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ABSTRACT

Chromolaena odoratgL.) King and Robinson (Asteraceae) is an invasieedy shrub
native to the Americas that has proven to be afignt economic and ecological burden to
many tropical and sub-tropical regions of the wonrldhere it impacts negatively on
agriculture, biodiversity and livelihoods. A distirbiotype ofC. odoratawas first recognised
as naturalized in KwaZulu-Natal (KZN) province, 8ofrica, in the 1940s and has since
spread to other climatically suitable provinceareuchaetes insulat@Valker) (Lepidoptera:
Erebidae: Arctiinae) was released in KZN, Southasfras a biological control agent against
the weed between 2001 and 2009. Although the mintlestablish at one out of some 30
release sites, its population level is generaly io the field. This thesis attempts to unravel

the reasons for the poor performanc®oinsulatain South Africa.

Studies of life history traits dP. insulatain the laboratory indicated that the moth possess
good biological attributes such as low mortalitighhfecundity, egg hatchability and high
female mating success. Overall, adult female metigsed before their male counterparts
suggesting the presence of protogyny. Beyond thaetribotion of this study to our
understanding of the life history traits of erelpmbths, it hypothesized that the absence of
protandry might have contributed to the low pogalatevels of the moth in the field.

To determine if a degree of agent-host plant incairbpity is culpable for the poor
performance of. insulata insect performance metrics were compared on twbndt C.
odorataplants (one from Florida and another from Southca) in laboratory experiments.
Pareuchaetes insulatperformance metrics were similar on both plantfgrthere were no
significant differences in total leaf area consumeglg and larval development, immature
survival rates, feeding index (Fl), host suitabilindex (HSI), growth index (GI), and
fecundity between the Floridian and southern Afri€a odorataplants. In sum, there was no
evidence to demonstrate that differences in planh$ inC. odorataare culpable for the

poor performance d?. insulatain South Africa.

The effects of temperature on the developmental septoductive life history traits,
locomotion performance and thermal tolerance rasfige. insulatawere studied in order to
elucidate the possible role of temperature on tha performance of the moth. The results

showed that at temperatures below °Z5 mortality increased and development time was



prolonged. Fecundity and egg hatchability were tiegly affected at a constant temperature
of 15°C. Results futher showed that third instar larva@eeanunable to initiate movement at 6
°C and locomotor abilities were significantly reddca 11°C. In sum, it is hypothesized

that both direct and indirect negative impactsosf temperature may partly explain the poor

performance oP. insulatain South Africa.

The effects of seasonal and spatial variationhiénléaf characteristics &@. odorataon the
performance oP. insulatawere investigated. Foliar nitrogen and magnesiontentrations
were higher in shaded plants during winter dueot® temperatures. Leaves Gf odorata
plants growing in the shaded habitat (relativeuib gun) and leaves of plants during autumn
(relative to winter) were more nutritionally bal@&ecand suitable for herbivore performance.
ConsequentlyP. insulatadeveloped faster, had heavier pupal mass andasetdefecundity
when reared on shaded leaves (relative to full ssmwhen reared on autumn leaves
compared to leaves growing in winter. This studsndestrates that low winter temperatures
can indirectly affect insect herbivore performatgechanging the phytochemistry of host
plant and hypothesized that excess nitrogen ansgilgpsnagnesium may have detrimental

effects on the insect herbivore performance.

A cross-feeding experiment was conducted to detexii insulataresponse to a change in
the diet of offspring due to a shift in plant qtylin shaded versus full sun habitats. The
results showed that a ‘negative switch’ in herbévaliet (i.e. when progeny from parents
reared on shaded leaves were fed on full sun Igaessilted in high (40%) mortality,
prolonged development time and reduced fecunditysTiull sun foliage is an inferior diet
for P. insulataoffspring. In laboratory experiments, foliar nigen was positively correlated

with the performance @®. insulata

From this study, it is demonstrably evident tha poor performance d®. insulataon C.
odoratain South Africa is caused by multiple factors sashlow temperatures as well as
spatio-temporal variations in the leaf characterief C. odorataleaves. This study shows
the complexity of determining the causes of low ylapons and apparent low impact of
biological control agents and herbivorous inse@segally, in the field. The implications of
this research to the biological control programmgaimst C. odorataand the direction of

future research for the control 6f odorataare discussed.
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CHAPTER 1

1.1 INTRODUCTION

The increase in human population and urbanizatidnchv is often accompanied by
unprecedented alteration and modification of edesys, and the promotion and expansion
of global trade has led to the widespread distigloudf a large number of species outside of
their native ranges (Perrings al, 2010; Bigirimanaet al, 2011). Those alien species that
become established in a new environment, and thelifgpate and spread are considered
“invasive alien species”. Invasive alien plant spscimpact negatively on agriculture,
livelihoods and the conservation of biodiversityadk et al, 2000; Rejmanekt al, 2005;
Pejchar and Mooney, 2009) worldwide, causing sigaift economic losses (Pimentel, 2002;
Perringset al, 2010). South Africa is host to 117 major invadand 84 emerging invaders of

different categories of alien plants (Nglal, 2004).

Among the invasive alien plants present in SouthicAf Chromolaena odoratél..) King and
Robinson (Asteraceae: Eupatorieae)dupatorium odoratuni.) (Figure 1.1) is one of the
most problematicChromolaena odoratas an invasive weedy shrub native to the Americas
(McFadyen, 1989), that has proven to be a sigmfieeonomic and ecological burden to
many tropical and sub-tropical regions of the wonldhere it impacts negatively on
agriculture, biodiversity and livelihoods (Zachakeset al, 2009; Uyi and Igbinosa, 2013).
This Chapter consist of a brief review @ odorataand Pareuchaetes insulat@/Valker)
(Lepidoptera: Erebidae: Arctiinae), a biologicahttol agent that established at one site in
South Africa following the release of over 1.9 moifi individuals at some 30 sites in

KwaZulu-Natal (KZN) province, South Africa.



Figure 1.1Chromolaena odorataDrawn by A.Walters, first published in Hendersord
Anderson (1966), South African National Biodiveyditstitute, Pretoria).

A biotype ofC. odorata distinct from the more widespread Asian/West &dn biotype, was

first recognised as naturalized in Durban, KZN Rrog, South Africa, in the 1940s. From
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there it has spread both southwards and northvadoaig) the subtropical coastal belt. By the
1970s, it was present throughout the subtropiedsaof KZN province and since the 1980s it
has also rapidly expanded its range through theéeEafape, Mpumalanga and Limpopo

provinces (Goodall and Erasmus, 1996; Zachariatlak, 2011a) (Figure 1.2).

The shrub has since been declared a ‘Category Edwender the Conservation of
Agricultural Resources Act (Nelt al, 2004) because of its invasiveness in the ncatteen
parts of the country. The invasive successCofodoratais thought to depend upon the
combination of several factors such as: (i) higbreductive capacity; (ii) high growth and
net assimilation rates; (iii) its capacity to sugg® native vegetation through competition for
light and allelopathic properties and; (iv) itslabito grow on many soil types and in many
climate zones (see reviews in Zachariageal,, 2009; Uyi and Igbinosa, 2013). The weedy
status of the shrub remains a grave concern toecgausonists, ecologists and biological
control practitioners (e.g. Leslie and Spotila, ZOPIgoboziet al, 2008; Zachariadest al,
2011a), partly because of the limited success ological control and other conventional

control efforts against the weed in South Africa.
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Figure 1.2 Distribution o€hromolaena odorat&n South Africa and Swaziland. (Originally
drawn by L. Henderson; data source: SAPIA databsBR€E-Plant Protection Research
Institute, Pretoria).

1.2 Descriptive biology and ecology of Chromolaena odorata

The biology of C. odorataand aspects of its ecology have been documentesebgral
authors. It is a weedy scrambling perennial pldrihe tribe Eupatorieae with straight, pithy,
brittle stems which branch readily, with three-glnopposite, ovate triangular leaves and a
shallow fibrous root system (Holmt al, 1977; Henderson, 2001). Capitula are borne in
panicles at the end of the branches and are defaiay florets. The corollas of the florets
vary between plants from white to pale blue orcli#éad achenes are black with a pale pappus
(Holm et al, 1977; McFadyen, 1989). In open (sunny) habit@tpdoratagrows up to 3 m

in height, but it can reach up to 5-10 m when sujggoby other vegetation. The plant grows

vigorously and profusely throughout the wet seadomning a dense and impenetrable



thicket, but growth ceases as flowering begins wd#treasing rainfall and daylength.
Flowering peaks in the southern hemisphere dutegnionths of June and July and in the
northern hemisphere from December to January. Pleeias can reproduce apomictically
(Gautier, 1992; Rambuda and Johnson, 2004) and psolgic producer of light, wind-
dispersed seeds. A single shrub can produce as msn§0 000 seeds in one season
(Witkowski and Wilson, 2001). At the start of theetwseason, established plants generate
new shoots from the crown or from higher, undamageltary buds, while seeds in the soil,
produced during the previous dry season, germifMot&adyen, 1989). Stems branch freely
and a large plant may have up to 15 or more branchearying size from a single rootstock.
The weed can grow on many soil types, but prefeB-avained soils (Zachariadeg al.,

2009).

In its native and introduced ranges, the distrdoubf the weed is limited to between latitudes
30°N and 30S and altitude of up to 1000 m (McFadyen, 1988; Mppan and Marutani,
1988). It is also generally limited to areas recgvover 1000 mm rainfall per annum
(McFadyen, 1988), but in southern Africa, this lidéclines to 500 mm per annum (Goodall
and Erasmus, 1996). This is probably because dbititgpe difference between the southern
African and Asian/West AfricarC. odorata.It grows best in sunny, open areas such as
roadsides, abandoned fields, pastures, and distufbeests, but tolerates semi-shade
conditions. It does not thrive under the shadedlitmms of undisturbed forest or in closely

planted, well-established plantations (Zachariaded.,2009).

1.3 Genetic and morphological variability in Chromolaena odorata
Two main biotypes ofC. odorataare known in its invasive range of distributiorz.vihe

Asian/West African biotype (hereafter referred ® AWAB) and the southern African



biotype (hereafter referred to as SAB). The AWARBieh is the most widely spread form
found in Asia, India, West, East and Central Afremad the Oceania, is thought to have
originated from Trinidad, Tobago or the adjacergaar (Yuet al, 2014), while the SAB
found only in southern Africa is thought to havégorated from Jamaica or Cuba (Paterson
and Zachariades, 2013). The two biotypes are knwwdiffer in morphology, genetics and
aspects of their ecology (Paterson and Zachari&fds3). The differences between AWAB
and SAB plants have been elucidated (C. ZacharjadlR€-PPRI, South Africa, unpubl.
data). The SAB plants are substantially differeatrf the widespread invasive biotype found

in Asia, West and Central Africa in the followingys;

0] the leaves of the AWAB are usually large with finairs giving a soft texture
particularly to younger leaves, with grey-greendserk-green colour, but often
purple at the young stage especially when growmthé sun, while the leaves of
the SAB are distinctly small and smooth, with dgrkeen colour when growing in
a semi-shade but yellow-green in the sun and rezhwbung,

(i) the stems of the AWAB are hairy, with a grey-gréemark green colour, while
those of the SAB are largely smooth with yellowegreolour,

(i)  the AWAB have broader individual capitula contagidisc florets with a pale
lilac colour, involucral bracts having sharp tipsdawhich are lax around the
capitulum; while the SAB capitula are narrower, teamng disc florets with a
white colour, involucral bracts having round tipsdawhich are tight around
flower-head,

(iv)  the branches of AWAB are not rigid, while SAB hgwight growth especially

young growth in dense stands and



(V) the AWAB is more adapted to tropical conditionsi amay be more fire resistant,
having a tendency to re-grow from the crown, wilile SAB may be more cold

tolerant and more susceptible to fire.

1.4 History and distribution of Chromolaena odorata in Africa

Chromolaena odoratehas a wide native range distribution from the ket USA to
Argentina, Central America and the Caribbean idajt@lhutier, 1992; Kriticost al., 2005).
Chromolaena odoratas increasingly becoming widespread in its introehli range with the
species being present in Central, East, South aest Wirica, India, China, Southeast Asia
and parts of Oceania (a region including the istanfl the tropical Pacific Ocean) (see

Zachariades el., 2009; 2013).

1.4.1 West Africa

The presence of. odoratain West Africa was first recorded in a forestnaation near
Enugu, in south-eastern Nigeria in 1942 and is ghbtio have resulted from contaminated
seeds of the forest tr&&melina arboreaRoxb. (Verbenaceae), imported from southeast Asia
in 1937 (Ilvens, 1974). Following the introductiointiee shrub, it quickly spread across many
parts of Nigeria and to neighbouring countries, bpldy due to human and vehicular
movement, road constructions and regional tradegs €tal., 2014a). Out of the 36 states in

Nigeria, 23 states have already been colonise@.lmdorata(Uyi et al.,2014a).

Chromolaena odoraté thought to have been first introduced from Nigéo Ghana, though
some other possible modes of introduction have la¢sm identified (Timbilla and Braimah,
1996; Hoevers and M’boob, 1996). The weed has oedujme high forest, semi-deciduous

forest, coastal and forest savannah zones, takiag two-thirds of the country’s total land



area (Timbillaet al., 2003). Yehouenou (1996), reported the spread.obdoratainto
southern Benin Republic and Togo around the 19@0s1880s. The southern parts of Cote
d’'lvoire have also been severely infestedyodorata(Zebeyou, 1991). The spread ©f
odorata to The Gambia, Liberia, Burkina Faso, Guinea amelr® Leone has also been

reported (Timbillaet al.,2003).

1.4.2 East and Central Africa

Chromolaena odorataappeared in East and Central Africa much laten inaWest and
southern Africa. The spread and statu€obdoratain the region was recently reviewed in
Zachariadest al (2013). It was first confirmed present in Kenya2006, while it was
recorded in the eastern part of Rwanda in 2003. wést of Busia where Uganda borders
Kenya has also been infested Gy odorata.The presence of. odoratain Tanzania was

recorded between 2009 and 2010 near the eastemssbid_ake Victoria by these authors.

In the mid-1970<C. odoratawas recorded in the central parts of the DemacRipublic of
Congo (Gautier, 1992; Hoevers and M’boob, 1996 ismow present in the western parts
of the country, and also the eastern parts closthéoborder with Burundi and Uganda
(Zachariadeset al, 2013). Chromolaena odorataspread from the south-eastern states of
Nigeria to Cameroon and has also been reportedhizxd GZebeyou 1991; Hoevers and
M’boob, 1996; Timbilla, 1998). The spread of theed in this region has been made
possible through human and vehicular movementsdispkersal of the seeds by wind and

water (Zachariadest al, 2013).



1.4.3 Southern Africa

As stated earlier, th€. odoratabiotype in South Africa is believed to have orgfied from
Jamaica or Cuba (Paterson and Zachariades, 20d3yvas first recorded as naturalised in
South Africa in 1947 (Zachariades$ al.,2011a) at a site east of Ndwedwe (29° 30 30°
56° E) near Durban (Hilliard, 1977). Its spread ignieted to the warmer subtropical eastern
and north-eastern parts of the country whereptésent in KZN, Mpumalanga, Limpopo and
Eastern Cape provinces (Goodall and Erasmus, 1Q8&cos et al, 2005). Chromolaena
odorataspread has reached its southern ecological liroiirad the Port St Johns region of
the Eastern Cape Province (Zachariagieal, 2011a). The plant was probably introduced
from Asia into Mauritius before 1949 (Zachariaggsal, 2009), while it was discovered in
Zimbabwe in the late 1960s and in northern Angolthe late 1970s (Gautier, 1992; Hoevers
and M’boob, 1996).Chromolaena odoratanvades the forest and savannah biomes of
Swaziland (Zachariadest al, 2011a, 2013), and some parts of Mozambique asdilpy

Malawi have also been infested (Zachariaglesl., 2013).

1.5 Economic and ecological importance

In most of its introduced rang€, odorataimpacts on cropping and pastoral agriculture and
on biological diversity. The weed affects both ssiesice and commercial agriculture,
including crops and plantations (e.g. oil palmblwer, coffee, cacao, coconuts, cashew,
sugarcane, banana and plantain), grazing landssidndulture (Zachariadest al, 2009).
The weed thus decreases agricultural productivily @creases management cost at both

subsistence and commercial scale (Prasad, 1996).

Although the status of. odoratain West Africa remains a subject of debates (sgeetal,

2014a and references therein), its impacts on agrre, livelihood and biodiversity have
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been documented (Lucas, 1989; Yeboah, 1998; Uyilglndosa, 2013). It is a major weed
in crops such as cocoa, coffee, oil palm, cottobper, cassava, banana, plantain, yam as
well as vegetables in Nigeria (Ut al., 2014a). In Ghana, Yeboah (1998) reported a
reduction in the diversity of small mammals in viagg@n that was predominantly colonised

by C. odorata

In South Africa, its impact on ecotourism and buasity (Witkowski and Wilson, 2001;
Zachariades and Goodall, 2002; Goodall and Zacha2@02; Mgobozet al, 2008; te Beest
et al, 2009) has been documented. For exarfipledoratastands interfered with the egg-
laying potential of the Nile crocodile (Leslie aBgotila, 2001). Also, te Beest al (2012)
showed how fire interacted with the conventionakcing ofC. odoratain South Africa and
induced an intense canopy fire that caused a &hift woodland to grassland. Though not
yet perceptibly noticed in East and Central Afri€a,odoratais expected to have similar
impacts on agriculture, biodiversity and human lihads, as has been reported in other

regions where the plant is currently invasive.

Despite the weed status 6f odorata it is claimed to have some beneficial attribubgs
locals in West Africa (see discussions in Wyial, 2014a). In South Africa, there is no

conflict of interest surrounding the weed’s status.

1.6 Control methods

Recent studies have revealed that the impact @fsine plants changes over time (Dostal
al. 2013; Yelnik and D’Antonio 2013), but this maytneecessarily benefit native species
recovery (Yelenik and D’Antonio 2013). However, it still important to manage plant

invasions because of the threat they may pose torataand semi-natural ecosystems.
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Following the invasive nature df. odorataand its presence in large areas, including
uncultivated and other public areas, chemical ardhanical measures such as slashing and
burning are not practical to check the spread ofadequately control, this noxious weed.
Hence biological control methods using insects Wi&ed on this plant have been advocated
as an important strategy for the long-term managemwieC. odorata(Seibert, 1989; Goodall

and Erasmus, 1996).

1.6.1 Biological control of Chromolaena odorata

The first biocontrol programme f&. odorataworldwide originated in West Africa when in
1968, the Nigerian Institute for Oil Palm Resear®FOR) funded research by the
Commonwealth Institute of Biological Control in fiad. This led to the release of two
biological control agentPareuchaetes pseudoinsuld®ego Barros (Lepidoptera: Erebidae:
Arctiinae) (initially misidentified asAmmalo insulatawalk.) and Apion brunneonigrum
Beguin-Billecoq (Coleoptera: Curculionidae) in both Nigeand Ghana in the early 1970s
(lvens 1974; Cock and Holloway 1982). This initiaffort was perceived to have failed
because ahe time, establishment was not recorgeassibly due to ant predation (Cock and
Holloway, 1982). Uyiet al (2011) argued that these initiaiological control efforts may
have failed because theyere not sustained. Following successesPofpseudoinsulata
elsewhere (Seibert 1989)renewed biocontrol effort began in Ghand. 889, when a culture
of P. pseudoinsulatavas imported from Guam and released in the Ashamti Central
Regions from 1991 to 1997 (Timbillet al, 2003). Timbillaet al (2003) confirmed the
establishment of the moth at Fumesua near Kumaks®®4, making Ghana the first country

in Africa to establisiP. pseudoinsulata
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The first biological control attempt agairGt odoratain South Africa started in 1988, when
disease-free eggs and early-instar larvae of takfeeding mothP. pseudoinsulatavere
imported from the Pacific island of Guam, USA, andss-reared before several releases in
ten localities in KZN without establishment (Klugg&991). Kluge (1994) attributeé.
pseudoinsulatastablishment failure to predation of eggs by amnid other invertebrates. In
an attempt to minimize the reported predatidtgreuchaetes aurata auratéButler)
(Lepidoptera: Erebidae: Arctiinae), which lays éggs singly, scattered on the ground, was
introduced between 1990 and 1993. However, it datie establish after the release of
150,000 larvae, pupae and adults at some 18 sibesc KZN in the eastern part of South
Africa (Zachariadeset al, 1999). Following further successes with pseudoinsulata
elsewhere, a new culture was imported from Ind@nesid released mainly in Limpopo
province in the northern region of South Africarfrd998 to 1999 with about 367,000 larvae
and 3,000 adults released at three sites. The nmefasothe large numbers during these
releases was to overcome the possible effectseaufagion, parasitism, dispersal and Allée
effects, but again the insect failed to establ@tnathie and Zachariades, 2002; Zachariades

al., 2011a).

In furtherance of the efforts to biologically caritrand manageC. odorata a third
PareuchaetespeciesP. insulata(Walker) (Lepidoptera: Erebidae: Arctiinae) witlsianilar
biology to P. pseudoinsulatavas considered. A culture &f. insulatawas collected from
Florida, USA and tested for host specificity in #aly 1990s (Kluge and Caldwell, 1993a).
Florida exhibits a similar seasonal climate compkerao that in north-eastern parts of South
Africa where the weed is invasive. This moth laigs @ggs orC. odorataleaves and the
caterpillar feeds on the leaves until pupationuAHer culture was collected in late 2000 and

was mass reared under rigorous hygiene standattie &outh African Sugarcane Research
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Institute (SASRI), Mt Edgecombe, South Africa. Méinan 700,000 larvae and 10,000 pupae
and adults were released at 17 sites in KZN betwdgmmuary 2001 and April 2003
(Zachariadeset al, 2011a). Some of the release areas were clinigitisemilar to Fort
Lauderdale, Florida where the insect culture wadlected (Parasram, 2003) but the insect did
not appear to have established (Strathie and Zacles; 2004). In an attempt to overcome
possible incompatibility of the biological contrayent with the southern Africad. odorata

as a factor preventing establishmeht, insulata cultures from Cuba and Jamaica were
imported, mass-reared and released. 590,000 an@(®PTarvae of the Jamaica and Cuba
populations ofP. insulatarespectively were released between 2002 and 2&f&rently
without establishment (Zachariade al, 2011a). In total, approximately 1,920,000
individuals of the Floridian, Jamaican and Cubanistof P. insulatawere released at 30
sites. Subsequently however, Zachariades and B(@006) confirmed the establishment of
P. insulatain 2004 at one site (Sappi Cannonbrae Plantatibnkomaas, KZN, South
Africa). The Cannonbrae site, which lies closehe toast south of Durban, recorded the
greatest number of larvae released (Strathial, 2007; Zachariadest al, 2011a) and is

thought to be the only established site to date.

1.7 Descriptive biology and behaviour of Pareuchaetesinsulata and other arctiine moths
Pareuchaetes insulata a moth in the sub-family Arctiinae whose fokafgeding larvae can
cause extensive defoliation damageQoodorata While the description of the immature
stages and adults &f. insulatais well documented (Cock and Holloway 1982; Kluagel
Caldwell, 1993a; Dube, 2008), little informationasailable on its biology and behaviour.
Adult P. insulataare medium sized, golden yellow moths with longjit@l rows of black

abdominal spots both dorsally and laterally. Adalte nocturnal and mating occurs on the
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first night after eclosion. Newly laid eggs (on thederside ofC. odorataleaves) are pale

yellow and spherical in shape and turn grey befiatehing.

The biology ofP. insulata(Kluge and Caldwell, 1993a) is similar to thatrofpseudoinsulata
(Bennett and Cruttwell, 1973) and that Bf aurata aurata(Kluge and Caldwell, 1993b).
Newly hatched first instar larvae are grey withirgke black seta on each tubercule. After
feeding, they become pale grey with orange and omaldotches. The second instar larva
differs from the first instar in that there are ké&ta per tubercule and that the abdominal
segment one, seven and nine are maroon. The touah, fifth and sixth instar larvae are
similar. Two broken narrow white lines dorso-latlgraand ventro-laterally run along the
length of the body. On each segment, there ares@+icae with short black setae. Slightly
longer white setae are often visible on the meso- metathorax and on thd &bdominal
segments. The dorso-lateral and lateral verrucat®metathorax and abdominal segments
2, 4, 8 and 10 are reddish-orange; although the&murings are sometimes absent from

segments 6 and 8.

P. insulatais distinguishable fron®. pseudoinsulatdy the pattern of the red colouring on
the abdomen of the"sinstar larvae which are found on the verrucaeeghsents 3, 5-9 and
11 in P. pseudoinsulat{Cock and Holloway, 1982) and 2, 6 and 8HFnaurata aurata
(Kluge and Caldwell, 1993b). The two broken whitges running down the length of the
body of P. insulataare noticeably whiter than those Bf pseudoinsulatand P. aurata
aurata (Kluge and Caldwell, 1993a). IR. insulataand P. psuedoinsulatalarvae feed on
foliage of C. odorataduring the night and quit the plant foliage atsoon after sunrise and

spend the day hidden in leaf litter at the basheflant.
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Late fifth and sixth instars d?. insulatamigrate down the base of tke odorataplants and
pupate in a flimsy cocoon in leaf litters. The puybd. insulatais dark brown and measures
approximately 12 mm in length and 4 mm in widtheTarvae of these moths are reported to
pass through six instars before pupation, whildiféscycle has been reported to be between

40 and 60 days (Kluge and Caldwell, 1993a; Dub&3200

Arctiine moths are relatively distasteful to premtatin all life stages and this allows them to
occupy behavioural and ecological contexts unabkl#o their more palatable counterparts
(Conner, 2009). Larvae of these moths are knowsetuester pyrrolizidine alkaloids (PAs)
from their host plants which serve as host-findings (see reviews in Macel, 2011; Conner,
2009), a feeding stimulant (Kellest al, 2002) and play an integral role in their mating
behaviour (Conner, 2009). For example Utetheisa ornatrix(Lepidoptera: Erebidae) (L.)
and in other arctiines, females choose males baseda courtship pheromone,
hydroxydanaidal (HD), derived from defensive PAsHi&eideret al, 1992; Conner, 2009).
Females make choices based on the ability of vingates to transfer spermatophores whose
contents are proportional to their HD titre andyette; as a result, selective females receive
both phenotypic benefits (more nutrients and PA®) genotypic benefits (genes for larger
body size inherited by the offspring) (Conredral, 1990; LaMunyon and Eisner, 1994;
Conner, 2009; Kellyet al, 2012). The females pass this gift, together Witks that they
themselves procured as larvae, to the eggs fomdefagainst predators and parasitoids

(Eisneret al, 2000; Bezzeridest al, 2004).

1.7.1 Spread and impact of Pareuchaetesinsulata
To date, only a few basic quantitative studies e giopulations and impact 8f insulata

have been undertaken (see Zachariagteal, 2011a). Following establishment at Sappi
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Cannonbrae Plantation, the initial feeding damage insect population levels increased in
2005 and 2006 when there was a dramatic incredseviad numbers within a 5 km radius of
the release site, and the distribution of, and dgm@aused by the moth was predicted to
increase annually (Strathet al, 2007). By April 2006, evidence of spread of theth was
observed up to 25 km to the north-east, 20 kmgawth-westerly direction and 10 km inland,
to the north-west (Stratheet al, 2007). However, these population and damagdsevere
not sustained. Much of the weed’s infestation in\Kles inland in areas that become dry in
winter and the current pattern of spread obserees dot suggest that the moth will establish
in these areas. By 2010, evidence of spread ahtite was observed up to 100 km along the
coast and 10 km inland (Zachariadggsal, 2011a). Although recent outbreaks (Strathie and
Zachariades, 2014) have been observed at a nurhlmerations in northern KZN, its overall
population in the field remained generally low amahsequently its impact db. odoratahas

been variable, but probably low overall.

In many other countries where a related speélepseudoinsulathas established, it seems
to be an “outbreak species” (Zachariadeal, 2009). The situation in South Africa in terms
of establishment and impact is worse compared toyroéthe areas whele. pseudoinsulata
has been introduced in terms of establishment amghdct. A study of the impact d®.
insulata in the laboratory and planted field plots (T.D.nitaida, unpubl. data) was
discontinued in South Africa. However, in 2006 l@yeas of defoliate@. odoratathickets
were observed within a radius of 1 km of the redegagint, particularly in shadier parts after
establishment was confirmed (Stratieeal, 2007). In a recent review, Zachariadsal
(2011a) suggested that “althou@h insulata may be sporadically very damaging in the
coastal belt, overall it is unlikely to provide ®mtent or adequate suppression (f

odoratd. HenceCalycomyza eupatorivor&pencer (Diptera: Agromyzidae) was released
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and readily established. Also, other biologicaltcoincandidates such &sxus aemulu$etri
(Coleoptera: Curculionidae) andDichrorampha odorata Brown and Zachariades
(Lepidoptera: Tortricidae) are currently being esled against the weed after rigorous host-

range tests.

1.8 Possible factor s affecting the success of Pareuchaetes insulata

The success of biological control agents is sonegigonstrained by a multiplicity of biotic
and abiotic factors that may limit their efficacydaeven result in the failure of some agents
to establish. For example, climate (McClay, 1996y et al, 2002, 2003), top-down
factors (e.g., predators and parasitoids) (GoeddrnLauda, 1976; Kluge, 1994; Manrigae
al., 2011), and plant factors such as plant qualignetic dissimilarity, plant morphological
variations, or biotype incompatibility (Dragt al, 2004; Simelane, 2006; Wheeler, 2006;
Baarset al, 2007) have been suggested to deleteriouslyenfle the survival, development,
population dynamics, as well as the establishmédnbiological control agents. It is
hypothesized that one or a combination of theseofaanay be responsible for the poor

performance oP. insulatain South Africa.

A common practice in weed biological control pragraes is to prioritize host range and
laboratory impact studies to demonstrate that thadiclate agent does not pose an
unacceptable risk to non-target plant species $Bri@005) and to also show that the agent
can decrease the growth and hamper the reproduatiilrey of the target plants (McClay and
Balciunas, 2005; van Klinken and Raghu, 2006; Gaetoal, 2008). However, studies on
possible factors that could constrain the estaiviesit and performance of biological control
agents are often not prioritized pre-release, lmeahey are difficult to perform, and

infrequently conducted post-release to provide ipssxplanations for the establishment
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failure of biological control agents, or the limdtsuccess of biological control programmes
when agent establishment occurs (see McClay, 1#8ne et al, 2002, 2003; for
exceptions, see Simelane, 2006; May and Coetzd8)20his study attempts to explain the
poor performance d?. insulataby studying the contribution of potential facttnat could be
responsible for its variable impact @ odoratain the bitrophic relationship between the

insect and its host plant.

1.9 Aimsand rationale

Studies onP. insulatain South Africa have been limited to host-rangstitg (Kluge and
Caldwell, 1993a) and to reporting the establishnaet spread of, and basic data on damage
caused by the moth db. odorata(Strathieet al, 2007; Zacharidest al, 2011a). Therefore,
the principle aim of this thesis was to determime possible factors that are responsible for
the poor performance (low population levelsPofinsulatain South Africa. This was carried
out by characterising and interpreting both biatnd abiotic factors responsible for the low

abundance and population fluctuations of moth.

Aspects of the life history traits of biologicalrdool agents may be implicated in the poor
establishment and performance of biological coraiggnts (e.g. Boughton and Pemberton,
2012), therefore the life history traits &f. insulatawere investigated in Chapter 2, to
determine whether several aspects of its develofahand reproductive biology can help

explain its poor performance in South Africa.

Due to the differential performance of insect heobeés on host plant varieties, genotypes or
chemotypes (Dragt al, 2004; Goolsbt al, 2006; Simelane, 2006; Wheeler, 2006; Baars

et al, 2007) and the implications such differences @¢dwdve on biological control agents,

18



Chapter 3 compared several measurements of pemioar@&P. insulatareared as larvae on
leaves of two distinct morphological forms (posgiliotypes) ofC. odorata one from

southern Florida, USA (from which thia insulatapopulation originates) and the other from
South Africa where it has established as a biolgmntrol agent, albeit poorly. The
experiments in this chapter were conducted to tbsh degree of agent-host plant

incompatibility is culpable for the poor performanaf the moth.

Temperature has been shown to influence the develop survival, fecundity, locomotion
(or flight) performance, distribution as well agatdishment and population dynamics of
biological control agents and other insects (Stewital, 1996; Visalakshy, 1998; Byrret

al., 2002; Chidawanyika and Terblanche, 2011etial, 2011; Tamirwet al, 2012; May and
Coetzee, 2013; Ferraat al, 2014). To date, no quantitative data exist om ¢fffects of
temperature on the survival, development, fecunditycomotion performance and
temperature tolerance range Rfinsulatain South Africa or elsewhere. Hence, Chapter 4

attempts to address this lacuna.

Bottom-up effects of plant nutritional quality canfluence the survival, development,
fecundity and distribution of insects including sleoused as biocontrol agents (Preszler and
Price, 1988; van Hezewijt al, 2008; Sarfraet al, 2009; Moran and Goolsby, 2014). Leaf
nutrients and physical characteristics of hostiglamay also vary in space (e.g. Bryah#l,
1987, Diazet al, 2011) and time (e.g. Mulleat al, 2005, 2011). Understanding how such
bottom-up factors may shape the population dewsiB. insulatarequires knowledge of how

a change IinC. odorata plant nutritional quality affects the developmestjrvival and

fecundity of the herbivore. Therefore, the objeetf Chapter 5 was to investigate the effects
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of seasonal and spatial variations in the leafattaristics ofC. odorataon the performance

of P. insulata

Chapter 6 investigated larval feeding historyHn insulataby examining the effect of a
switch in herbivore diet on larval offspring. Thitudy was conducted to determiie

insulata response to a change in diet of neonate offspidung to a shift in plant quality
occasioned by mechanical clearing of the weed amétmoval of surrounding vegetation

within the vicinity ofC. odorata thereby exposing the plants to higher light lsvel

Recent studies suggest that the relationships ketwetrogen levels in host plants and
phytophagous insect performance are not simple gfBaeand Elser, 2006; Clissodd al,
2006; Zehnder and Hunter, 2009). Therefore, Chaptewestigated the effect of nitrogen

fertilization on the performance Gf. odorataas well as on the performanceRofinsulata

Chapter 8 is a general discussion of the results.implications of the findings of this thesis

on biological control ofC. odorataand on the population dynamics Bf insulata are

discussed. The chapter also identified possiblasai@ future research.
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CHAPTER 2

The life history traits of the arctiine moth Pareuchaetes insulata, a biological control

agent of Chromolaena odorata in South Africa

2.1 INTRODUCTION

Pareuchaetes insulata a moth in the sub-family Arctiinae whose fokafgeding larvae can
cause extensive defoliation damag€tmdorata The description of the immature stages and
adults ofP. insulatais well documented (Cock and Holloway, 1982; Klugel Caldwell,

1993a).

In a few places, such as Guam, there has beenndicgt long-term reduction in the
population ofC. odoratausing P. pseudoinsulataHowever, in many of the countries or
regions whereP. pseudoinsulateestablished, including Sri Lanka, the Marianagjidn
Ghana, and Sumatra, initial establishment wasvi@bbby a spectacular population build-up
and widespread, complete defoliationGfodoratathickets, and high mortality rates of these
plants (see review in Zachariadesal, 2009), but, the populations of the moth declined
dramatically (after one or two years) and the wessdvered. Subsequent sporadic outbreaks
resulting in defoliation occurred, but these welteroless spectacular and were unpredictable
over time and space (Zachariagg¢sal, 2009). Although occasional outbreaksPofinsulata
have been reported in South Africa (Zachariadesl, 2011, Strathie and Zachariades,
2014),P. insulatais still considered to be a less effective biatagicontrol agent (compared
with P. pseudoinsulajaprobably because of the effect of climate (lowmter temperatures)

and other environmental or intrinsic factors affegthe moth in South Africa.
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Although the biology ofP. insulata appears to be similar to that & pseudoinsulata
(Bennett and Cruttwell, 1973) afl aurata aurata(Kluge and Caldwell, 1993b), a further
and comprehensive understanding of its developrhanta reproductive biology is needed.
Information on several aspects of the life histérgits of P. insulata might assist in
unravelling the reasons for the low population Isva the field (e.g. as in Boughton and
Pemberton, 2012) and could enable us to gain adlgbrknowledge of the behaviour of the
erebid moth in its new environment. Furthermorevjpus research (Kluge and Caldwell,
1993a; Walton and Conlong, 2003; Dube, 2008) uad#tert to document the biology Bf
insulata did not consider differences between female andke nraits; hence, this study
addresses this lacuna because the developmentramthgof moths sometimes vary as a
function of gender (Thiéry and Moreau, 2005; Stillwand Davidowitz, 2010). Experiments
reported here were conducted to investigate sewspcts of the biology ¢f. insulatato
understand the poor performance of moth in thel fagld to allow comparison with earlier
studies orP. pseudoinsulatgCruttwell, 1972; Muniappaet al, 1989),P. insulata(Kluge

and Caldwell, 1993a) arfdl aurata aurataKluge and Caldwell, 1993b).

This study compares metrics of the moth’s perforrearsuch as leaf consumption,
development duration, pupal mass, growth rate anddvity between males and females
which was not considered by Kluge and Caldwell @g9and Dube (2008). A further
objective of this study was to investigate survivalalised fecundity (i.e. total number of
eggs laid), sex ratio, egg hatchability, matingcess, duration of egg laying and pre-

oviposition period irP. insulata
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22 MATERIALSAND METHODS

2.2.1 Origin and maintenance of plant and insect cultures

Pareuchaetes insulatandividuals were collected in the Sappi Cannonbpd@ntation,
Umkomaas (south coast of KZN province), South Afr{8C 13’ S, 30 46’ E), where the
insect established following large releases madedsn 2001 and 2003 (Zachariaddsal
2011a). The individuals of the moth were maintairfed about six generations in the
laboratory at the Cedara Weeds Research Unit, ARGtRProtection Research Institute
(ARC-PPRI) KZN, South Africa orC. odoratabouquets from the field (in and around
Durban) at 25 + 2C, 65 + 10% relative humidity (RH), with a photojoer of L12:D12.
Newly hatched larvae were fed with cut leaves asi®@0 ml (1 egg batch per container)
aerated plastic containers, while older larvae weeged inside 2 L “Freezette” rectangular
plastic trays (32 x 22 x 6 cm) (30 larvae per comg with C. odoratabouquets. Fresh
leaves were added as needed. Pupae were placddfRre2zette trays containing vermiculite

and monitored for eclosion.

Chromolaena odoratplants used in this study were grown from stemetiiings collected
from Durban, South Africa. All cuttings were init\aplanted in a mist bed in vermiculite
with rooting hormone (SeradiX No. 1) before they were later planted in nurseng [§25 cm
diameter). All plants benefited from same pottingdlmm (Umgeni sand: Gromor Potting
Medium 1:1), fertilizer (Plantacote, AGLUKON Speddaenger GmbH & Co. KG,
Germany) and watering regimes. These plants weretam@ed in a glasshouse at
temperatures between 20 and “8) and plants were watered daily using an autontht
irrigation system. All trials were performed in eogth chamber (Labcon, South Africa) set
at 25°C and a 12L:12D photoperiod. Hygrochron iButtonsodel DS 1923, Maxim

Integrated Products, San José, CA, USA Q.Bccuracy) were used to measure temperature
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(hourly readings: range, 24.10 to 25°Ct mean + SE, 24.53 + 0.6€) and RH (range, 66.4

to 79.2%; mean £ SE, 70.7 £ 3.3%) inside the chambe

2.2.2 Survival, growth and developmental biology

To assess survival, growth and development duradio®. insulata larvae were raised
individually from day of hatching to pupation in @0nl aerated plastic containers with a
circular net screen window (2.5 cm diameter onttgefor ventilation), lined at the bottom
with moistened filter paper to maintain RH, and evéed onC. odorataleaves for the
duration of their development. This protocol presdnat least two main advantages: (i)
feeding larvae in isolation prevented biases duecdmpetition and consequent food
deprivation and; (ii) prevention of variations dizemicrohabitat effects. Larvae (n = 280)
were fed with fresh fully expanded leaf tissuekdtafrom the upper half of the plants) every
24 hours and their frass was removed at same aitBawhygienic reasons (Uit al, 2011).
The daily use of new leaf tissues probably increaaevival, and is consistent with field
observation of thé?areuchaetespecies larva, which, in the presence of an aminidad
supply, feeds each night on a leaf which has netipusly been fed on, and shelters further
down on or underneath the plant during the day. durpose of using excised leaves was to
limit uncontrolled variations among whole plantstkat the insect parameters of interest, in
this case development time and other fitness-il&i@ts, could be stringently assessed.
Although the use of excised leaves in the detertimnadf insect survival and performance
has been a subject of debate (Olckers and Hull@84;1Blossey and Notzdld, 1995; Palmer,
1999), this practice is seen as an acceptable wheftbroproviding uniform materials in
laboratory feeding studies of this kind (see Blgsaied Notzdld, 1995; Hull-Sandees al,
2007; Beatoret al, 2011; Oleircet al, 2011; Boughton and Pemberton, 2012). MoreovVker, a

other previous work (Muniappaet al, 1989; Kluge and Caldwell, 1993b; Duékal, 2014)
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on aspects of the biology &areuchaetespecies have been conducted using excised leaves

of C. odorata

All containers were placed inside a Zipifcbag (600 x 450 mm) to prevent desiccation.
Observations on mortality were made daily untilladalosion in order to follow the duration
of each instar and other immature stages. The -sfag@fic and overall survival of.
insulatawas calculated as numbers of larvae (or pre-popgripae) that developed to the
next stage, divided by the initial number of thartular stage. The loss of the cephalic
capsule was the criterion used to determine theltmBupae were extracted from the food
source and weighed (n = 72) as an index of thet dahaly size. Sex was determined at the
pupal stage, based on the position of the gentifit® (see Dube 2008). Sex ratio and
performance metrics were calculated and recordspergively based on the numbers of
surviving pupae (n = 250). Specifically, the folliong variables were measured: (i) duration
of each larval instar, (ii) total larval developmeturation (defined here as the number of
days from hatching until pupation), (iii) pre-pupdliration, (iv) pupal duration, (v) total
pupal duration (pre-pupal and pupal combined), ¢alal immature development time
(defined here as the number of days from hatchimg adult eclosion), (vii) growth rate
(pupal mass in mg/development time) (for rationaé® Thiéry and Moreau, 2005) and (viii)
head-capsule width. The head-capsule growth ra#ie galculated following Dyar's (1890)
study, i.e. post-moult head-capsule width was @didtby pre-moult width. All parameters
except head-capsule width were measured accordisgx in order to enable comparisons
between males and females. Upon adult eclosiorlt lehgevity was measured as a function

of sex.
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2.2.3 Leaf area consumption

The influence of gender on total (i.e. lifetimexfl@eonsumption by. insulatawas tested on
individual larvae with equivalent amounts of foosing similar methods described in the
previous section. This protocol enabled accurasatfication of the leaf area consumed by a
single individual from first instar larval stage popation (for rationale, see van Hezewtk
al., 2008; Prasifk&t al, 2009). The area of leaf tissue consumed pevithatl larva per day
was assessed by scanning images of the leaf tibgfiese and after feeding, with a digital
scanner (Konica Minolta C360 Series PCL, Langenhageermany). Leaf areas were
thereafter measured using the Compu Eye Leaf angpf®yn Area program developed by

Bakr (2005) (available at http://www.ehabsoft.comi@puEye/LeafSAreal). The above

procedure was continued each day for each larea5@3) until feeding ceased in the prepupal
stage. Pupae were extracted from the food soum@evaighed as an index of the adult body

size. The growth rate was calculated as describadqusly.

2.2.4 Reproductive life history traits

To enable correlation of life history traits, atludts from individual larvae that were used for
the leaf consumption trial were used to determamraductive life history traits, and these
were augmented with adults from the survival tridlso newly eclosed males and one virgin
female were placed in an aerated 700 ml plastidaoer (with a 5 cm diameter mesh
window at the top) withC. odoratastem cuttings plugged into a 5 x 5 x 3 cm moigsiene
Oasis" floral foam block wrapped with aluminium foil. TW®0 mm discs of filter paper
(moistened with 0.4 ml of water) were placed indide containers to maintain RH. Adults
were supplied with cotton-wool balls soaked wit®Boney solution for feeding. Fifty-three
replicates were used for this study. Males and fesnaere held captive in these containers

until the death of both sexes. Females could oWtiposthe wall of the containers and/or on
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the leaves of the plants. Containers were examliadg, until all adults had died, to record:
(i) realised fecundity (i.e. total number of eggsd), (i) female mating success (i.e. the
number of matings that resulted in fertile eggseased by production of fertile eggs (egg
fertility was checked by observing hatching larya@)) number of egg batches, (iv) egg

hatchability (number of eggs that hatched), (v)}@rgosition period and (vi) duration of egg

laying.

2.2.5 Statistical analysis

All data sets (development time, pupal mass, groratie, leaf consumption, longevity)
satisfied the assumption of parametric tests (hey were normally distributed - after
Shapiro-Wilk’s test). Only data from individualsathsuccessfully eclosed were considered
when analysing growth and developmental biologyilevbnly data from females that had
mated were considered when analysing reproductvanpeters. To determine differences in
development times and other performance metricwdst males and females, the
independent sample t-test procedure of Genstaistgtat software, version 9.0 (VSN
International, Hemel Hempstead, UK) was used. Rsgra analyses were carried out using

Microsoft Excel and Genstat.

23RESULTS

2.3.1 Survival, leaf consumption, growth and development

Although one seventh-instar larva was recorded auR50 larvae, overallP. insulata
developed through five or six larval instars with a/erage growth rate of 1.48 (Tables 2.1
and 2.2). The survival of each development stage mgh, with over 88% overall survival
and 97% eclosion success (i.e. pupal survival,&30@sed out of 256 pupae), when neonates
were monitored until adulthood (Figure 2.1).
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Table 2.1 Mean head-capsule width (mm = SE) anthitsease rate iR. insulatareared on

Chromolaena odoratéeaves.

Instars n Mean (mm + SE)  Growth ratio
I 70 0.38 £0.002 ...
Il 70 0.56 +0.004 1.474
Il 70 0.89 +0.005 1.589
\Y, 70 1.43 +£0.009 1.607
Vv 70 2.05 £0.320 1.433
Vi 19 2.48 £0.026 1.317
Mean 1.484

Table 2.2 Development duration (days) (mean + SBPaveuchaetes insulataales and
females reared on leaves@firomolaena odorata

Stage Gendér Statistics
Female Male Test P value
Egg 4.80 £ 0.05
(4581}
First instar 3.15+0.03(136) 3.22+0.03(114)t =-1.28 0.200
Second instar 3.10+0.03(136) 3.04+0.03 (114}t =1.19 0.234
Third instar 3.18+0.05(136) 3.18+0.04 (114)t =0.12 0.901
Fourth instar 3.75+0.06 (136) 3.68+0.06(114)t=10.68 0.494
Fifth instar 494 +0.10 (136) 4.90+0.07 (114)t =0.29 0.773
Sixth instar 5.07 +0.16 (28) 5.18+0.62 (1) t =-0.17 0.868
Seventh instar 4.00 (1) 5.00 (1§
Total larval dev. Time 19.20 £ 0.16 (136) 18.56.%P(114) t =2.51 0.013
Pre-pupal dev. Time 1.92 £ 0.02 (136) 19301 t =-0.38 0.706
Pupal dev. Time 9.96 £ 0.07 (136) 11.27 +0.06 j114 =-13.7 0.001
Total pupal dev. Time 11.88 £ 0.07 (136) 13.21660(114) t =-13.74 0.001
DT 31.08 +0.19 (136) 31.77 +0.20 (114}t =-2.41 0.017

Range

(26 — 40)

(28 — 42)

TDT: Total immature development time from neonat®d to adult eclosion.
#Numbers within parentheses indicate numbers of imraastages (eggs and larvae) that
successfully hatched to first instar larvae (fog®gand/or were reared to adulthood (for

larvae).

"Eggs (gender indeterminate) obtained from 62 feradigts ofP. insulata

* Note that at sixth instar, sample sizes were Rvand 11 for female and male,

respectively, because most larvae pupated atfar (same applies to seventh instar).

28



100 A

80
60
40
20
0 - T T T . . . .
L1 L2 L3 L4 L5 L6

Prepupa Pupa

% survival

Stage of development

Figure 2.1 Stage-specific percentage survival (n¥e8k) ofPareuchaetes insulat@ = 280)
reared orChromolaena odorataPupal survival signifies eclosion success.

Apart from total larval development time, pupal e@pment time and total development
duration, which were all significantly influenced lgender, other immature development
times (eggs, and first instars — sixth instars)emeot statistically different between gender
(Table 2.2). At the larval stage, females needetkrtime to develop than males while at the
pupal stage, males needed more time to developddfeir eventual eclosion. Overall,

females emerged earlier than their male countexgiigure 2.2, Table 2.2). While over 40%
of females emerged within the first five days fallog the commencement of adult eclosion,
only 16% of males emerged within the same timerwale Similarly, over a six-day period,

about 73% of females emerged in contrast with B @mergence recorded for their male
counterparts. Pupal mass and growth rate varieglfisigntly between sex (females had
higher growth rates and were always heavier thateshaTable 2.3). Also, females

consumed more food than their male counterpartsiéTa3).
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Figure 2.2 Daily mean percentage emergencPareuchaetes insulatadult (females and
males) over a 17-day period. D26 represents teeday of emergence, while D42 represents
the last day of emergence.

Table 2.3 Longevity, leaf consumption and growthrioge (mean + SE) dPareuchaetes
insulatareared on leaves &@fhromolaena odoratalhe numbers in parentheses represent the

sample size.

Parameter Female Male Test P- value
Longevity (days) 5.92 £0.17 (136) 550+0.16 (114 t=1.89 0.060
Range 3-11 3-11

Pupal mass (mg) 213.10 £5.15 (39) 157.00£3.31 (83 t=9.16 <0.001
Range 147.51 - 295.20 126.00 - 198.11

Growth rate 6.46 £ 0.14 (38) 4.72 £0.08 (33) t=9.16 <0.001
(mg/days)

Range 4.430 - 8.62 3.90-6.19

Leaf consumption 8566.10 + 272.92 (25) 6578.11 + 256.40 (28 5.31 <0.001

(mn)
Range 5505.31 - 11058.43 3255.42 — 9527.22
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2.3.2 Reproductive life history traits

Female mating success was 94.3% (Table 2.4). Egddality ranged from 82.7 to 100.0%
while sex ratio was fairly balanced with femalesvihg the larger share; out of 250
individuals that were successfully reared to addth 54.4% were females (Table 2.4).
Oviposition usually started on the second nightrafiémale emergence. Eggs (45 — 661 per
female) were laid in batches (1-16 batches per li@nwver a duration of between 2 and 8
days (Table 2.4). Although females appeared toltwger than males, the difference was not

significant (Table 2.3).

Table 2.4 Reproductive performance (mean + SBPapéuchaetes insulateared on leaves
of Chromolaena odoratal he numbers in parentheses represent the sample si

Parameter Range Mean

Mating success (%) - 94.33 (53)

Egg hatchability (%) 87.7-100 97.56 + 0.49 (4775)
Sex ratio (% of females) - 54.41 (250)
Duration of egg laying (days) 2-8 4.72 + 0.25)(50
Pre-oviposition period (days) 1-4 1.70 £ 0.1 (50)

No. of egg batches 1-16 8.96 = 0.50 (50)
®Fecundity 45 - 661 387.62 £+ 19.50 (50)

"Eggs were from 62 mated adult female®omsulata

& Fecundity indicates total number of eggs per femal

2.3.3 Correlationsof life history traits

Linear regression analysis showed a significanitipesrelationship between head-capsule
width and larval instars (Figure 2.3). There wasgaificant positive correlation between the
amount of leaf tissue consumed and the resultingafe pupal mass (Figure 2.4a), between
amount of leaf tissue consumed and female groweh(Fagure 2.4b) and between amount of

leaf tissue consumed and fecundity (Figure 2.4c).
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The significant positive relationship between pupealss and the fecundity of the resultant
female indicates that females produced 5.25 eggsnge with the individuals of the lowest
mass in the analysis being just 145.8 mg and cagdb eggs, while the heaviest was a 230.9
mg individual that carried 661 eggs (Figure 2.5heTpercentage of eggs laid per night
decreased with female age after a peak on the dadght (Figure 2.6). Over 61% of the
total eggs were laid within the first three nigbfseclosion, while over 74% of the eggs were

laid over a four-night period.

y = 0.4428x - 0.2526
R?=0.9787F, 5= 147.31P < 0.001 S

= N
o N o
1 1 1

Head capsule width (mm)
|_\

0.5 1

Larval instar

Figure 2.3 Relationship between mean head-capddte and larval instars d?areuchaetes
insulata
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Figure 2.3Relationship between adult fecundity and pupal noh$smalePareuchaetes
insulatareared orChromolaena odorata.
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Figure 2.6 The relationship between percentagego$ laid (per day by females) and egg-
laying duration. The number of females that laicagrarticular day is given in parentheses.
All females except one survived before day 8. Tloelehonly considered females that laid
eggs on a particular day.
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2.4 DISCUSSION

Using a culture ofP. insulatareared on excised leaves Gf odorataplants at constant
temperature, the life history traits of the motld aifferences in performance between males
and females were measured. Mortality was low antafes performed better than males in
terms of development time and other performanceicsesuch as leaf consumption, pupal
mass and growth rate. Significant positive corretet of life history traits i°. insulatawere
detected between insect performance and leaf cqrtgarm between head-capsule width and

larval instars and between pupal mass and fecundity

The head-capsule width shows a geometric progmegsadtern of growth consistent with
Dyars’ rule (Dyar, 1890). Dyar (1890) measured tiead-capsule width of 26 species of
Lepidoptera and showed that the width of the hegdule increased geometrically and by a
relatively constant ratio ranging from 1.3 to 1The over 97% eclosion success recorded in
this study is similar to the 98.6% recently foung Wyi et al (2014c, Chapter 3) who
investigated the effect o€. odorata genotype on the performance Bf insulata but
contrasts the findings of Dulat al (2014) who reported 61% eclosion success. Theonsa
for such discrepancies are unclear, but are likalysed by such factors as experimental

conditions, foliage quality and/or smaller sampie sised by the latter authors.

No previous study has compared the immature demedop duration between males and
females inP. insulata P. aurata aurataor P. pseudoinsulatehence the results of this study
cannot be directly compared with the reports ofeptiworkers. Nevertheless, the total
development time (neonate - adult eclosion of naalé female combined) of 31 days in this
study is comparable to the findings of Duiteal (2014) who recorded a mean of 35 days

from oviposition to adult eclosion iA. insulata The range of 26 to 42 days that we recorded
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for development from neonate to adult eclosioningilar to the 32 to 47 days reported by
Syed (1979), but shorter than the range (39 to&#4)dreported by Muniappaat al. (1989)

for P. pseudoinsulataAlthough the reason why males spent a longer timtee pupal stage

in this study is unclear, it is not uncommon inbédemoths (Betzholtz, 2003; Rodriguez-
Loeches and Barro, 2008). However, in many ins@ottuding erebid moths, females
prolong their growth (larval) period in order tovieaheavier pupae (Betzholtz, 2003; Esperk
et al, 2007; Stillwell and Davidowitz, 2010) and thergamight also be true fd?. insulata
Although the overall difference in development tinetween males and females might seem
short (16.6 hours), similar differences have beeauthented in other erebid moths. For
example, the development time in femalesRarasemia plantaginiqL.) (Lepidoptera:
Erebidae: Arctiinae) reared draraxacunsp. (Cichoriaceae) was on average 0.71 days (17.0
hours) shorter than that of the males (Ogtlal, 2005). The small statistical difference in
development time between males and females? . ofinsulata is probably without any
ecological significance, but this needs to be enguidurther to either validate or invalidate

this finding.

The emergence of adult females before males sugtestabsence of protandry, in which
males are reproductively active before females, @uedpresence of protogyny, in which
females emerge and are reproductively active filsatandry appears common in many
insects including Lepidoptera (H&n 1997; Morbey and Ydenberg, 2001), but exampfes o
protogyny are also known (Hék, 1997; Buck 2001). Protandry presents two adygsan
that it: (i) maximises copulation opportunities forales (Wiklund and Fagerstrom, 1977;
Bulmer, 1983) and; (ii) minimises the pre-reproduetperiod of females because they
emerge when most males are available for matinggiis&rom and Wiklund, 1982; Carvalho

et al, 1998; Larseret al, 2013). In small populations (environments whaade location is
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difficult) and in short-lived insects such Bsinsulata reproductive asynchrony, expressed as
excess protandry, its absence, or its reverseqgyay), can lead to ‘matelessness’ and can
be a mechanism for Allée effects which can negbtiaéfect population growth or result in
the extinction of species (Calabrese and Fegan4;20@labreset al, 2008; Larseret al,
2013; Fauvergue, 2013). In this context, the absehprotandry or presence of protogyny in
P. insulatacould be a clear disadvantage for adults and coubéir their mating success to
the extent that their long-term persistence mapebpardised, as females may have dispersed
before the emergence of males. Pinpseudoinsulategender imbalance has been implicated
with infertility of eggs due to matelessness (Tere¢ al, 1991). It is possible that, with
constant and asynchronous eclosionPofinsulatain the field, protogyny might not be

problematic.

Although up to seven instars were recorded, mogaéapupated at the fifth instar. Kluge and
Caldwell (1993a) did not mention variations in thenber of larval instars iR. insulata but
other authors (Cruttwell, 1972; Dube, 2008) docuteeretween five and six instars fér
pseudoinsulataand P. insulata respectively. The number of larval instars for @eioths
has been recorded to be as low as five and asasigieven for different species (Betzholtz,
2003; Rodriguez-Loeches and Barro, 2008). Variationthe number of larval instars is
common in Lepidoptera but is not considered asnaportant life-history trait (POykko,
2005). As for other Lepidoptera, the variationhe humber oP. insulatalarval instars could
be influenced by biotic and abiotic factors suclesmsperature, day length and foliage quality

(Calvo and Molina, 2005).

The greater female pupal mass compared to malesdexst in this study is not uncommon in

Lepidoptera and in other insects (Singémal, 2004; Thiéry and Moreau, 2005; Stillwel
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al., 2010; for an exception see LaMunyon and Eisd®93) and the reasons or the
underlying mechanisms involved have been disentan(dee Awmack and Leather, 2002;
Davidowitz and Nijhout, 2004; Stillwell and Daviddw; 2010). Stillwell and Davidowitz
(2010) studied sexual size dimorphismMianduca sextd.. (Lepidoptera: Sphingidae) and
reported that the timing of hormonal events thdeeines when growth ends and when to
initiate pupation, occurs slightly later in femdévae, thus explaining the higher female
pupal mass. As is evident from this study, pupassnprovides a good estimate of individual
fecundity in many insects including Lepidopterag(eDoak, 2000; Zhangt al, 2012).
Czypionka and Hill (2007) suggested that this refeship could be used as an index to judge
the suitability of an insect (in terms of its repuative potential) for the biological control of
an invasive alien weed. The fact thatinsulatafemale growth rate is higher than that of
males is typical of capital breeders (i.e. spewglh adults that do not feed or ingest little
food) since male body weight is not directly codpleith fithess as it is for females
(Haukioja and Neuvonen, 1985). Food quality/qugristconsidered a good determinant of
fecundity in herbivorous insects. As observedRoiinsulata the quantity and/or quality of
resources consumed by herbivores during ontogeassidirectly related to their final body
weight and other life history traits (Stillwedt al, 2007; 2010). Those insects that do not
acquire proteins as adults must obtain all theserves during their larval stage. This may
explain the significantly longer larval developmeetiod of females and larger female pupal
mass in this study, because females needed moeetdireat and/or acquire sufficient food
(either in terms of quality and/or quantity) in erdo cope with reproductive responsibilities

such as egg production.

Mean lifetime fecundity (387 = 19.62 eggs) per fé&amaas 23% higher than that recorded for

a closely related specids, aurata auratawhere lifetime fecundity averaged 241.9 eggs per
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female (Kluge and Caldwell, 1993b). The findingstlus study also indicate that over 74%
of the eggs were laid during the first four nigfaster mating) with peak egg laying on the
2" night. This concurs with the findings of Kluge a@dldwell (1993b) who reported that
70% of oviposition occurred within the first fouights for P. aurata aurata This relatively
short window exemplifies why protogyny could lead mhatelessness. The ranges of adult
longevity, duration of egg laying and pre-ovipasitiperiods are comparable to that reported
for P. aurata aurata(Kluge and Caldwell, 1993b). The fact that longgewas similar for
both sexes corroborates the findings of Jiméneez&nd Villa-Ayala (2009), who reported
that being larger does not necessarily confer grdahgevity in insects. Female longevity is
known to influence fecundity in long-lived inseadsin income breeders (i.e. species using
both current nutritional inputs as adults and resesi obtained during earlier life stages for
reproduction), where long-lived individuals lay raoeggs (e.g. Herrerat al. 2011). The
negative relationship between the percentage o &d on a night in relation to the time

since eclosion probably occurs becaBsensulatais a capital breeder.

The high egg hatchability (97%) reported in thigdstis similar to the mean of 95% recorded
by Visalakshy (1998), but higher than the 79% rdedrby Dubeet al (2014) and the 74%
by Kluge and Caldwell (1993b) fdP. pseudoinsulataP. insulataand P. aurata aurata
respectively. The high mating success recordedisrgtudy could be attributed to the fact
that two virgin males and one female were alwaysedan one container. The finding of this
study likely reflects the field situation where fel@s might have a choice of a number of
males. InPareuchaetespecies, the females call (using tubular pherongbareds) and males
respond by locating them (Schneiddral, 1992). InUtetheisa ornatrix(L.) (Lepidoptera:
Erebidae: Arctiinae) and in other arctiines, fermatdhoose males based on a courtship

pheromone, hydroxydanaidal (HD), derived from defea pyrrolizidine alkaloids (PAS).
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Females make choices based on the ability of vingahes to transfer spermatophores whose
contents are proportional to their HD titre andyette; as a result, selective females receive
both phenotypic benefits (more nutrients and PA®) genotypic benefits (genes for larger
body size inherited by the offspring) (Conredral, 1990; LaMunyon and Eisner, 1994;
Conner, 2009; Kellyet al, 2012). Similar to the findings of the above népoit is possible
that females may have chosen or mated with lardesma this experiment and this might be

a true reflection of the actual field situation.

This study is the first report of the growth angroeluctive performance of, and life history

correlations inP. insulata thus contributing to our understanding of the-history traits of

erebid moths in the subfamily Arctiinae.
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CHAPTER 3

The effect of variation in host plant on the performance and fitness-related traits of the

specialist herbivore, Pareuchaetesinsulata

3.1 INTRODUCTION

Differential growth, fecundity, feeding, and ovijtasn preference of insect populations on
host plant varieties, genotypes, or chemotypes Hseen suggested to have important
implications for biological control of weed speci@ray et al, 2004; Goolsbyet al, 2006;
Simelane, 2006; Wheeler, 2006; Baarsl, 2007). Therefore many recent biological control
programmes have been careful to locate the exaginpwithin its broader range, of the
target weed in order to collect biological contagents that are optimally compatible with the
weed (e.g., Pemberton, 1998; Goolstyal, 2003; Ramadaet al, 2011; Centeet al,

2012).

However, for some biocontrol programmes, agent Hmen collected from an area of the
native range other than that from which the invagiepulation originated, from plants which
were morphologically distinct from those in theaswe range [e.gGChromolaena odoratin
South Africa]; often this was because the exadinmf the invasive population of the target
weed could not be found. These agents may havklissied, but appear to perform poorly in
the field. In such cases, partial incompatibilitgtiween the agent and its host plant may
provide at least some explanation for this poofguerance. In other cases, suchLasitana
camara L. (Verbenaceae) (Day and McAndrew, 2003) daibsopis spp. (Fabaceae)
(Zachariadet al, 2011b), the invasive plants are hybrids of saveative populations or
species, and thus agents collected from one okthative populations or species may not

perform well on the invasive population. It hasgheen considered worthwhile to conduct
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pre- [e.g., Simelane (2006) &n camard or post-release evaluation studies [e.g., Patezto
al., 2012, onPereskia aculeatdill. (Cactaceae)] to determine whether the penfance of
biocontrol agents differs as a function of the iorigr form of host-plants on which they are
fed. Such studies, when conducted prior to theaseleof an agent, may be useful in
predicting on which varieties or genotypes of tlusthplant, if any, the agent is likely to
perform well. Conducted after the agent has beleased, they can explain performance and

prevent the release of further, perhaps sub-optaganhts.

Here, several insect performance metricdoinsulataon two morphological forms of.
odorata which are probably also genetically distinct @Psbn and Zachariades, 2013) were
compared. One form came from within the native ea(gputhern Florida, USA) whefe
insulatawas collected, and the other was the invasive fdrom South Africa), onto which

it was released as a biological control agent.

In order to test if a degree of agent-host planbmpatibility may be culpable for the poor
performance oP. insulata it was hypothesized th& insulatalarvae are more attracted to
Floridian C. odorata(which is morphologically similar to AWARC. odoratg than to the
SAB and that larvae reared on Floridi@nodoratahave higher fitness and performance than
those reared on SAB. This study specifically coragainsect preference and metrics of
herbivore performance such as leaf consumptiondirigeindex, survival, development
duration, pupal mass, growth index, host suitahifilex, realised fecundity (total number of
eggs laid), sex ratio, egg hatchability, matingcess, duration of egg laying, pre-oviposition
period, and female longevity between the Floridead SAB C. odoratain this plant -

herbivore system.
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3.2MATERIALSAND METHODS

3.2.1 Study system: origin and maintenance of plants and moths

For this study,P. insulataindividuals were collected in the Sappi Cannonlpkantation,
Umkomaas (south coast of KZN), South Africa @S, 3046’E), where the insect
established following large releases made betw@@d and 2003 after it was imported from
Florida (Zachariadeet al, 2011a). Moth individuals were maintained for aibdive
generations oi€. odoratabouquets from the field at 25 +°€, 60 + 10% relative humidity
(RH), with a photoperiod of L12:D12. All tests weperformed in a growth chamber
(Labcon, South Africa). Hygrochron iButtons (modb 1923; Maxim Integrated Products,
San José, CA, USA, 0.5 °C accuracy) were used tsmne temperature (hourly readings:
range = 23.12-25.6C; mean + SE; 24.62 + 0.0€C) and RH (range = 65.3-78.1%; mean +

SE, 70.51 £ 2.13%inside the chamber.

The southern AfricarC. odorataplants were grown from stem-tip cuttings collectszin
several plants growing along a 50-m stretch of noear Durban, South Africa, whereas the
Floridian C. odorataplants were grown from stem-tip cuttings takemfriour clones of a
single plant in the ‘internationaC. odoratacollection of the ARC-Plant Protection Research
Institute, Cedara, South Africa. The parent (Ac@8)lof the Floridian plants (which is
morphologically similar, but not identical, to th&VAB plants as described in Chapter 1)
was originally collected from Fort Lauderdale, kdar (26°05'42"N, 80°18'45"W) on 28
October 2002; from the same vicinity as feinsulataculture was collected. All cuttings
were initially planted in the mist bed in vermicaliwith rooting hormone (Seradf% No. 1)
before they were later planted in nursery pots ¢&b diameter) for establishment. All
treatment plants benefited from the same pottingliome (Umgeni coarse sand: Gromor

Potting Medium 1:1, Gromor, Cato Ridge, South Ad)icfertilizer (9g of Plantacote,
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AGLUKON Spezialduenger GmbH & Co. KG, Germany: 14fitrogen, 8% phosphorus
pentaoxide, and 15% potassium oxide — all solublevater) and watering regimes. Plants
were grown outside between November 2011 and 2@ and hand-watered with a hose.

Fifty SAB and 49 FloridiarC. odorataplants were grown and used for this study.

A single plant from Florida is not necessarily eg@ntative of that population, and even the
SAB plants used were not selected to be represantadtthe invasive population as a whole.
However, | believe that comparisons using this &rselection of plant material still has
validity for several reasons, even though it linite strength of the conclusions that can be
drawn: (i) Although sample sizes were small, itegos thaC. odoratagrowing in Florida is
genetically distinct from that invading South Afxjcwhich is strongly related with plants
from Jamaica and Cuba (Paterson and Zachariad&8).2dowever, because it cannot be
proved that the plant from Florida that was usdted genetically from the SAB plants |
used, | refer to them as different plant forms eatihan different genotypes; (ii) Plants from
Florida (including the parent plant used here) barclearly distinguished from those from
South Africa based on their morphological charasties (e.g., leaf pubescence, odour,
flower colour, and growth form); (iii) Both SAB anloridian C. odoratadisplay a high
degree of within-population morphological homogénén their respective ranges in South
Africa and Florida (C. Zachariades, unpubl.). Trengfic and morphological similarities
among SAB suggest that they may have come fromglesplant introduced into Durban. In
addition, SABC. odoratais at least facultatively apomictic (Rambuda anbn¥on, 2004),
and could thus be largely clonal. Patersbral. (2012) followed a similar procedure, using

cuttings from singld>. aculeatgplants from several parts of the native rangéefspecies.
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3.2.2 Larval preference

To test the attractiveness of SAB and Florid@anodoratato P. insulata freshly collected
young, fully expanded leaves of each of these twm$ were used. Rectangular pieces of
leaf tissue (20 x 40 mm) were placed in 140-mm ei@mPetri dishes containing a 90-mm-
diameter disc of filter paper moistened with 0.4 ghiwater. Two rectangles of leaf tissue
from the FloridianC. odoratawere placed alternately with those of SAB (foliaahle, see
Prasifkaet al, 2009) and 25 unfed neon&einsulatawere placed haphazardly (but not on
the leaves) in each Petri dish. Forty replicated Ar000 neonates were used and the leaf
tissues used were taken from 80 different planfisp@r plant form). The Petri dishes were
placed in a tray wrapped with a Zipfdtbag (45 x 65 cm) to minimize desiccation. After 24
hours in the growth chamber, each dish was openddre number of larvae on each leaf
piece was counted. The presence of larvae on & pdeaf was used to determine
preference or attractiveness. A similar experinvea$ conducted (with the same number of
larvae and replicates) concurrently with the abdud, Petri dishes were only opened for

larval counts after 48 hours. There were no maiealin all cases.

3.2.3 Leaf area consumption

The effect of Floridian and SAE. odorataon total (i.e. lifetime) leaf consumption B
insulatawas tested on individual larvae with equivalenbants of food. Larvae were raised
individually from day of hatching to pupation in @0nl aerated plastic containers with a
circular net screen window on top for ventilatiéhy cm diameter), lined at the bottom with
moistened filter paper to maintain RH. The larvasrevfed on one of the tw@. odorata
forms for the duration of their development. Thi®tpcol presented at least three main
advantages; (a) feeding larvae in isolation preagnbiases due to competition and

consequent food deprivation, (b) accurate quaatiba of the leaf area consumed by a single
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individual from first instar to pupation could beade and (c) variations due to microhabitat
effects could be prevented. Larvae (n = 30 pen avete fed with fresh, fully expanded leaf
tissues (taken from the upper half of the planigye 24 hours and their frass was removed at
the same time for hygienic reasons (Wyial, 2011). The daily use of new leaf tissues
probably increases survival, and is also consistetit field observations oPareuchaetes
species preferably feeding on undamaged leavdwipresence of an abundant food supply.
The purpose of using excised leaves was to limgbatrolled variations among whole plants
within the two plant forms so that the insect pagters of interest, in this case, leaf
consumption, attractability, development rates, atider fitness-related traits could be
stringently assessed. A second reason was to tagreronmental conditions such as
temperature. The use of excised leaves is a sthmdethod for providing uniform materials
in the laboratory feeding studies of this kind (8tessey and No6tzold, 1995; Greenbetg
al., 2001; Hull-Sanderst al, 2007; Beatort al, 2011). All containers were placed inside a
Ziploc™ bag (600 x 450 mm to prevent desiccation). Tha afdeaf tissue consumed per
individual larva per day was assessed by scannmagiés of the leaf tissues before and after
feeding, with a digital scanner (Konica Minolta ©36eries PCL, Langenhagen, Germany)
and were thereafter measured using Compu Eye InebEgmptom Area program developed

by Bakr (2005) (available at http://www.ehabsofttdcGompuEye/LeafSArea/). The above

procedure was continued each day for each larvafaating ceased in the prepupal stage.
Pupae were removed from the food source and weigheth index of the adult body size,
and their sex was determined. Greenberg's feedidgx (FI) was calculated by dividing
pupal mass (fresh biomass) by mean leaf area catsfion each host plant (modified after
Greenberget al, 2001). Greenberg and colleagues used this irtdexietermine the
convertibility of plant biomass into insect bodyiglg. The assumption of this index is that

insects feeding on a more suitable host plant igetylto have greater mass (as pupae or
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adults) and a higher feeding index than if the pisitess suitable. Although Greenbetgal
(2001) used mean weight of leaf tissue consumezhliculate the feeding index, mean leaf

area consumed was used here because that is whateesured.

3.2.4 Survival and development

To assess survival, growth, and duration of devakm of P. insulata 80 newly hatched
larvae per plant form were used following the mdthdescribed in leaf area consumption
section, and observations on mortality were madéy dantil adult eclosion. The stage-
specific and overall survival &t. insulataon the two different plant forms were calculated a
numbers of larvae (or pre-pupae or pupae) thatldped to the next stage divided by the
initial number (of that particular stage). The Eevwere monitored daily until pupation
and/or adult eclosion in order to follow the duvatof each instar and other immature stages.
The loss of the cephalic capsule was the criteused to determine the moult. Pupae were
extracted from the food source and weighed (n for &hose reared on Floridiad. odorata

n = 72 for SAB). Sex ratio and performance indexese calculated and recorded based on
the numbers of surviving pupae (n = 70 for thoseee on FloridiarC. odorata n = 71 for
SAB). Additionally, the following variables were amured: (i) duration of each immature
stage (first instar to adult eclosion) and (ii)\wtb rate (pupal mass in mg/development time).
Sétamou’s growth index (GI) was calculated by diwdthe percentage survival of
immatures by development time (Sétamet al, 1999). This index emphasizes the
importance of both survival and development timemeasuring food quality. We also
calculated Maw’s host suitability index (HSI) (foationale, see Maw, 1976) using the

equation: HSI = (Female pupal mass) (% pupatidmmature development time.
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Maw (1976) used the HSI to determine which plamcsgs were superior hosts fGassida
hemisphaericaHbst (Chrysomelidae). The assumptions of the iralexthat insects feeding
on more suitable host plants are likely to haveagremass, higher survival rates and shorter

developmental times than those feeding on inférast plants.

3.2.5 Reproductive life history traits

Two newly eclosed males and one virgin female wadeeed in aerated 700 ml plastic
containers (with 5-cm-diameter mesh window at the) twith FloridianC. odoratastem
cuttings plugged in 5 x 5 x 3 cm moistened O&sitoral foam block wrapped with
aluminium foil. Two 90 mm discs of filter paper (mtened with 0.4 ml of water) were
placed inside the containers to maintain RH. Adulese supplied with cotton-wool balls
soaked with 50% (wt/vol) honey solution for feedinihe same procedure was repeated
using the SAB form. Males and females were heldieapn these containers until they all

died. Females could oviposit on the wall of thetaorers and/or on the leaves of the plants.

Containers were examined daily to record (i) aduodrtality, (ii) realised fecundity (total
number of eggs laid), (iii) female mating successeased by production of fertile eggs (egg
fertility was checked by observing hatching larya@)) egg hatchability (number of eggs

that hatched), (v) duration of egg laying and frg-oviposition period.

3.2.6 Statistical analysis

Normality of frequency distribution in all data setas tested using Shapiro-Wilk’'s test and
Levene’s test for homoscedasticity of variance.aD#tat violated the assumption of
parametric tests were analysed using appropriatéststal methods. Due to the generally

normal form of frequency distribution, the percg@agreference for host plant by neonate
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larvae was evaluated using Generalized Linear M@@EeM) assuming a normal distribution
with an identity link function. The effect of plafirm and sex on total leaf consumption,
pupal mass, growth rate, and longevity were evatliasing univariate General Linear Model
analysis of variance (GLM ANOVA). When the ovenadkults were significant in a two-way
analysis, the differences among the treatments veemapared using the Sequential
Bonferroni test. This was done in order to (i) reglthe chance of making a Type | error, (ii)
increase statistical power and (iii) to ensure g@elryl error no greater than (see Rice,
1989). To compare the effect of diet on stage-$igesurvival, sex ratio, and on mating
success, Pearsonyd test was employed. Because the assumptions ofafioyrof data and
homoscedasticity of variance were often violatedpa-parametric test (Mann-Whitney U-
test) was used to evaluate the effect of plant fanrm development durations of each
immature stage and on total developmental timedlao adult). Greenberg’s feeding index
(FI) and Maw’s host suitability index (HSI) wereadysed using Mann-Whitney U-test and
Student’s t-test, respectively. However, it was aggible to perform a statistical analysis on
Sétamou’s growth index because only one value Wéasred for each host plant. Duration
of egg laying, realised fecundity, and pre-ovigositperiod were analysed using a t-test, and
egg hatchability was evaluated using Mann-Whitnete&t. With the exception of the GLM
and GLM ANOVA that were performed using SPSS Siatitsoftware, version 16.0 (SPSS,
Chicago, USA), all other analysis were performethgisGenstat 9.0 (VSN International,

Hemel Hempstead, UK).

3.3RESULTS
3.3.1 Larval preference
Neonate larvae (newly emerged first instarspPofnsulatapreferred to feed on FloridiaD.

odorataleaves (GLM Wald® 1 150= 16.322; P<0.001) following 24 and 48 hours’ expes
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to leaves from both plant forms (Figure 3.1). Expestime did not significantly influence

neonate larval preference (GLM Waﬁjl,lsg: 0.01; P =0.980).

70 1 a a mFlorida
n =40 n =40 OSAB

% preference or attractiveness

Exposure time (hours)

Figure 3.1 Percentage (mean * SE) larval preferenadtractiveness of neonate larvae of
Pareuchaetes insulataxposed simultaneously to two disti@itromolaena odorata
morphological forms [Floridian vs. southern Africé®AB) C. odoratd for 24 and 48 hours.
Means (following GLM) with different letters aregsiificantly different (Sequential

Bonferroni test: P<0.05). Figures above each aesent sample sizes.

3.3.2 Effect of host plant form on leaf area consumption, survival and development

Total leaf area consumed by individuals Pf insulatadid not differ between SAB and
Floridian C. odorata (GLM ANOVA: F;5,= 0.444, P = 0.508) (Figure 3.2). However,
females fed more than their male counterparts (BANDVA: F; 5= 24.79, P<0.001) and
there was no interaction between plant form andogethe amount of leaf tissue consumed.

The feeding index was not statistically significdrgtween diets (U= 342.0, P = 0.881)

(Table 3.1).
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@ Males

OFemales

Total leaf area consumption per
individual (mn¥)

Florida SAB

Morphological forms ofchromolaena odorata

Figure 3.2 Leaf consumption per larva (mean + &pffirst instar stage to pupation in
individuals ofPareuchaetes insulateared on two distiné€hromolaena odorata
morphological forms. Means (following GLM ANOVA) i the same letters, both within
and among morphological forms, are not significadtfferent (Sequential Bonferroni test:
P>0.05). Figures above each bar represent sanzgle si

Table 3.1 Total leaf area consumption and perfoomamdexes + SE (sample sizes are in
parentheses) d?areuchaetes insulatan two distinctChromolaena odoratanorphological
forms (Floridian and southern Afric&@@hromolaena odoraba

Index Florida SAB Test P
Total leaf consumption 7190.3 £339 (27) 7854.94 ®6) ks5,=0.444 0.508
Feeding index (FI) 5.82 + 0.02 (27) 5.61+0.01)(26 U=342.0 0.881
Sétamou’s growth index 2.650 (70) 2.678 (71) ! !

Host suitability index (HSI) 5.38 +0.16 (31)  5.%®.14 (40) 1e=-1.87 0.066

"Unable to perform a statistical analysis becaudg one value was obtained for each
morphological form.

The survival rates for each development stage @tadlitmmature survival (from first instar to
adult eclosion) were not significantly affected thye C. odorataform on which they fed
(Table 3.2). Mortality rates were less than 5% athestage with 87.5 and 88.8% overall

survival for larvae fed on Floridian and SAB odorata respectively.
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Table 3.2 Stage-specific and overall survival (m#ah SE) ofPareuchaetes insulate@ared on two distin€€hromolaena odorata
morphological forms (Floridian and southern Afrigan

Morphological Larval instar* Pre-pupa® Pupa*’ Total immature

form (larva-adult}?
First Second Third Fourth Fifth Sixth

Florida 100.0 = 08.8 + 975+1.78 98.7+1.30 98.7+1.32 96.8+3.23 98.7+1.35 95.9+230 87.5+3.71(80)
0.0(80) 1.25(80) (79) 77) (76) (31) (74) (73)

SAB 98.8 £ 96.2+2.2 100.0£0.0 98.7+1.32 100.0x0.0 100.0+£0.0 96.0+x2.3 98.6+1.39 88.8+3.63(80)
1.25(80) (79) (76) (76) (75) (20) (75) (72)

Y1=174 %?=1.38 %% =0.003 3% =0005 %% =181 x%=320 x%=135 y%=136 4’ =0.826

v* = Pearson Chi-Square.

"Numbers within parentheses indicate numbers olpupae reared in each stage.
“Survival rates were not significantly affected Bgm morphological formy? P>0.05).
3pupal survival signifies eclosion success.
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Table 3.3 Development duration (days) (mean + SBPaveuchaetes insulatan two
Chromolaena odoratanorphological forms.

Stage Morphological form Statistics
Florida SAB Test P
Egg 4.75+ 0.07 4.90 +0.04 ti13=-1.64 0.106
(3635Y (3841F
First instar 3.20+0.06 (70) 3.46+0.06(71) W8y¥6.0 0.003
Second instar 3.21+0.05(70) 3.27+£0.06 (71) 2460.0 0.661
Third instar 3.41+0.07 (70) 3.34+0.09(71) 12280.0 0.404
Fourth instar 3.75+0.07 (70) 3.70+0.10(71) ©267.5 0.196
Fifth instar 4.64+0.18(70) 5.01+0.13(71) U855.0 0.007
Sixth instar 5.12 +0.28 (28) 5.11 +0.27 (19) U =262.0 0.935
Seventh instar 5.00 ) 4.50 (2§
Total larval dev. time 20.34 £0.34 (70) 20.2428(71) U=2420.5 0.787
Pre-pupal dev. time 1.84+£0.04(70) 1.94+0.0D (7 U=2234.5 0.053
Pupal dev. time 10.83 £ 0.12 (70) 10.94 +0.11 (7W)=2341.5 0.535
Total pupal dev. time 12.67 +£0.12 (70) 12.88 H10(211) U =2206.0 0.228
TDT 33.01£0.30 (70) 33.13+0.30(71) U=0.06 .831

TDT: Total immature development time from neonat®d to adult eclosion.

"Numbers within parenthesis indicates numbers ofammne stages (eggs and larvae) that
successfully hatched to first instar (for eggs)/andeared to adulthood (for larvae).

“Number of eggs obtained from 40 female adultBareuchates insulata

3Note that at sixth instar, sample sizes were 281&nir Florida and SAB, respectively,
because most larvae pupated at fifth instar (s@pkes to seventh instar).

Apart from the development duration of the firsddifth instars ofP. insulatathat were
significantly affected, plant form did not have mnsficant influence on other larval
development times (second, third, fourth, sixth aadenth instars), total larval development
time (all larval instars combined), pre-pupal depehent time, pupal development time, total
pupal development time, and total immature develamnime (larva-adult eclosion) (Table
3.3). Similarly, egg development duration was riteced by the plant form on which adults

had fed during larval development (Table 3.3). Aithh one and two seventh instars were

recorded for Florida and SAB, respectively, oveRalinsulatadeveloped through five or six



instars before pupating (Table 3.3). More femakder{da: 60.7%; SAB: 73.6%) developed
through six instars than males for both plant foffisrida: Pearsog® = 8.60, d.f. = 1P =
003, n =28; SABy® = 48.44, d.f. = 1, P<0.001, n = 19) before pupptifhere were 19%
more sixth instars for Floridia@. odoratathan for SAB (Pearsog’ = 7.33, d.f. =1, P =

0.007; Table 3.3).

Some variation in pupal mass was recorded as aidmnaf plant form (GLM ANOVA: F 144

= 4.371, P = 0.038) and sex (GLM ANOVA:; f4= 101.46, P<0.001; Figure 3.3a).
However, there was no significant interaction betmv@lant form and sex (GLM ANOVA:
F1144= 2.57, P = 0.111). Female pupae were always hethaa their male counterparts on
both plant forms. Female larvae that fed on SAB lhigtier pupal mass compared to female
larvae that fed on Floridian plants. The growtlerdid not differ significantly between plant
forms (GLM ANOVA: R 140= 3.560, P = 0.061) but varied significantly betwesexes
(GLM ANOVA: Fj140= 111.134, P<0.001) (Figure 3.3b). The growth @ftéemales was
always higher than that of males. Maw’s host silitghindex (HSI) shows that SARC.
odorata approaches significance in being superior to fran Florida ({9 = -1.87, P =
0.066) and Sétamou’s growth index was similar fothbFloridian and SABC. odorata

(Table 3.1).
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250 @ Males
(@ n =40 OFemales

200 ~

150 4

Pupal mass (mg)

100 ~

50 ~

Florida SAB

Morphological forms of Chromolaena odorata

@ Males

n=31

Growth rate (mg/day)

Florida SAB

Morphological forms of Chromolaena odorata

Figure 3.3 (a) Mean (x SE) pupal mass and (b) droate (pupal mass (mg)/total
development time (days) &fareuchaetes insulat@males and males reared on two distinct
Chromolaena odoratanorphological forms. Means (after GLM ANOVA) withé same

letters are not significantly different (SequenBainferroni test: P>0.05). Figures above each
bar represent sample sizes.
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3.3.3 Effect of host-plant form on reproductive life history traits

Female mating success (number of females matddjati differ significantly as a function
of the plant form they were fed as larvae, nor pliant form significantly affect f£egg
hatchability (Table 3.4). Duration of egg layingngad from 2 to 8 days for females reared on
Floridian plants and 2 to 7 days for females reaneSAB plants. Thus plant form did not
appear to have influence on the duration of egintayRealised fecundity did not differ
significantly between Floridia®@. odorataand SAB. Oviposition commencement time (egg-
laying start date, after adult emergence) rangenh ft to 3 days and from 2 to 3 days for
females reared as larvae on Floridian and $ABdorata respectively, but differences were
not significant. The numbers of emerged femalesndiddiffer between plant forms. Finally,

female longevity varied slightly between plant fer(able 3.4).
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Table 3.4 Performance and fitness-related traiBaoéuchaetes insulat@dults according to thehromolaena odoratanorphological form on
which they developed as larvae.

Parameter Florida SAB Test P
Mating success (%) 95.2 (20) 92.9 (20) ¥“1 = 0.507 0.992
Egg hatchability (%) 98.9 +2.31 (3676) 97.6+3.10(3914) U =629.5 0.08
Duration of egg laying (days) 4.53 £ 0.42 (15) 3t7/3.43 (15) 128=1.42 0.167
Achieved fecundity (total number of eggs laid) 396+ 35.60 (15) 308 + 43.94 (15) 1286= 1.53 0.136
Pre-oviposition period (days) 2.07 £0.18 (15) 222010 (15) 128--0.63 0.532
Sex ratio (% of females) 44.28 (70) 56.39 (71) ¥* = 0.205 0.153
Longevity (days) 6.30 £ 0.26 (70) 5.23+0.27 (71) Fi1140=4.804  0.030
Pupal mass (mg) 175.09 £4.31 (70) 185.05+3.% (71 Fy140=4.371 0.038

The numbers in parentheses represent the samele siz
'Eggs were from 20 adult femalesRdreuchaetes insulata.
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3.4 DISCUSSION

This study compared several measurements of peafarenofP. insulatareared as larvae on
excised leaves of two distinct forms Gf odorata one from southern Florida, USA, from
which thisP. insulatapopulation originates, and the other from Southicaf where it has
established as a biological control agent, albedrly. Larval preference for excised leaves
of the two plant forms was also examined. The stwdg undertaken as part of an effort to
understand why the insect has not performed wek dsological control agent in South
Africa. Neonate larvae dP. insulatapreferred Floridian over SAE. odorata even after
being established on the latter in South Africa d@er a decade, although the biological
significance of this remains to be seen. Howeves,insect performed equally well on SAB
as on Floridian plants, suggesting that insecteftnand reproductive performance when
developing on the two plants is similar. The onlffedlences detected iR. insulatalife
history parameters were in pupal mass and adugielaty, with pupal mass being slightly
higher on SAB plants while increased female lontyew&as evident in individuals that fed on

Floridian plants.

Larvae consumed similar amounts of leaves of SAH &iorida plants, so that leaf
consumption rate in a no-choice situation did mdiect preference. Total leaf consumption
by P. insulatahas been shown to be positively correlated withale pupal mass and adult
fecundity (Uyiet al, 2014d). Food quality is considered a good datent of fecundity in
herbivorous insects (Awmack and Leather, 2002).s€hasects that do not acquire proteins
as adults must obtain all the reserves during tlewval stage. This may explain the
significantly higher leaf consumption by femaleghis study because females require more

food to produce eggs.
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The overall survival rate for insects feeding onBS(@88.8%) and oi€. odoratafrom Florida
(87.5%) is similar to the 88% recorded in an eadiedy on SAB by Uyet al. (2014d). The
pupal survival rate for insects feeding on SAB §98) and onC. odoratafrom Florida
(95.9%) is higher than that recorded by Walton @oealong (2003) and Dubet al (2014),
who recorded 78.4% and 61.0% pupal survival, raspdyg, for P. insulatafeeding on SAB.
All other survival rates for the immature stagesewvalso high and similar for both plant
forms. The similarity in larval, pupal, and totmhmature development durations on both
plant forms showed that the insect responded gquwedll to the two diets. The mean
development time of eggs, larvae, and pupae fdr t&ts is marginally within the range of
values (5.0, 27.6, and 9.6 days for eggs, larvad, mupae, respectively) reported fer
insulata by Walton and Conlong (2003). Development timep&entially an important
component of fitness and survival in the field hess it determines how long larvae are
exposed to predators and parasitoids (Benrey anothdel997; Williams, 1999) and

unfavourable environmental conditions.

The slightly higher mass of female pupae recordedtie SAB diet did not influence
reproductive metrics such as mating success, durafi egg laying, pre-oviposition period,
female sex ratio and fecundity of the resultingledwAlthough leaf characteristics (physical
and chemical features) were not measured, it cdrypethesized that the heavier pupal mass
for SAB females might be a direct response to ptasit characteristics (Wheeler and Center,
1997; Diazet al, 2011) - as insect preference and performancéeatriven by plant traits
which are occasionally difficult to disentangle r(dg, 1984; Bernays and Chapman, 1994;
Hull-Sanderset al, 2007; Clissolcet al, 2006) because of the multiplicity of indirecotic
and abiotic effects that may explain a correlafidaonter and Price, 1998). Although growth

rate (pupal mass/development time) was similarath plant forms, female growth rate was
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always higher than that of males. This is clagsicapital breeders (species with non- or less-
feeding adults), as male body weight is not asctliyeoupled with fitness as it is for females

(Haukioja and Neuvonen, 1985).

In the assessment of the effect of the two planh$oonP. insulata three key statistics:
feeding index (FI), growth index (GI), and hosttahility index (HSI) were compared.
Greenberget al (2001) used the FI score to reflect the conviititof plant biomass into
insect body weight inSpodoptera exigugHubner) (Lepidoptera: Noctuidae) and they
concluded that better food quality usually led tchigher feeding-index score. The Gl
emphasizes the importance of survival and developrimme when assessing food quality
(Sétamouet al, 1999). Higher survival rates and faster develepimimes will yield higher
Gl values and these can be used as a measuretgflaosquality. The FI, Gl, and HSI did
not differ between the tw€&. odorataplant forms. Due to the similarity of all the thre
calculated indexes between Floridian and SAB plabtwas safe to hypothesize that both
plants contain equal amounts of energy/nutrientcgper unit to support the development of
P. insulata and therefore neither one of the plant formslzamconsidered as a superior host.
Dube et al (2014) have shown th&. insulatafrom Jamaica and Florida do not exhibit
reproductive or genetic barriers between them. 8fbee it may not be surprising thit
insulata from Florida develops equally well on SAB, whichshits origin in Jamaica, as it

does on Floridiai©®. odorata

The equal performance #f. insulataon C. odorataplants from South Africa and Florida
provides substantial evidence that incompatibltiggween the insect and plant does not play
a role in the generally poor performance of theass a biological control agent in South

Africa. However, the neonate larval preference méed for FloridianC. odorataindicates
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that performance may not be the sole criterion eée¢d definitively show that plant form has
no effect on the insect’s field population dynamiesSouth Africa. Trials on comparative
acceptability as mates of adult males fed on SA@BEoridianC. odoratamay inform us on
whether low field populations d?. insulatain South Africa may be due to poor mating
success as a result of a partial incompatibilitthwihe host-plant form, most likely mediated
through qualitative or quantitative differences pmrrolizidine alkaloids (PAs) between
Floridian and SAB plants. The high mating successnmded in this study could be attributed
to the fact that two virgin males and one virgiméde were always paired in one 700-ml
container with a single plant form. This might aast to the field situation, where adults
may need to travel a considerable distance befodinfy and accepting a mate, especially at
low population levels. IrUtetheisa ornatrix(L.) (Lepidoptera: Erebidae: Arctiinae) and in
other arctiines, females choose males based orudshgp pheromone, hydroxydanaidal
(HD), derived from defensive pyrrolizidine alkalsigPAs) (Schneidest al, 1992; Conner,
2009). Females make choices based on the abiléyrgih males to transfer spermatophores
whose contents are proportional to their HD titnel &ody size; as a result, selective females
receive both phenotypic benefits (more nutrients BAs) and genotypic benefits (genes for
larger body size inherited by the offspring) (Caneé al, 1990; LaMunyon and Eisner,
1994; Conner, 2009; Kellgt al, 2012). The females pass this gift, together Wifks that
they themselves procured as larvae, to the eggdefience against predators and parasitoids
(Eisneret al, 2000; Bezzeridest al, 2004). Thus the assessment of male dietary lbackd

by the adult female is a sine qua non for choosmages and is a key to the reproductive
success in species suchlasornatrix. Investigations on the PA concentrations in Fland.
SAB plants, PA concentrations of various life seagéP. insulatawhich fed on the two plant
forms and the role of PAs in mating biology woulat only help to explain mate finding, but

mate acceptance by females in the field.
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There are several other possibilities regardingr gmformance ofP. insulatain South
Africa, including poor climatic matching and topvdo factors such as predation, parasitism,
and disease. Uyt al (2014b) investigated the role of temperature sepbrted that both
direct and indirect negative impacts of low tempa® may partly explain the poor
performance ofP. insulatain South Africa (also see Chapter 4). Although aliprinary
study (O. Uyi, unpubl. data) did not record any eggasitoids or predators, the role of these
top-down factors on the different life stages a$ tihsect needs further investigation across a
spatio-temporal spectrum. Exotic herbivores arelyiko have fewer parasitoids in their new
range than in their country of origin, and theirgstoid fauna is likely to be chiefly
generalists with few specialist species (Cornell atawkins, 1993). McFadyen (1997)
reported extremely low levels of parasitism in mterl speciesR. pseudoinsulaja which
was introduced into many countries in Asia and &friln that paper, she concurred with
previously published papers by concluding that Bherous insects from families with
exposed larvae (such & insulatg, are unlikely to be heavily parasitized in a new
geographical range”. While it is possible that B¥es sequestered Bareuchaetespecies
may also act as defences against predators anditpata as has been reported for other
erebid moths (e.g., Eisnet al, 2000; Bezzeridest al, 2004), a test of this hypothesis is

needed to either validate or invalidate this coujex

3.5CONCLUSION

In general, herbivore-host plant incompatibilityasnsidered a less likely reason for poor
performance oPareuchaetespecies, as they are believed not to have a hrgltyicted host
range; for example, both. pseudoinsulatandP. insulatafeed onAgeratum conyzoides.

(Asteraceae: Eupatorieae) in the field in nativel amroduced ranges (Cruttwell, 1972;
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Zachariadeset al., 2011a; C. Zachariades, unpubl. data) although girgbonly as a
secondary host in the presenc&ofodorata However, several studies (Karban, 1992; Hanks
and Denno, 1994; Drast al, 2004; Wheeler, 2006) have reported variationasect fitness
and survival within a single plant species (buthwdifferent genotypes, chemotypes, varieties

or from different geographic ranges) (also see &ine 2006).

The equal performance Bf insulatafrom Florida on SAB and Floridia@. odorataplants is
not a criterion to argue that the ancestral orgjimvasive alien weed populations should not
be prioritized when collecting biological contrajemts in the native range. Because Ghe
odorata biotype invasive in South Africa is geneticallyndar to the Jamaica@. odorata
(Paterson and Zachariades, 2013), pre-releasesstsould be conducted on potential agents
collected in areas other than the origin of SABh@ Americas to compare insect preference
for, and performance on, the genotype(fodoratafrom which it was collected and the
SAB genotype. This will help to eliminate sceptisigbout biotype incompatibility, should
the agent fail to establish, or perform poorly. Timaings of this Chapter are important
because they have helped to eliminate uncertairgiesut biotype incompatibility as a
possible factor responsible for the poor perforneaoicthe moth, hence redirecting research
focus on the poor performance of the insect toraéispects such as climate (e.g. the role of
temperature, as in Chapter 4), bottom-up effecydait quality (Chapters 5, 6 and 7) or top-

down factors (e.g. predators and parasitoids).
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CHAPTER 4

The effects of temperature on developmental and reproductive life history traits,

locomotory performance and thermal tolerance range of Pareuchaetes insulata

4.1 INTRODUCTION

Ambient temperature is a key environmental faaifiluencing a variety of aspects of animal
ecology and evolution, especially for ectothermsie Teffects of temperature on the
performance and behaviour of insects are well kn{(Baieet al, 2002; Hughest al, 2004;
Deere and Chown, 2006; Tamietial, 2012; Chidawanyika and Terblanche, 2011etial,
2011; Ferrert al, 2014). Insect responses to temperature extremasshort periods may
be an important driver of population dynamics amhsequently species abundance and
geographic distribution over longer timescales éB&002; Chown and Terblanche, 2007;
Denlinger and Lee, 2010). Over longer periods, tnajpre influences the seasonal and
evolutionary responses of insects (Bale, 2002; Ghand Nicholson, 2004; Denlinger and
Lee, 2010). Likewise, the ability of temperatungctiuation to affect activity (e.g. locomotion,
feeding) and survival of insects at short time-ssa$ also of critical importance (Lachenicht

et al, 2010; Chidawanyika and Terblanche, 2011etlal, 2011).

For insects, temperature is an important abiotitofa with each species having its optimal
temperature range and, outside this optimal radgeelopment is slowed and damage to
physiological and metabolic processes occurs, mgath either high mortality or reduced
performance (Anguillettat al, 2002; Bale, 2002; Chown and Nicholson, 2004; tMaand
Huey, 2008; Anguilletta, 2009). When exposed toperature extremes, insects employ a
range of mechanisms to adjust their body tempezaiurthe extremes they can withstand,

using either physiological or behavioural mechasison some combination of both. For
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example, an insect experiencing adverse high armldemperature can lower its body
temperature by avoidance of sunny hot spots (ckisgea shaded microsite) or vice versa
(e.g. Kuhrtet al, 2006; Huey and Pascual, 2009). However, behadi@djustments only act
as the first line of defence against sub-optimabiamt temperatureand depend to a large
extent on microhabitat opportunities in their habifKihrt et al, 2006). If unfavourable
environmental conditions persist, physiological hmdsms may become critical to ensure
survival. Examples of such physiological adjustrsantlude alteration of thermal tolerance
at daily (Overgaard and Sgrenson, 2008) or seagkhahi and Moharramipour, 2010) time-
scales. Temperatures lethal to insects are a amofi both the magnitude of the temperature
variation and the duration of exposure (Chown andhdlson, 2004; Angilletta, 2009;
Denlinger and Lee, 2010). Alternatively, they maypidly develop biochemical protection,
e.g., heat shock proteins, which maintain cell flomcduring or after experiencing potentially

damaging conditions (Denlinger and Lee, 2010; Tartihe, 2013).

Understanding the effects of temperature on thesldpment, tolerance and locomotion
performance oP. insulatais not inconsequential because numerous biologmatrol agents

have either failed to establish or performed poanlytheir introduced ranges due to low
temperatures (=climate incompatibility) (McClay addghes, 1995; McClay, 1996; Stewart

et al, 1996; Goocbt al, 1997; Byrneet al, 2002, 2003; Bale, 2011).

Therefore, the reasons for the low populationsPofinsulata could include temperature
incompatibility or sub-optimal temperatures ovemdgeriods or at short time-scales. There
are no published studies on the effects of temperain the performance &f insulatain
South Africa and elsewhere in the world — as aiptessattempt to do this was unsuccessful

(C. Zachariades, pers. comm.). Fecundity, fertilidigvelopmental period and longevity are
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the best measures of the biotic potential of arahésee Southwood and Henderson, 2000).
Knowledge of the effects of temperature on the Wgraent of P. insulatawill help to
establish the development threshold (or optimalpenature range) and lethal limits of
temperature and this can be helpful in terms oflipting and understanding the distribution
and performance of the moth in relation to the Ba\ftican climate. The aims of this study
was several-fold; (i) To determine the role of danstemperatures (15, 20, 25, 27, 30 and 35
°C) on development, survival, fecundity and longewf P. insulataand to establish day
degree requirements for each stage of developnfethieomoth (Tamiruet al, 2012; May
and Coetzee, 2013) (i) To determine the ranganoé-temperature combinations (thermal
tolerance) which may be lethal at short time-scdlaset al, 2011; Chidawanyika and
Terblanche, 2011) irP. insulata and (iii) to determine the effect of temperatuned a
acclimation on locomotion performance (Lacheniehtal, 2010; Boiteau and Mackinley,

2012) ofP insulatalarvae.

42 MATERIALSAND METHODS

4.2.1 Origin and maintenance of plant and insect cultures

Pareuchaetes insulatandividuals were collected in the Sappi Cannonbpd@ntation,
Umkomaas (south coast of KZN province), South Afri80 13’ S, 30 46’ E), where the
insect established following large releases madedsn 2001 and 2003 (Zachariadgsal.,
2011). The individuals of the moth were maintaif@dabout two generations @& odorata
bouquets from the field (in and around Durban) &tt22 °C, 65 + 10% relative humidity
(RH), with a photoperiod of L12:D12. Newly hatchiedvae were fed with cut leaves inside
700 ml (1 egg batch per container) aerated plasintainers, while older larvae were reared

inside 2 L “Freezette” rectangular plastic tray2 822 x 6 cm) (30 larvae per container)
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with C. odoratabouquets. Fresh leaves were added as needed. Repaglaced in 2 L

Freezette trays containing vermiculite and mondduoe eclosion.

Chromolaena odoratglants used in this study were grown from stemetiiings collected
from Durban, South Africa. All cuttings were init\aplanted in a mist bed in vermiculite
with rooting hormone (SeradiX No. 1) before they were later planted in nurseng [§25 cm
diameter). All plants benefited from same pottingdlmm (Umgeni sand: Gromor Potting
Medium 1:1, Gromor, Cato Ridge, South Africa), ifemer (Plantacote AGLUKON
Spezialduenger GmbH & Co. KG, German) and waterggmes. Plants were grown outside

between September 2011 and April 2012 and handredhteith a hose.

4.2.2 Effect of temperature on development and other life history traits

Development time, survival, adult longevity anduedity of P. insulatawere studied at six
constant temperatures of 15, 20, 25, 27, 30 an8iC3&t 70£10% relative humidity. These
temperature ranges were chosen because daily nesapenatures in thd. insulata
established sites in KZN province never fall belaw °C. All trials were performed in
growth chambers (Labcon, South Africa) set at eithfethe above temperature treatments.
Hygrochron iButtons (model DS 1923, Maxim Integdaferoducts, San José, USA, 05
accuracy) were used to measure hourly temperadadirgs inside the chambers to make
sure that the desired temperature was achievedll gnowth chambers, photoperiod was set

at 12L:12D (h).

4.2.2.1 Effect of temperature on egg devel opment
To investigate the effect of constant temperatureegg development, two newly eclosed
males and one virgin female were placed in an @@ra&0 ml plastic container (with a 5 cm
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diameter mesh window at the top) with odoratastem cuttings plugged intoa 5 x 5 x 3 cm
moistened Oast¥ floral foam block wrapped with aluminium foil. Tw@0 mm discs of filter
paper (moistened with 0.4 ml of water) were plaseide the containers to maintain RH.
Adults were supplied with cotton-wool balls soakeith 50% honey solution for feeding.
Ten replicates were used for this study. Eggsdaithe leaf ofC. odoratawere detached and
placed inside a 100 ml aerated plastic containétts avcircular net screen window (2.5 cm
diameter on the top and lined at the bottom withsteaed filter paper to maintain RH). All
containers (with eggs) were placed inside a Ziplobag (600 x 450 mm) to prevent
desiccation. The eggs were then exposed to on& teatment temperatures (15, 20, 25, 27,
30, and 35°C). Eggs from 10 females were observed at each deye treatment.
Observations were carried out once a day and egelajament period (number of days to
hatching) and percentage egg hatch was calculdigd.development duration was analysed
using a Generalised Linear Model (GLM) while eggchability (number of eggs hatching)
was analysed using a Pearsdtest. All data were analysed using SPSS Statissiufavare,

version 16.0 (SPSS, Chicago, USA)

4.2.2.2 Effect of temperature on larval development

To assess the effects of different constant tenwoe® on immature (larval and pupal)
survival, growth and development duration Rxf insulata larvae were raised individually
from day of hatching to pupation in 100 ml aerapdalstic containers with a circular net
screen window (2.5 cm diameter on the top for Vaindin), lined at the bottom with
moistened filter paper to maintain RH, and weredad. odorataleaves for the duration of
their development. All containers (larvae) werecpthinside a Ziplo?! bag (600 x 450 mm)
to prevent desiccation. The larvae were then exptseone of six treatment temperatures

(15, 20, 25, 27, 30, and 3&). Fifty larvae (n = 50) per temperature treatmeete fed with
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fresh fully expanded leaf tissues (taken from thpean half of the plants) every 24 hours and
their frass was removed at same interval for hygiesasons. The purpose of using excised
leaves was to limit uncontrolled variations amortple plants so that the insect parameters
of interest, in this case development time andrdiheess-related traits, could be stringently
assessed. Observations on mortality were made daflyadult eclosion in order to follow
the duration of each instar and other immatureestaghe stage-specific and overall survival
of P. insulatawas calculated as numbers of larvae (or pre-popgeipae) that developed to
the next stage, divided by the initial numbershat $tart of the experiment. The loss of the
cephalic capsule was the criterion used to detexrthe moult. Pupae were extracted from
the food source and sex was determined at the mipge, based on the position of the
genital orifice. Sex ratio and development duratiare calculated and recorded respectively
based on the numbers of surviving pupae. Spedyicdhe following variables were
measured: (i) duration of each larval instar, {@al larval development duration (defined
here as the number of days from hatching until papg (iii) pre-pupal duration, (iv) pupal
duration, (v) total pupal duration (pre-pupal ango@ combined) and (vi) total immature
development time (defined here as the number o$ dl@yn hatching until adult eclosion).
All parameters were measured according to sex deroto enable comparisons between
males and females. Upon adult eclosion, adult leigevas observed. The effects of
constant temperature on immature development dumstifrom first instar to adult eclosion)
and adult longevity were analysed using a Genedlisnear Model (GLM) while sex ratio
(% females) was analysed using a Peargotest. All data were analysed using SPSS

Statistical software, version 16.0 (SPSS, ChicaiffA).
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4.2.2.3 Effect of temperature on reproductive life history traits

To determine the influence of different constannhperatures on fecundity, two newly
eclosed males and one virgin female were placeetiated 700 ml plastic containers (with 5
cm diameter mesh window at the top) w@&hodoratastem cuttings plugged in 5 x 5 x 3 cm
moistened Oasl¥ floral foam block wrapped with aluminium foil. Tw@0 mm discs of filter
paper (moistened with 0.4 ml of water) were plaseide the containers to maintain RH.
Adults were supplied with cotton-wool balls soakeith 50% (wt/vol) honey solution for
feeding. All containers (20 containers per treatthemre placed inside a ZiplB¢ bag (600

x 450 mm) to prevent desiccation and they wereetifegr exposed to one of six treatment
temperatures (15, 20, 25, 27, 30, and°’G% Males and females were held captive in these
containers until they all died. Females could osipon the wall of the containers and/or on
the leaves of the plants. Containers were examdadg to record (i) adult mortality, (ii)
realised fecundity (total number of eggs laid)i) (duration of egg laying and (iv) pre-
oviposition period. The effect of constant tempamton longevity, realised fecundity,
duration of egg laying and pre-oviposition periodre/analysed using a Generalised Linear
Model (GLM). All data were analysed using SPSSiSiaal software, version 16.0 (SPSS,

Chicago, USA).

4.2.3 Lower developmental threshold (t,) and the rate of development (K)

The developmental rate relationship [R(T) = a + B]each insect stage and all immature
stages combined was calculated using the lineaessmpn method (Campbeit al, 1974). T
refers to temperature, and a and b are the intessp slope estimates respectively. The
lower temperature threshold was estimated by ttezsaction of the regression line at R(T) =
0, b= - a/b. Degree-day requirements for each stagealhmmmature stages combined were

calculated using the inverse slope (1/b) of thieditlinear regression line (Campbetl al.,
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1974).

Because the relationship between temperature arelagenent rate is not linear (especially
at lower and upper temperature thresholds), lkerantb Takai (2000) proposed the reduced
major axis regression method. They suggested thatmethod produces more accurate
thermal parameters than the linear regression npdebsed by Campbedt al (1974). The
number of days to complete immature developmentw&y plotted against the temperature
multiplied by the numbers of days to complete imumatdevelopment (DT). The lower
development thresholdgjtand the thermal constant K were calculated uivegequation
obtained from the reduced major axis regressiothoae where tis determined from t and k
(y-intercept) represents K: DT = k — tD. The therenstant K is the number of degree-days
of development above the developmental threshol@.€. the temperature at which zero
development occurs). There is no major error aasedi with the reduced major axis
regression method, as the parameters K araget drawn straight from the line parameters

(Ikemoto and Takai, 2000), therefore this method wused.

Daily maximum and minimum temperature records vadr&ined from the CLIMEX model
database for 129 locations throughout South Afridee thermal parameters obtained from
the reduced major axis regression method and timate data were used to develop degree-
day models folP. insulatafor each year and location according to the eqoal[(T max +
Tmin)/2 —t], where Taxand Thin represent maximum and minimum temperature expestenc
by P. insulata andt represents the lower developmental thresholdhieiirisect. The reduced
major axis regression method was used becauss liden reported to produce more accurate
thermal parameters than the linear regression m@eel discussion in lkemoto and Takali,

2000, also see May and Coetzee, 2013). The nunhlgemerations per year was predicted by
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dividing the cumulative degree-days per statiorkbyhe degree-day requirement for egg to
adult. Maps were created using ArcGis version 1&3RI, Redlands, CA) indicating the
numbers of generations thBt insulatapotentially completes in a year within the weed’s
distribution range (Eastern Cape, KZN, Limpopo dafipgumalanga provinces) in South

Africa.

4.2.4 Thermal tolerance (effects of lethal temperature and exposur e time on survival)

The lower lethal temperature (LLT) and the uppéhdetemperature (ULT) for adults and
third instar larvae were assessed using a stariplnage” protocol (e.g. Sinclaet al, 2006;
Terblancheet al, 2008). Adults (males and females combined) amdak of moths used
were reared under controlled constant conditios2 °C, 70 = 10% RH and 12L: 12D
photoperiod). Thermal tolerance was measured aspogion of survival after exposure to a
constant temperature for a fixed period of timeroagange of experimental temperatures
using a circulating programmable water bath (Ha@25P, Thermo Electro Corporation,
Karlsruhe, Germany). The water bath was filled w86 ethanol to allow for sub-zero

temperature use without freezing.

For ULT and LLT trials, empty 60 ml glass vials gkl at the top with cotton wool)
containing either individuals of 2-day old mother(the adult trials) or third instar larvae (for
larval trials) (4 in each vial x 10 vials = 40 imdluals per temperature treatment) were
placed inside a plastic bag placed inside the pragrable water bath and were subjected to
temperature treatments for a fixed time periodd0rh= control group, 0.5, 1, 2 and 4 hours).
The range of conditions tested always encompaseetlii range of moth survival from 0 to
100% covering a temperature range of —10 to 0 &ntb243°C for LLT and ULT trials

respectively. A fine type-T thermocouple connediza@ digital thermometer (TECPEL 305,
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Taiwan, + 0.1°C accuracy) was regularly used to monitor the teatpee inside the vials
and the water bath to ensure that the desired teype during treatments was achieved and
maintained. Following treatments, the moths (adoitiarvae) were removed from the water
bath and placed inside a 100 ml plastic containér @ circular net screen window (2.5 cm
diameter on the top for ventilation) and linedted bottom with filter paper. The moths were
either provided with 50% honey solution or excisesves depending on their life stage and
with moistened cotton wool to maintain humidity.eTbontainers were then placed inside a
growth chamber set at normal rearing temperatus€ @ and survival was scored after 24
hours. Survival was considered as a coordinategorse to gentle stimuli (e.g. normal

behaviour such as walking, feeding or flying foulisl upon gentle prodding).

Following arcsine square root transformation, tHiects of temperature and time was
analysed using a Generalized Linear Model (GLM}@asng normal distribution with an
identity link function). Probit regression was udedestimate Li,, the temperature causing
50% of tested individuals to die in a given per{ad et al, 2011). All data were analysed

using SPSS Statistical software, version 16.0 (SE&&ago, USA)

4.2.5 Locomotion performancetrials

Day-old third instar larvae d?. insulatawere obtained from a colony maintained af€5as
described above. Some of these larvae were plac&dl “Freezette” rectangular plastic
trays (32 x 22 x 6 cm) (about 100 larvae per tragfh C. odoratabouquets and placed inside
a growth chamber set at the rearing temperaturgC(2for the warm acclimation treatment,
while for the cool acclimation treatment, day-ohdrd instar larvae inside 2 L “Freezette”
trays were placed in a growth chamber set at@0The actual temperature and humidity

experienced by the larvae in each chamber was dedoat hourly intervals using data
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loggers (Hygrochron iButtons, model DS 1923, Maxitegrated Products, San José, CA,
USA, 0.5°C accuracy) attached to the inside wall of each (heurly readings for warm
acclimation treatment: range, 24.53 to 25@7mean + SE, 24.71 + 0.6C; RH: range, 68.3
to 77.6%; mean = SE, 71.2 £ 2.1%; hourly readirgscbol acclimation treatment: range,
9.68 to 10.58C; mean * SE, 10.43 + 0.0C; RH: range, 66.5 to 75.8%; mean + SE, 70.1 +
1.9.1% ). The chosen acclimation temperatures septehe range of conditions likely to be
encountered by the larvae in the various reledass 81 KZN province. The two sub-colonies
were exposed to their new environment for 48 hd@rsdays) before the start of the
experiment to ensure acclimation (based on preéinyirobservations). Previous work on
insects has indicated that a 1 to 7-day acclimgiemod is sufficient for the full change of
phenotype to be realized (Hoffman and Watson, 1988&)lancheet al, 2006; Weldoret al,

2011).

The influence of temperature and acclimation terjpee on locomotion performance Bf
insulata larvae was investigated by recording the proportod warm-acclimated and cold-
acclimated third instar larvae capable of walkingew exposed to a range of temperatures
(four test temperatures; 6, 11, 15 and°g) and the time spent moving during each 30-
second exposure (for rationale, see Boiteau andkidlay, 2012). To ensure that the test
temperature was kept constant, the experiments were on a 0.60 frtemperature-
controlled stage connected to a programmable wadédr (Haake C25P, Thermo Electro
Corporation, Karlsruhe, Germany). Larvae were afldvio equilibrate for 2 mins prior to
estimating the locomotion parameters of interesfinA type-T thermocouple connected to a
digital thermometer (TECPEL 305, Taiwan, + 0CLaccuracy) was placed on the floor of the
stage to ensure that the desired test temperataseashieved and maintained. Five larvae

were individually exposed to a particular test tenagure on the stage for 30 seconds and the
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number of insects mobile at each temperature, aedtitne spent walking during each
exposure, was recorded with an electronic stop lwaidis observation constituted one
replicate and a total of five replicates were usgdeach treatment temperature (or exposure)
(i.e. 25 larvae were used for each treatment teatyney). Relative humidity was at 100% at
the surface of the stage because of condensatitwe abld surface of the aluminium plate. A
Pearsony® test was applied to comparisons of walking fregyeand a student’s t-test to
mean duration of movement between warm-acclimatetl @ld-acclimated larvae. The

analyses were performed using Genstat 9.0 (VSNnat®nal, Hemel Hempstead, UK).

4.2.6 Microclimate data

Hygrochron iButtons (Hygrochron iButtons, model @823, Maxim Integrated Products,
San José, USA, 0% accuracy) were used to record microclimate teatpegs and relative
humidity at 1-hour sampling frequencies at thremalmns in Sappi Cannonbrae Plantation
(P. insulataestablished site), near the coastal town of Umkaem@&auth Africa over a period
of 12 months. Two iButtons were used to record aterdata per site; one was placed at near-
ground level (3.5 cm above the ground) while tHeepivas suspended (60 cm above ground
level) within C. odoratathickets. The iButtons were placed inside 100 onéw-top plastic
containers with circular screen windows and holesirad the container. This was done to
prevent biased temperature readings and to edtoly air flow. The iButtons were never
placed in direct sunlight and were protected frareal rainfall. The iButtons placed at the
near-ground level were to determine climate cooddiat supposed pupation sites of the
moths, while the suspended ones were to recorchtdimiata at the feeding microsite because
larvae feed on the leaves of the plant. Data frbred sites at near-ground level and those
from the suspended microsite were compared usiMp@an-Whitney U-test because their

distribution violated the assumption of a parancdtst.
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43RESULTS
4.3.1 Survival, development and reproductive life history traits

Survival of eggs and neonate larvae to adult stddge insulatawas obtained at 15, 20, 25,

27 and 30C, but all larvae and eggs either died or failetidtch at 35C (Figure 4.1; Table

4.1a).
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Figure 4.1 Mean percentage survival of immaturgedafPareuchaetes insulatat six
constant temperatures. Survival at each stage\@rdlbsurvival were significantly affected
by rearing temperatures (PearsdnP < 0.001, d.f. = 5). Fifty individuals were redrunder
each temperature regime.
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Table 4.1a Mean developmental durations (x SEdliiderent life stages (eggs, first — fifth instacf)Pareuchaetes insulatat five constant

temperatures.
Sex Temp ¢C) N' Eggs Larva
First Second Third Fourth Fifth

Male 15 1 18.65+0.30 (559) 6.00 + 0.00a  10.00+0.00a  7.00+0.00a  10.0@&. 9.00 +0.00a
20 20  9.55+0.13 (652) 4.62 +0.11b 452+0.14b  4.74+0.10b 545150  6.40 +0.22b
25 18  4.60+0.12 (814) 3.11 £ 0.07c 2.92+0.09c  3.11+0.11c 3.6¥22c  5.05+0.09c
27 21 4.00 £0.00 (912) 2.95 + 0.04c 2.11+0.07d  2.90+0.11c 3.0006d  4.00 + 0.00d
30 7  4.00 +0.08 (508) 2.94 + 0.00c 2.00+0.00d  2.10 +0.21d 3.2888cd  4.00 + 0.00d

Female 15 4 6.00 £ 0.00a 10.51 £ 0.05a 7.72%0. 10.13+0.07a 10.10 £ 0.50a
20 17 4.81 +0.10b 400+0.17b  4.90+0.16b 360250  6.82 +£0.39b
25 23 3.25 + 0.08c 3.00£0.07c  3.22+0.08¢c 4Ml4c  5.47+0.21c
27 25 2.73 £0.09¢c 2.40+0.10d  3.04+0.07c 28804d  4.40 +0.11d
30 7 3.00 £ 0.00c 2.00+0.00d 2.00+0.00d 43D.14d  4.28 +0.18d

GLM analysis  Intercept v'1=670.1" y*1= 44837 °1=1030.44" 4°1=430.08" 4°1=804.89" y°1=1157.14"
Temp v? 4= 3160.54" v4=2791" %4=261.13"  ¢%4=41.93° +%,=60.04"  4?4=36.53"
Sex ¥*1=0.002°  4*;=0.032"° v*1=0.057°  4*1=0.020° 4*1=0.820"°
Interaction v?4=0.403°  4?,=3.39" v¥4=0.108°  ?,=0.312% 4%,=3.069"

"Larval sample size, note that 50 replicates weeel tisr larval development trial at each temperatondy individuals that survived to eclosion
were considered for these analyses.
“Numbers of eggs investigated are indicated in fheses.
Mean developmental times at each life stage werefgiantly affected by rearing temperature (Gelieed Linear Model, either assuming a
normal distribution with an identity link functicor Poisson distribution with a log link functiodleans within a column followed by the

different letters are significantly different witheach sex (Sequential Bonferoni t€st; 0.05).

NSp>0.05™ P<0.0001
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Table 4.1b Mean developmental durations (+ SE}dtal larval, total pupal and total immaturé{fistar — adult eclosion) stages of
Pareuchaetes insulatat five constant temperatures.

Sex Temp (C) N°  Total larvd Total pupa Total immature (1
instar — adult eclosiof)
Male 15 1  59.00 +0.00a 59.00 + 0.00a 118.00064.
20 20  26.05+0.52b 22.45+0.f8b  48.45+0.57b
25 18  17.89+0.3fc  12.94+0.15¢ 30.83 £+ 0.31c
27 21  15.00 +0.01d 11.04+0.68d  26.05 +0.11d
30 7  14.42 £0.20d 9.57 + 0.22e 24.00 +6.00
Female 15 4  60.75+0.63a 52.04 +0.13a 112.0%.4a
20 17  26.88+0.36b 19.94 + 0.40b 46.82 + 0.57b
25 23  18.86 +0.23c 11.78 £ 0.13c 30.50 + 0.19c
27 25 15.48+0.19d 10.00 + 0.00d 25.48 +0.19d
30 7  14.42+0.20d 9.03 + 0.02e 23.42 +0.30e
GLM analysis  Intercept v*1=49942.63  y*1=25889.95  y?;=12925.55
Temp v*4=8426.9T v 4= 8304.29 v*4=3296.93
Sex v?1=7.89 v?1=82.48 v?1=37.12
Interaction v 4=17.46 v’ 4= 39.96 v 4= 27.46

"Larval sample size, note that 50 replicates eachusead for larval development at each temperabmig,individuals that survived to eclosion

were considered for these analyses.
Mean developmental times at each life stage werefgiantly affected by rearing temperature (andastonally sex) (Generalized Linear

Model, either assuming a normal distribution withidentity link function or Poisson distributiontwia log link function). Means within a
column followed by the different letters are sigrahtly different within each sex (Sequential Bondei test,P < 0.05).

"P<0.01;" P<0.0001.
“Significant differences in development durationsieen males and females at each temperature aetbgewent stage (studentest,P <

0.05).
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Temperature significantly affected overall surviffitst instar to adult eclosion; Pearsgh+
317.30, d.f. =5, P < 0.001). The highest overaivival (92.0%) was recorded at 2T,
followed by 25, 20 and 18C (82.2, 74.0, 10.0% respectively) and the lowest wbtained at
35°C (0.0%) (Figure 4.1). Egg hatchability was highl amilar at 20, 25 and 2ZC with 15

°C experiencing the lowest (70.8%) (Table 4.2). Degwment time of each insect stage
significantly decreased with increasing temperaurem 15 to 30°C and total immature
development duration was longest (118.0 and 112y tbr male and female respectively) at
15°C and shortest (24.0 and 23.4 days for male andléerespectively) at 3TC (Tables 4.1

a and b). The longest egg development period wds &€ (18.6 days), while the shortest
(4.0 days) was at 27 and 30 (Table 4.1a). At all temperatures, larval inst@isnot differ
between sexes, but a difference was detected inothklarval development time between
sexes at 25C with males developing faster than females (TaBlésa and b). However,
female pupae developed faster than their male eguantts at 20, 25 and 2€. Finally total
immature development time at 2L was shorter in females compared to their male

counterparts.

Although temperature did not significantly affeaxsratio (Table 4.2), pre-oviposition
period, duration of egg laying, adult longevity amealised fecundity varied among
temperatures (Table 4.2; Figure 4.2). Pre-ovipmsiperiod was shortest (1.0 days) at’€5
and longest (3.2 days) at 16. Duration of egg laying was longest (7.0 days}=°C and
shortest (1.6 days) at 3C. Individuals reared at the lowest temperature’@plived longer
compared to those reared at 20, 25, 27 antiC3(Finally, realised fecundity was higher at

20, 25 and 27C compared to 15 and 3C.
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Table 4.2 Egg hatchability and reproductive perfanoce ofPareuchaetes insulatat different constant temperatures.

Temperature Hatchability (%) Sex ratio (% females)  Pre-oviposition periodDuration of egg laying Longevity (days)
(days) (days)

15°C 70.82+1.17 (771)c  80.00 (5) 3.25 £0.34 (20) a .00% 0.58 (20)a 9.98 + 0.30 (60)a

20°C 96.39 £ 1.09 (652)a  45.90 (37) 2.05 £0.05(20)b 106 0.24 (20)a 7.43 £0.19 (60)b

25°C 97.45+1.14 (811)a 36.09 (41) 1.05 +0.05 (20)c .605- 0.41 (20)ab 6.88 + 0.22 (60)b

27°C 99.39 + 0.26 (2133)a 54.35 (46) 1.70 £0.21 (20)b  4.55 +0.25 (20)b 4.38 £ 0.14 (60)c

30°C 92.27 +£1.87 (557)b  50.00 (14) 2.00 +£0.22 (20)b .60k 0.21 (20)c 3.25 £ 0.08 (60)d

35°C 0 (878) - - -

Intercept v*1=83299.58 v? 1= 404.01 v*1= 3470.09 ¥?1=11560.10

Temperature  y°4=1099.034 Y°4=2.44 ¥*4=51.40 v’ 4= 346.56 Y* 4= 2620.99

P < 0.001** = 0.601* < 0.001** < 0.001** < 0.001**

The numbers in brackets represent sample size.
'Eggs were from twenty different females.

*Pearsony’
* GLM Wald

Means (£SE) within a column followed by the diffetdetters are significantly different (SequenBainferroni testP < 0.05).
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Figure 4.2 Realised fecundity as the number of égdgymean £ SEM per female) by
Pareuchaetes insulat&ared under different temperature conditions. Md#ollowing GLM
Analysis,y* = 2312.45P < 0.001) with different letters are significantly féifent after

Tukey’s honestly significant difference (HSD) tg$t,< 0.05). The figures above the bars
represent sample sizes.

4.3.2 Lower developmental threshold (t,) and the rate of development (K)

The linear regression model and the reduced majsmragression model parameters for each
insect stage and all immature stages combineB.forsulataare shown in Tables 4.3 a and b
and Figure 4.3. There was not much difference mrnttal parameters between the two
models. For the linear regression model, the laweperature or developmental thresholds
(to) varied from 11.58C for eggs to 12.08C for pupae and for all stages combined (egg-
adult) was 11.05C, while for reduced major axis modeglwas 11.29°C for all stages

combined (egg-adult). While the degree-day requerniK) from egg to adult was 500 days

for the linear method, the reduced major axis regjom method calculated 491 days.

81



0.3 -

— (a) Eggs y =0.0148x - 0.1714
L 025 R2=0.9467 o “o
D)
8 0.2 )/
5 015
e U
g
S 0.1
>
(O]
A 0.05
0 . , . | |
10 15 20 25 30 35
0.12 -
(c) Pupae Y = 0.0061x - 0.0737
T 01- R2 = 0.9951
S o
2 0.08-
5 006
g o
g
< 0.04 -
>
()
0 0.021
0 , , . |
10 15 20 25 30 35

Temperature °C

Figure 4.3 Linear relationship between temperatimet developmental rate (1/days) of each immatagesta: eggs; b: larvae; c: pupae and d:

0.08 - y = 0.0036x - 0.0362
(b) Larvae R2 =0.9839
*
.
0.06 -
0.04 -
0.02 A
O T T T T 1
10 15 20 25 30 35
0.04 - y = 0.002x - 0.0221
(d) Total (Egg - Adult) R2 = 0.9882 *
*
0.03 A
0.02 A
0.01 A
0 T T T T 1
10 15 20 25 30 35

Temperature (C)
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Table 4.3 (a) Linear regression parameter esting@ssribing the relationship between temperatudedavelopmental rate (1/d) of
Pareuchaetes insulatasing the method of Campbelial (1974) and (b) the thermal parameters K gridrtPareuchaetes insulatabtained
from the reduced major axis method developed bmike and Takai (2000).

(@)

Stage Intercept  Slope ‘R N to K

Eggs -0.1714 0.0148 0.947 4144  11.58 67.56

Larvae -0.0362 0.0036 0.984 143 10.05 277.77

Pupae -0.0737 0.0061 0.995 143 12.08 163.93

Total (egg — adult) -0.0221 0.0020 0.988 143 11.05 500.48

(b)

Stage Equation ot K N Regression coefficient

Eggs DT =11.567x + 68.361 11.56 68.36 4144 = P25.93, R= 0.987, P < 0.001
Larvae DT =10.621x + 261.710 10.62 261.71 143 ;= F50.95, R=0.996, P < 0.001
Pupae DT = 11.965x + 163.681 11.96 163.68 143 ;= 4837.03, R= 0.999, P < 0.001
Total (egg — adult) DT =11.293x + 491.943 11.29 199 143 = 2084.09, R= 0.998, P < 0.001

D = Duration of development

T = Temperature®C)

t,= Lower temperature threshold
K = Thermal constant
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4.3.2.1 Degree-day accumulation and number of generations of Pareuchaetesinsulata

The number of generations that insulatais capable of producing in one year in areas
where C. odoratais invasive in South Africa was estimated from thermal parameters
obtained from the reduced major axis regressiorhateand the climate data obtained from
the CLIMEX model database. In KZN province whéeinsulatais present, the moth is
capable of producing a minimum of 2.5 and a maxinofim generations per year, whereas in
other regions such as Mpumalanga and Limpopo pceginthe number of generations varied

between 1 and 9 per year (Figure 4.4).

Northern Cape

Western Cape

Legend

*  Number of generations

|:| Province

_— Kilometers
0 1375 275 550 825 1100

Figure 4.4 Number of generations tRareuchaetes insulata capable of producing per year
in Chromolaena odorat@fested provinces in South Africa, estimated fribvea recorded
reduced major axis regression model and meteoadbdata from 129 South African
weather stations.

84



4.3.3 Thermal tolerance (effects of lethal temperature and exposur e time on survival)

The temperature, and the time period fPainsulatawas exposed to it, significantly affected
their survival at either high (ULT) or low (LLT) neperatures (Table 4.4). An increase in
severity of exposure (or longest exposure time)oat or high temperatures resulted in

increased mortality (Figures 4.5 and 4.6).

Table 4.4 Generalized linear model (GLM) resultsdffects of temperature, time, life stage
and all interactions on higher and lower lethalitéshin Pareuchaetes insulat&ollowing
arcsine square root transformation, normal distidims with an identity link function were
assumed.

Effect d.f. Wald x2 P

Upper lethal temperature (ULT)

Intercept 1 2140.14 0.0001
Temperature 8 412.31 0.0001
Time 3 94.31 0.0001

Life stage 1 0.08 0.771
Temperature x time 24 122.26  0.0001
Temperature X life stage 8 0.21 0.996
Time x life stage 3 0.27 0.964
Temperature x time X life stage 16 1.07 998.
Lower lethal temperature (LLT)

Intercept 1 1608.76 0.0001
Temperature 8 335.24 0.0001
Time 3 47.55 0.0001

Life stage 1 5.64 0.018
Temperature x time 24 48.84 0.002
Temperature X life stage 8 6.14 0.632
Time x life stage 1 0.18 0.894
Temperature x time X life stage 8 1.03 998.

Statistically significant values are indicated ol

Likewise, an increase in the duration of exposurargy given temperature resulted in a
reduction inP. insulatasurvival (Figures 4.5 and 4.6). Life stage sigaifitly affected

survival in the LLT trials, but did not in the ULfrials (Table 4.4). The interaction of
temperature and the duration of exposure was higiiglyificant resulting in shorter periods
of time required to inflict 100% mortality at extnely severe low or high temperatures,

suggesting limited plasticity of survival in thes@als (Table 4.4; Figures 4.5 and 4.6).
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Figure 4.5 Mean survival #&tareuchaetes insulat@dults and larvae [a and b]) exposed to
different high temperatures for four exposure daret. Each symbol is a mean of ten
replicates of 4 individuals per replicate (n = 40 pymbol). Note that 0.0 hour treatments
(handling controls) experienced no mortality durihgse experiments (data not shown).
Based on the results of the LLT and ULT trials, tamperatures estimated to cause 50%
mortality (LTso) were calculated (Table 4.5). In the ULT trials, sh For each life stage
decreased with extended exposure time (Table EXgosure to 40.2C and 40.0°C for 2

hours respectively caused 50% mortality of adutid &rvae. LEyfor each life stage in the

LLT trials fell as the exposure time increased. Whtrd instar larvae were exposed for 0.5,
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1, 2 and 4 hours, the kJvalues were — 8.1, — 6.5, — 5.9 and — 43respectively. When

adults were exposed for 2 hours,shValue was — 4.7C.
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Figure 4.6 Mean survival #tareuchaetes insulat@dults and larvae [a and b]) exposed to
different low temperatures for four exposure dunati Each symbol is a mean of ten
replicates of 4 individuals per replicate (n = 40 pymbol). Note that 0.0 hour treatments
(handling controls) experienced no mortality durihgse experiments (data not shown). Data
are not available for adult exposure at 0.5 andutsibecause of the huge numbers of adults
needed for these experiments.
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Table 4.5 Higher lethal temperatures £p)Tand lower lethal temperatures @g)lof
Pareuchaetes insulatahen exposed to a range of temperatures for vadowations

Exposure (hours) Life stage LTs(°C) 95% confidence interval
Higher lethal temperatures (kg
0.5 Adult 41.4 41.1-41.7
larva 41.2 40.9-41.6
1 Adult 41.3 40.9 -41.8
Larva 41.4 41.0-41.8
2 Adult 40.1 39.7-40.4
Larva 40.0 39.8 -40.6
4 Adult 39.2 39.0-39.5
Larva 39.5 39.2-39.8
Lower lethal temperatures (kJ)
0.5 Adult ! !
Larva -8.1 -88to-7.5
1 Adult -55 -6.1t0-4.9
Larva -6.5 —-7.1t0-5.9
2 Adult -4.7 -53to-4.1
Larva -59 —-6.7t0-5.3
4 Adult ! !
Larva —4.2 —48t0-3.8

'Data are not available for adult exposure at Ocbhours.

Note that data presented here are analyses froer lgthal temperature (ULT) and lower
lethal temperature (LLT) trials. For both ULT antTLtrials, insects were exposed to a range
of temperatures (38.5 to 42.5 and -10 to -2 for Wn@ LLT respectively).

4.3.4 L ocomotion performance

Cold-acclimated third instar larvae Bf insulatahad a higher level of locomotor activity
than warm-acclimated larvae when exposed to lowp&atures. When both groups of
acclimated larvae were placed on the locomotiogestet at 1XC, only 68.2 + 4.7% of
warm-acclimated larvae dispersed at the set teryreraompared with 100.0 + 0.0% for
cold acclimated larvae (Pearsgh= 38.10, d.f. = 1, P<0.001; Figure 4.7a). The great
mobility of cold acclimated larvae was evident ratly in the frequency of individuals
capable of movement but even more clearly in theatchn of walking activity for cold-
acclimated larvae (Figure 4.7b). When both groupacolimated larvae were exposed to 11
°C, cold-acclimated larvae spent 70.8% (21.24 + 1s&Bonds) of their time moving
compared with 43.8% (13.16 = 1.03 seconds) for wacclimated larvae (t = 5.30, d.f. = 8,
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P<0.001; Figure 4.7b). Similarly, cold-acclimatadvbe spent more time walking when both

group of acclimated larvae were exposed to°C5 cold-acclimated larvae spent more

(95.2%) time moving compared with the warm-accledabnes (84.6%) (t = 4.06, d.f. = 8,

P<0.004; Figure 4.7b).
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Figure 4.7 Comparative mobility of third instardae ofPareuchaetes insulat@cclimated to
warm (reared at 2%C) or cold (at 10C) for 2 days after consecutive 30-second exposure
periods to 6, 11, 15 and 2Q on a temperature-controlled locomotion stagee kidividuals
were exposed to each temperature and the testephcated five times. The mean total
number (%) of individuals moving (a) and the meatalttime spent moving (b) for each
treatment at each temperature are presented.
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4.3.5 Microclimate data
Temperatures significantly differed between midessi(Table 4.6). In February, September
and in winter months (June, July and August), thepended iButtons recorded significantly

higher temperatures compared to those placed agneand levels (Table 4.6).

4.4 DISCUSSION

Of a suite of climate factors, temperature is ppshiie single most important environmental
factor affecting insect distribution, behaviourpsual, reproduction (Gilbert and Raworth,
1996; Baleet al, 2002; Fantinowet al, 2004; Chidawanyika and Terblanche, 2011; Tamiru
et al, 2012; Ferreet al, 2014) as well as the establishment and perfoceanh biological
control agents in their introduced ranges (e.g. Mg@nd Hughes, 1995; Byrm al, 2002;
Bale, 2011; May and Coetzee, 2013). This study wcherus the effect of constant
temperatures on the life history traitsRfinsulataand predicts the numbers of generations
the moth is capable of producing in the eastertspdrSouth Africa. Additionally, the effects
of temperature and acclimation on locomotion penfomce as well as the response of the
moth to extreme high and low temperatures werestyated. The study was undertaken as
part of an effort to understand the low populatadsundance and poor performancePof

insulatain South Africa.

4.4.1 Survival, developmental and reproductive life history traits
Survival and development durationsRfinsulatawere negatively impacted at temperatures
below 25°C, which has potentially important implications flarval populations of this

insect during the cool sub-tropical winter seasdrerg absolute minimum and maximum
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temperatures range between 4.6 and’C.&nd 23.6 and 38.1 respectively (mean + SE; 15.75

+ 0.04°C) (see Table 4.6) at the only known establishedisiSouth Africa.

91



Table 4.6 Summary results for temperatures recandedy hygrochron iButtons (0°®& accuracy; 1 hour sampling frequency) between June
2013 and May 2014 at three locations wit@inromolaena odorat@afested areas in Sappi Cannonbrae Plantation, Wmaks, South Africa
wherePareuchaetes insulatastablished following its release (between 20l 2003). At each location, two iButtons were placetivo
microsites; one was placed at near ground levBld® above ground level), while the other was sudpé withinChromolaena odorata
thickets (60 cm above ground level). The absolutémum (Min), absolute maximum (Max) and mean () $#nperatures are giveni@ per
microsite. Means are average values from all thites, all days, all records.

Months Ground Suspended Statistics
(2013-2014) level

Min Max Mean Min Max Mean Test P
2013
June 6.1 23.6 14.7+0.1 4.6 37.1 15.1+0.1 U=2159101.0 <0.001
July 7.6 24.4 15.6 +0.1 6.6 28.1 159+0.1 U=2213610.0 <0.001
August 6.6 28.6 16.5+0.1 5.1 38.1 17.0+0.1 U=2275364.0 <0.001
September 5.1 32.1 18.0+0.1 3.6 35.1 102+ U =2214153.0 0.004
October 10.0 33.6 19.0+0.1 9.1 36.6 19.11+ 0. U =1208503.0 0.074
November 15.1 36.6 21.8+0.1 14.1 33.1 215+0.1 = 257886.0 0.868
December 17.1 35.6 22.3+0.1 16.1 32.6 22.0+0.1 U= 272588.0 0.614
2014
January 20.1 38.6 249+0.1 18.6 33.6 249+0.1 U= 266102.0 0.198
February 18.6 40.1* 24.8+0.1 17.6 34.1 2491 0. U= 208501.0 0.015
March 16.6 38.1 23.6+0.1 16.1 35.1 235+0.1 = 269325.0 0.369
April 9.6 42.1* 19.8+0.2 115 30.1 19.6 £0.1 U= 244201.0 0.564
May 9.1 30.2 17.5+0.2 11.0 23.0 17.3+0.1 = W276060.0 0.457

Asterisks indicate temperatures above, or thatagmbred the higher lethal temperaturessgl.ior both larvae and adults.
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Over longer periods (5 years of data obtained fBouth Africa Weather Service), monthly
average minima were 10.2, 9.4 and 1°Clin June, July and August respectively, ac©ss
odoratds South African range of distribution (Figure 4.8his further substantiates the view
that low temperatures may affect the survival aadetbpment oP. insulatain the field at
certain times of the year. In laboratory rearingdgts, survival oP. insulatalarvae to adults
at 15 °C was only 10%, which was eight-fold loweart at 27°C, and development took
almost four times longer. These findings suppoet pinedictions that low temperatures are
likely to restrict the establishment and distribatiof some biological control agents (e.g.

May and Coetzee, 2013).
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Figure 4.8 Summary of five years (2008 to 2012\veéther data per month averaged over
eight locations acrogshromolaena odoratinfested areas in Limpopo, Mpumalanga and
KwaZulu-Natal provinces in South Africa. Data welkdained from the South African
Weather Service. Tmin: monthly average minimum terajure; Tmax: monthly average
maximum temperature. The broken line in the middi#he graph indicates that constant

temperatures below 2% negatively affected survival and developmer®Rafeuchaetes
insulatain laboratory experiments.
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In addition to a direct negative impact of low ventemperatures on survival Bf insulata
larvae and eggs, it is not impossible that larvédkalso suffer an indirect negative impact in
the form of increased mortality resulting from skmvdevelopment and increased exposure
time to predators and parasitoids. The eggsPofpseudoinsulatavere recorded to be
attacked by predatory ants in South Africa (Klu§@94). Other studies have documented
that predation can be the major source of mortdbtylepidopteran larvae (Feeret al,
1985) and that larvae are at risk of predation dumimovement (Marstoret al, 1978;
Bergelson and Lawton, 1988) and feeding (Berna837L Also, Cruttwell (1972) found that
daytime predation and parasite attack was the seson forP. pseudoinsulatdarvae
ceasing feeding, leaving the leaves and hiding raurgl level during the daytime.
Pareuchaetes insulatdarvae show the same behaviour, probably for simikeasons.
Furthermore, low winter temperatures can increbsenttrogen content in some plants as is
demonstrably evident i@. odorata(see Chapter 5). This has been suggested to legetive
consequences for the populations of the weed'sivaedy P. insulata(Chapter 5), as there
might be a fitness cost associated with excessgatr in the diet of insect herbivores (lete
al., 2002; Boersma and Elser, 2006; Clisseldal, 2006). The longer larval development
time for females, longer pupal development timenfmes and the longer total development
time for males recorded in this study has beenipusly documented (Uyet al, 2014d;

Chapter 2)

Although the reduced fecundity at 16 (82% less than at 2C) has not been previously
documented for this insect, temperature has beewrshto influence fecundity in
lepidopterans (e.g. Tamiret al, 2012) includingP. pseudoinsulatdVisalakshy, 1998). The

increased longevity at 1% did not amount to increased fecundity.
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4.4.2 Lower developmental threshold (to), therate of development (K) and number of
generations

Insect development may vary at fluctuating tempeest found in natural environments
(Brakefield and Mazzotta, 1995). However, biologjicaerpretations obtained from linear
and non-linear models using constant temperatugese been shown to approximate
fluctuating temperature conditions (e.g. Worner92)9 The reduced major axis regression
model estimated a lower development threshold a3 1@ and 492 degree-days (K) fBr
insulata to complete development (from egg to adult). Based the above thermal
parameters, the number of generatiBhsnsulatais capable of producing per year range
between 2.5 and 7 in different locations in KZN lhin other provinces (Eastern Cape,
Limpopo and Mpumalanga), the number of generatvarsed between 1 and 9 per year,
indicating the existence of favourable conditiomisdoth the establishment and spread of this
agent in South Africa. However the moth failed stablish at a number of release sites in
KZN province (see Zachariadetsal, 2011a). The reasons for this might be due taifest

or indirect effects of temperature, food qualitydam top-down forces (e.g. predation and
parasitism) experienced by this insect in the fidlithough thermal parameters such as lower
development threshold and degree-days are impdadaptedicting insect establishment and
distribution (Manriqueet al, 2008; May and Coetzee, 2013), models incorpagatither
thermal parameters such as the locomotion perfaamand feeding rates of insects at
different temperatures may provide us with moreonmfation on the actual thermal
requirements for insects used as biological cordagants. Bottom-up effects (through host
plant quality) might also be responsible for thempperformance of a biological control agent
in its introduced range, although this is not oftappreciated by biological control

practitioners (Price, 2000).
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4.4.3 Thermal tolerance (effects of lethal temperature and exposuretime on survival)

This study investigated the survival of adults ¢éardae ofP. insulataunder varying low or
high temperatures of different short durations dodnd that both the magnitude of
temperature variation (from 25 to — 1G and from 25 to 43C) and duration of exposure
were important in determining the survival of thetm as might be expected for insects in
general (Chown and Terblanche, 2007; ChidawanyikhTaerblanche, 2011; lgt al, 2011).
Over a 2-hour period for example, 50% of adult papons would be killed by temperatures
of 40.1°C or — 4.7°C, while 50% of larval populations would be killegt temperatures of
40.0°C or — 5.9°C. By contrast, the high temperatures which wowdddihal for 50% of
adults and larvae were respectively 41.4 and 4C2for 4-hour exposure. While low
temperature is considered the most important abif@icttor that governs the year-to-year
abundance and geographic distribution of insecsul€on and Bale, 1991; Bale, 2002),
insects are sensitive to high temperatures beaHubeir variable body temperature and their
small bodies. High extreme temperatures have bieded with water loss, disruption of
structure of membranes (Yodetral, 2009; Hochachka and Somero, 2002) and denaiarati
of protein, which restrict enzyme-catalysed reargio/Chown and Nicholson, 2004).
Meanwhile, thermal stress is known to cause nelrdamage (Chown and Terblanche,

2007).

One important question of ecological significantattarises from the findings of this
research is whether adults or larvadPoinsulataare likely to die from thermal stress in the
field. This can be addressed by combining the rolorate temperature data with thermal
tolerance estimates recorded in the laboratory raxpats. The one-year high frequency
microclimate temperature data recorded at two meitge (suspended and ground level) in

Sappi Cannonbrae Plantation, Umkomaas, South Afaicged from 3.6 to 38°C and 5.1 to
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42.1 °C for the suspended and ground level micrositepexs/ely. This microclimate
temperature data suggests that temperatures @dtgrdausing low temperature mortality
never really occurred; neither did they even apghtdathal levels at any duration. On the
contrary, the high temperatures recorded at nearagt levels fell within the range of lethal
high temperatures (Figure 4.6). For example, albsatmperatures recorded in the months of
February and April 2014 were 40.1 and 42.1 respelgtifor a period of not more than 3
hours, suggesting that higher temperatures are hketg to cause direct larvae mortality as
compared to low temperatures during winter monthdiqularly for this South African
location. Although the thermal tolerance of pupdethtos insect was not studied, it is
hypothesized that they would suffer significant tatity at temperatures higher than 39

or 39.5°C, the temperature at which 50% adult or larvaltality would occur when exposed
for four hours. From the five years of temperatdega obtained from the South African
Weather Service, absolute minima and maxima redoideeight locations respectively
averaged 2.9 (in winter) and 346 (in summer) further corroborating the hypothekist
minimum temperatures are not likely to be lethaPtansulata although these temperatures
(below 6°C) can seriously affect the locomotion abilitieslafvae (see discussion below)

especially as they are nocturnal feeders (adudtslao only active at night).

The larvae of this moth appeared to be cold-tolecampared to adults, suggesting larvae
can survive more extreme cold conditions. Althoubk ecological significance of this
remains to be seen, several other studies haveiedpbe thermal tolerance in insects to vary
significantly among life stages (Marhoet al, 2003; Jenseet al, 2007; Maraiset al.,
2009). However, exceptions do exist, such as irstheAntarcticApetaenus littorali€€aton
(Diptera: Canacidae) (Klok and Chown, 2000), whevedifferences among life stages have

been recorded.
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4.4.4 L_ocomotion performance

Beyond behavioural adjustments, insects use plogical and biochemical mechanisms to
cope with temperature variations in their environtse (Cossins and Bowler, 1987,
Hochachka and Somero, 2002) and such responsesomasélered as ‘acclimation’ in the
laboratory or ‘acclimatization’ in the field (Lachieht et al, 2010). Weldoret al. (2011)
define acclimation as the rapid and reversible gham phenotype (be it physiological,
biochemical or anatomical) in response to chromposure to a new environmental
condition, and these plastic changes are often fioalefor the survival of insects in a

changing environment (e.g. Terblanatel, 2006).

When larvae were placed on the locomotion stages S€, none of the warm-acclimated
individuals were able to initiate movement, whilely 36% of the cold-acclimated
individuals dispersed, walking for only 2 secondstlee 30 seconds’ exposure time.
Similarly, only 68% of warm-acclimated larvae disggdl when exposed to 2C compared
to the 100% dispersal for cold-acclimated individud&urthermore, warm-acclimated and
cold-acclimated larvae respectively spent 43% &k &f their time moving at 11C. These
results support the beneficial acclimation hypatheand other studies that reported
improvement in locomotion (or flight) abilities mites and insects due to acclimation (e.g.
Deere and Chown, 2006; Marais and Chown, 2008; érschtet al, 2010). Across insect
taxa, acclimation to temperature is most pronounaethe lower temperature threshold,
while there is little flexibility at the upper theal limit (Klok and Chown, 2003; Slabber and
Chown, 2005; Chown and Terblanche, 2006; Terblanghé Chown, 2006), although
exceptions to this trend have been found in sevgpakies including moths (Klok and
Chown, 1998; Sinclair and Chown, 2003).
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Low temperature significantly affected the locooradbilities ofP. insulatalarvae and this

is likely to be of serious ecological significanicethe field during winter months — as the
absolute minimum temperature in Sappi Cannonbraat&ion (one year of microclimate
temperature data) Umkomaas during winter rangeddsst 3.6 and 4.6 for the suspended
microsite (Table 4.6). This suggests tRatnsulatalarvae would be unable to move or feed
in winter when the temperature falls below®, thereby preventing escape from indigenous
natural enemies (that are more cold-tolerant) omuating larval starvation. When larvae are
dislodged from the foliage @&. odorataplants (either by wind or other factors), the aiitoin
may exacerbate further — as attempts to locateoss plant (to either initiate feeding or seek
shelter) might prove unsuccessful. This might leacn increase in indirect mortality and
consequently affect the populations of this biatagicontrol agent in field situations.
Although the effect of temperature on flight perfi@nce was not investigated, low
temperature is likely to affect the flight capaciy this insect because adults are more
sensitive to low temperatures compared to larvae (esults and discussion in thermal
tolerance section). In order to fully elucidate #ffect of temperature on the performance of
P. insulata further studies on the flight and mating abiltef the insects under variable low

and high temperatures are clearly needed.

4.5 CONCLUSION

As is usual with insects which are ectothermics tistudy showed that temperature
significantly affects development time, mortalitpdareproductive life history traits iR.
insulata The survival and development time were negativehpacted at constant
temperatures below 2%C. It has been shown thBt insulatais predicted to be capable of

producing between 1 and 9 generations per yeandnmeed’s distribution range in South
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Africa. One of the significant observations fromesk experiments was that thermal
fluctuations are likely to play a role in the swadi of both adults and larvae Bf insulata
especially at high temperatures. Therefore, thé bkegnperatures potentially experienced by
P. insulataduring summer or autumn are likely to negativeiypact on the population of this
insect in the field, although such a speculatiaqumes further information regarding the use
of microclimates and behavioural thermoregulatidfurthermore, third instar larvae of the
moths were unable to initiate movement &6and locomotion abilities were reduced at 11
°C. Although low temperature seem unlikely to beraal cause of mortality in this species,
low environmental temperature may still contribtdeeducing population abundance due to
reduction in development rates, fecundity, locommtand other activities. For example,
larvae may suffer indirect negative effects in thien of increased mortality resulting from
slowed development, increased exposure to natoeshies, and inability to move or feed. In
sum, it is hypothesized that both direct and iradireegative impacts of low temperature may

partly explain the poor performanceRfinsulatain parts of South Africa.
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CHAPTER S

The effects of seasonal and spatial variation in the leaf characteristics of an invasive

alien shrub, Chromolaena odorata (L .) on the performance of Pareuchaetes insulata

5.1 INTRODUCTION

The physiology, anatomy and phytochemistry of plapecies often vary according to
microhabitat, prevailing environmental conditionsseasonality (Bryangt al, 1983; 1987,
Herms and Mattson, 1992; Wameg al, 2003; Migitaet al, 2007; Zhang and Wen, 2009;
Zhanget al, 2009; Diazet al, 2011; Mulleret al, 2011) and the understanding of how
phytophagous insects respond to these changesiialct®® our knowledge of insect life-
history evolution (Wolda, 1978; Janzen, 1987; Wpl288; Jansen and Stamp, 1997; Sipura

and Tahvanainen, 2000; Gripenbetgl, 2010; Minzbergova and Skuhrovec, 2013).

In a field situation, individuals within plant pdations may be exposed to different levels of
resources such as sunlight, nutrients and waterekample, light intensity varies between
open and shaded habitats, resulting in changekum pharacteristics (chemical or physical)
and/or physiology. Light intensity directly influees growth, development and biochemical
activities in plants due to the crucial role of lsgimt and carbon during photosynthesis (Wang
et al, 2003; Roberts and Paul, 2006; Zhang and Wen9)20lhe theory of resource

allocation of plants in relation to balance betwearbon and mineral nutrients predicts that
the leaves of plants growing under sub-optimal liewé photosynthetically active radiation

(e.g. shade habitats) should contain relativelyanoineral nutrients (especially nitrogen)
and relatively less carbon-based secondary (defe@orepounds compared to plants growing

in direct sunlight (Bryanét al, 1983; 1987; Herms and Mattson, 1992).
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Studies that tested the carbon nutrient balancethggis in terms of the preference and
performance of herbivores in shaded and open hap##gher as a main aim or a sideline,
suggests that herbivore responses are not alwegighgforward and appear to be species
specific. For example, some laboratory and fielddis have documented improved
immature survival, rapid development time, increageipal mass and high fecundity in
insects that fed on shaded foliage (Bultman andhi-d®88; Trumbule and Denno, 1995;
Jansen and Stamp, 1997; Sipura and Tahvanaine, P08z et al, 2011), while others
show some of these variables to be greater intsnd$ed on leaves of plants growing in direct
sunlight (Bultman and Faeth, 1988; Moage al, 1988; Sipura and Tahvanainen, 2000;
Moran and Showler, 2005; Osier and Jennings, 2087l others have reported no
differences in herbivore performance on shade wgefsll sun foliage (Mooreet al., 1988;

Horner and Abrahamson, 1992; Potter, 1992; Frandalangey, 1994).

Plant traits and leaf characteristics (includindiafo nutrients) typically exhibit temporal
variation over time (Migitaet al, 2007; Zhanget al, 2009; Mulleret al, 2011; Flahertyet

al., 2013) and this may in turn affect the perforneant associated herbivores (Scriber and
Slansky, 1981; Mattson and Scriber, 1987; Slans893; Alonso and Herrera, 2000; Osg¢r
al., 2000; Ishihara and Ohgushi, 2006). Despite tegbat spatial and temporal variations in
abiotic factors or conditions have been found tecfthe abundance and performance of
herbivores both directly (e.g. Shreeve, 1986; Bymteal, 2002, 2003; Sipura and
Tahvanainen, 2000; Chidawanyika and Terblanchelp@md indirectly through host plant
quality (e.g. Jansen and Stamp, 1997; IshiharaCirgluishi, 2006; Diaet al, 2011), studies
that have explicitly and simultaneously assessedréfative roles of indirect influences of
abiotic factors on host plant and on herbivore grenince in space and time are still scarce

(but see Flahertgt al, 2013). Therefore understanding how a speciaésgbivore such aB.
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insulataresponds to seasonal and spatial variations iqulaéty of its host plant, would not
only advance our knowledge of the nutritional egglof this erebid moth but may also help
to explain its low abundance or variable populatienels in the field following its
establishment at one site after large populatidiseoinsect were released at some 30 sites in

KZN province, South Africa between 2001 and 2008.

One of the important plant characteristics that mayy seasonally or spatially is foliar
nitrogen. Although the role of nitrogen and water insect survival, development,
reproduction and abundance have been extensivaljest (Mattson, 1980; Myers and Post,
1981; van der Meijderet al, 1984, 1989; Minkenberg and Ottenheim, 1990, Heard
Winterton, 2000; Hinz and Mduller-Schéarer, 2000; Hiessonet al, 2003; Wheeler, 2003;
Ricklefs, 2008; van Hezewijkt al, 2008; Miinzbergova and Skuhrovec, 2013), thdivela
importance of other nutrients such as phosphor@gnesium, potassium and calcium are
only beginning to be explored (e.g. Huberty and i2er2006; Joeret al, 2012; Geet al,
2013) partly because a combination of nutrients balanced diet may be more important for

the development and reproduction of insects.

Understanding how habitat conditions (e.g. lighihdibons) and season influence the
chemical and physical traits i@. odorataand how its biological control ageRt insulata

responds to these traits is particularly imporfantthe biological control of weeds because
insect response to, or performance on, the targetlwvill determine the level of control in

the country of introduction.

Anecdotal reports and field observations suggeat tbaf-feeding moths of the genus

Pareuchaetesre more abundant and prefer to feed on shadeddeH#C. odorataplants in
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shaded habitats or wetland environments (Cock aalfoway, 1982; D. Conlong, pers.
comm.; pers. obs.) probably because of the hightremt (e.g. nitrogen) levels of plants in
such environments (Bryamt al, 1983, 1987), although no empirical data exisvdbdate
this conjecture. Most studies on the indirect dffexf microhabitat conditions (through host
plant quality) on insect performance have examisech effects at only one point in time
(e.g. Sipura and Tahvanainen, 2000; Detzal, 2011). However, insect herbivores may
exhibit differential performance when fed on foadnh different habitats (e.g. Dist al,
2011) and this performance may vary during the sowaf the year, with a particular habitat
providing a better food resource at one time, amotleer habitat providing a better food
resource at a later time. Therefore, this studyrened the effects of habitat conditions
(shade versus full sun) on the leaf characterigtfdS. odorataplants during winter versus
autumn months in order to determine the seasonicmohabitat that offers the best food
nutrient forP. insulata A further objective of this study was to evalutdie performance of
P. insulataon leaves obtained from plants growing in bothdsldaand full sun habitats
during winter and autumn because no previous séx@sts on the effects of seasonality and

habitat type on the performance of this insect.

5.2 MATERIALSAND METHODS

5.2.1 Measurement of physical and chemical characteristics of leaves

Plant traits and leaf characteristics@fodorataplants growing in fields within the vicinity

of the South African Sugarcane Research InstitB&SRI1), Mount Edgecombe (29° 70’ S,
31° 05’ E), near Durban, South Africa, were studiedng winter of 2013 and Autumn of
2014. The field chosen consisted of full sun (oempand shaded habitats and measured 0.7
hectares. The full sun habitat was fully exposesutaight and was predominantly dominated

by C. odoratawith a sparse population &f camara while the shaded habitat was partially
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exposed to sunlight and consisted treeSyygium guineeng®Vild.) DC. (Myrtaceae) and
bugweed,Solanum mauritianunscop. (Solanaceae). Light intensity (measured Wighd
meter, LX — 101, Taiwan) differed significantly beten the two habitats (mean + SE:
1882.100 + 34.251 and 358.233 + 14.873 lux for opeth shaded environment respectively:
GLM ANOVA: Fi19= 921.243,P < 0.0001). The field was initially used for growin
sugarcane and was last mowed on 22 February BatBuchaetes insulataas absent from

this site at the time.

The study was conducted in winter/early spring 2(ft@&n July 1%' to October 8, 2013)
and late summer/autumn 2014 (from March™1tb June %, 2014). For purposes of
convenience, the late summer/autumn trial will bded the ‘autumn trial’ and the winter/ early

spring trial will be called the ‘winter trial’ fronimere on.All plants used for this study in the
winter trials were at the flowering stage wherdes dnes used in the autumn trials had not
started flowering. InC. odorata the initiation of flowering in winter causes diirther

production of new leaves to cease.

For the winter study, in August 2013, leaf touglsnes 100 fully expanded leaves (taken
from the upper half of the plants) obtained fromp&hts per habitat (5 leaves per plant) was
estimated in each habitat following the methodsdiesd in Steinbauer (2001). A hole punch
(diameter 5.54 mm) was used to take a leaf diso ftee middle of the leaf. Fresh discs were
weighed before being wrapped in individual pieckalominium foil, and were oven dried at
64 °C for 48 hours before being re-weighed. Speddaf weight (SLW), which is an
indication of leaf toughness (Steinbauer, 2001)s walculated for each habitat using the
formula: SLW = dry weight of leaf disc in mg / arefihole punch in mf On August 22

leaf materials were collected from 10 randomly cielé C. odorataplants along a 20 m
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transect in each habitat and subjected to anabtsbe laboratories of the Fertilizer Advisory
Service, SASRI and the provincial KZN Departmen®gficulture and Rural Development,
South Africa. The leaves were weighed before dryargy2 hours at 65 °C and water content
was calculated using the formula: (%) = (leaf fregkight — leaf dry weight) / leaf fresh
weight x 100. Nitrogen and carbon contents were determased percentage of dry weight
using a CN analyser (TruS&N, LECO, Michigan, USA). Phosphorus was analyssdgi
the colorimetric method in a spectrophotometer.agtm, calcium and magnesium
concentrations were analysed using Atomic Absonp&pectrophotometry (SpectrAA 220
Fast Sequential AAS, Varian Inc. California, USAhe amount of the total non-structural
carbohydrate (NSC) in leaves was analysed usingatie hydrolysis procedure (Marais,
1979). Finally, the acid detergent lignin contemrtsvanalysed using the methods described in
van Soest (1963). For the autumn study, leaf dbeniatics were determined in both shaded

and full sun habitats in April 2014 following theethods and protocols described above.

5.2.2 Development and reproductive perfor mance of Pareuchaetes insulata

For the winter 2013 study, the larvae used in theecdt performance experiments were
obtained from eggs laid by; adult females whose original parents were colteateMay
2013 on light traps at the Sappi Cannonbrae plantaUmkomaas (3013’ S, 30 46’ E)
(south coast of KZN province), South Africa, whehe insect established following large
releases made between 2001 and 2003 (Zachariateal, 20l1la). For the late
summer/autumn 2014 study, the larvae used in thectnperformance experiments were
obtained from eggs laid b¥; adult females whose original parents were coltdte

February 2014 on light traps at the same locatsoabeve.
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The parents (males and females) were placed ite@er@0 ml plastic containers, each with a
5 cm diameter mesh window at the top, withodoratastem cuttings plugged into ax&5 x

3 cm moistened Oasléfloral foam block wrapped with aluminium foil fogg laying. They
were provided with a cotton-wool ball soaked witlb@% honey solution and kept in the
laboratory (25 + 2C, 65 + 10% relative humidity (RH), L12:D12) at tiiedara Weeds
Research Unit, ARC-Plant Protection Research UutstifARC-PPRI), KZN, South Africa
(29° 32’ S, 30° 16’ E). Hatched larvae from thedalts (from eggs laid) were fed on cuttings
with fully expanded leaves obtained from plants2k cm-diameter pots (see Usgt al,
2014d for details of the potting medium). The rasgladults (1 virgin female and 2 newly
eclosed males) were placed in 700 ml containedeasribed above. The eggs laid by these

females were used for this study.

The performance experiments were conducted in @deature-controlled room maintained
at 25 °C, 68% RH and 12D:12L photoperiod at SA3RIgrochron iButtons (model DS
1923, Maxim Integrated Products, San José, USA’O.accuracy) were used to measure
temperature and RH at hourly intervals during wirftemperature range, 23.69 to 26°C9
mean + SE, 24.84 + 0.0C; RH range, 66.5 to 75.3%; mean * SE, 70.51 +%)18nd
autumn (temperature range, 24.45 to 26@4mean * SE, 24.95 + 0.6C; RH range, 68.4
to 78.1%; mean + SE, 71.34 + 2.16%). For both theex and autumn study, newly hatched
F, larvae (= “parental generation” in this experimeméere placed individually, using a fine
brush, into transparent 100 ml aerated plasticatoets (one larva per container), each with a
circular screen window of 2.5 cm diameter at the tned at the bottom with moistened
filter paper to maintain RH, and fed @n odoratafoliage (fully expanded leaves taken from
the upper half of plants in the field) obtainednfreeither shaded or full sun habitat. One

hundred replicates (= 100 larvae) were used foh é@bitat and generation. Leaf materials
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were replaced every 48 hours and frass were rematvedme interval for hygienic reasons
(Uyi et al, 2011). All leaf materials were obtained fresbnirover 8 plants per habitat on
each visit or collection date at the field siteeTlhrvae were monitored daily until pupation
and/or adult eclosion in order to record mortaditd follow the duration of larval instars and
the pupal stage. Based on the number of survivimgae, the following variables were
measured or recorded for both shaded and full slisge-fed individuals during winter and
autumn: (i) total immature development time (dunatirom egg hatch to adult eclosion), (ii)
pupal mass and (iii)) growth rate (pupal mass (mgjevelopment time). Maw’s host
suitability index was calculated (HSI; for ratioeabee Maw, 1976) (and made comparisons
between habitats and between seasons) using tlogvifuy equation: HSI = (female pupal
massx % pupation) / immature development time. The egdions of the index are

documented in Chapter 3.

Newly hatched larvad or their progeny) resulting frofa; adults in this experiment were
also subjected to similar treatment as describedeaffor the larval performance trial). Two
generations of the insect were studied, because tard generations of this insect can be
obtained within a particular season — as the aeetaigl development time of this insect (at
25 °C) is 31 days (Uyiet al, 2014d; Chapter 2). When the adults of both tharéntal
generation” F1) and progenyR,) eclosed, 1 virgin female and 2 newly eclosed mbat
had fed on either shaded or full sun foliage agalarwere placed in 700 ml containers as
described above (as was done for oviposition ofd{iellected adults) but they were
provided with stem cuttings (with leaves) of thamltype (shaded and full sun) they had fed
on as larvae. During the winter trials, 43 repksat86 in total) each were used for full sun
and shaded habitat trials, while during the auturats, 34 and 35 replicates (69 in total)

were respectively used for full sun and shadedtaatrials. The containers and leaves were
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examined daily to record the following: (i) adutingevity, (i) numbers of eggs laid, (iii)
female mating success (the number of matings tsulted in fertile eggs), assessed by

production of fertile eggs and (iv) egg hatchapi{itumber of eggs that hatched).

In this way, 800 individuals dP. insulatawere studied for two successive generations (i.e.
parents and progeny) on shaded versus full suag®elin winter/early spring 2013 (from July
15" to October 8, 2013) and late summer/autumn 2014 (from March tblune %, 2014)
under constant laboratory conditions. While theringa conditions were relatively
homogenous, the quality of the foliage offeredhe karvae as food could not be regarded as
uniform because it was obtained fresh from fieléssi Therefore, any noticeable change in
herbivore fitness could be attributed to habitétafed vs. full sun) or seasonal differences

(winter vs. autumn).

5.2.3 Statistical analysis

The effect of season and habitat on leaf charatiesi (nitrogen, carbon, phosphorus,
calcium, magnesium, potassium, lignin, non-struadtearbohydrate, leaf water content and
leaf toughness) were evaluated using univariatee@ar.inear Model analysis of variance
(GLM ANOVA). When the overall results were signditt in a two-way analysis, the
differences among the treatments were comparedy ubm Tukey’'s Honestly Significant
Difference (HSD) test because of the equality ohgle sizes. Data from two successive
generations per habitat for both seasons were cwdband used for the analysis of insect
performance. Pearsonjg test was used to compare the effect of seasomainitht on total
immature survival, egg hatchability and mating ®ssc The effect of season and habitat on
total development duration, pupal mass, growth, taet suitability index, realised fecundity

(total number of eggs laid) and adult longevity evervaluated using GLM ANOVA. When
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the overall results were significant, the differemamong the treatments were compared
using Tukey-Kramer's test. With the exception o tBLM ANOVA that was performed
using SPSS Statistical software, version 16.0 (SEE®&ago, USA), all other analysis were

performed using Genstat 14.0 (VSN InternationalmdieHempstead, UK).

53RESULTS

5.3.1 Leaf characteristics

Most of the leaf characteristics exhibited seasahanges and varied between shaded and
full sun habitats (Table 5.1; Figure 5.1 a-h). &ohitrogen concentration was 18.61% higher
in winter compared to autumn in the shaded habitat,its concentration in the full sun
habitat did not differ between winter and autunmwinter, foliar nitrogen concentration was
69.07% higher in shaded leaves compared to leavekei full sun habitat, while it was
52.68% higher in autumn (Figure 5.1a). Althoughboar concentration did not differ
between seasons, it was slightly higher in the stidtabitat in both winter and autumn
(Figure 5.1b). Phosphorus concentration was shghigher in the full sun habitat in both

autumn and winter (Figure 5.1c).

110



Table 5.1 Statistical details (GLM ANOVA) for thenalyses of the effects of season and
habitat condition on physical and chemical charaties of Chromolaena odoratéeaves.

Analysis Source of variation DF MS F-value P-value

Nitrogen Season 1 2.162 33.58 < 0.0001
Habitat 1 28.190 437.86 < 0.0001
Seasorx Habitat 1 0.761 16.25 < 0.0001
Total 39

Carbon Season 1 0.484 0.93 0.342
Habitat 1 10.012 19.15 < 0.0001
Seasorx Habitat 1 0.009 0.02 0.896
Total 39

Phosphorus Season 1 0.032 5.35 0.027
Habitat 1 0.046 7.61 0.009
Seasorx Habitat 1 0.001 0.01 0.904
Total 39

Calcium Season 1 0.091 0.47 0.499
Habitat 1 0.150 0.77 0.387
Seasorx Habitat 1 1.315 7.13 0.011
Total 39

Magnesium Season 1 0.998 17.78< 0.0001
Habitat 1 0.392 6.98 < 0.0001
Seasorx Habitat 1 0.101 1.78 0.19
Total 39

Potassium Season 1 3.733 24.66< 0.0001
Habitat 1 6.609 43.67 < 0.0001
Seasorx Habitat 1 0.334 2.21 0.146
Total 39

Non-structural Season 1 0.000 0.00 0.982

Carbohydrate Habitat 1 36.243 36.88 < 0.0001
Seasorx Habitat 1 0.052 0.05 0.819
Total 39

Lignin Season 1 1.600 0.10 0.757
Habitat 1 138.681 8.43 0.006
Seasorx Habitat 1 10.283 0.63 0.434
Total 39

Leaf water content Season 1 47.524 25.68< 0.0001
Habitat 1 165.345 89.34 < 0.0001
Seasorx Habitat 1 1.024 0.55 0.462
Total 39

SLW(Leaf toughness)  Season 1 0.012 143.5 < 0.0001
Habitat 1 0.079 273.99 <0.0001
Seasorx Habitat 1 0.008 28.07 < 0.0001
Total 399

DF: degrees of freedom; MS: mean squares.
Statistically significant values are indicated wich
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Figure 5.1 Seasonal variation in the phytochemigtgiuding nutrients, % dry mass) of the
leaves ofChromolaena odoratalants in two habitats (shade vs. full sun). Defaxesent
means + SE. Bars within each graph not sharingraraan letter differ significantlyR <
0.05) after Tukey’'s Honestly Significant Differen@¢SD) test.
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The calcium concentration did not differ betweeassms or between habitats (Figure 5.1d).
Although magnesium concentration was higher in etduhbitat in winter, this variable did
not differ between habitats in autumn (Figure 5.0d)e concentration of potassium was
higher in autumn than winter and the shaded habddt significantly higher concentration
compared to full sun habitat (Figure 5.1f). Ligmontent did not differ between seasons, but
was statistically higher in shaded habitats in mttumn and winter (Figure 5.1g). Although
the concentration of total non-structural carbohyelrdid not vary between autumn and
winter, it was 64.28 and 49.97% higher in the fslin habitat in winter and autumn
respectively (Figure 5.1h) compared to the shaddxtdt. Leaf water content was higher for
plants growing in the shaded habitat in both autwnd winter and was higher in autumn
compared to winter (Figure 5.2). Leaf toughnesdi¢ated as SLW) in the full sun habitat
was 97.35% greater than that in the shaded habitginter and 54.28% greater than shaded

habitat in autumn (Figure 5.3).
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Figure 5.2 Seasonal variation in the leaf watert@ain(mean % + SE) o€hromolaena
odorata plants in two habitats (shade vs. full sun). Baithin each graph not sharing a
common letter differ significantlyR < 0.05) after Tukey’s Honestly Significant Diffexee
(HSD) test.
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percentage survival out of 400 first instar larma@nitored until adult eclosion.
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5.3.2 Developmental and reproductive performance of Pareuchaetes insulata

Although there was no significant difference in @lesurvival of P. insulata(first instar to
adult eclosion) between shaded and full sun fol@garson® = 0.28, d.f. = 1, P = 0.599),
this variable was higher for combined immature esagf individuals that fed on autumn
compared to winter foliage (Figure 5.4). Total depenent was significantly faster on

shaded leaves in both autumn and winter (TableFsgeire 5.5a).

Table 5.2 Statistical details (GLM ANOVA) for thenalyses of the effects of season and
habitat condition (larval food source) on total elepment duration, pupal mass, growth rate,
host suitability, female fecundity and adult loniggv

Analysis Source of variation DF  MS F-value P-value

Total development Season 1 622.166199.17 < 0.0001

Duration Habitat 1 483.049 154.65 <0.0001
Seasorx Habitat 1 50.760 16.25 < 0.0001
Total 765

Pupal mass Season 1 110934.110 94.43 < 0.0001
Habitat 1 16938.000 14.42 <0.0001
Seasorx Habitat 1 6848.231 5.83 0.016
Total 765

Growth rate Season 1 250.196 171.68 0.0001
Habitat 1 73.726 50.59 < 0.0001
Seasorx Habitat 1 11.962 8.21 0.004
Total 765

Host suitability index Season 1 385.161 47.83 <0.0001
Habitat 1 84.327 119.77 < 0.0001
Seasorx Habitat 1 5.030 7.14 0.008
Total 356

Fecundity Season 1 226299.110 30.96& 0.0001
Habitat 1 152326.400 20.84 < 0.0001
Seasorx Habitat 1 51417.201 7.03 0.009
Total 154

Longevity Season 1 36.459 13.93< 0.0001
Habitat 1 17.443 6.69 0.01
Seasorx Habitat 1 3.611 1.38 0.24
Total 765

DF: degrees of freedom; MS: mean squares.

Statistically significant values are indicated wich

Although faster development time was evident iruaut compared to winter irrespective of
habitats, this variable did not differ between unduals that fed on shaded leaves in winter
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and those that fed on full sun leaves in autumnsighificant difference in pupal mass was
detected between habitats and between seasonswdlgntly heavier pupal mass on shaded
leaves in winter, but this variable did not varyvibeen habitats in autumn (Table 5.2; Figure
5.5b). There was a significant effect of season faatatat on growth rate (Table 5.2; Figure
5.5¢). Individuals reared on foliage growing inwaah had a higher growth rate than those
that were fed on winter foliage. Irrespective ohsmn, growth rate was always higher on

individuals fed on shaded leaves compared to tulllsaves.

OFull sun

‘@ 50 1 . mSh
2@ 2501 () shade
= a @&
< 40 - _ 200 - c b
i o
5 2 b b ¢ £
3 301 @ 150 1
5 £
£ 20 1 = 100 -
o o
S =
C 10 - O 50
(0]
[a)

0 T 0 T

Winter Autumn Winter Autumn
Season

8 -
— (c) b 2
>
© c
S 6
= 4
g d
(0]
8 4
ey
3
5 21

0 T

Winter Autumn
Season

Figure 5.5 Seasonal variation in total developntemation (a), pupal mass (b) and growth
rate (c) ofPareuchaetes insulateeared orChromolaena odoratdeaves from two different
habitats (shade vs. full sun) under constant laboraonditions at 28C, 12:12 (L:D)h. Data
represent means = SE. Bars within each graph natingh a common letter differ
significantly P < 0.05) after Tukey-Kramer test.
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Figure 5.6 Seasonal variation in host suitabilitgax of Pareuchaetes insulateeared on
Chromolaena odoratdeaves from two different habitats (shade vs. $ulh) under constant
laboratory conditions at 28C, 12:12 (L:D)h. Data represent means + SE. BatBinvieach
graph not sharing a common letter differ signifitya(P < 0.05) after Tukey-Kramer test.
Maw’s HSI indicated that leaves 6f odorataplants in the shaded habitat are more suitable
for the growth and development Bf insulatain both autumn and winter (Table 5.2; Figure
5.6). Regardless of habitaf,. odorataleaves growing during autumn provided a more
suitable food source for the moth. Realised fedyrudily differed significantly between seasons
within the sunny sitéFigure 5.7a). Similarly, adult longevity did ndiffer between habitats in
autumn, but differed between habitats in winterithwdividuals that fed on full sun foliage

living slightly longer than their counterparts tha¢re reared on shaded leaves (Table 5.2;

Figure 5.7b).
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Figure 5.7 Seasonal variation in mean female fetyiid) and mean adult longevity (b) of
Pareuchaetes insulateeared onChromolaena odoratdeaves from two different habitats
(shade vs. full sun) under constant laboratory tmmd at 25°C, 12:12 (L:D)h. Data
represent means + SE. Bars within each graph natingh a common letter differ
significantly P < 0.05) after Tukey-Kramer test.

Finally, egg hatchability (Season: Peargdr 2.87, d.f. = 1, P = 0.090; Habitat: Peargdn
0.08, d.f. = 1, P = 0.777) and mating success (Bedzearson’ = 0.07, d.f. = 1, P = 0.786;
Habitat: Pearsog’ = 0.28, d.f. = 1, P = 0.597) did not statisticallffer between habitats and

between seasons (Table 5.2; Figure 5.8a and b).

118



120 -
@)
100 -

80 A

60 -

40 -

% egg hatchability

20 A

Winter Autumn Full sun Shade

Season Habitat

120 ~ (b)

100 +

HH
Hi

80 A

60 -

% mating success

40 -

20 A

Winter Autumn Full sun | Shade

Season Habitat

Figure 5.8 Percentage egg hatchability (a) andep¢age mating success (b)Rdreuchaetes
insulatareared onChromolaena odoratdeaves from two different habitats (shade vs. full

sun) during winter and autumn under constant laboyaconditions at 23C, 12:12 (L:D)h.
Data represent means +SE.

5.4 DISCUSSION

This study documents spatial (habitat: shade Jb.stin) and temporal (seasonal: autumn
versus winter) variations in leaf characteristids @ odorata and reports on how the
specialist herbivoreP. insulata responds to these variations. Beyond the ecolbgica
significance of this study, it was undertaken a$ pban effort to understand wii; insulata

has not performed well as a biological control aggainsiC. odoratain South Africa.
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5.4.1 Variation in leaf characteristics

Climate- and light-mediated changes in plant emrrent significantly affected several leaf
characteristics inC. odorata For instance, leaves from the shaded habitat reddced
toughness, higher water content, increased coratemts of nitrogen, carbon, magnesium,
potassium, and lignin as well as reduced non-strattcarbohydrate and phosphorus
concentrations. The leaf characteristic€obdorataplants also exhibited seasonal variation.
While studies simultaneously investigating seasoraiations in leaf characteristics in
shaded and full sun habitats are still scarce,iesudlucidating spatial variations in leaf
characteristics in shaded versus full sun habjeats Diazet al, 2011) or seasonal variations
(e.g. Alonso and Herrera, 2000; Osg¢ral, 2000; Migitaet al, 2007; Mulleret al, 2011) in
plants are not uncommon. Several studies reporsistemt differences in the chemistry of
shaded and full sun foliage. For example, wateterdrand nitrogen concentration tends to
be higher in shaded foliage, while leaf toughnesgls to be higher in full sun foliage
(Collinge and Louda, 1988; Potter, 1992; JasenStachp, 1997; Moran and Showler, 2005;
Diaz et al, 2011). The high foliar nitrogen concentration Shaded plants supports the
prediction of the carbon/nutrient balance hypothg8iryantet al, 1983, 1987) that the
leaves of plants growing under sub-optimal levélplmtosynthetically active radiation (e.g.
shaded habitats) should contain relatively moreienis (especially nitrogen) compared to

plants growing in direct sunlight.

Nitrogen is a limiting resource for plant growth most natural ecosystems (Aerts and
Chapin, 2000). Of plant organs, leaves are theergink of nitrogen and more than half of
leaf nitrogen is invested in photosynthetic appaaEvans, 1989; Hikosaka, 2004). The

higher concentration of foliar nitrogen in winteashnot previously been reported @
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odorata however it has been shown in several plant spebiat leaf nitrogen increases in
winter compared to summer or autumn (Weih and Karls2001; Mulleet al, 2005, 2011).
The seasonal variation in leaf nitrogen suggestt the plants alter their nitrogen
concentration to maximize daily nitrogen-use eficy of carbon gain in response to varying
seasonal temperatures, as has been reported by vetinkers (e.g. Mulleret al, 2011).
Chromolaena odoratagrowing in shaded environments has broader andeloiheaves
compared with full sun plants (Uit al, submitted). This might be a strategy to maximize
the leaf area exposed to sunlight, and consequehttosynthesis and carbon gain (Peatcy
al., 2005). Although phosphorus, magnesium and potassare important in several
processes in plant growth and development, théér iroC. odorataplants and the reasons
why they seasonally and spatially varyGn odorataleaves remains to be established. The
lignin content of leaves in the shaded habitat meyhigher because the leaves are broader
and thinner (Uyeet al, submitted) and thus need more structural suppionivever, there are
currently no data to support this hypothesis is study. While the increased concentration
of non-structural carbohydrate in full sun leaveaaurs with previous studies in herbaceous
plants (Rowe and Potter, 2000; Moran and Showl@d52Diazet al, 2011), the lower leaf
water content in winter and the higher leaf tougisna the full sun habitat during the winter
trials (relative to autumn) might be due to thesseally dry winter (low winter rainfall) in
South Africa, as well as because the winter-treglves were older than the autumn-trial

leaves.

5.4.2 Performance of Pareuchaetesinsulata
While there was no significant difference in overahmature survival between insects
feeding on shade@. odoratafoliage and on foliage from the full sun habit¢yvelopment

time was faster, pupal mass was heavier and iretlegr®wth rate was evident in individuals

121



that were reared on shaded foliage compared tfuthsun foliage. The above performance
metrics were also better in autumn compared toewnirReduction of final body weight and
increase in development time would both bear feressts for larvae and the resulting adults.
Prolonging development time may negatively affegtvl survival (in field situations) by
exposing them to possible predation, parasitisaméavourable environmental conditions for
a longer period (Williams, 1999; Fordyce and Shap2003), whereas a reduction in larval
and pupal weight or adult body size is likely tdeaf fecundity and/or future reproductive
success (Hatk, 1993; Awmack and Leather, 2002). Lower pupal snags been shown to
affect dispersal distances of emerging adultSpodoptera exempt@Valker) (Lepidoptera:
Noctuidae) (Woodrovet al, 1987). In the winter trials, the heavier pupasstranslated into
increased fecundity in females that were fed shaelaees as larvae compared to those that
were fed full sun foliage as larvae. In other spe@f Arctiinae such dd. ornatrix, smaller
adult males have less chance of mating (Coehex., 1990; LaMunyon and Eisner, 1994;
Conner, 2009; Kellyet al, 2012), and if mating does occur, they may predsmmall-sized
offspring resulting in reduced adult fecundity ammmpromising fitness of immature stages —
as smaller-sized adults are likely to produce egys reduced pyrrolizidine alkaloids (PAs: a
defence compound that protects eggs and larvaegredation and parasitism) (Eisretral.,

2000; Bezzeridest al, 2004; Conner, 2009).

The responses of insects, in terms of performareteica (such as development time, growth
rate and fecundity), to foliage grown in sunny traded environments are not always
straightforward and appear to be species speé€ific.example, improved immature survival
rate, larval performance (decreased developmeset &inal larger pupal mass), adult fecundity
and leaf consumption on shaded plants were foundGoatiana boliviana Spaeth

(Coleoptera: Chrysomelidae) feeding on Tropical é&d%pple, Solanum viarumDunal
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(Solanaceae) (Diagt al, 2011); and on the tingi8tephantis pyrioidegScott) (Hemiptera:
Tingidae) feeding on azaled&liododendrorL. spp.) (Ericaceae) (Trumbule and Denno,
1995). In other plant species, studies have demairdt neutral (Mooret al, 1988; Franca
and Tingey, 1994; Rowe and Potter, 2000) or detrtaleperformance (Dult and Shure,
1994; Sipura and Tahvanainen, 2000; Moran and Sp®005; Osier and Jennings, 2007)
of insect folivores feeding on shaded leaves ihegilaboratory or field conditions. The
superior performance d®. insulataon autumn (relative to winter) and on shaded ¢dia
(irrespective of season) as indicated by the higladwmes of Maw’s host suitability index
(HSI) seems to be in accordance with field obseyaatand reports by other workers (e.qg.
Cock and Holloway, 1982; Diagt al, 2011) that larvae of species in this genus ahdro
species generally perform better on shaded folegs leaves of plants growing in relatively
cool, moist climate conditions. The higher HSI vaain autumn suggests that foliage@f
odorata plants growing in this period is more suitable fgrowth, development and

reproduction (see Figures 5.5 and 5.6).

So the question arises: why Boinsulataperform better on shadé€ll odorataleaves and on

leaves of plants growing in autumn? The spatial dathporal variations in leaf
characteristics oC. odorataplants can help explain the apparent superiofitieaves of

plants growing in autumn and in the shaded habikdr instance, foliar nitrogen
concentration was 69 and 52% higher in shadedtifrel#o full sun) plants in winter and
autumn respectively and its concentration on shddagles was 18% higher in winter
compared to autumn. Nitrogen is considered to bartbst limiting macronutrient for insect
herbivores (Mattson, 1980) due to its fundamentdd iin protein synthesis (Sterner and
Elser, 2002). Increased or high leaf nitrogen cotreéion has been linked to faster

development, higher survival rates, increased bwdgs, higher growth rates, increased
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fecundity and population density in insects (Mattsb980; Myers and Post, 1981; Scriber
and Slansky, 1981; Hinz and Mduller-Schérer, 2000béity and Denno, 2006; Moran and
Goolshy, 2014, also see Chapter 7). However, tirantental effects of excess nitrogen have
also been documented (e.g Hartley and Lawson, 1852t al, 2002; Clissolcet al., 2006;
Zehnder and Hunter, 2009). The faster developmer, tincreased pupal mass and growth
rate as well as the improved adult longevity araufelity in individuals that fed on shaded
leaves in autumn relative to those that fed on daanees in winter (when foliar nitrogen was
18% higher than autumn) suggests that increasedlemated nitrogen levels in winter
negatively affected the above performance metmcB.iinsulata This hypothesis can be
validated by an inference in Chapter 7 tRatinsulatalarvae reared on the leaves ©f
odorata with more than 3.84% nitrogen might not get angitohal benefits, rather there
might be a fithess cost associated with excessnig@igen (e.g. Leet al, 2002; Clissoldet
al., 2006) presumably because of elevated metabaodits celated to catabolising protein (for
use as an energy source) and/or excreting nitr¢§ehroeder, 1986; Boersma and Elser,

2006; Clissolckt al, 2006).

The increased water content in shaded foliagetiveldo full sun) and in leaves of plants
growing in autumn (relative to winter) may have ocalsontributed to the improved
performance ofP. insulataon this foliage. Elsewhere, increased water cdanbtas been
demonstrated to positively influence the perforngaotinsect herbivores (Henrikssenhal,
2003; Diazet al, 2011), the attractiveness of foliage to inseesblvores (Ricklefs, 2008) and
insect herbivory levels in several Asteraceae gge@linzbergovec and Skuhrovec, 2013).
The increased toughness of full sun foliage in batitumn and winter may be partly
responsible for the prolonged development timé® innsulatabecause larvae needed more

time to consume food and assimilate major macramnis in the required ratio (Clissoéd
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al., 2009). The lower total non-structural carbohyeltavel in shaded leaves (in both autumn
and winter) suggests that carbon-based defencdsasuterpenoids and flavonoids may have
been compromised (Wilkenst al, 1996), thus favouring rapid larval growth. The
comparatively better larval performance on shadsvds despite their seemingly higher
lignin content, suggests that other carbon compdeeadondary chemicals) other than lignin
may be more important in larval selection of foeafpr consumption or utilization bly.

insulataand that the insect might have neutralized theathposed by lignin.

Phosphorus concentration in leaves did not appeaoitrelate with larval performance, but
P. insulataperformed better in autumn following a slight ase in the concentration of this
nutrient. The importance of phosphorus on the dnoavtd development, survival, behaviour
and fecundity of insects has been documented (Bopp, 1989; Janssen, 1994; Perkats
al., 2004; Huberty and Denno, 2006). An increaseotagsium and a decrease in magnesium
concentrations in autumn coincided with improvetbh@re performance in this study. Like
nitrogen, magnesium is used for structural purposesile potassium is involved in
electrochemical function, including message trassian in nerves and energy metabolism
in insects (Frausto da Silva and Williams, 1991théugh very little is known about how
variations in potassium and magnesium concentsticen affect insect herbivores, the
concentrations of both elements are known to béipely associated with insect population
density (Joerret al, 2012). Furthermore, increased magnesium coratéririn rice,Oryza
sativa (L.) (Poaceae) has been demonstrated to improvepemtuction inCnaphalocrocis
medinalisGuenee (Lepidoptera: Pyralidae) (&eal, 2013). Similar to nitrogen, the increase
in magnesium concentration in the shaded habitatimer might have contributed to the
poor performance (prolonged development time addaed fecundity) oP. insulatain the

winter trials. The lack of spatio-temporal variation calcium concentration i€. odorata
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leaves invites questions as to its functiofPinnsulata The lack of significant differences in
pupal mass and realised fecundity between indiNgdileat fed on shaded and full sun leaves
(as larvae) in autumn suggests that leaf nutrieveése more balanced during autumn
compared to winter. The same reason can also bgestegl for the higher HSI value for
shaded leaves in autumn relative to winter. Thé& laic significant difference in survival
between habitats suggests that nutrient levelslirsfin foliage were not reduced to a level

where it could cause direct mortality due to paard quality.

5.4.3 Implicationsfor the population dynamics of Pareuchaetesinsulata

The improved performance Bf insulataon shaded and full sun leaves in autumn (rela@ve
winter) and the higher HSI in autumn suggests ghants growing in autumn were more
nutritionally balanced and satisfied the nutritibrequirements of the insect. Although field
populations of this insect remained low in thedjehis study suggests that the insect should
be more abundant during autumn or summer monthause€. odorataleaves are more
suitable during this period. In normal field plantsice flowering has started in winter, all
leaves are old — until regrowth starts with theedred rains at the beginning of the summer
and continues until late autumn. However, if pldrdase been slashed or otherwise damaged,
there may be non-flowering regrowth with young kempresent (even in winter) and this will
present a very different food source for the larwdePareuchaetesspecies. Outbreak
populations ofPareuchaetespecies often occur where there is young regrovtér plants

have been slashed or mowed (R.E.C. McFadyen; Qafiacles pers. comm.).

The occasional localised “outbreaks” of this insebtserved in South Africa in 2005-6
(Zachariade®t al, 2011a) and 2014 (Strathie and Zachariades, 260delrred in summer

and autumn when food is much better because pmayailimate conditions (e.g. increased
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temperatures and/or rainfall) not only directly noye the performance of the insect (see
Chapter 4), but also indirectly improve the leaélify of the host plant. The higher nitrogen
and possibly magnesium concentrations in the shisde@s during winter (triggered by low

winter temperatures) coupled with direct impactla& temperatures (Chapter 4) may be
responsible for the extremely low populationsPofinsulatain winter (relative to autumn)

and in colder areas within the weed’s distributtange in South Africa. This hypothesis is
supported by the prolonged development time, rediyegoal mass, growth rate, longevity

and fecundity oP. insulataon the shaded foliage in winter compared to autumn

These results suggest that mass-rearirtg} afisulataand possibly other species in the genus,
could be enhanced by feeding larvae with shadedg®eland that when evaluating the
abundance or impact of biological control agentsctitioners should consider habitat
heterogeneity because this may affect the leafacheanistics and the subsequent performance
of the agent. The improved performanceRofinsulataon the shaded foliage might have
implications for the weed'’s biological control. §irC. odorataplants in shaded habitats are
sparse and do not produce many flowers, §b ihsulataprefers or performs better in shade,
it will be a poor biological control agent excephem there are outbreaks. Second, the fact
that C. odorataplants are known to be shade intolerant (Zachesiatal,, 2009; Zhang and
Wen, 2009), suggests that female adults might gkeutp locate oviposition sites (assuming
females would prefer to oviposit on high qualityamis, such as those growing in shaded
habitats) because of the sparse distribution ofptast in such habitats. Alternatively, when
eggs are laid on leaves of plants in full sun labjtsurvival might be negatively affected due
to their exposure of the resulting early instarsattverse environmental conditions. Also
larvae might suffer fithess costs (expressed asompged development time and reduced

pupal mass and fecundity) on full-sun plants (eisigcin winter), and any attempts by
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larvae to migrate to a more nutritious environmmght expose them to predation or other
mortality factors. While all these could either detéo reduced fithess or a decline in
population levels of this insect in the field, fugt speculation on the implications of the
findings of this study on biological control 6f odorataand on the population dynamics of
P. insulatain the field should be deferred, until field expeents on the effect of light
environment (shaded vs. full sun) on ovipositiord darval preference oP. insulataare
conducted, because Sipura and Tahvanainen (20€a@j\clshowed that in field situations,
some insects not only prefer open habitats, bueldevfaster in such habitats. Also, studies
on predator- and non—predator-caused mortalityaoval migration between shade and full

sun habitats (ovice versa are needed.

5.5 CONCLUSION

This study demonstrates that low winter temperataan indirectly affect insect herbivore
performance through variability in the phytochemyistf host plant and hypothesized that
excess nitrogen and possibly magnesium may havengetal effects on insect herbivore
performance. While the effect of excess nitrogentlee performance of insect herbivore
have been documented (van der Meijeéeml, 1984; Leect al, 2002; Clissolcet al, 2006;
Zehnder and Hunter, 2009), the effect of excessnesigm (in herbivore diets) on the
performance of insect herbivores needs further x@ats and comments before drawing
any firm conclusions. In sum, this study shows it relationships between spatial and
temporal variations in leaf characteristics (such raagnesium, nitrogen, phosphorus,
potassium and lignin concentrations) and insecbitiere performance are more complex

than previously thought.
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CHAPTER 6

Larval feeding history in Pareuchaetesinsulata and itsimplicationsfor biological

control of Chromolaena odorata

6.1 INTRODUCTION

Recent studies have demonstrated that the relatmmsbetween food quality and
phytophagous insect performance are more compbax pheviously thought (Clissokt al,
2006; Rodeet al, 2008; Zehnder and Hunter, 2009; Joetrral, 2012; also see Chapter 5).
These relationships remain complex because insefdrpnce and performance can be driven
by plant traits which are sometimes difficult tosehtangle (Jermy, 1984; Bernays and
Chapman, 1994; Hull-Sandeegs al, 2007; Clissolcet al, 2006) because of the multiplicity

of indirect biotic and abiotic effects that may k&ip a correlation (Hunter and Price, 1998).

Foliar characteristics of the invasive alien pl&tpdorataare known to exhibit seasonal and
spatial variations [mediated by climate (tempem@md rainfall) or sunlight] in the field (Uyi

et al, submitted; Chapter 5). WheD. odorataplants are exposed to direct sunlight, leaf
nitrogen and water contents are reduced and lemhteess is increased and this has been
demonstrated to compromise insect fithess becauiee mutritional imbalance in full sun
leaves (especially during winter) (Ut al, submitted; Chapter 5). The responsePof
insulata to these variations has been studied (Blyal, submitted; Chapter 5). Both the
parents and offspring of this herbivore performtdre{faster development time, increased
growth rate, larger pupal mass and improved fedyndvhen reared on leaves of plants
growing in shaded habitats (relative to full surbitets). However, the performance of

offspring whose parents fed on foliage differemnirthat which is available for offspring
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consumption and utilization remains to be establishThe knowledge of the impact of
feeding history or cross feeding in this insect dave implications for its population
dynamics and therefore on the biological contraCobdoratain South Africa because of the
presupposed shift in plant quality occasioned kg ¢bordinated and uncoordinated rapid
clearing of the weed and removal of trees withmtttinity of the weed. Due to the dynamic
forces operational in field situations, it is natpossible thaP. insulataoffspring whose
parents fed on a superior host plant (e.g. leat/@saats growing in shaded habitats), would
be confronted with nutritionally unbalanced foliageC. odorata(such as that growing in

full sun).

Several studies have suggested that the nutritistete of parents can influence the
performance of their offspring (Slansky and Scrild®85; Rossiter, 1991a,b; Fuentealba and
Bauce, 2012). For example, Fuentealba and Baucé&2)2@und that the nutritional
experience of spruce budwormCHoristoneura fumiferana(Clemens) (Lepidoptera:
Tortricidae) parents can influence the developntené and pupal mass of the offspring.
However, the quality and quantity of food that @sumed by an insect offspring influences
its overall fitness and performance, thereby aiifigcgrowth rate, development time, final
body mass, dispersal ability and probability ofvseal (Slansky and Scriber, 1985). Whether
the nutritional status of the parentsRafinsulata(fed on suitable foliage) can influence the
performance of their progeny that fed on a nutmgidy unbalanced diet or the current
(suitable) food consumed by larvae (whose pareatsoh nutritionally unbalanced diet) can

influence the overall fitness and performance &m@ifng remains to seen.

If there is a carry-over effect of host nutritiorgplality on the performance &f. insulata

offspring whose parents fed on shaded leaves fiouialy balanced diet) might perform
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equally well or better when fed on full sun foliagrtritionally unbalanced diet) but nate
versa The objective of this study was to investigatevte continuous shift in leaf nutrients
mediated by sunlight in shaded and full sun habiédtects the performance Bf insulata
progeny when fed on a diet similar to that which grarents were reared and on switched
diets. Larval feeding history was grouped into folasses; (i) FSFS: progeny were reared on
full sun foliage similar to their parental dietj)(SHSH: progeny were reared on shaded
foliage similar to their parental diet; (iii) FSStdross-feeding): progeny reared on shaded
foliage whereas the parents had been reared orsdull foliage and (iv) SHFS: (cross-
feeding): progeny reared on full sun foliage wherdfae parents had been reared on full
shaded foliage. The cross-feeding experiment wa®snpeed in order to understand hd®v

insulataprogeny will respond to a diet dissimilar to thdtich their parents fed on as larvae.

6.2 MATERIALSAND METHODS

6.2.1 Study system: site description, origin and maintenance of moths

Plant traits and leaf characteristics@fodorataplants growing in fields within the vicinity
of the South African Sugarcane Research InstitB&SRI1), Mount Edgecombe (29° 70’ S,
31° 05’ E), near Durban, South Africa, were studiBlde field chosen consisted of full sun
(or open) and shaded habitats and measured 0.@réeciThe full sun habitat was fully
exposed to sunlight and was dominated_bydoratawith a sparse population bf camara
while the shaded habitat was partially exposeditdight and consisted trees $f guineense
and bugweedS. mauritianumLight intensity (measured by a light meter, LX641, Taiwan)
differed significantly between the two habitats @met SE: 1882.100 = 34.251 and 358.233
+ 14.873 lux for open and shaded environment résdy; GLM ANOVA: F1 19= 921.243,

P < 0.0001). The field was initially used for growisugarcane and was last mowed on 22
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February 2012Pareuchaetes insulataias absent from this site at the time. Plants dised

this study in either habitat were all at the flowwgrstage (i.e. winter foliage).

The larvae oP. insulataused in the performance experiments were obtdnoad eggs laid
by F; adult females whose original parents were colteateMay 2013 on light traps at the
Sappi Cannonbrae plantation, Umkomaas’ (3 S, 30 46’ E) (south coast of KwaZulu-
Natal Province), South Africa, where the insectlelshed following large releases made
between 2001 and 2003 (Zachariadésl, 2011a). The parents (males and females) were
placed in aerated 700 ml plastic containers, eatt a5 cm diameter mesh window at the
top, with C. odoratastem cuttings plugged into ax565 x 3 cm moistened Oasié floral
foam block wrapped with aluminium foil for egg lag. They were provided with a cotton-
wool ball soaked with a 50% honey solution and keghe laboratory (25 + 2C, 65 *+ 10%
RH, L12:D12) at the Cedara Weeds Research Unit, AR@t Protection Research Institute
(ARC-PPRI), KZN, South Africa (29° 32’ S, 30° 16).EHatched larvae (from eggs laid)
were fed on cuttings with fully expanded leavesaot®d from plants in 25 cm-diameter pots
(see Uyiet al, 2014d for details of the potting medium). Theuleéng adults (1 virgin female
and 2 newly eclosed males) were placed in 700 miacoers as described above. To avoid
differences in egg provisioning (P6ykké and Mamit2012), the eggs of two females
(approximately of the same weight as indicated bygb mass) laid on the same night were

used for this study.
The performance experiments were conducted in @deature-controlled room maintained

at 25 °C, 68% RH and 12D:12L photoperiod at SA3RIgrochron iButtons (model DS

1923, Maxim Integrated Products, San José, CA, U&A,°C accuracy) were used to
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measure temperature and RH at hourly intervalsgésature range, 23.69 to 26.X® mean

+ SE, 24.84 + 0.0IC; RH range, 66.5 to 75.3%; mean + SE, 70.51 +®)3

6.2.2 Development and reproductive performance of Pareuchaetes insulata

These experiments only describe the performande. efisulataprogeny while that of the
parental generation has been described in Chapbérttis thesis. On the day of hatching,
larvae (= “progeny” in this experiment) were pladadividually, using a fine brush, into
transparent 100 ml aerated plastic containers [@mwa per container), each with a circular
screen window of 2.5 cm diameter at the top, liaethe bottom with moistened filter paper
to maintain RH and fe@€. odoratafoliage (fully expanded leaves taken from the udypsdf

of plants in the field) obtained from either shadedull sun habitat. One hundred replicates
(n =100 larvae) were used for each feeding higgjooyp (a total of 400 individuals was used
for this study). Leaf materials were replaced evi8yhours and frass were removed at same
interval for hygienic reasons (Ugt al, 2011). All leaf materials were obtained fresbidr
over 8 plants per habitat on each visit or coltectilate at the field site and replaced by new
materials from different plants every 48 hours. Tlhevae were monitored daily until
pupation and/or adult eclosion in order to recomttality and follow the duration of larval
instars and the pupal stage. Based on the numlsmaking pupae, the following variables
were recorded for both shaded and full sun folimgk-individuals: (i) total larval
development time, (ii) total immature developmaniet (duration from egg hatch to adult

eclosion), (iii) pupal mass and (iii) growth rapaipal mass (mg) / development time).

When the adults eclosed, 1 virgin female and 2 p@glosed males that had fed on one of
four treatments as larvae were placed in 700 miatoers as described above (as was done

for oviposition of field-collected adults) but theyere provided with stem cuttings (with
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leaves) of the plant type (shaded and full suny tied fed on as larvae. Twenty-one and 19
replicates respectively were used for FSFS and SH&&tments while 10 replicates each
were used for FSSH and SHFS treatments. The censaamd leaves were examined daily to

record adult mortality and realized fecundity (tatamber of eggs laid).

In this way, the larval feeding history ih insulataon shaded and full sun foliage as well as
on switched foliage between winter and spring (frduty 15" to October 6, 2013) under
constant laboratory conditions was studied. While tearing conditions were relatively
homogenous, the quality of the foliage offeredh® farvae could not be regarded as uniform
because it was obtained fresh from field sites.r@loee, any noticeable change in herbivore

fitness could be attributed to larval diet and fegdistory.

6.2.3 Statistical analysis

The effect of larval feeding history (as indicateg the feeding history group) and sex on
overall immature survival, larval development dimat total development duration, pupal
mass, growth rate and adult longevity were evatuatng univariate General Linear Model
analysis of variance (GLM ANOVA). When the overabsults were significant, the

difference among the treatments was compared ubi@gSequential Bonferroni test (for

rationale, see Rice, 1989). The effect of larvadfag history on realized fecundity was
evaluated using Generalized Linear Model (GLM) assg a normal distribution with an

identity link function. All analyses were performeading SPSS Statistical software, version

16.0 (SPSS, Chicago, IL, USA).
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6.3RESULTS

Larval feeding history affected the performancePofinsulata(Table 6.1; Figures 6.1-6.4).
When reared on full sun leaves, immature mortaligs higher in offspring from parents
reared on shaded leaves (SHFS) than those of t#bding history groups (Figure 6.1).
Progeny from parents reared on full sun leaves baelni the fastest larval and total
development times when reared on shaded leavedH)F&Rjure 6.2a,b), while prolonged
development was evident in the opposite cross-figedgioup (SHFS: progeny reared on full

sun foliage but whose parents had been rearedamtedHoliage).
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Table 6.1 General linear model (GLM) analyses andtfiects of larval feeding history on survivalyd®pment duration, pupal mass, growth

rate and adult longevity ¢tareuchaetes insulagarogeny.

Analysis Source of variation DF MS F-value P-value

Survival Feeding history 3 24900.250 19.611 < 0.0001
Total 399

Larval development durationFeeding history 3 369.712  128.109 < 0.0001
Sex 1 93.745 32.482 < 0.0001
Feeding history sex 3 2.464 0.854 0.465
Total 329

Total development duration  Feeding history 3 351.63 112.023 < 0.0001
Sex 1 0.397 0.126 0.722
Feeding history sex 3 1.807 0.576 0.631
Total 329

Pupal mass Feeding history 3 8059.874 26.200 < 0.0001
Sex 1 26783.653 737.192 <0.0001
Feeding history sex 3 65.189 0.212 0.888
Total 329

Growth rate Feeding history 3 36.089 100.810 < 0.0001
Sex 1 238.328 665.747 < 0.0001
Feeding historx sex 3 0.610 1.704 0.166
Total 329

Adult longevity Feeding history 3 44.437 26.270 < 0.0001
Sex 1 108.696 64.258 <0.0001
Feeding historx sex 3 6.175 3.651 0.013
Total 329

DF: degrees of freedom; MS: mean squares.
Statistically significant values are indicatedwid.
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Figure 6.1 The effect of larval feeding history B SHSH, FSSH and SHFS) on the
percentage survival (mean + SE) of combined imneastimges (first instar to adult eclosion)
of Pareuchaetes insulatarogeny reared under constant laboratory conditadar25°C, 12:12
(L:D) h. Only the quality of host leaves as foodikcbnot be regarded as a constant condition
because they were collected fresh from two diffefiid sites (shade and full sun habitats).
Comparisons with different letters indicate sigrafit differences (Sequential Bonferoni test,
P < 0.05). FSFS: progeny were reared on full suradal similar to their parental diet;
SHSH: progeny were reared on shaded foliage sinvldheir parental diet; FSSH (cross-
feeding): progeny reared on shaded foliage whetteaparents had been reared on full sun
foliage and SHFS (cross-feeding): progeny rearetutbsun foliage whereas the parents had
been reared on shaded foliage.
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Figure 6.2 The effect of larval feeding history 5 SHSH, FSSH and SHFS) on (a) larval
development duration, (b) total development durat{g) pupal mass and (d) growth rate of
Pareuchaetes insulatgprogeny (females and males) reared under cong&ddratory
conditions at 25°C, 12:12 (L:D) h. Only the quality of host leaves faod could not be
regarded as a constant condition because they eodlexted fresh from two different field
sites (shade and full sun habitats). Data repressdn + SE. Among-feeding history
comparisons were not significantly different if theame uppercase letter appears above white
columns (females) or if the same lowercase letmgears above black columns (males)
(Sequential Bonferroni tef < 0.05). For each feeding history, differencesveein males
and females are indicated with an asterisk (stuslénést,P < 0.05). FSFS: progeny were
reared on full sun foliage similar to their parémnli@t; SHSH: progeny were reared on shaded
foliage similar to their parental diet; FSSH (créssding): progeny reared on shaded foliage
whereas the parents had been reared on fun sagdoiind SHFS (cross-feeding): progeny
reared on full sun foliage whereas the parentsdeat reared on shaded foliage.

Pupal mass was higher in progenies that fed odeshizaves (SHSH and FSSH) irrespective
of parental diets, although there was no signifiagifference in pupal mass between these

two feeding history groups (Figure 6.2c). Likewisdien reared on full sun leaves, pupal

mass did not differ between progenies from paree&ésed on either full sun (FSFS) or
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shaded (SHFS) leaves. Growth rate was higher iggmyp that fed on shaded leaves (SHSH
and FSSH) irrespective of parental diets, althothgine was no significant difference in this

variable between these two feeding history grotjgufe 6.2d).
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Figure 6.3 The effect of larval feeding history B SHSH, FSSH and SHFS) on realised
fecundity of ofPareuchaetes insulatarogeny reared under constant laboratory conditain
25°C, 12:12 (L:D) h. Only the quality of host leaves faod could not be regarded as a
constant condition because they were collectedh fireen two different field sites (shade and
full sun habitats). Data represent mean + SE. Cosgas with different letters indicate
significant differences (Sequential Bonferoni té€sk 0.05). FSFS: progeny were reared on
full sun foliage similar to their parental diet; SH: progeny were reared on shaded foliage
similar to their parental diet; FSSH (cross-feedtingrogeny reared on shaded foliage
whereas the parents had been reared on fun sagdoiind SHFS (cross-feeding): progeny
reared on full sun foliage whereas the parentsoeaa reared on shaded foliage.
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Figure 6.4 The effect of larval feeding history B SHSH, FSSH and SHFS) on adult
longevity of Pareuchaetes insulat@rogeny (females and males) reared under constant
laboratory conditions at 28C, 12:12 (L:D) h. Only the quality of host leavesfaod could

not be regarded as a constant condition becaugemdr® collected fresh from two different
field sites (shade and full sun habitats). Dataesgnt mean + SE. Among-feeding history
comparisons were not significantly different if theame uppercase letter appears above white
columns (females) or if the same lowercase letmgears above black columns (males)
(Sequential Bonferroni tef < 0.05). For each feeding history, differencesveein males
and females are indicated with an asterisk (stuslénést,P < 0.05). FSFS: progeny were
reared on full sun foliage similar to their parémnli@t; SHSH: progeny were reared on shaded
foliage similar to their parental diet; FSSH (créssding): progeny reared on shaded foliage
whereas the parents had been reared on fun sagdoiind SHFS (cross-feeding): progeny
reared on full sun foliage whereas the parentsieat reared on shaded foliage.

In all treatments, larval development time was Emfpr females compared to their male
counterparts, but total development time did néfedibetween sexes. Females had higher
growth rate and heavier pupal mass compared tosnralall treatments. Realized fecundity
was higher in progeny that fed on shaded leaveStSBind FSSH) irrespective of parental
diets (GLM ANOVA: Waldy?® 35s= 308.437; P<0.0001; Figure 6.3), although thers na
significant difference in this variable betweenstdwo feeding history groups. Similarly,
when reared on full sun leaves, realized fecundity not differ between progenies from
parents reared on either full sun (FSFS) or shd8etFS) leaves. Finally, when reared on
shaded leaved. insulataprogeny from parents reared on full sun (FSSH)ketdd reduced

adult longevity (Figure 6.4). In all treatmentanfaes lived longer than males.
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6.4 DISCUSSION

This study was conducted to understand Hdwinsulataprogeny will respond to a diet
dissimilar (in nutrition) to that which their patsnfed on as larvae. Comparisons of
performance parameters were made among feediranhgtoups and the results showed that
progeny ofP. insulataperformed better on shaded leaves (SHSH and F$6568) odorata

irrespective of parental diets.

The higher mortality (40%) experienced by progemgt tfed on full sun leaves but whose
parents were originally reared on shade leaves §I8Eggest that a “negative switch” (i.e.
offspring from parents reared on shaded leavesrfgexh full sun leaves) in diet in the field
could bedeleteriousfor the population oP. insulata Although leaves o€. odorataplants
growing in shaded habitats are known to be nutritiiy unbalanced during winter relative to
autumn (with higher foliar nitrogen and magnesiuwnaentrations in shaded habitat
probably causing reduction in pupal mass and groatth as well as prolonged development
time), no difference in survival was detected wh&ao successive generations of the insect
were reared exclusively on full sun versus shadeslds (Chapter 5). The severe effect of
the negative switch in diet (SHFS) of offspring,pessed as high mortality, prolonged
development time, reduced pupal mass and growghreatforces the unsuitability of full sun
leaves as source of food fBr insulataand suggests that metabolic costs may be assbciate
with a change in diet from suitable quality to atritionally unbalanced diet (e.g.

Schoonhoven and Meerman, 1978).

The faster larval and total development times, legwpal mass and increased growth rate
in progeny that fed on shaded leaves, but whosengarfed on full sun (FSSH) leaves,

suggests that a “positive switch” (i.e. offsprimgrh parents reared on full sun feeding on
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shaded leaves) in diets did not come at a costerdhat it enhances offspring performance
(e.g. Shah and Liu, 2013). Shorter development tinag be important to larval survival

because the duration of larval exposure to predatparasitoids, pathogens and other
potentially harmful agents is reduced (Slansky,01Fbrdyce and Shapiro, 2003; Williams,
1999). The prolonged larval development time of d&rmoths (relative to males) and the
lack of a significant difference in total developméime between sexes in all treatments

concur with the findings of Uyt al (2014c).

The reductions in pupal mass in progeny that fedutinrsun leaves irrespective of parental
diets (FSFS and SHFS: negative switch) translatéal reduced fecundity. Reduced pupal
mass is known to affect fecundity B insulata(Uyi et al, 2014d) and in other insects
(Horek, 1993; Awmack and Leather, 2002). Althoughinsulatalongevity was shorter (with

a mean of 4.08 and 5.43 days for males and femedpectively) on the positive switch diet
compared to others, which lived for between 5 andays, longevity is unlikely to affect
fecundity in this insect because the moth is kntaviay over 74% of its eggs within the first
four nights, with peak egg-laying on th&" aight (Uyi et al, 2014d). While some studies
suggest that the nutritional experience of paremdy affect the performance of the progeny
(e.g. Rossiter, 1991a,b; Fuentealba and Bauce,) 206ttfers have reported the contrary (e.g.
Shah and Liu, 2013). The prolonged development &intethe reduced pupal mass as well as
fecundity ofP. insulataon the negative switched diet (SHFS) suggestgaents feeding on

a superior diet (e.g. shade foliage) may not corargyadvantage to their progeny especially

when the progeny are fed on nutritionally unbalandets (e.g. full sun foliage).
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6.4.1 Implicationsfor biological control

The effects of the negative switch in diet (i.dspfing from parents reared on shaded leaves
feeding on full sun leaves) dn insulatacan have important implications for the population
dynamics of this insect and on the biological cointof C. odoratain South Africa.
Chromolaena odoratagrows in an ever-changing environment that is attarized by
frequent clearings and the implementation of othanagement practices such as herbicide
applications. While these actions are likely toluahce the phytochemical (and nutrient)
dynamics ofC. odorataleaves (e.g. Chapter 5), the responsP.ahsulatato these changes
might be negatively affected as has been demoedtmatthis study because a negative switch
in diet may lead to high mortality (up to 40%), lmmged development time (5 days longer)
and reduced fecundity (by 27%). Consequently, Woslld decrease the populationskaf
insulatain field situations and reduce the impact of thislogical control agent in the field,
although if the ovipositing adult females respondflging to other infestations in search of
good quality plants on which to oviposit, such ragaeffects as demonstrated by the study

may be mitigated.

The poor performance exhibited by the offspring fled on the negative switch diet (SHFS)
points to full sun foliage as a poor quality foad P. insulata(at least during winter) (Uyet

al., submitted; Chapter 5). These results also shevimiportance of studying feeding history
in insects to fully understand the effects of atslwin the diet of an insect herbivore on its
performance. In conclusion, this study demonstrétas a negative switch in diet may be

deleterious foP. insulata
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CHAPTER 7

Effect of nitrogen fertilization on growth of Chromolaena odorata and the performance

of a specialist herbivore, Pareuchaetesinsulata

7.1 INTRODUCTION

The role of foliar nitrogen on the life-history itisa and population dynamics of insect
herbivores has received a great deal of attentidatton, 1980; Myers and Post, 1981;
Minkenberg and Ottenheim, 1990; Heard and Winter2000, Hinz and Mdller-Scharer,
2000; Wheeler, 2003; Cineros and Godfrey, 2001;dfyband Denno, 2006; van Hezewijk
et al, 2008; Zehnder and Hunter, 2009; Moran and Ggol&®14) primarily because
nitrogen is considered the most limiting macrorauttifor insect herbivores (Mattson, 1980;
McNeill and Southwood, 1978) and is the raw maldna protein synthesis (Sterner and
Elser, 2002). Most plants profit from increasedagen availability to a certain threshold by
increasing uptake (Herms and Mattson, 1992) andophwgous insects may respond to
variations in foliar nitrogen concentration by ieasing (White, 1993) or decreasing
(Awmack and Leather, 2002) feeding, depending @antplesource allocation and insect
nutritional requirements (Maschinski and Whitthaf89). Increased nitrogen concentration
in plants has been reported to improve the sunawdl growth rate of insects (Wheeler, 2003;
Scriber and Slansky, 1981; Minkenberg and Ottenh&®90; Huberty and Denno, 2006).
Also, increased body mass and fecundity, togeth#r population growth rate, have been
positively linked with nitrogen addition or incremknitrogen in host plants (Myers and Post,
1981; Minkenberg and Ottenheim, 1990; Heard andt&kton, 2000; Hinz and Mduller-
Schérer, 2000; Awmack and Leather, 2002; van Hgkestial, 2008). However, elevated

nitrogen levels in plants have also been reponteldaie no (e.g. Abrahamson and McCrea,

144



1986; Auerbach and Strong, 1981) or even negaBuagsonet al, 2004; Raubenheimet
al., 2005) effects on herbivorous insects. This cexip} in insect response to nitrogen
addition underscores the importance of understgnttis bitrophic interaction, if nitrogen is

to be effectively used in the enhancement of weelddical control.

The usefulness of nitrogen in mass-rearing of weelbgical control agents (Wheeler, 2001;
Wheeler, 2003), improving the population establishtof biological control agents (Heard
and Winterton, 2000; Hinz and Mdller-Scharer, 2008n Hezewijket al, 2008) and in
initiating insect outbreaks in weed biological goht(Room and Thomas, 1985) is only
beginning to be appreciated by practitioners. Fangle, increased nitrogen concentrations
in Cynoglossum officinale (Boraginaceae) resulted in a 25% increase irfébendity of its
biological control agentMugulones crucigeerbst. (Coleoptera: Curculionidae) and the
insect population increased in the field followinigrogen fertilization (van Hezewijkt al,

2008).

An earlier study (Uyiet al, submitted; see Chapter 5) highlighted the imguée of C.
odorataleaf quality for the growth, development and feditymof P. insulata In the study,
when the insect was reared Gnodorataleaves obtained from plants growing under shaded
conditions, the insect developed faster, had grea@al mass and increased fecundity.
These increases were associated with relatively higgogen and water content in the shaded
plants compared to plants growing under full-sundittons. While other inorganic nutrients
may be important in the development, growth andufain growth rates of phytophagous
insects (Perkinst al, 2004; Huberty and Denno, 2006; Behmer, 2009 &val, 2012; Ge

et al, 2013; Munzbergova and Skuhrovec, 2013), folidwogen content is ubiquitously

considered an appropriate indicator to measure plaality for herbivorous insects.
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Although the mass rearing and releasé® oinsulatais no longer a priority in South Africa,
knowledge of the response of this insect to inadastrogen fertilization of its host plar@ (
odoratgd may be of importance to other countries where weed is invasive. Most
importantly, such studies would help further ouderstanding of the nutritional ecology of
this arctiine moth, a species whose biology andoggo(see review in Conner, 2009) has
received limited attention. The objective of thigsdy was to investigate the effect of different
nitrogen fertilization levels on the performanceXfodorataand to elucidate the response of

P. insulata(both larvae and adults) to fertilization©f odorata

7.2 MATERIALSAND METHODS

7.2.1 Study system, test plantsand insect cultures

Chromolaena odoratalants were grown from stem-tip cuttings colledtexin several plants
along a stretch of road near Durban, South Afrigiailarly sized stem-tip cuttings were
initially planted in vermiculite with rooting horme (SeradiX No 1) and placed in a mist
bed before they were later planted in nursery g@25%cm-diameter) containing a standard
potting mixture (Umgeni coarse sand: Gromor Pottitegliunt, 1:1) in September 2013. In
October 2013, three hundred plants were assigndtirée different nitrogen fertilization
levels (high, medium and low) with 100 plants pertifizer treatment. Plants in high,
medium and low fertilization treatments received.5139.6 and 5.8 g of Plantacote
(Plantacote, AGLUKON Spezialduenger GmbH & Co. K&rmany; 14 — 8 — 15, N-P-K;
the various treatments did not exceed the recomatemd of the manufacturers)
respectively in a slow release formulation. All ar@ent plants were maintained in a
greenhouse tunnel at the ARC-PPRI Weeds Biologi€ahtrol Unit, Cedara, near

Pietermaritzburg, South Africa, between Septembyal @ctober 2013, before they were

146



transferred outside in November 2013. All treatmgiants were hand-watered with a hose
pipe and benefited equally from rain water. The in@dfertilizer treatment (9.6 g) represents
the range (8 — 10 g) used for routine plant maemeer for a variety of experiments with

other biological control agents suchlasaemulusandD. odorata(pers. obs.). Plants were

grown at a higher fertilization level (13.5 g) tetdrmine ifP. insulatalarvae would benefit

from feeding on higher quality leaves.

For this studyP. insulataindividuals were collected in the Sappi CannonliPéntation,
Umkomaas, KZN province, South Africa (303’ S, 30 46’ E) where the insect established
following large releases made between 2001 and g0@Ghariadegt al 2011a). The insect
was maintained in the laboratory for about five grations, onC. odorataleaf bouquets
collected from the field, at 25 +°Z, 60 + 10 % relative humidity (RH) and at a phe&iopd

of 12:12 (L:D)h. All insect trials were performendside a growth chamber (Labcon, South
Africa) set at 25C and 12:12 (L:D) h photoperiod. Hygrochron iBuggqnmodel DS 1923,
Maxim Integrated Products, San José, USA, T5 accuracy) were used to measure
temperature (hourly readings range, 24.1 to 25G4mean = SE, 24.83 £ 0.0C) and RH

(hourly readings range, 67.4 to 78.9%; mean + 3H ¥ 2.35 %) inside the chamber.

7.2.2 Effect of fertilization on plant and leaf characteristics

In December 2013, the longest leaf lengths oC1®dorataplants (5 leaves per plant) each
belonging to one of three treatments were measBaskl stem diameter and the height of
the main shoot were also measured for the resgetttilization treatments (n = 15 per

treatment). In February 2014, the above-groundspafrfive randomly selected plants from

each fertilizer treatment were harvested and s&gmhiato leaves and stems, oven dried for

72 hours at 64C and weighed to obtained dry biomass. In the senoeth, leaf materials
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(fully expanded leaves taken from the upper halth& plants) were collected from five
randomly selected plants in the respective treatsnand the nitrogen content of the leaf
samples was analysed. The leaves were dried ftwodgs at 65C and the nitrogen content
was determined as a percentage of dry weight wsiigN analyser (TruSp8dCN, LECO,

MI, USA).

7.2.3 Effect of fertilization on insect survival, development and fecundity

On the day of hatchind?. insulatalarvae were placed individually (with the aid ofiae
brush) into transparent 100 ml aerated plasticainats with circular screen windows (2.5-
cm-diameter at the top) lined at the bottom withistemed filter paper (to maintain relative
humidity) and fed withC. odorataleaves obtained from plants in one of the threatinent
levels. The advantages of this protocol have beearmented in previous studies (e.g. Eyi
al. 2014c,d, Chapters 2 and 3). Larvae (n=100 pditiZer treatment) were fed with fresh
fully expanded leaves (taken from the upper hathefplants) every 48 hours and their frass
was removed at the same interval for hygienic neagblyi et al, 2011). The larvae were
monitored daily until pupation and/or adult eclosim order to record mortality and/or to
follow the duration of larval instars and pupaeeTiotal development duration (duration
from egg hatch to adult eclosion) was recorded datyindividuals that survived to adult
eclosion, in all three treatments. Pupae were veeigB days after pupation), although only
those that successfully eclosed were used in tiaé statistical analysis. Upon adult eclosion,

adult longevity was measured.

When the adults emerged, one virgin female andrtewly eclosed males that had fed as
larvae on the same fertilizer treatment were planeadd 700 ml containers as described in Uyi

et al (2014d; Chapter 2), and provided with stem cg#ifwith leaves) from this treatment.
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Fifteen replicates each were used for high and umedreatments while 19 replicates were
used for the low fertilizer treatment. Containensl éeaves were examined daily to record the

number of eggs laid (i.e. fecundity) and adult lewvigy.

7.2.4 Statistical analysis

Plant data (nitrogen concentration, basal stem eliam height of main shoot, length of
longest leaf and leaf- and stem-biomass) satighedassumption of parametric tests (after
Shapiro-Wilk’s test for normality and Bartlett'sstefor homogeneity of variances). A one-
way analysis of variance was used to evaluate fieeteof fertilization on plant and leaf
characteristics. When the results were significghge differences among fertilization
treatments were compared using Tukey’s Honestlgifiegnt Difference (HSD) test because
of the equality of sample sizes. The effect ofiliedtion treatments on total development
duration, pupal mass, female fecundity and adulgdwity of P. insulatawere evaluated
using General Linear Model analysis of variance MGANOVA). Due to the unequal
sample sizes among treatments in insect performarale, means were compared using
Tukey-Kramer’s test. With the exception of the GIAWOVA that were performed using
SPSS statistical software, version 16.0 (SPSS INSA), all analyses were performed using

GENSTAT statistical software, version 14.0 (VSNeimational Ltd, UK)

7.3RESULTS
7.3.1 Effect of fertilization on plant and leaf characteristics
The percentage leaf nitrogen concentration wasenited by fertilization treatments (Table

7.1; Figure 7.1a).
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Table 7.1 Results of a one-way ANOVA for effectstoke fertilizer treatments on
Chromolaena odoratalants.

Response variable Source of DF MS F-value P
variation

Nitrogen (%) Treatmen? 2 1.503 10.85  0.002
Error 12 13.861
Total 14

Basal stem diameter (cm) Treatm&ht 2 0.504 44.01 <0.001
Error 42 0.012
Total 44

Height of main shoot (cm) Treatmétit 2  1527.301 12.59 <0.001
Error 42
Total 44

Length of longest leaf (cm)  Treatméfit 2 14.174 17.82 <0.001
Error 42 0.796
Total 44

Leaf biomass (g dry mass) Treatméht 2 47.218 18.53 < 0.001
Error 12 2.576
Total 14

Stem biomass (g dry mass) Treatri@&nt 2 636.727 34.21 <0.001
Error 12 18.612
Total 14

DF: degrees of freedom.

MS: mean squares.

*Treatments: three fertilizer levels, viz. high, riugd and low.

Foliar nitrogen concentrations of plants in the medand high treatments were 23.6 and
34.5% higher than plants that received low fedtiian, although foliar nitrogen did not differ
between high and medium fertilization treatmentgyhH and medium-fertilized plants had
significantly greater stem diameter relative to {f@stilized plants (Table 7.1; Figure 7.1b).
High- and medium-fertilized plants were taller dmatl leaves that were on average longer

(26% and 19.8% for high- and medium-fertilizer treants respectively) than those of low-

fertilized plants (Table 7.1; Figure 7.1 ¢ and d).
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Above-ground biomass (leaf- and stem-biomass) wHseinced by fertilization treatment

(Table 7.1, Figure 7.2 a and b). While high- anddim@-treatment plants had higher leaf
biomass relative to low-fertilized plants, the @hrdifferent treatments resulted in different
stem biomass with the high-fertilizer treatmentihgwvthe greatest stem biomass (over 1.5

fold greater than the low-fertilized plants).
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Figure 7.1 Effect of fertilization on foliar nitreg (a), basal stem diameter (b), shoot height
(c) and the length of longest leaf (d) @hromolaena odoratglants. F-ratios of one-way
ANOVA with fertilization treatments as factors ageven in Table 1. Means (= SE) with
different letters above bars are significantly eliéint P < 0.05) after Tukey’'s Honestly
Significant Difference (HSD) test.
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Figure 7.2 Effects of fertilization on leaf (a) astm (b) biomass dZhromolaena odorata
F-ratios of one-way ANOVA with fertilization treaents as factors are given in Table 1.
Means (x SE) with different letters above bars significantly different P < 0.05) after
Tukey’s Honestly Significant Difference (HSD) test.

7.3.2 Effect of fertilization on the performance of Pareuchaetesinsulata

Total immature survival (first instar to adult esilon) was high (between 90 and 97%) and
was not significantly influenced by plant fertiltzan (Pearson®= 3.96, d.f. =2P = 0.138)
(Figure 7.3). While adult longevity did not sigaidintly differ (GLM ANOVA: F, 279= 1.77,

P > 0.173) according to fertilizer treatments, devetept duration (GLM ANOVAF; 279=
67.70,P < 0.001), pupal mass (GLM ANOVZA:; »79= 4.58,P = 0.011) and the fecundity of
the adult progeny (GLM ANOVAF; 43= 4..70,P = 0.014) were significantly influenced by
fertilizer treatments (Figure 7.4 a-d). Individudlsat were fed on leaves from high- or
medium-fertilizer treatments developed faster aad kreater pupal mass and improved

fecundity compared with those that fed on leavesifthe low-fertilizer treatment.
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Figure 7.3 Effect of fertilization o€hromolaena odoratglants on the percentage survival
(mean + SE) of combined immature stageBafeuchaetes insulata
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Figure 7.4 Effects of fertilization a€hromolaana odoratgplants on development duration
(@), pupal mass (b), female fecundity (c) and abthrigevity (d) ofPareuchaetes insulata
Means (x SE) with different letters above bars significantly different P < 0.05) after
Tukey-Kramer test.
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7.4 DISCUSSION

This study showed that fertilization significanthfluences characteristics 6f. odorata For
example, plants that received high- or mediumifeeti treatments had higher foliar nitrogen
concentrations, greater basal stem diameter, loslysots, longer leaves and increased leaf-
and stem biomass compared with low-fertilizer meait. Although no previous published
studies exist on the response®fodoratato varying nitrogen levels, it is widely known tha
plants respond positively to fertilizer additionxgerimentally, nitrogen addition has been
linked with improved plant traits or leaf charactécs such as longer shoots and leaves,
increased number of shoots and leaves, high nitragacentration, and increased flowering
in a number of plants including Scentless Chamagnhifipleurospermum perforatuiiiMérat)
Lainz (Asteraceae) (Hinz and Mauller-Scharer, 200D)e improved performance df.
odorata in the high- or medium-fertilization treatments tims study is analogous to the
performance ofC. odorataunder shaded field conditions documented in ChapteFor
example, the foliar nitrogen concentrations of 4l&corded for the high-fertilizer treatment

is similar to the 4.03% recorded on plants growindger shaded conditions in autumn.

While there were no significant differences in imtara survival and adult longevity &f.
insulata development time was faster, pupal mass was éeand improved egg production
was evident in individuals that fed on leaves frbmgh-fertilized plants. The similarity in
total survival of individuals that fed on plantsiin the three fertilizer treatments suggests that
nitrogen levels were still too high in the low feézer treatment (3.1%) to negatively affect
survival. The equally high survival (84-98%) receddin individuals that fed on leaves
(obtained fresh from sunny habitat field sites)la# nitrogen concentration (2.8%) in an
earlier study (Uyiet al, submitted, Chapter 5) support this conjectuddthough increased

foliar nitrogen concentrations have been reportdniprove insect survival (including
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biological control agents) (e.g. Wheeler, 2003; &ttyp and Denno, 2006), studies have also
demonstrated that increased nitrogen can have teaheu negative effect on insect survival

and population levels (Chapter 5).

Medium or high fertilization reduced the total demment duration by 2 to 2.5 days and
increased pupal mass by 8% compared with low iEatibn. It is assumed that a faster
development time is advantageous for offspring.sPdes advantages could be that a fast
development time on nitrogen-rich foliage might mpde fitness in growing a population

with overlapping generations. Another advantagdast development might be a higher
chance of survival as predicted by the “slow-grewidgih-mortality hypothesis” (Williams,

1999). This hypothesis suggests that slow-growimyae suffer greater mortality from

natural enemies, unfavourable environmental camutiand other mortality factors (Benrey
and Denno, 1997; Williams, 1999; Fordyce and Sloa@003). Faster development duration
in insects in response to increased fertilizatianimcreased foliar nitrogen has been

previously documented (Heisswelf al, 2005; Huberty and Denno, 2006; Chapter 5).

Most importantly, the 8% increase in pupal masdividuals that fed on leaves from high-
or medium-fertilization treatment led to improveecdindity of the resultant adult females.
Increased pupal mass and female fecundity has f@sously linked with increased foliar

nitrogen or high fertilization of host plants (Hiand Muller-Schéarer, 2000; Wheeler, 2003;

van Hezewijket al.,2008; also see Chapter 5).

Although this study demonstrated tlratinsulataresponded positively (in terms of reduction
in development time and increased fecundity) taeased nitrogen or fertilization, other

studies have reported negative effects of higlogén concentrations on insect performance
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metrics (e.g. development time, pupal mass) (eagtléy and Lawson, 1992; Biroht al,
1992; Clissoldet al, 2006). Boesma and Elser (2006) postulated theeq of high plant-
nutrient concentration being energetically costiyherbivores. In situations where nutrient
concentrations (e.g C:N) in the host plant (duenitmogen addition) exceed herbivore
threshold elemental ratios (TER) (i.e. if host plalemental content is higher than the level
that satisfies herbivore requirement), the excdéssiental composition would have to be
excreted (Boesma and Elser, 2006). If excretioanisrgetically costly, then herbivores that
consume foliage which exceeds TER will exhibit stowgrowth, reduced reproduction and
reduced population growth rates. Results from sdvstudies have supported this. For
example, Leeet al (2002) showed a decrease in pupal massSmddoptera littoralis
(Boisduval) (Lepidoptera: Noctuidae) on a diet whigh protein to carbohydrate ratio, while
Clissoldet al (2006) showed that excess nitrogen relative tbateydrate led to elongation
in development time in the nymphs of Australiangpla locust,Chortoicetes terminifera
Walker (Orthoptera: Acrididae). The lack of sigo#nt differences in insect performance
metrics between high- and medium-fertilizer treattadn the current study suggests that a
foliar nitrogen content of leaves of 3.84% in thedwm-fertilized plants satisfied the
nitrogen requirement d?. insulataand that foliar nitrogen content in both high anedium

treatments did not exceed herbivore TER.

7.4.1 Implicationsfor biological control

Although the biological control programme agai@istodoratain South Africa is no longer
mass-rearing and releasiigy insulata other countries in Asia or Africa wit@. odorata
infestations may benefit from the findings of thesearch. This study showed that the use of
9.6 g (for medium-fertilizer treatment) not onlycreased foliar nitrogen content f@.

odorata it also led to a reduced development time andltex$ in improved pupal mass and
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number of eggs laid iR. insulata thus suggesting that the mass-rearing of the mwotlid
benefit from increased foliar nitrogen content agtcertain level. These results also suggest
that when larvae are reared on leaves with mone éha.84% nitrogen content, there might
be no additional increase in benefits and thatafohitrogen content above 4.1%
odoratamight be associated with a fithess cost (e.g.dtead., 2002; Clissolct al, 2006) —
presumably because of elevated metabolic costedeta catabolising protein (for use as an
energy source) and excreting excess nitrogen (8dbrp 1986; Boersma and Elser, 2006;
Clissold et al, 2006). The findings of Chapter 5 support thisduse individuals oP.
insulata that fed on leaves with nitrogen concentration4d% experienced prolonged
development and reduced pupal mass as well as eddiecundity compared to their

counterparts that fed on leaves with 4.0% nitrogen.

The positive response @. odoratato fertilization and the corresponding improvedaat
performance on high- and medium-fertilized plants/éh several important management
implications. First, the mass productionff insulataat high- and medium-fertilizer levels
will reduce development time and increase fematridity. Second, when considering
factors for the selection of agent release sitascent populations of this agent will establish
and build up populations more rapidly at sites whee foliar nitrogen content of host plants
is high (or in high-fertilization sites) because @&freduction in development time and
improved fecundity. Finally, ifP. insulatais to be reared in a small open field for mass
production and redistribution, fertilization &. odorata will result in rapid increase in

population growth rates and fitness of the colony.

This study showed th&. odoratapositively responded to fertilization and that gpecialist

herbivore performed better on high or medium fiegd plants compared to low fertilizer
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treatment. The inability to demonstrate significalifferences in survival oP. insulata
among all three fertilizer treatments and the latkdifferences in insect performance
between high- and medium-fertilization treatmengsterate the fact that relationships
between nitrogen levels in host plants and phytgphsa insect performance are not simple.
This study is the first report of the effect of tiigization on C. odorata and on the
performance oP. insulata thus contributing to our understanding of theritiohal ecology

of erebid moths in the subfamily Arctiinae.
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CHAPTER 8

8.1 GENERAL DISCUSSION

The increasing attempts to limit the spread andédduce the negative impacts of invasive
alien plant species in their adventive ranges acnaBly result in the introduction of natural
enemies, especially insects, as biological comgents, from the native range of the plant by
biological control practitioners. The success aldmgical control agents in their introduced
range is sometimes constrained by a multiplicitybiitic (e.g. predators, parasitism, plant
genetic variation) and abiotic (e.g. climate, hatbviariation, soil nutrients) factors which may
limit their efficacy and even result in the failuwesome agents to establish. Weed biological
control has been relatively successful, but thereoom for improvement in certain areas.
These include (i) early-programme work such as g@betype matching of the origin of the
weed (e.g. Goolsbet al, 2006; Paterson and Zachariades, 2013), and tadiramnilarity
between the native and introduced ranges of ant §Betertsoret al, 2008), both of which
can have a knock-on effect on agent performange Qeayet al, 2004) and consequently on
the success of the biological control programmg; l@boratory-based assessment of the
biological attributes of the species in questioniclkhmay make it a promising or poor
biological control agent, including measures off@sundity, mating behaviour, development
time and survival, thermal physiology, and relapezformance on different genotypes of the
target weed; and (iii) post-release evaluationrokatablished agent, conducted in-field and
at several levels or stages: the eventual distabwind population levels of the agent, which
could be influenced by climatic factors or mortaldue to predation and parasitism; the
impact it has on the target weed at individual podulation levels; and the agent’s indirect
positive impact on resources that had been nedptivepacted by the weed, and had

motivated the weed’s control in the first place.
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Such ‘non-core’ studies are often not undertakemarily due to a lack of resources (Syrett
et al, 2000, Thomas and Reid 2007, Moeh al, 2009), and because in the case of post-
release evaluations they are long-term and diffidttiere is also often pressure on biological
control practitioners to move on to other agentd weeds. In particular, biological control
practitioners do not often adequately assess agjeatthrave established but have seemingly
performed inadequately. It is important to asses$ @igents for various reasons, such as to
allow improved agent selection in future; to betjgantify the impact of a biocontrol project
on the target weed and thereby decide whetherdudbents are needed; and to assess the

cost-effectiveness of weed biological control coregao other control methods.

The studies in this thesis were conducted in otddretter understand the apparently poor
performance of the specialist herbivd?e insulataon C. odoratain north-eastern South
Africa, following the establishment of the biologicontrol agent there in 2004. Of the thirty
sites where large numbers (about 1.9 million irdlnals) of the insect were released, it is
thought to have established at only one site, framere it has since spread to other areas
(although recent outbreaks of the insect in nonth€ZN (Strathie and Zachariades, 2014)
have cast some doubt on this). Apart from occasiomibreaks oP. insulata(Zachariadest

al., 2011a; Strathie and Zachariades, 2014; pers), atsspopulation has generally remained
very low and consequently its impact has been blriand generally thought to be low. Its
performance was thought to be poorer than thasafangeneP. pseudoinsulatan many of

the areas where the latter has established.

Although questions of the origin of the biotype@fodoratainvading southern Africa, and
the most climatically similar areas of the Ameridasn which to collect candidate biological

control agents have been addressed (Robeetsah, 2008, Paterson and Zachariades 2013),
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the response of individual agents to imperfect gener climatic matches can best be
assessed through controlled laboratory trials. Sdrees of studies comprising this thesis has
done this forP. insulata addressing specifically (i) the relative perforroa of the insect on
C. odoratafrom Florida, USA, from where it was collecteddahe SA biotype of the weed,
on which it established, and which is geneticatlgntical only to plants from Jamaica and
Cuba; (ii) various aspects of the thermal physiglogthe insect, from which predictions of
its performance in the climatic conditions acrosmut8 Africa were made; and (iii) its
responses to variation in plant condition, whichswachieved through manipulation of
fertilization regime, and sampling across seasah labitat. The biology of the insect was
also studied in greater detail than previously, poskible implications of this for its success
as a biological control agent assessed. Time agidtical constraints precluded conducting

life-table studies in the field to assess mortakies and causes.

This concluding chapter discusses the some of dinéributing factors (biotic and abiotic)
suspected to be responsible for the apparent pardormance of. insulataas a biological
control agent in South Africa. As it was not possito address all possible reasons for poor
performance oP. insulataduring the course of these studies, future usakds of research
on P. insulataare discussed. Further, the implications of tleisearch for the biological
control programme again€l. odorataand the direction of future research for the cdrtfo

C. odorataare discussed, as is the contribution of theselesgud the discipline of weed
biological control in general. Some of the studiehin this thesis were not of great
relevance to biocontrol, but rather to the ecolofjplant-herbivore interactions; these results

are discussed in that context.
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8.1.1 The biology of Pareuchaetesinsulata

In the laboratoryP. insulatadisplayed good biological attributes such as ligghale mating
success, fecundity, egg hatchability and survifahomature life stages (Chapter 2). It thus
appears unlikely that the basic biological attrdsutof P. insulata prevent population
increases in the field. In contrast, Boughton aachBerton (2012) showed that aspects of its
life history traits (e.g. fecundity) may explainettestablishment failure of the biological
control agentAustromusotima camptozonglldampson) (Lepidoptera: Crambidae) released
against the old world climbing ferhygodium microphylluniCav.) R. Br. (Lygodiaceae) in
Florida, USA. The only biological trait d?. insulatawhich may negatively impact field
populations is the absence of protandry and theilplespresence of protogyny, because adult
females emerge before males. The absence of prgtamdégmall populations or in insects
with a short-lived adult stage (eR. insulatg can lead to matelessness and can even result in
local extinction (Calabrese and Fegan, 2004; Fauser2013). However, further speculation
on the consequences of the absence of protandtiieopopulation dynamics of this moth
should be deferred until field studies on adult ejarce phenology and mating behaviour of
this insect are conducted. Also, data concermiate finding and the relationship between
male moth density and female mating success willneeded to elucidate further, how

protandry and protogyny influence female matingcess or failure.

8.1.2 Theinfluence of climatic factorson the performance of Pareuchaetesinsulata

The effects of low temperatures on the life histvayts of classical weed biological control
agents have explained the failure of some bioldgoxatrol programmes (McClay and
Hughes, 1995; Byrnet al, 2002; Coetzeet al, 2007) partly because temperature is a
critical factor affecting the performance and bebaw of insects (Balet al, 2002; Chown

and Terblanche, 2007; Mazzi and Dorn, 2012). Asteetmic organisms, the physiological
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processes of insects are highly sensitive to teatpey. Development rates, longevity,
fecundity and locomotion abilities are stronglyeatied by environmental temperature (Bale
et al, 2002; Ferreet al, 2014). Consequently, life-cycle events and paipah decline or

profusion in time and space are modified by expmdarextreme low or high temperatures

(Ward and Masters, 2007; Robinet and Roques, 2010).

Exposures to low temperatures at short or long deales have both direct and indirect
effects onP. insulata(Chapter 4). At constant temperatures below@psurvival declined
while development time was prolonged. Direct mdagtadnd the indirect effects of low
temperatures such as increased mortality resuftioigp slow development and increased
exposure time to natural enemies may prove to tastaphic to the population levels of this
insect in the field during winter in the distriboiti range ofC. odoratain KZN province.
Furthermore, slow development of tReinsulataover winter would result in a lower rate of
population increase and this may consequently eedoe impact of the moth on the weed

population.

The results obtained from iButtons placed 60 cmvabground level in Sappi Cannonbrae
plantation, Umkomaas, suggest that absolute miniramperature can be as low as 4.6, 6.6
and 5.1°C in the winter months of June, July and Auguspeetvely compared with the
moth’s developmental threshold of 11.3. Temperatures close to or below the
developmental threshold often retard development ianmany cases increase mortality
(Savopoulou-Soultaret al, 2012). The mean daily temperature (suspendetaBs) at the
Sappi Cannonbrae plantation, Umkomaas, was 15.1 Hné °C in June and July
respectively. Given that only 10.0% of the mothsvsied to adult emergence in the

laboratory when reared at a constant temperatuld 6€ and that development was almost
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four times longer compared with those reared abmstant temperature of 28, this
suggests that low winter temperature could be a&etpr responsible for low populations of
P. insulatain South Africa. Several other studies have shtivan the potential distribution of
biological control agents is associated with tladitity to tolerate cold temperatures, which is
essential for permanent population establishmegtn@et al, 2003; Coetzeet al, 2007;

Lapointeet al, 2007; May and Coetzee, 2013).

Reductions in development time and body size dtdrigemperatures are not uncommon in
ectotherms. This plastic response to variatioemgerature is referred to as the temperature-
size rule (TSR) and holds true for more than 80%lbthe ectothermic species (Atkinson,
1994; 1995; Kingsolver and Huey, 2008). Such reacthorms also apply to several
Lepidoptera species (Davidowitt al, 2004; Fischer and Karl, 2010). While the current
study (Chapter 4) did not explicitly test the TSRdemonstrated support for this rule, as
development time was prolonged at low temperatéihough pupal mass was not
measured, reduced egg production was evident imléemdults that were exposed to low
temperatures. Because the females used for thly stare reared at a constant temperature
of 25°C, it is inappropriate to relate the low egg prdducto the TSR. The low number of
eggs produced at extreme low and high temperatuigist be due to physiological damage
suffered by the insect. This result suggests filyaiale adults of. insulataincur fithness
costs at low temperature in terms of prolonged libgveent times and reduced lifetime egg

production.

Models that use both laboratory developmental dath long-term climate records can be
useful for predicting the geographic distributiofy and favourable areas for, permanent

establishment of biological control agents (May &utzee, 2013). In this study the number
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of generations per year fd?. insulatavaried from 1 to 8.9 generations across the four
provinces in South Africa whei@. odoratais present. Clearly, in areas where less tharethre
generation per year is possible, permanent edtadist might be precluded. The model
predicted a range of 3.1 - 7.5 generations per fggd?. insulatathroughout KZN province,
which indicates the existence of favourable coodgi(especially along the coastal belt) for
establishment of this agent. The predicted numbeenerations in all areas in KZN where
the moth is currently present ranged between 6d47ah generations. This suggests that the
moth may readily establish at locations in Limpaw Mpumalanga provinces with more
than five generations per year. As a separate isstiee numbers of generations of the moth
per year, establishment may be precluded in arets avpronounced temperate climate

because of low temperatures.

In addition to the direct mortality (discussed ea)| thermal stress can also cause neuronal
damage (Chown and Terblanche, 2007). Althoughsthidy showed that direct mortality due
to low temperature for a short term exposure (@.% hours) might be trivial, it is evident that
low temperatures (6 and 1°C) negatively affected locomotion performance afvée,
suggesting that the insect would be unable to éeedove during winter when temperatures
falls below 6°C . This might have a significant impact on the ydapon levels of the insect
because increased exposure to low temperatureseacyo starvation and inability to escape
from natural enemies. While the above hypothesisbEavalidated by the low temperatures
recorded at the suspended microsite (at Sappi @dnae plantation, Umkomaas), further
studies on the effects of temperature on the flgdrformance (e.g. Ferret al, 2014) and

on mating behaviour d?. insulataare desirable.
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The findings of this study partially support thenbécial acclimation hypothesis (BAH), as
there was a clear beneficial effect of acclimatiolow temperature (when exposed to low
temperatures, locomotion performance was much iwgaton cold acclimated individuals).
Only few studies using lepidopterans have testedBAH (Sibly et al, 1997; Woods and
Harrison, 2001; Chidawanyika and Terblanche, 2G&treret al, 2014). With the exception
of Ferreret al (2014) who studied the effect of temperature arpeed during development
(thermal acclimation) on flight performance Gfrapholita molesta(Busck) (Lepidoptera:
Tortricidae), other workers investigated the effettacclimation in terms of plasticity in
thermal limits through the evaluation of surviv@he current study investigated the effect of
acclimation on locomotion performance kh insulatalarvae. The result emphasizes that
locomotion abilities of the larvae of the moth akected by the climatic conditions of
individual development, and hence may differ actmydo seasonal fluctuation. This result
suggests that biological control agents schedwededlease in winter or late autumn should
be mass reared at low temperatures to enhanceioriggpthe performance of such agents in
the field. The result also implies that the harndtiects of low temperatures in winter may
not be as great as expected, because larvae begomdeally acclimatized to low

temperatures.

Low winter temperature may also have indirect negagffects (through variation in host
plant quality, expressed as increased leaf nitrogewinter) on the performance &.
insulataas has been suggested in Chapter 5, because tiggreba a fitness cost associated

with excess foliar nitrogen (e.g. Boersma and EB@06; Clissolcet al, 2006).

Other climatic factors such as relative humidityl aainfall can also directly or indirectly

influence the distribution and establishment ofldmecal control agents and other insect

166



species (Dempster, 1971; Byree al, 2002). For example, the effect of desiccatioraas
result of low humidity and rainfall has been shotencause egg failure and rapid death of
first instar larvae ofP. pseudoinsulatan Trinidad (Cruttwell, 1972). The contribution of

these factors to the variable performanc® ahsulataneeds to be explored.

Zachariade®t al. (2013) documented the presence of the AWABbdoratain a number of
eastern and southern African countries such as &enhgnzania and possibly Malawi and
Mozambique. These areas are more tropical, sometiwith higher rainfall and a less-
pronounced winter compared to South Afriareuchaetes pseudoinsulasafrom a tropical
origin (Trinidad) wheread?. insulataand P. aurata auratawere collected in the more
subtropical areas of Florida/Jamaica/Cuba and weth Argentina respectively, and would
therefore be expected to maybe perform better tiSéfrica. Tropical climates in the
aforementioned eastern and southern African casitnmay be more suitable for
Pareuchaetespecies, as has been reported in West Africa amer atopical regions (see
Zachariadeet al, 2009) wheré. pseudoinsulataas established. With the current spread of
P. insulatain South Africa (Zachariadest al, 2011; Strathie and Zachariades, 2014), it is
not impossible that this species may eventuallyeagrinto one of the aforementioned
countries. IfP. insulataeventually spread into these countries, the cknmaay well support
its performance and consequently help to reduceptipailations of the AWABC. odorata

present there.

8.1.3 Theinfluence of host-plant factors on the performance of Pareuchaetesinsulata
A great deal of literature has accumulated andicoes to be generated which links the
quality of food to the performance of insect hedoes (e.g. Preszler and Price, 1988, Price,

2003; van Hezewijket al, 2008). The suitability of the plant as a food reeufor a
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monophagous or oligophagous insect is influencedbdiirn chemical factors in the form of
both nutrients and deleterious chemicals; and physttributes such as the presence of
trichomes and the physical toughness of tissueturmthese are influenced by a variety of
factors such as the genetic make-up of the plaritnatrient levels and other soil properties,

light levels and weather or climatic conditionsgseferences in Chapters 3, 5, 6 and 7).

Ecologists have long debated the relative impogaoicbottom-up (i.e. plant quality) and
top-down (predation and parasitism) effects on gbpulation dynamics of phytophagous
insects (Dempster, 1971; Isaacson, 1973; Brie®§;1Preszler and Price, 1988; Price, 1990;
Priceet al, 1990; Cornell and Hawkins, 1995; Price, 2003)eiQhe past decades, the debate
has moved away from arguments about which factopsdown or bottom-up processes have
the biggest influence on insect herbivore towardhareasing recognition that both processes
can influence insect population dynamics acrossmaber of taxa (e.g. Cornell and Hawkins,
1995; Hunteret al, 1997; Hunter, 2001). In particular, bottom-uptfas such as increased
foliar nitrogen can result in dramatic improveme@ftherbivore performance (Room and
Thomas, 1985; Heard and Winterton, 2000; van Hgkestial, 2008; Moran and Goolsby,
2014), but very high levels are known to be detntab(Hartley and Lawton, 1992; Clissold
et al, 2006; Leeet al, 2006; Zehnder and Hunter, 2009). Therefore, @g8, 5, 6 and 7
investigated several bottom-up effects in the pitro interactions betwedd. odorataandP.

insulata

Genetic or morphological variations in host pldmse been shown to affect the performance
of certain biological control agents (e.g. Dratyal, 2004; Wheeler, 2006). Althoudb.
odoratafrom Florida is morphologically and geneticallytinct to that from South Afric&.

insulata performed equally well on both plants in the latory, even if there was the
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suspicion of larval preference for its originalimatplant from Florida (Chapter 3). Similarly,
Patersonet al (2012) found no effect of genetic variation Rereskia aculeataMiller
(Cactaceae) on the fitness of the monophagous di@lbcontrol agentPhenrica guérini
Bechyné (Coleoptera: Chrysomelidae). Variable twlee by insect species of genetically-
based variations in their host plant species camtbéduted to variability between insect
species in their degree of host-specificity (biotayy control agents only vary between
stenophagy and oligophagy). Bd®h insulataandP. pseudoinsulatappear to have slightly
oligophagous host ranges; in addition, Débeal (2014) demonstrated th&t insulatain
Jamaica, Cuba and Florida are genetically simildmich implies that their performance on

plants from these three regions may be similar.

However, the equal performance Bf insulatafrom Florida on SAB and Floridiae.
odorata plants is not a criterion to argue that deterngnihe ancestral origin of invasive
alien weed populations should not be prioritizecewlesollecting biological control agents in
the native range. Because t@ie odoratabiotype invasive in South Africa is genetically
similar to the Jamaican and Cub@nodorata(Paterson and Zachariades, 2013), pre-release
studies should be conducted on potential agentsctetl elsewhere in the Americas (i.e.
other than Cuba or Jamaica) to compare insect rerefe for, and performance on, the

genotype ofC. odoratafrom which it was collected and the SAB genotype.

Studies on seasonal changes, changes mediated nbghsuchanges mediated through
fertilizer and variability depending on feedingtbiy showed thaP. insulatas development

time, survival and fecundity (in some cases) wdlsiemced by plant quality (Chapters 5, 6
and 7).Generally, shaded habitat provided a more nut@fignbalanced diet. The better

performance of individuals that fed on shaded lsaneutumn compared to those that fed on
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the same leaves in winter is probably due to theaded nitrogen levels (and to an extent the
high magnesium content) of shaded leaves in wibegause excess foliar nitrogen is known
to negatively impact herbivore performance (see éeal, 2002; Clissoldet al, 2006;
Zehnder and Hunter, 2009). The findings of Chaptsuggest that low winter temperatures
can cause a nutritional imbalanceGn odorataleaves growing in shaded habitats and that
individuals feeding on such foliage would experierec prolonged development time and
reduced fecundity. This would reinforce the negasifects of low winter temperature on the
performance and population dynamics of this indectvious studies have also documented
that variations in abiotic conditions can have @leon the abundance and performance of
herbivores both directly (e.g. Shreeve, 1986) amtirectly through host plant effects (e.qg.
Crone and Jones, 1999). In a natural environmesdsmial changes and variation in
microhabitats can influence the leaf charactegsfooncentrations of primary and secondary
metabolites, physical defence structures etc.) thiwl can affect the performance of the

associated herbivores (Scriber and Slansky, 19&itsin and Scriber, 1987).

Behaviourally, two possible scenarios may explam duperior larval and adult performance
on shaded foliage compared to full sun foliage;a@ult females might have evolved a
preference to lay eggs on shaded foliage becaute dfenefits their offspring would receive
from such foliage or (ii) larvae may migrate fromlfsun to shaded habitat either to escape
adverse conditions or possible predation. The §icgtnario suggests that increased nutrients
(i.e. nitrogen) in a shaded environment relativefuth sun might have resulted in the
evolution of an ovipositional preference — larvarfprmance link (Jaenike, 1978; Price,
1991) for P. insulata This concept is often referred to as the preferen performance
hypothesis (Jaenike, 1978; Price, 1991) and itestdhat females should oviposit on

individuals of plant species that enhances theopmdnce of their offspring. The fact that
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larvae and adults of this moth are nocturnal suggést the direct impact of light might be

inconsequential (because the proximal light envitent encountered by females or larvae
may not differ at night, irrespective of whethee fflant is growing in the shade or sun) when
selecting feeding or oviposition sites; rather, ligbt-mediated changes in leaf attributes may

drive their choices.

Although larvae and adults &fareuchaetespecies are thought to prefer high-quality host
plants (with high water and high nitrogen contetsplants growing in a moist climate and

semi-shaded habitat in the field (pers. obs.)dfsldies are required to determine if there is
microhabitat preference in the field. Such studmsuld also assist to disentangle the

mechanism underlying the habitat preferencB.ahsulata

The outbreaks of the insect in moist microhabiatkin dry, hotter areas in recent months in
KZN province (Strathie and Zachariades, 2014) ssigg¢hat the insect survives and
performs better in such microhabitats and thatrtfeeh is able to identify or choose host
plants of high food quality because the leavesuchshost plants remain green all year and
may contain increased leaf water and nitrogen ctsitdncreased water and nitrogen can
lead to a reduction in development time, increasedival and improved fecundity in insects
(e.g. van Hezewijlet al, 2008; Miunzbergova and Skuhrovec, 2013; &lyal, submitted).
The high temperatures in the current outbreak sitesnorthern KZN (Strathie and
Zachariades 2014) might have also improved thedgnof the moth — as high (non-lethal)
temperatures help to accelerate the developmeantrofture stages. It is not impossible that
the combined effect of high temperatures couplgtl wmproved food availability and quality

may have resulted in the outbreaks recorded in.2014
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In outbreak situations, it is plausible that insecluced defence exists in the bitrophic
relationship betweenC. odorata and Pareuchaetesspecies as has been previously
documented forP. pseudoinsulatafeeding on C. odorata on Guam (Marutani and
Muniappan, 1991). These authors found that feedihdarvae caused the leaves ©f
odorataplants to turn yellow with higher concentratiorfsndrate nitrogen (compared with
green leaves). Further, they found tRapseudoinsulatareferred to feed on, and performed
better on green leaves, and when exclusively fegetlow leaves, they exhibited prolonged
development and high mortality. Although this tisedid not address the importance of
insect-induced defence {D. odorata it is not impossible that insect-induced defeimcthis
plant plays a major role in the population dynan@tP. insulatain South Africa, following

outbreaks.

The performance oP. insulataoffspring whose parents fed on foliage differemni that
which is available for offspring consumption wawyastigated in pure- and cross-feeding
experiments (Chapter 6). The results suggests ahfaegative switch in diet’ (i.e. when
progeny from parents reared on shaded leaves drerfdull sun leaves) resulted in 40%
direct mortality, prolonged development time andueed fecundity. The poor performance
of offspring on the negative switched diet poirdsfull sun leaves as a poor quality food
source forP. insulata The findings of this chapter suggest that tharahg of vegetation that
exposesC. odorata to direct sunlight could have a catastrophic eff@e the population
dynamics of the moth due to a sudden change inqiiality. Schoonhoven and Meerman
(1978) suggested that metabolic costs may be atedawith a change in diet from suitable

guality to a nutritionally unbalanced diet.
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Although the metabolic costs associated with thgeahee switch in diet by. insulataneed
further investigation, the results of this chagtaghlight the importance of dialogue among
biological control practitioners, weed ecologistsl aveed controllers prior to any clearing
(mechanical or chemical) operations. Such discassimay not only help to prevent the
destruction of the most suitable habitats for lgatal control agents, but may also help to
prevent the local extinction of the agents. Follogvithe release of agents, practitioners
should monitor their establishment and spread daundystheir nutritional ecology over a
spatio-temporal spectrum so as to be knowledgeabbeit the habitat preference and the
behaviour of the released agents. One major fonadih Chapter 6 is that differences in
mortality and other performance indicesRofinsulatabetween parents and progeny were not
apparent until cross-feeding experiments were pegd. This further buttresses the earlier
call for studies on the nutritional ecology of iose used as weed biological control

candidates.

The findings of Chapter 7 suggest that performamag positively correlated with increased
foliar nitrogen up to a point above which herbivpeformance did not improve but rather
remained unchanged (e.g. van der Meijé¢ral, 1984). Increased nitrogen will not only
improve aspects of the moth’s fitness and perfooneabut also the insect’s impact on the
target weed - as the populations of biological mmnagents are known to increase with
increasing foliar nitrogen (Room and Thomas, 198&ard and Winterton, 2000; Hinz and

Mdller-Scharer, 2000; van Hezewigt al, 2008).

Most insects used in biological control programraes “latent species” (Price, 2000) which
usually remain at stable population densities amdat have the potential to erupt and cause

significant damage to host plant populations. Aupéve species has two phases, one of low
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density and low damage and one of high density, ithpacts substantially on host plant
populations (Pricet al, 1990). Price (2000; 2003) discusses how phytgpis insects with
typically latent population dynamics can becomeptve in response to vigorous plants of
high quality. Therefore it is expected that if aml such a<C. odoratais growing under
conditions of high nitrogen availability (e.g. sleddhabitats), their biological control agents
(e.g.P. insulatg may have the potential to have eruptive poputatignamics if they respond
positively to vigorous plants of high qualitfpareuchaetes insulatahowed a positive
response taC. odorataplants with medium and high nitrogen content inmte of their
development time, pupal mass and fecundity, thezefo odorataplants growing in shaded
habitat may create ideal conditions for this spedi® become eruptive and reach high
population densities. The usefulness of nitrogemass-rearing of latent insects and weed
biological control agents (Wheeler, 2001; Wheel2003), improving the population
establishment of biological control agents (Heand &Vinterton, 2000; Hinz and Miiller-
Schérer, 2000; van Hezewijgt al, 2008) and in initiating insect outbreaks in weed
biological control (Room and Thomas, 1985; Prid®)® has been documented. Although a
few population outbreaks @f. insulatahave been reported in South Africa, the reasons fo
these remain speculative, but it is not imposdiée the outbreaks are related to increases in
foliar nitrogen concentrations and increased waésels of the host plant. Although
increased foliar nitrogen concentrations have beported to improve the performance of
biological control agents, studies have also demnatesl that increased nitrogen can have a
neutral or negative effect on insect performanae@opulation levels (see Chapter 5; Hartley
and Lawson, 1992; Bircht al, 1992; Clissolcet al, 2006; Zehnder and Hunter, 2009). The
demonstration that the performance of a speci&lesbivore can be explained by light
mediated changes, seasonal changes, changes miethietagh fertilizer and variability

depending on feeding history in host plant, is paty of ecological and evolutionary
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relevance in the context of insect plant interaciio shaded versus full sun habitats, it also
helps in further integrating ecological theoriesoirthe applied field of weed biological

control.

8.2 Biological control of Chromolaena odorata

Retrospective analysesf biological contrd programmes such as those presenteth this
thess (Chaptes 2,3, 4, 5,6 and 7),are valabk waysto examne factors (intrinsic and
extrinsic) which may have affected the successaure of biological control agents post-
release. Such factors may have been neglected seegaactitioners do not often prioritize
pre-release studies on the nutritional ecology #remal physiology of insects used as
biological control agentsA detailedanalyss of these factorsoud resut in improved agent
sdedion in future because resultsre likely to be applicable tather biological control

programme.

The variable performance . insulatain South Africa necessitated the introduction and
release of other biological control agents sucBagcomyza eupatorivordpencer (Diptera:
Agromyzidae),L. aemulusand D. odorata. While C. eupatorivorareadily established in
South Africa, its impact o&. odorataremains negligible (Nzamet al, 2014). Further, the
establishment of. aemulugn southern KZN remains problematic, possibly hseaaspects

of its biology, physiology or ecology preclude tastablishment of the insect. Therefore
detailed investigations on several aspects of ifeehistory traits of the released biological
control agents are warranted (Chapter 2) so asteErmine whether any of these aspects are
responsible for the variable performance (e.g. establishment). Also, detailed life history

of the agents currently undergoing host-rangertgsin quarantine (e.g?olymorphomyia
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basilica Snow (Diptera: Tephritidae)) should be investigdbecause a proper understanding

of the biology and ecology of such agents mighp relpredicting establishment.

Although P. insulataperformed equally well on Floridian and SAB odorata(Chapter 3),
future surveys for potential biological control atge should be conducted in Jamaica and
Cuba because plants in these countries are gdhetinare similar to the SAB plants
(Paterson and Zachariades, 2013). Biological cbragents may also be collected from
regions in the Americas with a climate similar kattin South Africa. The results of this
study (Chapter 4) suggest that low winter tempeeatumight have negatively impacted the
survival, development time, fecundity, locomotidriliies and on the population dynamics
of P. insulatain the field. Hence, more cold-tolerant biologicahtrol agents may establish
and perform better in South Africa because of #@senally cold winter period. Although
thermal physiology studies conducted post-releagae belp in explaining the poor
performance or establishment failure of biologicahtrol agents (e.g. Chapter 4; Byrne,
2002), such studies conducted prior to releaseiraportant tools in biological control
programmes (e.g. May and Coetzee, 2013), partlgulaose in resource-limited countries, to
prevent wasting efforts in getting an agent essaelil. Therefore studies on the thermal
physiology of released biological control agentg.(€. eupatorivora L. aemulusor D.
odoratg and agents undergoing host-range tests in quiaeafe.g.P. basilicg are warranted

because results from such studies may help to wegswlogical control programmes.

The role of bottom-up factors such as resourcetdition in the population dynamics of
insects (including biological control agents) islyoreginning to be appreciated (e.qg.
Chapters 5, 6 and 7; Prezsler and Price, 1988e P2{203). While it is important to identify

microhabitats that can support optimal performaateiological control agents prior to
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release and post-release, practitioners often tlle lio understand the nutritional and
behavioural ecology of insects used as weed bicédbgiontrol agents. Price (2000) discusses
how biological control of weeds can be improvedniignipulating the nutrient levels in host
plants so that phytophagous insects with typickdtgnt population dynamics can become
eruptive in response to vigorous plant of high gualhe influence of sunlight and season
on the leaf characteristics 6f odorataand the corresponding effect of these factorshen t
performance ofP. insulata suggest that bottom-up effects can significanttiec the
population dynamics of this insect, as has beemwshuy Prezsler and Price (1988) and van
Hezewijket al (2008). Globally, weed biological control praictiters should conduct studies
on the nutritional ecology and behaviour of estdldd agents (Chapters 5, 6 and 7) and
agents in quarantine. This might help to explam differential or variable performance of

biological control agents.

8.3 CONCLUSION

Studies such as this thesis are valuable for thpose of determining factors that might be
responsible for the poor establishment and perfoomaof biological control agents.
However, conducting such studies at the pre-relstasge would also be very useful because
it might inform practitioners on how well biologiceontrol agents would perform after their
eventual release. From this study, it is demonktratadent that the poor performancerf
insulataon C. odoratain South Africa is caused by multiple factors sasHow temperatures
as well as spatio-temporal variations in the charastics ofC. odorataleaves. Further, the
study also showed that the performancePofinsulatais not affected by plant biotype
(variation in host plant), although the prefere(emed mate finding and selection in the field)
may be affected by plant biotype. Top-down facsush as predation, parasitism or disease

are other possibilities regarding the poor perforogaof P. insulata in South Africa.
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Although the PAs sequestered B\areuchaetesspecies may act as defences against
predators and parasitoids as has been reportedhfer erebid moths (e.g. Eisredral, 2000;
Bezzeridest al, 2004), the role of top-down factors (e.g. premaand parasitism) on the
different life stages of this insect across a spsmporal spectrum should be the focus of
future research. This study shows the complexityunflerstanding the causes of low
populations and apparent low impact of biologicahtcol agents, and herbivorous insects

generally, in the field.
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