000 0.001 0.000 1.000 1.000 0.211 1.000 1.0000.007
June 2003 | 0.00( 1.000| 1.000 | 1.000 1.000 1.000 1.000 | 0.000 1.000 0.836 | 0.070| 1.00
July 2003 | 0.000 1.000 1.000 | 1.000 0.188 0.471 0.177 | 0.000 0.284 0.104 | 0.0143| 0.206
August 2.444| 1.000| 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.0000001.
2003

September| 0.00Q 1.000| 1.000| 1.000 0.445 1.000 0.413 0.000 0.685 0.244 | 0.030 | 0.500
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2003

October 0.001| 1.000/| 0.188| 1.000 | 0.445 1.000 1.000 0.834 1.000 1.000  0.7400001.
2003

November | 0.000| 1.000| 0.471| 1.000 | 1.000 1.000 1.000 0.517 1.000 1.000 0.5870001.
2003

December | 1.000| 1.000| 0.180| 1.000 | 0.413 1.000 1.000 1.000 1.000 1.000 1.0000001.
2003

January 1.000| 0.001| 0.000| 1.000 | 0.000 0.840 0.517 1.000 1.000 1.000 1.000 1.000
2004

February |0.211] 1.000| 0.284| 1.000 | 0.685 1.000 1.000 1.000 1.000 1.000  1.0000001.
2004

March 1.000| 0.836| 0.104| 1.000 | 0.244 1.000 1.000 1.000 1.000 1.000 1.0000001.
2004

April 2004 | 1.000| 0.070| 0.014| 1.000 | 0.030 0.740 0.587 1.000 1.000 1.000 1.000 1.000
May 2004 | 0.001 1.000| 0.206| 1.000 | 0.500 1.000 1.000 1.000 1.000 1.000 1.000 001.0
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Table 3.1.6.Results of multiple comparisons for a Kruskal-\Walést, testing for significant differences betwedferent months in median
number of fruit per plant per month. H (12, N = 8Y8 1248.2 p = 0.000.

Dependent| May | June | July | August | September| October | November | December| January | February | March | April | May
variable: | 2003 | 2003 | 2003 | 2003 | 2003 2003 2003 2003 2004 2004 2004 | 2004 | 2004
Number

of fruit

May 2003 0.000| 0.000| 0.000 | 0.000 0.000 0.000 0.000 0.000 0.000 0.000 010.0.000
June 2003 | 0.00( 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 001.0.000
July 2003 | 0.000 1.000 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.0000001.1.000
August 0.000{ 1.000| 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1),0DO00
2003

September| 0.000| 1.000| 1.000| 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1,0DO00
2003

October 0.000{ 1.000| 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1),0DO00
2003

November | 0.000| 1.000| 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1,0DO00
2003

December | 0.00Q 1.000| 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1,0DO00
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2003

January 0.000| 1.000| 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1,0D000
2004

February | 0.000| 1.000| 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1,0D000
2004

March 0.000| 1.000| 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1/aD000
2004

April 2004 | 0.001| 1.000| 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0001.
May 2004 | 0.000 1.000| 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 001.0

Table 3.1.7.Results of Kruskal-Wallis multiple-comparisons AMB, testing for significant differences between thitferent months in

median number of water lettuce seeds per plantpath over a year of sampling at Cape Recife. H L2 3786) = 1065.5 p = 0.000.

Dependent| May | June | July | August | September| October | November | December| January | February | March | April | May
variable: | 2003 | 2003 | 2003 | 2003 | 2003 2003 2003 2003 2004 2004 2004 | 2004 | 2004
Number
of seeds
May 2003 0.000| 0.000| 0.000 | 0.000 0.000 0.000 0.000 0.000 0.000 0.000.143| 0.000
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June 2003 | 0.00( 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 001.0.000
July 2003 | 0.000 1.000 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.0000001.1.000
August 0.000(| 1.000| 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1,0D000
2003
September| 0.000| 1.000| 1.000| 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1,0D000
2003
October 0.000| 1.000| 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1,0D000
2003
November | 0.000| 1.000| 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1,0D000
2003
December | 0.000| 1.000| 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1,0D000
2003
January 0.000| 1.000| 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1,0D000
2004
February |0.000| 1.000| 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1,0D000
2004
March 0.000| 1.000| 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1,aD000
2004
April 2004 | 0.143| 1.000| 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0001.
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May 2004

0.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000 001.0

Table 3.1.8.Results of multiple-comparisons of a Kruskal-WaANOVA, testing for significant differences betwethe different months in
median number of aduN. affinisweevils per plant per month. H (12, N = 3786) 248 p = 0.000.

Dependent| May | June | July | August | September | October | November| December| January | February | March | April | May
variable: | 2003 | 2003 | 2003 | 2003 | 2003 2003 2003 2003 2004 2004 2004 | 2004 | 2004
Number

of adult

weevils

May 2003 0.020| 0.410| 1.000 | 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0/0@000
June 2003 | 0.02( 1.000| 0.413 | 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0J0@000
July 2003 | 0.410| 1.000 1.000 | 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0/0mO00
August 1.000| 0.413] 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000000
2003

September| 0.000| 0.000| 0.000| 0.000 0.405 1.000 1.000 1.000 0.273 1.000 1.000470
2003

October 0.000| 0.000| 0.000| 0.000 | 0.405 1.000 1.000 0.108 1.000 1.000 1.0Q00
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2003

November | 0.000| 0.000| 0.000| 0.000 | 1.000 1.000 1.000 1.000 1.000 1.000 .00000
2003

December | 0.000| 0.000| 0.000| 0.000 | 1.000 1.000 1.000 1.000 1.000 1.000 .0@M00
2003

January 0.000( 0.000| 0.000| 0.000 |1.000 0.108 1.000 1.000 0.111 1.000 .000154
2004

February | 0.000| 0.000| 0.000| 0.000 |0.273 1.000 1.000 1.000 1.111 1.000 .00000
2004

March 0.000( 0.000| 0.000| 0.000 |1.000 1.000 1.000 1.000 1.000 1.000 .0Q@00
2004

April 2004 | 0.000| 0.000| 0.000| 0.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1
May 2004 | 0.000 0.000| 0.000| 0.000 | 0.470 1.000 1.000 1.000 1.154 0.000 1.000 000
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Table 3.1.9.Results of a Kruskal-Wallis multiple-comparisotéble, showing which months were statistically gigant from each other, with
respect to the median number of adlilaffinislarvae per plant per month H (12, 3786) = 722.8®72 0.000.

Dependen | May | June |July | Augus | Sept October | November | Dec January | Feb March April May

t variable: | 2003 | 2003 | 2003 |t 2003 | 2003 | 2003 2003 2003 | 2004 2004 2004 2004 | 2004

Adult

weevils

May 2003 0.000| 0.000 0.000 0.000 0.000 0.000 0.000.000 0.000 0.000 0.000, 0.00
June 2003 | 0.000 1.000 | 1.000 | 1.000 1.000 1.00( 1.000 1.000 1.000 300.4 1.000
July 2003 | 0.000 | 1.000 1.000 | 1.000| 1.000 1.000 1.000 1.000 1.000 000L. | 0.100 | 1.000
August 0.000 | 1.000 | 1.000 1.000| 1.000 1.000 1.000 1.000 1.000 000L. | 0.264 | 1.000
2003

Septembe | 0.000 | 1.000 | 1.000; 1.000 1.000 1.000 1.000 1.000 1.000 o000L. |0.032 |1.000
r 2003

October 0.000 | 1.000 | 1.000{ 1.000( 1.000 1.000 1.00p0 1.000 1.000 000L. |0.045 | 1.000
2003

November | 0.000 | 1.000 | 1.000, 1.000{ 1.000{ 1.000 1.000 1.000 1.000 000L. | 0.265 | 1.000
2003

December | 0.000| 1.000 | 1.000, 1.000{ 1.000{ 1.000 1.000 1.000 1.000 000L. | 1.000 | 1.000
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2003

January 1.000 | 1.000| 1.000 1.000 1.00( 1.000 1.000 1.000 0001. 1.000 0.082 | 1.000
2004

February |1.000 | 1.000| 1.000 1.000 1.00¢ 1.000 1.000 1.000 001.0 1.000 0.258 | 1.000
2004

March 1.000 | 1.000| 1.000 1.000 1.00( 1.000 1.000 1.0p0 001.0 | 1.000 1.000 | 1.000
2004

April 2004 | 1.000 | 0.430| 0.100 0.264 0.032 | 0.045 0.265 1.000 | 0.082 0.258 1.000 0.31
May 2004 | 0.000 | 1.000 | 1.000; 1.000| 1.000[ 1.000 1.000 1.000 1.000 001.0 | 1.000 0.318
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Table 3.1.10 Results of table of multiple-comparisons of Kruskéallis ANOVA, testing for significant differencdsetween different months
in median number of pupae per plant H (12, 3786Y95.701, p = 0.000.

Dependent| May | June | July | August | September| October | November | December| January | February | March | April | May
variable: | 2003 | 2003 | 2003 | 2003 | 2003 2003 2003 2003 2004 2004 2004 | 2004 | 2004
Number

of weevil

pupae

May 2003 0.000| 0.000| 0.000 | 0.000 0.000 0.000 0.000 0.000 0.000 0.000 000.0.000
June 2003 | 0.00( 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 001.0.000
July 2003

August 0.000( 1.000| 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 001.0.000
2003

September| 0.000| 1.000| 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 002..000
2003

October 0.000( 1.000| 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 001.0.000
2003

November | 0.000| 1.000| 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 001,..000
2003
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December | 0.000| 1.000| 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 001.0.000
2003
January 0.000| 1.000| 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 001.2.000
2004
February |0.000| 1.000| 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 001.0.000
2004
March 0.000| 1.000| 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 001.2.000
2004
April 2004 | 0.000( 1.000| 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 001.0.000
May 2004 | 0.000 1.000| 1.000| 1.000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 001.2.000
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