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ABSTRACT

Spodoptera frugiperda (Lepidoptera: Noctuidae) is a polyphagous pest with a preference for
crops which belong to the Poaceae family. Spodoptera frugiperda is native to the tropical and
sub-tropical regions of South America and is one of the most serious maize pests in the
Americas. This pest recently invaded the tropical regions of Africa, where it is considered to
be a serious threat to food security. Due to the absence of diapause in S. frugiperda, its biology
and distribution is strongly influenced by low temperatures. The aim of this study was to
evaluate the effect of temperature on the development and reproduction of this species. The
effect of temperature on the development and reproduction of S. frugiperda was studied at
five different temperature regimes, namely 18, 22, 26, 30 and 32 £ 1 °C, at 65 £ 5 % relative
humidity (RH) and a 14L: 10D photoperiod. Fertility was found to be high with all eggs that
hatched at temperatures ranging from 18 to 32 °C. Development of eggs at a constant
temperature of 18 °C was, however, slow and the percentage of eggs that survived very low.
Continuous low temperatures, although above the lower thermal limit, will therefore slow
development down and may reduce population dynamics as a result of high mortality. The
optimal range for egg, larval and egg-to-adult development of S. frugiperda in South Africa
was determined to be between 26 and 32 °C. The development rate of S. frugiperda increased
linearly with increasing temperatures between 18 and 30 °C and larval survival was also the
highest between 26 and 30 °C. The optimum temperature with the most rapid development
rate and lowest mortality for larvae was at 30 °C. Pupal development time varied from 7.82 to
30.68 days (32 - 18 °C) with a mean pupal development time of 17.06 days at 22 °C, but only
11.43 days at 26 °C. The development period of the egg-to-adult stage decreased from 71.35
days at 18 °C t0 20.27 days at 32 °C. Based on linear regression analysis of development rate
at all temperatures, a minimum temperature threshold of 13.01 °C was calculated for egg
development and 12.12 °C for larvae, 13.24 °C for pupae and 12.57 °C for egg-to-adult
development. Degree-day requirements for S. frugiperda egg and larval development was
determined at 35.72 + 1.30 °D and 202.67 * 4.45 °D respectively when larvae were reared on
sweet corn kernels. Pupae needed 147.06 °D for development and development of the life
cycle (egg-to-adult), 391.01 + 1.22 °D. The number of larval instars was determined by using
head capsule widths that ranged from 0.30, 0.46, 0.80, 1.40, 1.90, and 2.60 mm. All
successive instars increased in size according to Dyar’s ratio. The threshold temperatures
determined in this study can be used in a model to estimate the number of generations at
specific localities where the crop host plants are cultivated. It can also be used in a model to
determine areas suitable for cultivation to which S. frugiperda can migrate from its

overwintering sites, as well as areas with suitable environmental conditions for persistent



occurrence. Oviposition occurred at all the temperatures and the mean number of eggs laid
by S. frugiperda was 224.4 and 979.2 at 32 and 22 °C respectively. There was a strong
negative correlation between temperature, oviposition period and longevity of moths. The
optimum temperature for oviposition was determined to be between 18 and 26 °C. Results
from this study on the thermal constants and lower and upper threshold temperatures of S.
frugiperda can be used to predict the impact of climate change on the distribution and
population growth of this pest. This knowledge can contribute to the development of integrated

pest management strategies for this pest in Africa.

Key words: degree-days, development rate, instars, oviposition, longevity, Spodoptera

frugiperda, temperature
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CHAPTER 1

Introduction

11 General introduction

Maize is the staple food of about 900 million people (FAO, 2010). It is also important as fodder
for livestock and the main ingredient of bioethanol (Shiferaw et al., 2011). The demand for
maize in the developing world will double from 2009 to 2050, due to the increase in population
growth (Rosegrant et al., 2009). Maize is currently planted around the globe in 125 developing
countries and produced on 100 million hectares (FAO, 2010). The top ten maize production
countries in the world are the United States of America, China, Brazil, Mexico, Argentina, India,

France, Indonesia, South Africa and Ukraine (Figure 1.1) (FAO, 2017).
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Figure 1.1:  Maize production per country from 1994 - 2014 (FAO, 2017).

Maize production in Africa (Abrahams ef al., 2017) is threatened by the native economically
important stemborers, i.e. the African maize stemborer, Busseola fusca (Fuller) (Lepidoptera:
Noctuidae); spotted stemborer, Chilo partellus (Swinhoe) (Lepidoptera: Crambidae); pink
stemborer, Sesamia calamistis (Hampson) (Lepidoptera: Noctuidae); sugarcane stemborer
Eldana saccharina (Walker) (Lepidoptera: Pyralidae) and the coastal stemborer, Chilo
orichalcociliellus (Strand) (Lepidoptera: Crambidae) (Kfir, 2002; Addo-Bediako & Thanguane,
2012). Mwalusepo et al. (2015) reported B. fusca and C. partellus as the most important biotic

factors affecting maize production in East Africa. It was, however, before the invasion of the
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fall armyworm (FAW), Spodoptera frugiperda (J.E. Smith) (Lepidoptera: Noctuidae), which has
only recently invaded Africa (Goergen et al., 2016). It has been reported in Nigeria, Sao
Tomoé, Benin and Togo (Abrahams et al., 2017). Since then, S. frugiperda moved southwards
to Ghana (CABI, 2017), Zimbabwe (FAO, 2017), Swaziland (IPPC, 2017), Kenya (Abrahams
et al., 2017), Zambia (IPPC, 2017) and the Democratic Republic of the Congo (Abrahams et
al., 2017), Malawi, Mozambique, Namibia and South Africa (BBC, 2017). This pest attacks the
most important staple crops in developing countries, namely maize and rice (Ramirez-Cabral
et al.,, 2017). A list of the most important lepidopteran maize pests in South Africa is provided

in table 1.1, and amongst others, also include stem borers and Spodoptera species.



Table 1.1: Most important lepidopteran pests of maize in South Africa.
Common Scientific Host plants Descriptive larval Visual characteristics
name name characteristics
African Helicoverpa This is the most | Larval colour varies (Kroon,
bollworm armigera polyphagous pest in | 1999). Older larvae are darker
(HUbner) southern Africa (Kroon, | than younger larva.
1999). Characterised by a longitudinal
white or beige stripe along each
side of the body (Kroon, 1999).
Lesser Spodoptera A polyphagous pest on | Larvae are usually olive green, but
armyworm | exigua poaceous plants, as well | can also be darker or lighter
(HUbner) as on broad-leaf crops | (yellow). Darker larvae appear
such as Amaranthus, | when overcrowding is
cotton, groundnut, | experienced. A characteristic pink

lucerne and tobacco (Van
Rensburg, 2000).

line or spots are present laterally
on the body
2000).

(Van Rensburg,

(Visser, 2017)




Tomato Spodoptera A highly polyphagous | Larvae vary in colour, but are
moth littoralis species. Preference for | usually brown. Black individuals
caterpillar (Boisduval) tomato and sweet potato | are also common. Characteristic
(Visser, 2011). black spots are present on the
dorsal side of the last apical
segments of the larval body

(Visser, 2011).

(Visser, 2017)

African Spodoptera Feed exclusively on | Larval colour varies between
armyworm | exempta poaceous plants (Van | black, brown and green. The head
(Walker) Rensburg, 2000). has a characteristic Y-mark and a

white line is present alongside the
that of S.
frugiperda (Rose, 2000).

body similar to

(Visser, 2017)




Semi- Plusia  semi- | The Plusia semi-looper is | Larvae are usually greenish in
loopers looper polyphagous and the | colour, but yellow individuals may
(Thysanoplusia | tomato semi-looper feeds | also be recorded.

orichalcea) on tomato, potato, beans, | Apically the body becomes
(Fabricius) banana, cotton, | narrower (Visser, 2011).
chrysanthemums and
Tomato semi- | certain weed species
looper (Visser, 2011). (Visser, 2017)
(Chrysodeixes
acuta)
(Walker)
Common Agrotis A polyphagous pest | Larvae are greyish or brown in
cutworm segetum which attacks vegetables, | colour, hairless, smooth, with a
(Hampson) maize, sorghum, grain | waxy appearance, with a length of
legumes, strawberries, | 30-40 mm  when mature

cherries, cotton, tobacco

and garden flowers
(Drinkwater & Van
Rensburg, 1992; Du

Plessis, 2000).

(Drinkwater
1992; Du Plessis, 2000).

& Van Rensburg,

(Visser, 2017)




False

armyworm

Leucania loreyi
(Hill, 1983)

Essentially polyphagous,
but with a preference for
poaceae plants, mostly
maize and barley (Hill,
1983).

Larvae vary in colour, usually pale
pinkish, with longitudinal stripes
(Hill, 1983).

Chilo borer

Chilo partellus

(Swinhoe)

Larvae attack sorghum,
maize, millet, sugarcane
and rice (Van den Berg,
1997).

The head is dark brown and the
body creamy-white to yellowish-
brown with dark brown spots on
each segment. Brown spots are
sometimes lighter or absent in
overwintering larvae (Van den
Berg, 1997).

(Visser, 2017)




Maize stem

borer

Busseola fusca
(Fuller)

Larvae oligophagous and
feed mostly on maize,
millet, sorghum and
sugarcane (Kruger et al.,
2012).

Neonate larvae are dark brown,
but become lighter as they get
older. Older larvae vary from
creamy white, light brown to
pinkish with a row of small black
spots laterally on the body. Head
capsules dark brown (Van den
Berg, 1997).

Sazsects Anca D Viser ARCVOP Roodepteast Borzess fasce. D Waser ARC-VOF Rzccesuas

TR T T ———

(Visser, 2017)




The global geographic distribution of S. frugiperda overlaps with some of the top ten maize
production areas, namely the southern states of the United States of America, Mexico, Brazil,
Argentina and South Africa. FAW, previously known as Laphygma frugiperda (Guenee)
(Vickery, 1929; Wilson, 1933) was first recorded in 1797 in the United States (Johnson, 1987).
This pest is indigenous to the tropical and subtropical regions of the western hemisphere from
South America (Brazil, Argentina, Chile), Caribbean Islands, Mexico, some southern states of
the USA (Texas, southern Georgia, Florida, Alabama, Louisiana, Mississippi) and southern
Canada (Luginbill, 1928; Sparks, 1979; Andrews, 1980; Knipling, 1980; Pashley et al., 1985;
Adamczyk et al., 1999; Sena et al., 2003; Prowell et al., 2004; Clark et al., 2007), but it is now
widely distributed.

Most of the available literature with regard to overwintering and migration of S. frugiperda is
from North and South America. With regard to its distribution in the northern hemisphere, it
has been reported that, due to the lack of diapause, overwintering occurs and year-round
survival is possible in the tropical regions, such as southern Florida, southern Texas in the
USA and northern Mexico, where its host plants occur (Luginbill, 1928; Mitchell, 1979; Sparks,
1979; Andrews, 1980; Barfield et al., 1980; Mitchell, 1986; Pair et al., 1986; Raulston et al.,
1986). The adults are strong fliers and their seasonal migration is influenced by seasonal
changes in rainfall, temperature, prevailing winds and host plant availability (Luginbill, 1928;
Hogg et al., 1982). The prevailing winds and frontal systems in spring are the main factors that
determine the extent and the direction of S. frugiperda migration (Pair et al., 1986). During
summer months, the moths migrate northward to southeastern Canada (Luginbill, 1928;
Mitchell, 1979; Sparks, 1979; Pair et al., 1986), as well as northern Argentina and Chile
(Ortega, 1974) (Fig. 1.2). In southern Florida population densities increase during spring and
rapidly decline during summer (Pair et al., 1986; Mitchell et al., 1991). This rapid decline
indicates the northward migration to northern Florida and southern Georgia during April and
May in the USA (Snow & Copeland, 1969; Greene et al., 1971). In this part of the world S.
frugiperda continues to migrate northward during July and August (Mitchell, 1979) and is then
subjected to both climatic variation in terms of temperature and moisture, and different soil
types (Luginbill, 1928).
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Due to this migratory behaviour, S. frugiperda is classified as a sporadic pest (Jarrod et al.,
2015). The number of generations that S. frugiperda can complete per year largely depends
on the latitude of specific habitats (Luginbill, 1928) and more generations are predicted in
tropical regions where the conditions are more favourable (Sparks, 1979; Randall, 1986; Bale
et al., 2002). This pest can complete six or more generations in a year (Luginbill, 1928) in
areas of the United States where it occurs throughout the year (Figure 1.2). In regions with
colder climates, such as Canada, Northern USA and Chile, fewer generations are completed

per annum (Ramirez-Cabral, 2017). The estimated number of S. frugiperda generations per

annum in Cuba is 11.4 (Andrews, 1980).



Maize is produced in most parts of South Africa, but the main production areas are in the Free
State, North-West and Mpumalanga provinces (Crops estimates committee, 2017). The
outbreak areas of S. frugiperda in South Africa during 2017 (Figure 1.3), overlapped with this

main production area, but it has also been reported from the Limpopo, Northern Cape and
Eastern Cape provinces.
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Figure 1.3: Map indicating areas where Spodoptera frugiperda has been reported on crops
in South Africa (source: Mr J. Venter, Department of Agriculture, Forestry and
Fisheries, South Africa).

1.2. Life cycle and description of Spodoptera frugiperda moths

Spodoptera frugiperda moths appear similar to the moths of the common cutworm (Agrotis
segetum), with whitish spots at the tips of the forewings (Metcalf et al., 1965). Spodoptera
frugiperda moths have a wing span of £ 3.81 cm. The male moth has white spots near the
dorsal tip of the wing, while the lower portion of the forewings is light grey to brown in colour

(Oliver & Chapin, 1981). The forewings of the female moth are not so distinctly marked as that
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of the male and have a greyish brown to fine mottling of grey and brown (Oliver & Chapin,
1981) (Figure 1.4). The hind wings of both sexes are shining silver-white, with a narrow dark
border (Figure 1.5). The moths are nocturnal, feed on nectar and prefer maize over sorghum
for oviposition (Van Huis, 1981). Males are attracted by the female sex pheromone and they
may mate several times (Sparks, 1979).

Temperature and humidity are the main factors that influence longevity of the adults (Luginbill,

1928). Adult longevity is about 10 days, but may range between 7 and 21 days (Vickery, 1929).

Figure 1.4:  Spodoptera frugiperda male (left) and female moths (right) (Visser, 2017).

2 Female

Fall armyworm adults. Mounted by V Uys, ARC-PPR; Photos by D Visser, ARC-VOP

Figure 1.5:  Variation in the wing patterns of Spodoptera frugiperda moths (Visser, 2017).
Newly emerged moths can mate locally or migrate up to 480 km before mating and oviposition

(Ashley et al., 1989). The length of the oviposition period depends on temperature, but the

maijority of eggs are laid in the first four to five days of this period, in the first four hours shortly
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after dark (Luginbill, 1928). Moths lay eggs in batches of 100 - 200, usually on the underside
of the host plant leaves if the population densities are low. They do, however, also oviposit
over the entire plant under high population densities (Luginbill, 1928). According to Ali et al.
(1990), the most preferred location for oviposition is on the leaves or the lower portion of the
plant canopy. The female often deposits eggs in masses of two to three layers on top of each
other (Luginbill, 1928). The average egg production per female varies between 1500 and
2000, with a fecundity approaching 100%. The eggs are oblate-spheroidal shaped, 0.39 mm
in length and 0.47 mm in diameter (Luginbill, 1928). Newly laid eggs are pink to greenish grey
in colour and become darker with age towards larval eclosion (Luginbill, 1928). Eggs (Figure
1.6 a, b, c) are covered with greyish scales (Figure 1.6b) by the female moth, giving them a

downy appearance (Sparks, 1979) (Figure 1.6b).

Figure 1.6: (a) Egg batch (b): Eggs covered with scales, (c) eggs without scales and (d)

newly hatched first instar larvae (Visser, 2017).

Newly hatched larvae consume the egg shells and then disperse to vegetative tissue of the
host crop to start feeding. Developmental time of eggs ranges between 2 - 11 days depending

on the climatic conditions (Luginbill, 1928).

Spodoptera frugiperda larvae normally complete six larval instars), but it may range between
six and seven depending on the temperature and host plant availability (Luginbill, 1928). Newly
emerged first instar larvae (L1) are off-white to yellow in colour with black head capsules
(Figure 1.7a) and small black spots from which primary setae protrude. Neonate larvae balloon
from plants to disperse (F1.7b). Larvae become darker and greenish in colour as they feed.
Larvae of instars two and three (L2 and L3) are similar in colour and the last three instars (L4
- L6) are typically darker with a varying colour pattern depending on the diet and environmental

conditions (Luginbill, 1928). The dorsal white line forms during the third instar (Capinera,
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1999). The head varies in colour, from yellowish to very dark brown and the thoracic shield is
the same colour as the head. Older larvae vary in colour from light green, brown or even black
(Luginbill, 1928).

Figure 1.7: a) Larvae (L1 - L3) feed near the oviposition site and (b) balloon to disperse
(Visser, 2017).

Larval feeding and adult activity usually occur at night, but can also occur during the late
evening or early morning. Young larvae (L1 - L3) feed near the oviposition site and eat the
green tissue from one side of the leaf, leaving the membranous epidermis on the other side of
the leaf intact. The second and third instars feed on both sides of the leaves, making holes,
while L4 - L6 larvae eat holes in leaves (Luginbill, 1928). The larvae become cannibalistic from
the third instar (L3) onwards, after which they dominate interspecific competitors and reduce

their numbers of intraspecifically (Chapman et al., 2000).

The larvae can be distinguished from those of other noctuids by characteristics such as the
inverted white Y on the head capsule, the white line in the mid-dorsal area, the yellow and red
“flecking” on the abdomen, the four black dots on the eighth abdominal segment and more
predominant long hairs arising from the black tubercles which gives them a rough or granular
texture (Metcalf et al., 1965) (Figure 1.8).
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Four large dorsal spots in a Four smaller dorsal spots Inverted “Y"” marking in
near square arrangement on  in a trapeze arrangement on head area
second last segment most other segments

Lighter dorsal area Darker lateral band Lighter lateral band Lighter ventral area

Figure 1.8: Characteristic markings on larvae (red circles) of Spodoptera frugiperda
(Visser, 2017).

Final instar larvae enter the soil and become prepupae before they pupate two to four days
later (Luginbill, 1928). Differences between sexes are illustrated in figure 1.9, e.g. the visible
genital scars on sternum 9 of male and sternum 8 of female pupae. Pupation occurs in the soil
(Figure 1.10a) if the densities are low, but pupation can also occur on the plant if larval
densities are high (Figure 1.10b) (Luginbill, 1928). The soil depth at which pupation occurs
depends on the physical structure, moisture and temperature of the soil (Sparks, 1979).
Duration of the pupal stage depends on the temperature of the environment (Luginbill, 1928).
The orange-brown pupae are 14 - 18 mm long and 4.5 mm wide and similar to other noctuids.
The pupal period ranges between 8 - 9 days in summer and 20 - 30 days in winter (Capinera,
2001).

Figure 1.9: Pupae of Spodoptera frugiperda showing visible genital scars (a) female and

(b) male.
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Figure 1.10: Spodoptera frugiperda pupae, a) in the soil, b) on a plant (Visser, 2017).

1.3  Spodoptera frugiperda damage on maize

The most damage by Spodoptera frugiperda on maize is caused by the last three larval instars
(L4 - L6) based on their high consumption rate (98%) (Luginbill, 1928). These larval stages
prefer to feed on the reproductive structures of the host plant (Jarrod et al., 2015). Feeding
during the late whorl stage of maize may prevent the tassel from developing or it does not
develop properly (Hanway, 1969). Larval feeding and damage to the silk reduces pollination
which causes a decrease in the number of kernels formed per ear (Morril & Greene, 1974;

Gross et al., 1982). Larvae also feed on kernels by tunnelling through the ear (Vickery, 1929).

Larvae can also tunnel in at the base of the ear, causing ears to drop (Burkhardt, 1952). During
heavy infestations, larvae have been found at the base of leaves where they feed on the stalk,
sheaths and leaves (Burkhardt, 1952). An entire leaf may be excised as a result of this activity
and stalk injury may render the plant more susceptible to lodging (Burkhardt, 1952). Larvae
from infestations late in the season attack the whorl, leaf base or ear (Morrill & Greene, 1973),
which allows for entry of humidity and pathogens that may result in ear rot (Avila et al., 1997).
This pattern of feeding on leaves and tunnelling into ears by S. frugiperda is similar to feeding

by Helicoverpa zea (Vickery, 1929).

1.4 Host plants of Spodoptera frugiperda

The host plant range of this polyphagous pest (Ruiz-Najera et al., 2007) includes numerous
important crops (Andrews, 1980), but is primarily those that belong to the Poaceae, namely
maize (Zea mays L.), sorghum (Sorghum bicolor (L.) Moench), Bermuda grass (Cynodon

dactylon), wheat (Triticum aestivum) rice (Oryza sativa) and Johnson grass (Sorghum
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halepense). Other affected plant groups include the Malvaceae (with cotton Gossypium
hirsutum), the Fabaceae, (with soybean Glycine max), peanut (Arachis hypogaea) and lucerne
(Medicago sativa). In the Solanaceae tobacco (Nicotiana tabacum) and in the Amaranthaceae
sugarbeet (Beta vulgaris) are attacked (Luginbill, 1928; Sparks, 1979; Andrews, 1980; Martin
et al., 1980).

The wide host range of S. frugiperda is due to the occurrence of two sympatric and
morphologically identical strains, i.e. the maize and rice strains, that are defined by their host
plant preferences (Pashley et al., 1985; Pashley, 1986). Larvae of the maize strain largely
feed on large grasses, such as maize and sorghum, while those of the rice strain feed on small
grasses, such as rice and Bermuda grass (McMichael & Prowell, 1999). Not only do these
strains differ in host plant preference, they also have differential physiological and behavioural
characteristics (Pashley et al., 1986; Pashley et al., 1995; Prowell et al., 2004). Differences
between strains have also been reported in terms of susceptibility and resistance to pesticides
(Pashley et al., 1987b) and mating behaviour (Pashley & Martin, 1987a; Pashley et al., 1992).

Control difficulties are also ascribed to this wide host plant range of S. frugiperda, which enable
easy migration from one crop to another (Capinera, 2001). Lower mortality of the larvae and
a faster development rate for S. frugiperda was, however, reported on maize compared to
cotton and soybean (Pitre & Hogg, 1983). Afrotropical armyworms (such as Spodoptera
exempta) first have to build up a dense population on wild grasses before older larvae move
into cultivated Poaceae crops (Rose et al., 2000), while S. frugiperda females oviposit directly
on maize (Rose et al., 2000). Larvae feeding on plants with a high silica content is facilitated

by the sharp cutting edges of the mandibles which are strongly serrated (Brown, 1975).

1.5 Pest status of Spodoptera frugiperda

Spodoptera frugiperda has been reported as the most destructive and economically important
insect pest on maize in Brazil (Sena et al., 2003). The larvae of S. frugiperda are also reported
to be more damaging to maize than that of other noctuids in Africa (Goergen et al., 2016).
Pest status of S. frugiperda depends on the specific developmental stages of the larvae and
the host plants (Barros, 2010). Sporadic outbreaks of S. frugiperda on maize crops can easily
reach the economic injury level (Cruz, 2008), before visible evidence of infestation occurs
(Linduska & Harrison, 1986) and between 20 - 87% yield reduction can be caused during
outbreaks (Henderson et al., 1966; Andrews, 1980). Spodoptera frugiperda is a highly
successful pest due to characteristics such as its high reproductive rate, a relatively short

generation period of approximately 30 days under favourable temperature conditions, high
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dispersal ability (Luginbill, 1928, Dingle, 1972), wide host range and multi-voltinism (Knipling,
1980). Outbreaks of S. frugiperda are attributed to the egg laying habit of the moths and larval
migration behaviour (Vickery, 1929).

The larvae attack all growth stages of maize but prefer younger vegetative-stage plants for
oviposition (Harrison, 1984). Spodoptera frugiperda colonises maize mainly during the
vegetative whorl stage, feeding on the young leaves, but it can also feed on the reproductive
parts (ears and tassels) depending on the larval developmental stage and the host crop stage
(Melo & Silva, 1987). Overall this damage often causes devastating crop losses (Jarrod et al.,
2015).

Gross et al. (1982) reported that plant injury during the fourth to eight leaf stages cause
significant reductions in plant height, stalk diameter, ear length and mass. They also reported
a substantial reduction in yield due to damage caused by S. frugiperda during the very late
whorl stage (14 - leaf stage) during which tassel development is taking place. They reported
yield loss resulting from larval feeding damage during the 14 - leaf stage to be more affected
by defoliation of the leaves surrounding the tassel, which is important for grain yield (Hanway,
1969), rather than direct feeding on the tassel (Gross et al., 1982). Although yield reductions
were not found to be consistent, Buntin (1986) concluded that plants in the late-whorl stage
were less sensitive to S. frugiperda injury than plants in the early to mid-whorl and early tassel

stages.

1.6 Effect of climate on Spodoptera frugiperda

The larval development cycle takes approximately 14 days during the summer and 30 days
during cool weather (Capinera, 2001). For each larval stage, there is an active feeding period
and an inactive period which occurs just before each moult (Luginbill, 1928). Although
temperature can affect the length of both these periods of the larval stage, lower temperatures
result in a longer extension of the inactive period than the active period, and during the active

period, food supply is more important (Vickery, 1929).

1.7  Control of Spodoptera frugiperda

Monitoring the presence and density of the pest population is important to facilitate optimum
timing of management practices such as insecticide applications. Spodoptera frugiperda

monitoring can be done by means of pheromone traps which indicate the presence or absence
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of the pest, as well as moth flight patterns over time (Starrat & McLeod, 1982). This pest is
difficult to control because of its wide host range, wide geographic distribution, development
of resistance to insecticides, as well as its rapid and long distance movement ability which can

serve as an escape mechanism from natural enemies (Knipling, 1980).

In the USA area-wide management can be applied through control of the different S.
frugiperda strains at the overwintering sites by using information on the distribution of these
strains between host plants (Meagher & Nagoshi, 2004). Control of the pest at overwintering

sites can delay or reduce the northward migration of moths (Meagher & Nagoshi, 2004).

1.7.1 Chemical control

Knowledge of pest biology is important to ensure effective and timely application of pesticides
(Cruz, 2007). Chemical control may be ineffective due to incorrect use which, in the long term,
may contribute to resistance development and decreased numbers of natural enemies
(Gomez-Valderrama et al., 2010). The classes of insecticides to which S. frugiperda is known
to have developed resistance to are carbamates (methomyl, carbaryl and thiodicarb),
organophosphates (chlorpyrifos, methyl parathion, diazinon, malathion and trichlorfon) and
pyrethroids (cypermethrin, fenvalerate, fluvalinate and permethrin) (Wood et al., 1981, Yu
1991, Adamczyk et al., 1999, Al-Sarar et al., 2006) and benzoylureas, spinosyns, indoxacarb,
diamides and Bacillus thuringiensis (FAO, 2017).

Chemical control can be applied during the vegetative and reproductive stages of maize. A
chemical control strategy alone often provides unsuccessful control of S. frugiperda. Newly
hatched larvae move directly into the whorl of maize plants where they are protected from
insecticide sprays (Harrison, 1986; Castro, 2002; Siebert et al., 2008). Knowledge about pest
biology and identification of different instars is also important, since larval size has been
reported to be strongly related to the efficacy of certain insecticides. First to fourth instar S.
frugiperda larvae can be effectively parasitised and predated upon by natural enemies and
the use of insecticides could be minimized if natural enemy diversity and abundance is high
(Cruz, 2007).
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1.7.2 Biological control

Spodoptera frugiperda can be controlled by a number of pathogens including viruses, fungi,
protozoa, nematodes and bacteria (All et al., 1996). The effectiveness of natural enemies may

result in reduced numbers of pesticide applications for control of S. frugiperda (Cruz, 2007).

There are 53 species of parasites, from 43 genera and 10 families that attack S. frugiperda
globally (Ashley, 1979; Sparks, 1986). Entomophagous pathogens can be used to suppress
S. frugiperda populations in at least three ways, namely optimisation of naturally occurring
diseases, introduction and colonisation of pathogens into insect populations as natural
regulatory agents, and repeated applications of pathogens as microbial insecticides (Gardner
& Fuxa, 1980). With regard to pathogens, B. thuringiensis (All et al, 1996) and a
nucleopolyhedrovirus (NPV) (Gardner & Fuxa, 1980) were reported to be the most prevalent
and potent in natural populations of this pest. Spodoptera frugiperda spends its prepupal and
pupal stages in the soil which make them highly susceptible to soil-inhabiting pathogens and
entomopathogenic nematodes that occur naturally (Barbercheck, 1993). Egg parasitoids, such
as Telenomus remus Nixon (Hymenoptera: Platygastridae) and Trichogramma spp.
(Hymenoptera: Trichogrammatidae), have been used as biological control agents in
Venezuela (Ferrer, 2001) and Colombia (Garcia-Roa et al., 2002). In Argentina, 13
hymenopteran and eight dipteran parasitoids are known to parasitise S. frugiperda larvae
(Murda et al., 2003; Murua & Virla, 2004). Higher temperatures cause an increase in the
development rate of natural enemies, but they are often absent in newly colonised areas due

to their poor ability to migrate together with their hosts (Ashley, 1979).

1.7.3 Cultural control

According to Andrews (1988), plants growing in fields where low or no-tilling is practiced, as
well as those in polyculture cropping systems, are less attacked by S. frugiperda compared to
those in monoculture cropping systems. Polyculture cropping systems are likely to support
more predators which disrupt oviposition and larval migration between plants (Labrador,
1967). Changing planting dates of the crops can also contribute to crops escaping from high
S. frugiperda infestation levels (Mitchell, 1978). Intercropping monoculture maize fields with
sorghum may also lead to a reduction in the infestation levels of S. frugiperda on the maize
crop (Castro & Pitre, 1988).
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Pheromone traps can be used to disrupt mating of moths, but this has not been attempted
before for S. frugiperda. The sex pheromone used in these traps contains tetradecenyl acetate

which also occurs in the pheromones of S. exigua and Agrotis ipsilon (Klun et al., 1996).

1.7.4 Host plant resistance

With the development of resistance by S. frugiperda to insecticides of different groups,
transgenic maize varieties were introduced to provide another control option. It has, however,
been reported that the concentration of Bt toxins in GM Bt maize plants decrease with plant
age, making the crop more susceptible to insect pests at late growth stages (Kranthi et al.,
2005). Development of resistance is also a concern (Moar et al., 1995). The first field
resistance by S. frugiperda larvae to Bt maize (Cry1F) in the world, was reported during 2006
in Puerto Rico (Matten et al., 2008; Storer et al., 2010). Breeding for conventional host plant

resistance is also possible by breeding maize varieties with thicker leaves (Davis et al., 1995).

1.8 Temperature dependent development and reproduction

Temperature is the most important abiotic factor affecting the performance of insects (Bale et
al., 2002). The range of temperatures at which insects can develop and reproduce is referred
to as the thermal range (Jarosik et al., 2002; 2004). Based on theoretical studies the thermal
range for each insect species should be about 20 °C (Gillooly et al., 2002). Insects are
poikilothermic species and their body temperature is reliant on the ambient surrounding
temperature making them sensitive to changes in temperature (Rosenzweig et al., 2001; Bale
et al., 2002; Menéndez, 2007). An increase in body temperature of insects progressively
increases the physiological performance up to a maximum value at the optimum temperature
(To), after which it decreases rapidly (Briere et al., 1999). Huey and Stevenson (1979)
illustrated this temperature-performance relationship hypothetically, as can be seen in Figure
1.11. The non-linear asymmetric curve defines the optimum temperature and the temperature
range between the critical minimum and critical maximum temperatures (Paaijmans et al.,
2013). The optimum temperature is the most favourable temperature for development and
reproduction of insect species. Temperature increases to the thermal optimum of a species
where an acceleration of metabolism is caused, leading to increases in activity and feeding
behaviour (Jaworski & Hilszczanski, 2013). Development and reproduction rates decrease at
temperatures above the optimum, and eventually reach an upper threshold (Briere et al.,
1999). The lower and upper threshold levels are the restricted temperatures for development

and reproduction of insect species (Sharpe & DeMichele, 1977).
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Insects have the ability to withstand thermal fluctuations and unfavourable temperatures
(Scharf et al., 2015). Fitness is the ability of a species to remain active during extreme
temperatures (Loeschcke & Hoffmann, 2007). It is important to determine the temperature
limits of a species in order to understand the fitness and dynamics of a specific population
(Terblanche et al., 2007). Individual fitness of insect species can also be evaluated as the
ability to produce offspring (next generation) (Kolberg, 2013). Insects are, however, restricted
by critical thermal minima (CT,) and maxima (CTnax) Which are defined as the statistical
means of the temperatures at which individual animals are immobilized by temperature and
where they are incapable of escaping conditions that will lead to death (Whitford & Ettershank,
1975).
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Figure 1.11: Hypothetical performance curve of poikilothermic species as a function of body

temperature (Huey & Stevenson, 1979).

Insect development rate, reproduction, number of generations in a season, survival, mortality,
density, feeding behaviour and distribution are strongly influenced by temperature (Bale et al.,
2002; Harrington et al., 2007; Hassal et al., 2007). Poikilothermic species are known to
develop faster under warmer environmental conditions (Atkinson & Silby, 1997). Development
of insect species may therefore benefit from a temperature increase through a faster
development rate, higher reproduction and better survival (Zheng et al., 2015). Higher
development rates of insect species shorten the time spent in unfavourable environmental
conditions that decrease their ability to survive (Jaworski & Hilszczanski, 2013). The number
of generations of multivoltine insect species, such as S. frugiperda, could increase due to an
increase in temperature (Pollard et al., 1995; Bale et al., 2002). Temperature also influences

the time of emergence and overwintering mortality of insect species (Porter et al., 1991).
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Warmer winter temperatures result in decreased overwintering mortality, which may, in turn,

result in increased spring population numbers (Bale & Hayward, 2010).

Life tables containing survival rate, fecundity and mean generation period of insect species
(Ma et al., 2017) are used in ecological studies of insect populations. These studies include
the development of insect mass-rearing techniques (Chi & Getz, 1988; Jha et al., 2012), timing
of pest control actions (Yu et al., 2013), as well as studies on host preferences and fitness of
insect species (Naseri et al., 2014). Temperature records can be helpful in pest management
and for the prediction of the occurrence of the various life stages of a pest (Logan, 1988).
Information on host specific development, survival of immature stages, longevity and fecundity
is important for understanding the dynamics of pest populations (Carey, 1984). This
information is important in determining the seasonal occurrence of pest species and for use
in integrated pest management (IPM) strategies (Wagner et al., 1984). The susceptibility of
insect species and natural enemies to pesticides differs between their development stages
(Chi, 1990) and the thermal requirements and biological parameters of insect species vary

among different populations (Lee & Elliot, 1998).

Degree-degree or phenology-based models are used for prediction of developmental
dynamics and migration of insects (Bryant et al., 1998; Roltech et al., 1999). Temperature is
not the only variable that influences pest status, but parameters such as rainfall, humidity,
radiation and CO; concentrations also play a role (Bale et al., 2002). The relationship between
temperature and larval development can be estimated using degree-days, which can be
determined by observation of insect development under constant temperature conditions
(Garcia-Salazar et al., 1988). Degree-day estimation is difficult under field conditions because
of the many factors such as fluctuating temperatures, absence or presence of food sources
and larval density that may influence developmental rates (Gu & Novak, 2005). Degree-day
values are based on the threshold temperatures of insects and are specific for each species
(Miller, 1977).

Non-linear models simulate the development period of an insect in a population (Wagner et
al., 1984). Linear models describe the relationship between temperature and development
(Milonas & Savopoulou-Soultani, 2000). Development of insect species occurs linearly at
favourable temperatures, but becomes non-linear at low and high temperatures (Honék,
1996). These curves can also be used to represent the sensitivity of insect species to climate

change (Amarasekare & Savage, 2012).
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The linear degree-day model is the most widely used approach to determine temperature-
dependent development and requires minimal data for formulation and is easy to calculate
and apply (Fan et al., 1992). Estimating the relationship between temperature and life history
parameters (development rate, survival and reproduction) is important for the prediction of
suitable establishment areas for species under different climate change scenarios (Cammell
& Knight, 1992; Bale et al., 2002; Estay et al., 2009; Régniére et al., 2012). Climate change
alters the mean temperatures that may be experienced in certain environments and which will
affect the daily and seasonal temperature ranges (Easterling et al., 1997). The effects of
climate change on insects can be estimated by the use of bioclimatic models to determine
their distribution (Acevedo et al., 2011). Predicting the potential geographic distribution and
abundance of agricultural pests could assist farmers to adapt to climate change by having
enough pest management tools available to protect crops against such biotic crop production

constraints (Kroschel et al., 2013).

1.9 Climate change

Impacts of climate change and global warming will, amongst others, affect the ecosystem,
water availability, crop production and food security (Sharma, 2014). With the current
increasing levels of carbon dioxide (CO5), an increase in the average temperature of between
1.4 and 5.8 °C can be expected by 2100 (Sharma, 2014). Climate change can have both direct
and indirect impacts on agricultural productivity. These impacts are unequivocal changes in
average temperature, rainfall patterns, droughts, flooding and the geographical distribution of
pests and diseases (FAO, 2015).

Agriculture contributes an average of 30% to the gross domestic product (GDP) and 40% of
exports from Africa (Commission for Africa, 2005). It is very important in sub-Saharan Africa
where approximately 70% of the population depends on agriculture for their livelihoods (World
Bank, 2007). Developing countries, such as those in sub-Saharan Africa, may be the most
vulnerable to climate change because of their high dependency on agriculture, natural
resources, warmer baseline climates and limited ability to adapt (Kurukulasuriya &
Mendelsohn, 2007; 2008; Hassan & Nhemachena, 2008; Thornton et al., 2008). Agriculture
in sub-Saharan Africa is a vulnerable sector due to its dependency on rainfall, lack of
infrastructure, unpredictable markets, agro-ecological complexities and heterogeneity of the
region, low use of fertilizers and degraded soils (World Bank, 2007). Only 4% of crop

production in sub-Sahara Africa is under irrigation, while the rest is rain-fed (Shah et al., 2008).
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The economic growth, income distribution, agricultural demand (Scmidhuber & Tubiello, 2007)
and changes in markets and food prices (FAO, 2008) are all influenced by climate change.
The amount of land available for crop production decreases, while the world population
increases, and this has serious implications for food security, especially in developing

countries (Sharma, 2014).

Crop production is directly influenced by precipitation and temperature (Calzadilla et al., 2013).
A rise in average temperature can increase the growing period of crops and the change in
precipitation levels can affect evaporation, soil erosion rates and availability of fresh water for
agricultural production (IFAD, 2009), which can alter crop yields and the profitability of
production of several staple food crops (Prato et al., 2010). Maize farming systems face many
challenges, including low soil fertility and pests, both in the field and in storage (De Groote,
2002; Kfir, 2002). A decrease in cereal crop production in Africa is projected due to heat and
water stress shortening the growing season, more diseases, and pest and weed outbreaks
(Niang et al., 2014). People living in the tropics and subtropics will be the most affected

because of their high dependency on agriculture for their livelihoods (IPCC, 2001).

The activity, diversity, abundance, geographical distribution, overwintering, development and
population dynamics of insects will in future all be affected by climate change (Sharma, 2014).
The response of insect species to climate change will be distinctive and will depend on the
flexibility of their life history characteristics, different growth rates and diapause requirements
that will influence their geographic distribution and population increase (Bale et al., 2002).
Successful adaptation of insects to conditions of their host plants and the climate of the
environment are represented by their ability to complete their life cycle under certain conditions
(Bale et al., 2002). Temperature can have a significant and rapid impact on species distribution
and abundance because the main eco-physical traits of insects (e.g. life cycle duration,
mobility, reproduction), are all sensitive to the thermal environment (Piyaphongkul, 2013). An
increase in temperature enables migratory insects (e.g. S. frugiperda) to establish in new
regions (Pollard et al., 1995; Bale et al., 2002). The distribution ranges of insects in future are
therefore expected to move within the range of approximately 200 km from their current areas
of distribution as a result of climate change (Watt et al.,, 1990), but it may also cause a

decrease or elimination from certain areas (Ramirez-Cabral et al., 2017).

Pest management will become more challenging in future due to an increase in temperature
and the variability of climatic events (Ramirez-Cabral et al., 2017). The effectiveness of crop
protection control strategies will be affected by climate change through the effect it has on the

expression of host plant resistance, natural enemies, bio-pesticides and synthetic insecticides
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(Sharma, 2014). Pest management will therefore become more challenging in future due to
the increase in temperature and the variability of climatic events (Ramirez-Cabral et al., 2017).
Knowledge of the effect of S. frugiperda on their host crops under current and future climatic

conditions is therefore important for sustainable crop production and to ensure food security.

An increase in temperature causes an increased risk of invasion by migrant pests (Porter et
al., 1991, Parmesan, 2007; Memmott et al., 2010). Sharma (2014) projected greater yield
losses due to insect damage as a result of a reduction in crop diversity and increased
incidence of insect pests resulting from global warming. Climate change affects insects directly
and indirectly (Cannon, 1998; Patterson et al., 1999; Bale et al., 2002). Indirect effects of
climate change on insects are, for example, the relationships between natural enemies,
interspecies interactions, their environments and availability of host crops (Bowler &
Terblanche, 2008). Species that only occur in small areas or at low densities may distribute to
wider areas and reach population densities which can result in economic damage (Porter et
al., 1991; Bale et al., 2002).

An increase in temperature decreases the immature stages developmental time of insects
which make them less vulnerable to predation and increases their chances for survival
(Bernays, 1997). Earlier emergence of adults due to temperature increases will lead to
changes in flight activity patterns (Sharma, 2014). A change in temperature also changes the
longevity of insects (Rosenzweig et al., 2001). An increase in average temperature results in
a decrease in winter mortality, which have an effect on population dynamics (Ayres &
Lombardero, 2000; Bale & Hayward, 2010). The size of adult insects has, however, been
reported to decrease at higher temperatures, causing lower fecundity (Atkinson, 1994).
Insects respond faster to climate change due to their high reproductive rates and short
generation times when compared to vertebrates (Bale et al., 2002; Menéndez, 2007). Insect
species that are not dependent on low temperatures to induce diapause and that have short
life cycles will respond to warming by expanding their geographic distributions, whereas
species that are dependent on cold temperatures to induce diapause and slow development

will have fewer favourable environments (Sharma, 2014).

Shifting in ecosystem boundaries is a major indicator of the influence of climate change and
implies that new areas become more suitable for species to invade (Parmesan, 1996). New
species that arrive may compete interspecifically with native species and this could lead to
additional challenges in terms of pest management (Berggren et al., 2009). The increase in
temperature will extend the distribution of insect species to higher altitudes and latitudes

(Pollard et al., 1995; Hill et al., 1999), due to these environments that become more suitable
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(Sharma, 2014). Spodoptera frugiperda outbreaks are also predicted to increase in regions
with higher altitudes as a result of climate change (Ramirez-Cabral et al., 2017) (Fig. 1.12), a
phenomenon which can have a major impact on maize production. Maize is grown over the
widest range of altitudes and latitudes compared to any other food crop (Shiferaw et al., 2011).
The CLIMEX model of Ramirez-Cabral et al. (2017) forecasts the distribution of S. frugiperda
to expand to 30 °N latitude and to below the Tropic of Capricorn. They also forecast a decrease

or elimination from Mexico to the Tropic of Capricorn (Ramirez-Cabral et al., 2017) (Fig. 1.12).
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Figure 1.12: Ecoclimatic index for future climate conditions of Spodoptera frugiperda in the
Americas (a) by 2050 under CSIRO-Mk3.0, (b) by 2100 under CSIRO-Mk3.0,
(c) by 2050 under MIROC-H and (d) by 2100 under MIROC-H (Ramirez-
Cabral et al., 2017).
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Pest outbreaks will occur more regularly in environments with higher temperatures because
the conditions are better for development and reproduction of pest outbreaks (Boggs, 2016;
Ramsfield et al., 2016). In general changes in climate may result in changes in geographical
distribution, increased overwintering, changes in population growth rates, increases in the
number of generations, extension of the development season, changes in crop-pest
synchrony, changes in interspecific interactions and increased risk of invasion by migrant
pests (Porter et al., 1991).

1.10 Objectives of this study

1.10.1 General objective

The main objective of the study was to evaluate the effect of temperature on the development
and reproduction of Spodoptera frugiperda (Lepidoptera: Noctuidae) under South African

conditions.

1.10.2 Specific objectives

The specific objectives were to determine:

o the development rate of S. frugiperda at different constant temperatures

e the number of degree-days (°D) required for each stage to complete development, as well
as for the overall egg-to-adult development

e the number of larval instars and to develop criteria for identifying specific instars of S.
frugiperda

o the effect of different constant temperatures on the reproduction of S. frugiperda
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CHAPTER 2

The effect of temperature on the development of Spodoptera frugiperda
(Lepidoptera: Noctuidae)

21 Abstract

The fall armyworm, Spodoptera frugiperda, is a polyphagous pest and native to the tropical
and sub-tropical regions of America which recently invaded Africa. The effect of temperature
on the development of S. frugiperda was studied at five different temperature regimes, namely
18, 22, 26, 30 and 32 + 1 °C. Fertility was found to be high with all eggs that hatched at
temperatures ranging from 18 to 32 °C. Development of eggs at a constant temperature of 18
°C was, however, slow and the percentage of eggs that survived, very low. Continuous low
temperature, although above the lower thermal limit, will therefore slow development down
and may reduce population numbers as a result of high mortality. The optimal range for egg,
larval and egg-to-adult development of S. frugiperda in South Africa was determined to be
between 26 and 32 °C. Development rate of S. frugiperda increased linearly with increasing
temperatures between 18 and 30 °C and larval survival was also the highest between 26 and
30 °C. The optimum temperature with the fastest development rate and lowest mortality for
larvae was at 30 °C. Pupal development time varied from 7.82 to 30.68 days (32 — 18 °C) with
a mean pupal development time of 17.06 days at 22 °C, but only 11.43 days at 26 °C.
Development period of the egg-to-adult stage decreased from 71.3 at 18 °C to 20.2 days at
32 °C. Based on linear regression analysis of development rate at all temperatures, a minimum
temperature threshold of 13.01 °C was calculated for egg development and 12.12 °C for
larvae, 13.24 °C for pupae and 12.57 °C for egg-to-adult development. Degree-day
requirements for S. frugiperda egg and larval development was 35.72 + 1.30 and 202.67 *
4.45 °D respectively when larvae were reared on sweet corn kernels. Pupae needed 147.06
°D for development and development of the life cycle (egg-to-adult), 391.01 £ 1.22 °D. The six
larval instars were determined by using head capsule widths that ranged from 0.3, 0.46, 0.8,

1.4, 1.9, and 2.69 mm. All successive instars increased in size according to Dyar’s ratio.

Key words: degree-days, development, head capsule widths, Spodoptera frugiperda,

temperature
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2.2 Introduction

Pest biology, distribution and abundance are influenced by the relationship between
temperature and the rate of development (Tobin ef al., 2003). Development of insects occurs
within a specific temperature range and a change in temperature will therefore influence the
rate of development, duration of the life-cycle and ultimately, survival (Howe, 1967). An
increase in ambient temperature to near the thermal optimum of insects cause an increase in
their metabolism and therefore also their activity (Jaworski & Hilszczanski, 2013). Since
thermal and biological requirements of insect species can differ between populations (Lee &
Eliot, 1998), it is important to study these relationships in order to understand and possibly

predict invasion patterns and areas where pests may establish.

The thermal optimum is the temperature at which a species develops, reproduces and
survives optimally (Begon et al., 2006). Temperatures lower or higher than the optimum
temperature lead to a decrease in development rate (Begon et al., 2006). Temperature
influences the duration of each instar, as well as the number of instars that larvae go through
before reaching the adult stage (Aguilon et al, 2015). A faster development rate can be
advantageous to insects since it results in less time spent in vulnerable stages during which
they can be attacked by predators, parasitoids and entomopathogens (Jaworski &
Hilszczanski, 2013). The status of crop pest species is therefore affected by changes in

climate and weather (Porter et al., 1991).

Temperatures fluctuate in natural environments and affect insect population dynamics
differently from conditions where insects would only be exposed to constant temperatures.
However, studies of insect pest species at constant temperatures can be used to predict their
seasonal and phenological development (Mironidis, 2014), pest population dynamics and
timing of control strategies (Shanower et al., 1993). Insects develop faster under fluctuating
temperatures when the maximum and minimum temperatures are within the optimal range of

development of the species (Hagstrum & Hagstrum, 1970).

The fall armyworm, Spodoptera frugiperda, a lepidopteran pest that recently invaded Africa,
is expected to be a lasting threat to several important crops (Goergen et al., 2016). It is likely
that this pest will have the ability to colonise the tropical areas of Africa (Goergen et al., 2016).
Furthermore, the effect of temperature on the development of target insect speces under the
current changing climatic conditions should be known for risk analysis purposes, forecasting
and management strategies in order to minimize pest infestation levels (Calvo & Molina,

2005). It is important to determine number of and difference between larval instars correctly,
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not only for ecological studies, but also for pest management strategies, since the

effectiveness of insecticides may differ between instars (Drooz, 1965).

The objectives of this study were to determine the development rate of S. frugiperda at
different constant temperatures, to determine the number of degree-days (DD) required for
each stage to complete development, as well as for overall egg-to-adult development. Larval
instar demarcation were also determined by measuring the head capsule widths for use as

criteria to be applied in decision making for control of S. frugiperda.

2.3 Materials and Methods

2.3.1 Spodoptera frugiperda stock colony

Spodoptera frugiperda larvae (Fo generation) were collected from maize fields at Delmas
(26.1575° S, 28.5915° E), Mpumalanga province, South Africa. These larvae were reared in
plastic containers (40 x 20 x 15 cm) with aerated lids and provided with maize leaves from the
non-Bt maize cultivar PAN 6Q-121, as food. Food was replaced at three-day intervals. Larvae
were reared separately from the 3™ instar onwards. This was done in small plastic containers
(52 mm high x 30 mm in diameter) with a steel mesh infused lid. Larvae were kept in a rearing
room at 26 + 1 °C, 65 + 5% RH, and 14L: 10D photoperiod until pupation. Pupae were sexed
and kept in the same rearing room as the larvae. Pupae were observed daily until moths

emerged.

After the emergence of moths, single male-female pairs were confined to oviposition chambers
in a rearingroomat26 + 1 °C, 65+ 5 % RH and a 14L : 10D photoperiod. The chambers and
method used are according to that described by Kruger et al. (2012). A plastic bottle (22 cm
in height and 10 cm in diameter) was cut open at the top and filled with small crusher stones
up to a height of 5 cm. One maize stem (25 - 30 mm diameter) with the whorl intact and 18
cm in length were placed in an upright position in the bottle. The stem was inserted 3 - 4 cm
into the crusher stones to keep it upright. Water was added up to a level three-quarter of the
height of the stones to provide humidity and to keep the plant parts fresh. The containers were
covered with a fine gauze mesh to prevent the moths from escaping (Fig. 2.1a, b). The maize

leaves and stems were observed daily for egg batches and replaced every day.
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2.3.2 Temperature-dependent egg development

Egg batches from the stock colony were removed from maize plants within 12 hours of
oviposition by cutting off the piece of leaf sheath or leaf to which the egg batches were
attached. About 50 eggs were placed in a small plastic container (52 mm high and 30 mm in
diameter) with a steel mesh infused lid. These plastic containers were kept in a glass
desiccator (150 mm diameter) in which RH was maintained at 70 + 5 % using a potassium
hydroxide solution according to the method of Solomon (1951) (Fig. 2.1¢). The desiccators
were kept at 18, 22, 26, 30 and 32° £ 1 °C in incubators with a 14L: 10D photoperiod. The
temperature and RH in each desiccator were recorded at 30-minute intervals using iButtons®
from ColdChain Thermo Dynamics (Fairbridge Technologies). The eggs were checked daily

until they hatched and the number of days to hatching was recorded.

2.3.3 Temperature-dependent larval and pupal development

Eggs were collected from moths kept at 26 £ 1 °C, 65 + 5 % RH and a 14L: 10D photoperiod
and husbandry was as described above. After hatching, neonate larvae (Fs generation) were
transferred and kept individually in Petri dishes (9 cm diameter) with sweetcorn kernels
(cultivar NK603) in the soft dough stage as food (Fig. 2.1d). Larval and pupal development
was studied under the same conditions of constant temperature and photoperiod used for egg
development (see 2.3.2). The developmental time of the pre-pupal and pupal stages were

combined and provided as development time for pupae.

The Petri dishes were checked daily for head capsules and exuviae. Head capsule and
exuviae found were removed daily to avoid confusion. Daily observations of the larvae were
done and moulting, as well as survival, were recorded. Food was also replaced and the Petri
dishes cleaned daily. Pupae were checked daily until the emergence of the moths. The
number of days to emergence of moths was recorded. The temperature and RH in the
container at each temperature regime were recorded at 30-minute intervals using iButtons®

from ColdChain Thermo Dynamics (Fairbridge Technologies).

2.3.4 Number of instars

First instar larvae were collected within 24 hours of hatching from small plastic containers kept
in a glass desiccator at 26 £ 1 °C and 14L :10D and transferred individually to Petri dishes (9

cm diameter). These larvae were provided with sweetcorn (NK603) kernels as food. After
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moulting, thirty larvae of each consecutive instar were fixed in 70% ethanol. Head capsules
were measured under a stereo microscope (Nikon SMZ 1500) equipped with a camera and
the NIS-Elements D 3.1, Microscope Imaging Software. The head capsule widths were

measured as the distance between the most distant lateral sides of the head capsule margins.

2.3.5 Data analysis

The relationship between temperature (x) and development rate (y) was determined by using
a simple linear regression analysis. The lower threshold temperature (t) and the number of
degree-days (k) required to complete development for each of the stages, as well as their
standard errors, were calculated using the equations of Campbell et al. (1974). The lower
threshold temperature was estimated by setting y = 0 and solving x for the regression equation,
y = a + bx, where y = 1/days, x = temperature, a = intercept and b = slope. The lower
temperature threshold was calculated as t = -a/b and the thermal constant for development in
number of degree-days (°D): k = 1/b. The standard error of means was calculated as: S.E. of
t = y/b \(s?/Ny?) + [S.E. of b/b]? and standard error of the day degrees as: S.E. of k = (S.E. of
b)/b?. The mean number of degree-days (°D) needed for the development of the egg, larval
and pupal stage were estimated using the equation of Jackson and Elliot (1988): °D = T(c -
Tmin), Wwhere T is the number of days taken to complete development at a constant temperature
(c) and T, is the minimum temperature for development. The thermal constant was used and
the mean number of °D required for the development of each life stage at the set constant
temperatures were compared. The effect of temperature on development was analysed by
means of one-way ANOVA followed by Tukey’s HSD test (P = 0.05).

The number of instars was reported by means of the frequency distribution of head capsule
width and ranges were assigned to individual instars based on larval instar head capsule
width. The possibility of assigning specimens to instars by means of Dyar’s rule (Dyar, 1890)
as [post moult size/pre-moult size (moult increment) = constant], was determined. Linear
regression analysis was used to establish relationships between temperature and growth
ratios. All statistical analyses were done using STATISTICA 12 (Statsoft, Inc., 2013).
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2.4 Results

Egg, larval and pupal development times of S. frugiperda were inversely related to
temperature between 18 and 30 °C (Table 2.1). Development time of eggs (F4, 134 = 10902.3;
P < 0.001) and all larval instars differed significantly at temperatures between 18 and 32 °C
(Table 2.1). [Firstinstar (F4, 134= 70.47; P < 0.001); second instar (F4, 134 = 139.09; P < 0.001);
third instar (F4, 134 = 293.47; P < 0.001); fourth instar (F4, 134 = 238.67; P < 0.001); fifth instar
(F4, 134 = 191.40; P < 0.001); sixth instar (F4, 134 = 325.32; P < 0.001)]. The time for total larval
development also differed significantly at the respective temperatures (F4 134 = 1463.94; P <
0.001). Development times for all the above-mentioned stages were significantly longer at a
constant temperature of 18 °C compared to 22, 26, 30 and 32 °C. Mortality of larvae at 18 °C
was also very high (70%) indicating a constant temperature of 18 °C not to be suitable for
development of S. frugiperda larvae. Development time of eggs and all instars, except for
instar 2 did not differ significantly at 30 and 32 °C (Table 2.1). Development time for instars 2
and 5 was not significantly different at 26 and 30 °C, but decreased at 32 °C. Development
time was significantly longer at 32 °C for instar 2 larvae, but this decrease in development time
was not significant for instar 5 larvae at 32 °C (Table 2.1). This suggests that the optimum
temperature for development of larvae from these two instars should be between 26 and 30
°C. Therefore, for a more accurate estimation of the lower threshold temperature for
development, times where development did not fit the linear model, were omitted from the
calculations, viz. 32 °C for eggs and larval instars 1, 3, 4 and 6, and 30 and 32 °C for instars
2 and 5. Development time for the total larval development period was also inversely related
to temperature between 18 and 30 °C, with no difference in development time at 30 and 32
°C (Table 2.1). Development time of larvae at 26 °C decreased by half compared to the
development time at 22 °C. However, larvae developed significantly faster at 30 °C compared
to 26 °C and there was no significant difference in development time between 30 and 32 °C.
The lowest larval mortality (4%) occurred at a constant temperature of 30 °C (Table 2.1).
Larval mortality at 26 °C was 15% and 29% at a constant temperature of 32 °C. The optimum
temperature range for larval development is therefore between 26 and 30 °C and the optimum
temperature 30 °C. Development time of pupae was also inversely related at temperatures
from 18 to 32 °C (Table 2.1). Development time of pupae was significantly shorter at 32 than
at 30 °C, suggesting that the optimum temperature for pupal development is closer to 32 °C.
Development rate at this temperature was therefore also included in the calculations of the

lower threshold temperature for pupae, as well as for egg-to-adult development.
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The relationship between development rate and temperature for S. frugiperda is illustrated in
figure 2.2. Replication means were used to calculate development rate (1/days) curves.
Rearing temperatures where development rate did not fit the linear portion of the graphs from
the least square linear regression analyses, (also indicated as development times not
significantly different from those at subsequent rearing temperatures indicated above), were
excluded. High R? values for the linear models (Figures 2.2 and 2.3) indicated that the model
represented the data accurately. Linear regression equations describing these relationships
and estimates of the lower temperature threshold (t) and the number of degree-days (°D) for

each life stage are summarized in table 2.2.

The thermal constant (k) for egg development was calculated as 35.73, for development of
larvae and pupae, 202.67 and 147.06, respectively (Table 2.2) and 391.01 °D for egg-to-adult
development (Table 2.3). For first instar larvae, the lower temperature threshold temperature
was calculated as 8.5 °C, which seems to be too low. A very high overall mortality rate of
larvae (70%) occurred at 18 °C, most of which occurred during first instar development.
Therefore, recording of the development rate of only the 30% larvae that did survive to
adulthood, might be a possible reason for this low estimation of lower temperature threshold.
Based on linear regression analysis of development rate at all temperatures, a minimum
temperature threshold of 13.01 °C was calculated for egg development and 12.12 °C for larval
instars. The lower minimum threshold temperature for the larval stage was lower than that of
the egg stage and eggs will therefore not develop and hatch at temperatures which are not

suitable for larval development.

In figure 2.4 the head capsule width distribution of S. frugiperda was illustrated by a linear
regression analysis indicating a relationship between larval instars and head capsule width
(log value) with an r-value of 0.976. Instar 7 did not fit the linear line because the larvae did
not increase in size and head capsule width of instar 7 remained the same as that of instar 6
(Figure 2.4). Head capsule widths of larvae ranged between 0.27 mm and 2.90 mm (Table
2.4). No distinction could be made between instars 6 and 7 in terms of head capsule width. All

successive instars increased in size according to Dyar’s ratio (Table 2.4).

2.5 Discussion

The development rate of species at their favourable range of temperatures increase linearly,
but at unfavourable temperatures the rate becomes nonlinear (Wagner et al., 1984).
Spodoptera frugiperda fertility was found to be high in this study with all eggs that hatched at

temperatures ranging between 18 and 32 °C. This favourable range was also reported by Al
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et al. (1990), namely 17 to 38 °C. Egg development rate was similar at 30 and 32 °C, which is
in contrast to the findings of Ali et al. (1990) who reported non-linearity in egg development at
35.5 and 38 °C, where the development rate declined. Development of eggs at a constant
temperature of 18 °C was, however, slow and the percentage of eggs that hatched, very low.
Continuous low temperature, although above the lower thermal limit, will therefore slow down

development and may reduce population growth rate as a result of high mortality.

Development rate of S. frugiperda increased linearly with temperatures increasing from 18 to
30 °C. Ali et al. (1990), who studied development of S. frugiperda at temperatures from 17 to
38 °C, reported development at temperatures ranging between 21 and 33 °C to increase
linearly, but excluded 17 °C and temperatures higher than 33 °C from his analysis. They
therefore regarded 21 to 33 °C to be suitable for S. frugiperda development. In the present
study, development at 32 °C was found not to be linear for egg and larval development, but
linear for pupal development up to 32 °C. The optimal temperature range is a specific
temperature range within the suitable range, at which insect species can successfully develop
and reproduce (JaroSik et al., 2002). Species that occur in environments where temperatures
are greater than or below the optimum temperature take longer to develop and survival is
lower (Dixon et al., 2009). The optimal range for egg, larval and egg-to-adult development of
S. frugiperda in South Africa was therefore determined to be between 26 and 32 °C. Larval
survival was the highest between 26 and 30 °C and the optimum temperature with the fastest
development and lowest mortality for larvae was at 30 °C. Although larval development does
not increase at a linear rate at 32 °C, pupal development was linear with increasing
temperatures up to 32 °C. Spodoptera frugiperda pupae develop at a depth of 2 to 8 cm below
the soil surface under field conditions (Sparks, 1979; Capinera, 2001) and are therefore
exposed to changes in the daily temperature (Simmons, 1993). Soil temperature can be very
high (>30 °C) during summer months in South Africa, which also coincides with the maize
production season and S. frugiperda infestation of maize. The ability of S. frugiperda pupae to
survive and develop at high temperatures in the soil therefore provides an advantage for this
pest in terms of survival and development. The estimated lower development threshold of
13.01 £ 0.10 °C for eggs, is near the thresholds estimated by Ali et al. (1990) (12.69 + 1.37
°C) and Hogg et al. (1982) (13.4 °C), but lower than the 16.95 + 1.35 °C threshold reported
by Barfield et al. (1978). Larval mortality was the lowest at 26 — 30 °C, with 70 % of larvae that
died at 18 °C and 28% at 32 °C. Barfield et al. (1978) also reported S. frugiperda larval
mortality to be higher at 18 °C and 37 °C than at 26.7 °C.

Development period of the egg-to-adult stage decreased from 71.3 at 18 °C to 20.2 days at
32 °C, which is slightly slower than the total development period for S. frugiperda of 66.5 days
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at 18.3 °C and 18.3 days at 35.0 °C reported by Barfield et al. (1978). The rate of successive
generations can be determined by using the duration of the egg-to-adult period (Campbell et
al., 1974). Degree-day requirements for S. frugiperda larval development is 202.67 + 4.45 °D
when reared on sweetcorn kernels and 147.06 °D for pupae, which is near the larval degree-
day requirement of 197.60 + 0.54 °D reported by Ali et al. (1990), but differed from their 112.86
+ 9.25 °D reported for pupal development. Ali et al. (1990) found degree-day requirements for
pupae to be independent of larval diet. However, they did report the degree-days needed for
completion of the larval stage to be affected by larval diet, since they found larvae fed with
cotton to require 37 % more day-degrees compared to larvae that were reared on an artificial

diet or maize. Mortality of larvae on a cotton diet was also the highest.

Temperature related development studies have also been conducted on other Spodoptera
species, e.g. Spodoptera exigua (Lepidoptera: Noctuidae) in Iran (Karimi-Malati et al., 2014)
and Spodoptera litura (Lepidoptera: Noctuidae) in India (Fand et al., 2015).. The lower
threshold, optimum and upper threshold temperatures of the beet armyworm, S. exigua fed
on sugar beet, were 13.1, 32.2 and 34.1 °C, respectively (Karimi-Malati et al., 2014). No
development was reported at 12 and 36 °C (Karimi-Malati et al., 2014). The lower and upper
developmental threshold temperatures predicted for immature life stages of S. litura
(Lepidoptera: Noctuidae) reared on soybean are 10.2 °C and 36.3 °C for eggs, 9.9 °C and
38.7 °C for larvae and 9.8 °C and 38.2 °C for pupae, respectively (Fand ef al., 2015). The
optimum temperatures for immature development of S. litura are 24.6 °C, 26.7 °C and 26.5 °C
for eggs, larvae and pupae, respectively (Fand et al., 2015). The developmental periods
reported for S. litura larvae is 17.1 days, and for pupae, 8.4 days at 27 £ 0.5 °C (Hashmat &
Khan, 1977).

The 29.3 days required for completion of the life cycle by S. frugiperda determined in this study
is in agreement with the completion of its life cycle in 30 days at 25 °C reported by Sparks
(1979). Development rate is, however, affected by larval diet (Sparks, 1979; Ali et al., 1990).
Pitre and Hogg (1983) reared S. frugiperda on maize at 25 °C compared to this study where
larvae were reared on sweetcorn kernels at 26 °C and reported mean development times for
instars 1 to 6 to be 3.3, 1.7, 1.5, 1.5, 2.0 and 3.7 days compared to this study where these
development times were 3.0, 2.1, 2.0, 2.2, 2.3 and 3.4 days, respectively. Similar development
in these two studies was therefore recorded, taking into account the difference in food and

temperature.

Spodoptera frugiperda pupal development time varied between 7.82 and 30.68 days (32 - 18
°C), while pupae kept at 15 and 35 °C by Simmons (1993) took approximately 37.2 and 5.6
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days respectively to complete the pupal stage. Luginbill (1928) reported the pupal stage to be
completed in nine to 45 days depending on the temperature, and 17 days at mean
temperatures of 22.3 to 26.6 °C. Capinera (2001) reported the pre-pupae and pupal stage to
range between two and four days and between eight to 30 days, respectively depending on
the temperature conditions. A mean pupal development time of 17.06 days was recorded at
22 °C, but only 11.43 days at 26 °C. Spodoptera frugiperda pupae kept at 10 °C by Wood et
al. (1979) survived for 50 days and by Simmons (1993) for 62 days, but they did not eclose.
Pupae kept at 40 °C did not survive (Simmons, 1993). The lower threshold temperature for
the pupal development in this study was 13.24 °C, which is similar to that of 13.3 °C reported
by Vickery (1929). According to Simmons (1993), 90% of the pupae eclosed at temperatures
of 20, 25, 30 and 35 °C, but only 58 to 78 % eclosed at 15 °C, with no difference in percentage

pupal eclosion between fluctuating and constant temperatures.

Insect species from temperate regions cannot survive year round due to unfavourable
environmental conditions and strategies need to be developed to overcome these
unfavourable conditions (Nylin & Gotthard, 1928). Spodoptera frugiperda do not diapause and
therefore migrates to regions which have a more favourable environmental temperature
(Luginbill, 1928). Temperatures below 13 °C at the overwintering sites of S. frugiperda will not
allow survival of larvae and pupae (Perkins, 1979), but Sparks (1979) estimated this minimum
temperature for survival to be 10 °C. With regard to the northern hemisphere, survival of S.
frugiperda occurs in the southern regions of Florida and Texas and during mild winters along
the Gulf Coast (Luginbill, 1928; Barfield et al., 1978; Sparks, 1979). Spodoptera frugiperda
can, however, not survive periods of extreme cold, as well as periods with mild cold and rainfall
(Luginbill, 1928). The eggs, pupae and adults can tolerate cold without developing cold
hardiness, but not the larval stages (Morrill, 1971). Cold hardiness is a slow process that
increases the tolerance of an insect to better survive in cold environments (Kelty & Lee, 2001;
Denlinger & Lee, 2010).

Insects exposed to stressful conditions, such as an increase in its thermal tolerance level
caused by high temperatures, can result in a rapid response to hardening (inducible thermo-
tolerance) (Dahlgaard et al., 1998). Hardening in terms of high temperatures is more
associated with rapid responses to short term moderately stressful exposures (Denlinger et
al., 1991, Dahlgaard et al., 1998). Insects at high temperatures may avoid overheating through
shade-seeking, avoidance behaviour, increased evaporation, cooling or biochemical
reactions. Rapid biochemical protection can be created, such as heat shock proteins that will
cause cell function to stop (Denlinger & Lee, 2010; Terblanche, 2013). This is an aspect which

should be further investigated for S. frugiperda, taking into account the effect of climate change
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and the very high summer temperatures during the maize production season in the temperate

zones of South Africa.

Climate change affects temperature on a seasonal and daily basis and insect species must
therefore have the ability to withstand thermal fluctuations and unfavourable temperatures
(Scharf et al., 2015). Changes in temperature affect the physiological traits of insects based
on body-size and it also affects metabolic rates, as well as water and feeding requirements
(Speight et al., 2008). Some insects go through extra or fewer moultings to withstand the
effects of low or high temperature, and low quality and availability of food sources (Ali et al.,
1990). Development of S. frugiperda larvae during this study was also affected in terms of the
number of larval instars. At a constant temperature of 18 °C, 30 % of larvae completed
development to the adult stage in seven instars. This is in accordance with the findings of
Yarro (1985) that the African armyworm, Spodoptera exempta (Lepidoptera: Noctuidae) and
the fall armyworm, S. frugiperda, can go through extra moults to reach the optimal final body
size when reared on poor quality crops and at unfavourable environmental conditions. Luginbill
(1928) also reported the developmental period and number of instars of S. frugiperda to be
temperature and diet dependent. Ali et al. (1990) indicated that the number of larval instars of
S. frugiperda increase with decreasing temperature. The general number of S. frugiperda
larval instars is six (Luginbill, 1928), but it can reduce to five (Ali et al., 1990; Santos et al.,
2003). Ali et al. (1990) reported five instars for larvae reared on artificial diet at 25 to 29 °C,
but six larval instars at rearing temperatures between 21 and 35 °C on maize. It is a common
occurrence in the USA that larvae go through seven instars during late fall (Luginbill, 1928).
The number of larval instars of S. frugiperda larvae that feed on different phenological stages
of maize which have different nutritive value, also increases to seven (Barfield & Ashley,
1987). Nine larval instars occurred at 17 °C for larvae that were reared on cotton (Ali et al.,
1990) and also when they were reared on low nutritive value grasses such as Cyperus
globulosus (Cyperaceae) at 27 °C (Pencoe & Martin, 1981). Eight S. litura larval instars were
reported by Bhat and Bhattacharya (1978) for larvae kept at 15 °C. The same trend was also
reported for other noctuids, with the Lesser armyworm, S. exigua which goes through six
instars, instead of five, before reaching the critical final body size at extreme temperatures of
15 and 34 °C (Karimi-Malati et al., 2014). An increase in the number of moults of Sesamia
nonagrioides (Lepidoptera: Noctuidae) results in an increase in body mass that is necessary

during diapause (Esperk & Tammaru, 2004).

Larval development and feeding cease during moulting, which decreases the development
rate (Sehnal, 1985), but mouthparts, a sclerotised body part, increase in size as a result of

moulting (Esperk & Tammaru, 2004). According to Dyar’s rule, a straight line should result if
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the logarithm of the measurement of a sclerotised body part in different instars is plotted
against the instar number, and any deviation from a straight line indicates missing instars
(Gullan & Cranston, 2005). A linear progression therefore exists if the growth ratio is constant
between the head capsule widths of each instar for a given species where the ratio ranges
between 1.3 - 1.7 (Gullan & Cranston, 2005). The larval instars of S. frugiperda in this study
followed Dyar’s rule up to the sixth instar. The head capsule widths ranged from 0.27 mm (first
instar) to 2.9 mm (instar six), which differed from the head capsule widths of 0.314 mm (first
instar) to 2.78 mm (sixth instar), reported by Luginbill (1928) and 0.35 mm (first instar) to 2.6
mm (sixth instar) by Kondidie (2011). Larvae reared at 18 °C on sweetcorn kernels, went
through seven larval instars. However, head width measurements indicated that there was no
difference in head capsule widths between instars six and seven, which is therefore not a true

extra instar.

Knowledge of the temperature thresholds of insects is important for predicting their potential
distribution (Cammell & Knight, 1992; Marco et al., 1997). The respective developmental
stages have specific temperature requirements which is important for survival in specific
environments (Cammell & Knight, 1992). The threshold temperatures determined in this study
can be used in a model to estimate the number of generations at specific localities where the
crop hosts are cultivated. It can also be used in a model to determine areas suitable for crop
cultivation to which S. frugiperda can migrate from it's over wintering sites, as well as areas

with suitable environmental conditions for persistent occurrence.
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Figure 2.1:

Containers used for Spodoptera frugiperda rearing: a and b) Oviposition
chambers with one maize stem with the whorl intact per moth pair, c) desiccator
with small plastic containers with eggs, d) Petri dishes lined with moist filter

paper and sweetcorn kernels provided as larval food.
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The relationship between Spodoptera frugiperda development rates and
rearing temperature for larval instar one to six. Development rate at 30 °C

omitted for instars 2 and 5 due to non-linear development.

67



0,6 1
» Eggs °
5 y = 0.0271x - 0.3375
g Egg to adult
Y 0,4 - 4 y = 0.0244x - 0.3434
- R? = 0.9886
©
S
)
c
o
£ Pupae
§0.2 - y = 0.0066x - 0.0866
< R? = 0.9983
>
[
(] Larvae
y = 0.0049x - 0.06
0 R? = 0.9996
T T T T 1
10 15 20 25 30 35

Temperature (°C)

Figure 2.3:  The relationship between development rates and rearing temperature for eggs,

larvae, pupae and egg-to-adult stages of Spodoptera frugiperda.
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Figure 2.4: Relationship between head capsule width and instar of Spodoptera frugiperda
larvae, demonstrating the presence of six clearly defined instars. The linear

regression shows a straight line which fitted Dyar’s rule.
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Table 2.1: Mean development time (days * S.E.) of different life stages and larval survival
of Spodoptera frugiperda at constant temperatures. The range of days taken to
complete a stage is shown in brackets.
Develop Temperature (1 °C)
ment
stage 18 22 26 30 32
E 6.3+£0.1a 4+0b 3+0c 2+0d 2+0d
g9
6-7) (4) (3) (2) (2)
49+0.1a 3.7+01b 3.0+x0.2c 22+0.1d 27+0.1cd
Instar 1
(3-7) (3-5) (2 -6) (2-3) (1-3)
49+0.2a 3+0.1b 21+0.2d 1.9+01d 1.3201¢c
Instar 2
(3-7) (2-5) (1-4) (1-3) (1-2)
5+0.1a 25+01b 2+0.1c 1.4+0.11d 1.1+£0.04d
Instar 3
(4 -6) (2-3) (1-3) (1-2) (1-2)
52+0.1a 28+0.1b 22+0.1c 1.7+0.1d 1.5+0.1d
Instar 4
(4 -6) (2-5) (2-3) (1-2) (1-2)
6.2+0.2a 34+02b 23+0.1c 22+01c 1.8+0.1¢c
Instar 5
(4-8) (1-5) (2-3) (1-4) (1-2)
86+0.2a 51+02b 34+017c (2+x0)d 21+0.04d
Instar 6
(6-12) (4-9) (3-6) (2) (2-3)
L 3439+041a | 30.58+0.15b | 14.86+0.31c | 11.38+0.25d | 1045+0.10d
arvae
(28 - 37) (19 - 22) (13-19) (10 -14) (10-12)
P 30.68+0.28a | 17.06+0.24b | 11.43+0.22c 9+0.12d 7.82+0.1e
upae
P (28 - 34) (14 - 20) (10-13) (8-10) (7-9)
Egg-to- 71.35+042a | 4164+0.32b | 2929+0.29¢c | 22.38+0.27d | 20.27+0.15¢
adult (67 - 78) (38 - 46) (27 - 32) (20 - 25) (19 - 22)
Larval
mortality 71 37 15 4 28
(%)

Means within the same row followed by the same letter do not differ significantly at P = 0.05
(Tukey’s HSD).
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Table 2.2: Linear regression equations describing the relationship between development
rate (1/days) and temperature (18 - 30 °C) and the thermal requirements of

different developmental stages of Spodoptera frugiperda.

Development | Regression model k £ S.E. t+S.E. r - value
stage

Eggs y = 0.0280x - 0.32641 | 35.73 + 0.31 13.01 £ 0.10 0.99
First instar y =0.0212x - 0.1801 47.14 £ 3.13 8.49 £ 0.970 0.83
*Second instar | y =0.0372x - 0.4530 26.86 £ 2.99 12.17 £ 1.05 0.69
Third instar y = 0.0463x - 0.6242 21.58 £ 1.49 13.47 £ 0.67 0.82
Fourth instar | y =0.0404x - 0.5293 24.78 + 1.80 13.11 £ 0.74 0.80
*Fifth instar y = 0.0351x - 0.4600 28.53+2.73 13.13 £ 1.05 0.75
Sixth instar y = 0.0307x - 0.4560 32.57 £ 0.94 14.85 £ 0.24 0.96
*Pupal stage y =0.0068x - 0.0900 | 147.06 +4.45 13.24 £ 0.19 0.98
All Instars y = 0.0049x - 0.0598 | 202.67 +4.45 12.12 £ 0.22 0.98
YEgg- to-adult | y=0.0026x-0.0322 | 390.42 + 4.84 12.57 £ 0.00 0.99

t = estimated lower temperature threshold, k = estimated thermal requirement in degree-

days

*Development rate at 30 °C was omitted

*Development rate at 32 °C also included

$ Development rate at temperatures included as per development stages above
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Table 2.3: Mean development time in days and degree-days (°D) for Spodoptera
frugiperda at constant temperatures. Degree-days were calculated using the
lower threshold temperature for development for each developmental stage
(eggs = 13.01 °C, larvae = 12.12 °C, pupae = 13.24 °C and egg-to-adult = 12.57

°C).
Developmental | Temperature 0 Development time Range °D + §.E.
stage (°C) (days * S.E.)
Egg 18 93 6.38 £ 0.05 6-7 31.82+0.25
22 130 40+0 4 35.96 + 0.00
26 151 3£0 3 38.97 £ 0.00
30 128 2+0 2 33.98 £ 0.00
32 162 2+0 2 37.98 £ 0.00
*Mean 35.72 + 1.30
Larvae 18 31 34.39 + 0.41 28 -37 | 202.20 + 2.43
22 33 20.58 + 0.15 19-22 | 168.56 = 2.39
26 21 14.86 + 0.31 13-19 | 158.63 + 3.11
*30 21 11.38 £+ 0.25 10-14 | 160.92 + 2.14
32 33 6.64 £ 0.16 6-10 | 155.43 £2.02
*Mean 172.58 + 10.10
Pupae 18 31 30.68 £ 0.28 28-34 | 146.02 + 1.31
22 33 17.06 + 0.24 14-20 | 149.45+2.12
26 21 11.43 £ 0.22 10-13 | 145.82+2.86
30 21 9+0.12 8-10 | 150.84 +2.00
32 33 7.82+0.10 7-9 | 146.67 + 1.91
Mean 147.76 + 1.01
Egg-to-adult 18 31 71.45 + 0.42 67 - 77 | 387.98 + 2.31
22 33 41.64 +0.32 38-46 | 392.63+2.98
26 21 29.29 + 0.29 27 -32 | 393.31+3.84
30 21 22.38 +0.27 20-25 | 390.10 +4.73
32 33 16.45 + 0.15 15-19 | 319.71£2.94
*Mean 391.01+1.22

*Instar 2 and 5 omitted due to non-linearity; *All instars included

$32 °C not included for calculation of mean number of degree days
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Table 2.4: Mean head capsule widths and ranges for each Spodoptera frugiperda larval
instar and Dyar’s ratio.

Instar n Range (mm) | Range Size Mean * S.E. Dyar’s ratio

1 32 0.27 - 0.32 0.05 0.30 £ 0.002 -

2 30 0.40 - 0.51 0.11 0.46 + 0.006 1.53
3 30 0.72-0.89 0.17 0.8 £0.008 1.74
4 30 1.12 - 1.67 0.55 1.36 + 0.027 1.7
5 35 1.75-2.1 0.35 1.94 £ 0.014 1.43
6 36 2.29-2.90 0.61 2.63 £ 0.021 1.36
7 31 2.40-2.90 0.5 2.69+0.0 1.02
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CHAPTER 3

The effect of temperature on reproduction of Spodoptera frugiperda

(Lepidoptera: Noctuidae)

3.1 Abstract

The effect of temperature on the reproduction parameters of Spodopetra frugiperda was
evaluated at five different constant temperatures namely 18, 22, 26, 30 and 32 + 1 °C, 65 +
5% RH and 14L: 10D photoperiod. The recorded parameters were: duration of the pre-
oviposition, oviposition and post-oviposition periods, as well as the number of eggs laid and
longevity of the parent moths. Oviposition occurred at all the temperatures and 100% of eggs
were fertile. Significantly more eggs were laid at 22 °C, compared to all the other temperatures.
The total number of eggs laid by per S. frugiperda female ranged between 224.4 at 32 °C and
979.2 at 22 °C. Longevity and fecundity of female moths were inversely related to temperature.
The pre-oviposition period, oviposition period and longevity was the longest at 18 °C compared
to other temperatures. The lowest number of eggs laid per female was at 32 °C and the most
eggs per female, as well as the maximum number of eggs laid per female, was at 22 °C. Many
females died at 32 °C before ovipositing. The upper threshold for reproduction is therefore
lower than 32 °C. Female moths lived significantly longer at 18 °C compared to 22, 26, 30 and
32 °C, but female longevity was similar at 22 and 26 °C. The optimum temperature for

oviposition of moths of the S. frugiperda population used in this study, was 22 °C.

Key words: fertility, longevity, reproduction, Spodoptera frugiperda, temperature
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3.2 Introduction

3.2.1 The effect of temperature on reproduction

Insect reproduction is governed by interactions between intrinsic life history traits and factors
such as temperature, food, moisture gradients, light intensity, chemicals and pathogens
(Danks, 1994). Of the many abiotic factors that may influence the reproduction of insect

species, temperature is usually the most important (Andrewartha, 1952).

Temperature affects the fecundity and longevity of species, which in turn affects the rate of
increase in population density (Andrewartha & Birch, 1954) and pest status (Son & Lewis,
2005). Insect species have a specific temperature range at which they reproduce (Davidson,
1944). Temperature is also the most important abiotic factor which influences development,
reproduction and the survival of an insect population (Ratte, 1985; Liu et al., 1995). Fitness
levels of insect species can be determined by their reproductive success. The impact of
temperature on reproductive success can be determined by the total fecundity per female,
duration of the pre-oviposition and oviposition periods, life-span and egg viability (Kim & Lee,
2003). Temperature is also a limiting factor in the geographic distribution of species (Krebs &
Loeschke, 1994). However, thermal tolerance and requirements for development and
reproduction of a specific species may differ between populations from different geographical
regions (Lee & Elliott, 1998). The optimum temperature range for egg production differs greatly
among species (Engelmann, 1970). Temperatures below or above the optimum for a specific
insect species can be used to predict the impact of climate change on pest population growth.
Often these temperatures reflect what the species normally encounters during reproductive

periods (Engelmann, 1970), which may act to regulate the timing of many life history events.

Knowledge of the effect of temperature on the reproduction parameters of insect species
enables prediction of moth flight periods and periods during which crops will most likely be
infested by a particular pest species (Shahout et al., 2011). Reproduction parameters are
important to consider in the study of population dynamics and management of pest
populations (Ims & Steen, 1990). Mathematical models can be used to predict population
dynamics (Sporleder et al., 2004) and species distribution (Hauptfleisch et al., 2014). It is also
used in the application of the sterile insect technique and implementation of trapping

techniques for monitoring or suppression of insect populations (Shatout et al., 2011).
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An increase in temperature affects the physiological parameters of insects and causes a
decrease in body size, which results in lower fecundity (Atkinson, 1994). This effect of higher
temperatures was demonstrated by Ernsting and Isaaks (1997), who found the fecundity
parameters of Notiophilus biguttatus (Coleoptera: Carabidae) to be inversely related to
temperature with higher numbers, but smaller eggs, produced at higher temperatures.
Populations which are adapted to warmer temperatures may have a higher optimal
temperature and seem to be able to survive better than populations from colder environments
(Kolberg, 2013). The impact of climate change on insect species can therefore be measured

by their longevity and fecundity success (Coulson et al., 2001).

Information on the temperature-dependent population growth potential of insect pests is
critical for understanding population dynamics and for implementing agro-ecosystem specific
pest control strategies, especially in the context of climate change predictions (Kroschel et al.,
2013). A2.7-4.7 °C increase in the average temperature due to climate change (IPCC, 2013)
and climate variability can affect the fecundity and longevity of S. frugiperda. It is therefore
important to understand the possible impacts of climate change on pests to be able to develop

integrated pest management strategies (Ju et al., 2010; Fernandes et al., 2013).

3.2.2 Objectives

The objective of this study was to determine the effect of different temperature regimes on the
reproduction of S. frugiperda. The pre-oviposition period, oviposition period, post-oviposition
period, longevity, number of oviposition quiescence days, maximum number of eggs laid,
minimum number of eggs laid and mean number of eggs laid per female, were determined at

different temperature regimes.

3.3 Materials and Methods

3.3.1 Spodoptera frugiperda collection sites

The collection sites are those described in Chapter 2 (see 2.3.1).

3.3.2 Fecundity and longevity of female moths

Within 24 hours of emergence of the moths, single male-female pairs were confined to

oviposition chambers (Fig. 2.1a, b). Between 40 and 70 oviposition chambers were used per
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temperature regime. The temperature regimes used were 18, 22, 26, 30 and 32 £+ 1 °C, RH of
65 + 5% and a 14L: 10D photoperiod. The temperature and RH at each regime were recorded
at 30-minute intervals using iButtons® from ColdChain Thermo Dynamics (Fairbridge

Technologies).

The chambers and methods used are similar to those described in Chapter 2 (see 2.3.3). The
pre- and post-oviposition periods, oviposition period, days without oviposition, longevity,
number of egg batches laid, and egg production of each female moth were determined at each
temperature regime. Egg batches were removed and kept in small plastic containers (52 mm
high and 30 mm in diameter) with a steel mesh infused lid. The containers were marked and
kept in glass desiccators (150 mm in diameter) in which RH was maintained at 70 £ 5% using
a potassium hydroxide solution according to the method of Solomon (1951). The eggs were
observed daily until no more larvae hatched. The neonate larvae in each container were fixed

with 70% alcohol and quantified.

3.3.3 Statistical analysis

The effect of temperature on pre-oviposition, post-oviposition, and oviposition periods, the
longevity of moths and egg production were analysed by means of one-way ANOVA, followed
by Tukey's HSD test for unequal N (P = 0.05). The relationships between temperature and the
oviposition period of S. frugiperda, as well as between female longevity and temperature, were
determined by means of correlation analyses. All analyses were done with STATISTICA 12
(Statsoft, Inc., 2013).

34 Results

Temperature had a significant effect on all reproduction parameters viz. the duration of the
pre-oviposition, oviposition and post-oviposition periods, as well as the number of eggs laid
and longevity of the moths (Table 3.1). Moths laid eggs at all temperatures and all the eggs
were fertile. There was, however, a significant difference between the numbers of eggs laid at
the respective temperatures (F4, 120 = 18.3; P < 0.001). Significantly more eggs were laid at 22
°C, compared to all other temperatures. There was no significant difference in the total number
of eggs laid per female at 18 and 26 °C, while significantly fewer eggs were laid at 32 °C
compared to 18, 22 and 26 °C (Table 3.1).
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The pre-oviposition period of S. frugiperda differed significantly at the different temperatures
(F4,120=17.3; P < 0.0001). The pre-oviposition period at 18 °C was significantly longer than at
22, 26 and 30 °C, but it did not differ from that at 32 °C. The pre-oviposition periods at 22, 26
and 30 °C did not differ significantly (Table 3.1). The oviposition period of S. frugiperda was
inversely related to temperature (Figure 3.1a), with significant differences between the
duration of oviposition periods at the respective temperatures (F4 120=24.0; P < 0.0001). It did
not differ significantly between 18 and 22 °C, and there were also no differences between the
duration of oviposition periods at 22 and 26 °C. The duration at 18 °C was, however,
significantly longer than at 26, 30 and 32 °C (Table 3.1). The duration of the post-oviposition
periods also differed significantly at the different temperatures (F4, 120 = 3.9; P = 0.005).
However, the post hoc test used to differentiate between the means, viz. Tukey’s unequal N

test, did not show any significant difference in the mean durations of these periods (Table 3.1).

Longevity of the female moths was inversely related to temperature (Figure 3.1b). Female S.
frugiperda moths lived significantly longer at 18 °C compared to 22, 26, 30 and 32 °C (F4 120
= 80.3; P < 0.001) (Table 3.1). There was, however, no significant difference in female
longevity at 22 and 26 °C and also at 30 and 32 °C respectively, with longevity at 30 and 32
°C, being the shortest (Table 3.1). The number of days in which no eggs were laid during the
overall oviposition period, did not differ significantly between the respective temperatures (F4,
120 = 3.2; P < 0.02) (Table 3.1). The mean number of eggs laid per day did, however, differed
significantly (F4 116 = 6.2; P < 0.001), with the fewest eggs laid at 18 °C. There was no
significant difference in daily fecundity at 22, 26, 30 and 32 °C (Table 3.1). The maximum (F4,
120 = 8.3; P < 0.0001), as well as the minimum number of eggs laid per day (F4 116 = 4.2; P <
0.01), differed significantly at the respective temperatures. The highest number of eggs laid
per day was at a constant temperature of 22 °C. However, there was no significant difference
in the maximum number of eggs laid per day at 18, 26, 30 and 32 °C (Table 3.1). The lowest
number of eggs laid per day was at 30 °C and this number differed significantly from the lowest
minimum at 22 °C (Table 3.1). There was also a significant difference in the number of egg
batches laid by females at the different temperatures (F4 120 = 4.9; P < 0.01). Significantly more
egg batches were laid at 22 °C compared to 30 and 32 °C (Table 3.1).
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3.5 Discussion

The reproductive parameters of S. frugiperda female moths were significantly affected by
temperature. The pre-oviposition period of female moths was the longest, approximately six
days, at 18 °C and on average less than four days at temperatures between 22 and 30 °C.
Females had an oviposition period that ranged between 4 and 17 days. This is in accordance
with the findings of Luginbill (1928), who reported a pre-oviposition period of 3 to 4 days, as
well as with Habib ef al. (1982) and Tisdale and Sappington (2001) who reported Spodoptera
species to have an overall relatively short pre-oviposition period. This indicates that adults
reach sexual maturity and mate shortly after emergence. In this study Spodoptera frugiperda
females laid eggs at all temperature regimes, namely 18, 22, 26, 30 and 32 °C. Longevity and
oviposition periods of females shortened with increasing temperatures. This was expected
since the longevity and oviposition periods of insects in general decrease with an increase in
temperature (Aksit et al., 2007). Barfield and Ashley (1987) also reported longevity of S.
frugiperda moths to decrease with increasing temperatures. In addition, Aksit et al. (2007) also
reported an association between female moth longevity and oviposition period in terms of the
temperatures at which the larvae were kept. The fecundity and longevity of adults from larvae
that fed and developed on host plants with a low nutritional value under unfavourable
temperature conditions, are also adversely affected (Combs & Valerio, 1980; Pencoe & Martin,
1981).

Longevity of S. frugiperda moths was reported by Luginbill (1928) to range between 6 and 23
days, depending on temperature and food sources, with an average of 10 days. Longevity of
adult females in this study varied between 11.8, 11.0 and 8.3 days, at 22, 26 and 30 °C
respectively. Longevity determined in this study at 18 and 32 °C was 16.6 and 7.4 days,
respectively, whilst Milano et al. (2008) reported 20.7 and 6.4 days at 18 and 35 °C
respectively. Longevity in both these studies was therefore shorter than the adult longevity
reported by Barfield and Ashley (1987), which were 20.5, 17.0 and 12.9 days for larvae reared
on maize in the reproductive stage and 16.8, 14.5 and 11.9 days for larvae reared on the late
vegetative stage maize at 21, 25 and 30 °C respectively. Longevity of female moths when
larvae were fed with maize tissue from plants in their early vegetative stages was 20.3, 19.0
and 11.9 days at the respective above-mentioned temperatures (Barfield & Ashley, 1987).
Longevity was inversely related to temperature, with a very high percentage of female moths
that died at a constant temperature of 32 °C without laying any eggs. Barfield and Ashley
(1987) also reported longevity of S. frugiperda moths to decrease with increasing

temperatures. Moths kept at 21 °C survived the longest compared to those kept at 25 and 30
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°C (Barfield & Ashley, 1987). These authors concluded that longevity of adults also depended
on diet and temperature. The difference in results between this study and that of Barfield and
Ashley (1987) may possibly be explained by the difference in larval diets. Barfield and Ashley
(1987) reared the larvae on maize tissue in the early and late vegetative stages, as well as on
maize in the reproductive stage. Larvae were reared on the kernels of sweetcorn in this study,
but moth longevity was markedly shorter than that reported by Barfield and Ashley (1987) for

moths from larvae that were fed on maize plants in the reproductive stage.

Fecundity usually increases as temperature increases, between a lower and upper threshold,
up to the optimal point (Milonas & Savopoulou-Soultani, 2000). During this study, most eggs
were laid at the medium temperatures of 18, 22 and 26 °C, indicating the optimum temperature
range for oviposition to be between 18 and 26 °C. The duration of pre-oviposition, oviposition
and post-oviposition periods at 22 and 26 °C were similar, but fecundity was much higher at
22 °C. The latter temperature can therefore be concluded to be the optimal temperature for

oviposition.

The night temperatures are much lower compared to day temperatures during summer in
South Africa. This optimum temperature determined for oviposition will therefore have
practical significance. The negative impact of high constant temperatures of 30 and 32 °C on
S. frugiperda female moths was evident from the shorter life span and reduced fecundity.
Fertility of eggs was, however, not affected at any of the respective temperatures. All eggs
were fertile, and hatched. This was in accordance with the findings of Luginbill (1928), who
reported S. frugiperda to be highly fecund with 100% fertility. The mean fecundity per female
determined in this study at 26 °C (641 eggs) and 32 °C (493 eggs), was much lower than the
fecundity of S. frugiperda on maize in the reproductive stage which was reported as 1510 eggs
at 21 °C, 2019 eggs at 25 °C and 1086 eggs at 30 °C (Barfield & Ashley, 1987). The latter
authors also reported the mean fecundity of S. frugiperda feeding on maize in the late
vegetative stage as 1929 eggs at 21 °C; 2080 eggs at 25 °C and 1337 eggs at 30 °C,
respectively. The lowest number of eggs was laid at 35 °C with 443 eggs followed by 761.7
eggs at 15 °C (Barfield & Ashley, 1987). Milano et al. (2008) reported 1571 eggs laid at 25 °C,
1500 eggs at 20 °C and 1327 at 30 °C. The present study indicated the fecundity at the
different temperatures as follows: 18 °C (716.7 eggs); 22° C (979.2 eggs); 26 °C (641.2 eggs);
30 °C (493.2 eggs) and 32 °C (224.4 eggs).

Barfield and Ashley (1987) concluded that maize growth stage at the time of larval feeding,
affects fecundity and longevity of S. frugiperda. Host-specific information on adult fecundity

and longevity is therefore important for understanding the population dynamics of a species.
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Longevity and fecundity of populations can also differ between geographical locations (Castro
& Pitre, 1988). Spodoptera frugiperda populations that were collected in Mississippi and
Honduras followed by rearing on similar maize plant diets at 26 + 3 °C and a 14L: 10D
photoperiod differed in their fecundity and longevity (Castro & Pitre, 1988). These differences
in fecundity and longevity indicated that the populations had different biological characteristics
(Castro & Pitre, 1988). This also reflects the biotype phenomenon as explained by Qiu et al.
(2009) using Bemisia tabaci (Gennadius) (Homoptera: Aleyrodidae) that biotypes differ in
aspects such as pesticide resistance, plant specialization and reproduction It can, therefore
also be possible that the lower fecundity and longevity of the population studied in South Africa
differed biologically from the populations studied by Barfield and Ashley (1987) in Gainesville,
Florida, USA.

The number of egg batches laid by S. frugiperda females varies between field and laboratory
conditions (Luginbill, 1928). This author reported an average of 6.7 egg batches per female
over her entire lifespan, while Vickery (1929) reported 1782 eggs in 13 egg batches. It is
therefore clear that the number of egg batches varies considerably, since up to 20 egg batches

per female was laid in the current study.

Temperature was also observed to have an effect on mating of S. frugiperda. Simmons and
Marti (1992) reported that only occasional mating takes place under laboratory conditions at
a temperature of 10 °C. If mating is affected, the population dynamics of S. frugiperda is also
affected (Simmons, 1993). Not only does larval diet impact on longevity and fecundity of S.
frugiperda moths, but also adult diet. Sugar or honey solutions improved fecundity of S.
frugiperda moths (Luginbill, 1928). Simmons and Lynch (1990) reported more than double the
number of eggs laid by females fed with honey (2375 eggs) compared to female moths
provided with water only (1120 eggs). Their oviposition periods also more than doubled with
the provision of honey when compared to water only, viz. 8.6 days vs. 4.1 days (Simmons &
Lynch, 1990). Spodoptera frugiperda moths that feed on a honey solution were also reported
to live longer, viz. 12.9 days, compared to female moths fed with water only, which only lived
for 8 days (Simmons & Lynch, 1990).

Spodoptera frugiperda is a tropical pest (Luginbill, 1928). The effect of temperature on
development and reproduction of S. frugiperda should therefore be taken into account when
an IPM strategy is developed for its control, since it can be useful in predicting pest outbreaks
and it provides information on population dynamics. This is especially important in South Africa
where the areas which is suitable for survival during the winter months are limited.

Temperature plays an important role in regulating the phenology, seasonal abundance and
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geographical distribution of species (Bale et al., 2002). Future studies based on the effect of
the fluctuating daily temperature on S. frugiperda development and reproduction should be
conducted. Short-term exposure to high or low temperatures may affect reproduction and

survival success differently than that determined during this study at constant temperatures.
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Table 3.1: Mean fecundity and longevity (+ S.E.) of Spodoptera frugiperda moths at constant temperatures. Values in brackets represent

minimum and maximum.

Temp n | Total number Pre- Oviposition Post- Longevity | No. of days | Mean number Max no. of Min no. of Mean no. of
S of eggs laid | oviposition period oviposition of adults during of eggs laid eggs laid eggs laid egg batches
1°C) period (days) period (days) which no per day per day per day per female
(days) (days) eggs were
laid
18 31 | 716.7 £52.6b 59+0.3a 8.0 £ 0.5a 1.8+0.3a 16.6 £ 0.5a 09+ 18a 90.4 +4.9a 240.0 + 18.4a 15.3+2.2a 18.4 £ 1.3ab
(94 - 1186) (4-10) (2-15) (0-6) (13 -22) (0-4) (47 - 148) (71 - 468) (1-38) (7 - 34)
22 29 | 979.2+57.1a 3.3+0.2b 6.5 £ 0.4ab 1.2+0.1a 11.8+0.2b 0.8+0.2a 156.6 + 9.1b 360.6 + 20.1b 36.4 + 9.6ab 20.3+1.4a
(233 - 1674) (2-8) (3-12) (0-3) (10-15) (0-3) (69 - 301) (123 - 585) (4 - 253) (6-37)
26 25 | 641.2+65.2bc | 3.5+0.3b 5.0 £ 0.4bc 1.8+0.3a 11.0 £ 0.5b 0.6+0.2a 138.2+16.7b | 267.0+24.1a | 48.6+16.0ab | 16.6 £ 2.1ab
(72 - 1438) (2-9) (2-9) (0-5) (5-14) (0-2) (14 - 414) (37 -577) (1-398) (4 -54)
30 32 | 493.2+514cd | 34+0.2b 34+0.2c 1.1+0.1a 8.3+0.2c 0.3+0.1a 140.6 £ 12.0b | 249.3 +20.0a 66.7 + 10.0b 12.6 £1.5b
(96 - 1198) (2-6) (2-6) (0-3) (6-10) (0-3) (41 - 306) (61 -442) (3-198) (3-46)
32 8 2244 +56.8d | 4.4 +0.4ab 2.4 +0.6¢c 0.6+0.3a 7.4 +0.5¢c 0+0a *77.2+10.6ab | 151.0 £21.5a 9.5 + 1.3ab 9.5+2.7b
(39 - 584) (3-6) (1-6) (0-2) (5-9) (0) (47 - 97) (39 - 225) (6-12) (3 -26)

Means in each column followed by the same letter are not significantly different (Tukey’s Unequal N HSD, P = 0.05).

*The mean and minimum number of eggs laid per day at 32 °C was calculated for 4 females only. Number of eggs from the 4 females that

oviposited for one day and died on the day of egg laying, was omitted. It was, however, used in the calculation of ‘Maximum number of eggs laid

per day’
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Figure 3.1: The relationship between temperature and a) duration of

oviposition period, and b) female moth longevity.
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Chapter 4

Conclusion

The Fall armyworm, Spodoptera frugiperda (Lepidoptera: Noctuidae), is indigenous to
the tropical and subtropical regions of the western hemisphere. It is ranked the second
most destructive pest in the south eastern part of the United States (Sparks, 1986). It
recently invaded Africa and it is expected to be a lasting threat to several important crops
(Goergen et al., 2016). The biology, distribution and abundance of a pest is affected by
the relationship between temperature and rate of development (Tobin et al., 2003). In
this study the effect of temperature on the development of S. frugiperda was studied at
five different temperature regimes, namely 18, 22, 26, 30 and 32 + 1 °C. All eggs hatched
at all the temperatures evaluated. Eggs developed slowly at 18 °C compared to the other
temperatures and larval survival was low. It is, therefore concluded that continuous low
temperatures, although above the lower thermal limit, will slow development down and
may reduce population numbers as a result of high mortality indices. The optimal range
for egg, larval and egg-to-adult development of S. frugiperda was between 26 and 32 °C,
but development at 32 °C did not fit the linear model. Larval survival was also the highest
between 26 and 30 °C and the optimum temperature was 30 °C, where the fastest
development rate and lowest mortality was recorded. Pupal development time ranged
between 7.82 and 30.68 days (32 - 18 °C), with a mean pupal development time of 17.06
days at 22 °C, and only 11.43 days at 26 °C. Development period of the egg-to-adult
stage decreased from 71.3 at 18 °C to 20.2 days at 32 °C. Based on linear regression
analyses of development rate at all temperatures, a minimum temperature threshold of
13.01 °C was calculated for egg development and 12.12 °C for larvae, 13.24 for pupae
and 12.57 °C for egg-to-adult development. Degree-day requirements for S. frugiperda
egg and larval development were determined at 35.72 + 1.30 and 202.67 + 4.45 °D
respectively when larvae were reared on sweetcorn kernels. Pupae needed 147.06 °D

for development and development of the life cycle (egg-to-adult), 391.01 + 1.22.

Kroschel et al. (2013) emphasised the importance of predicting the potential geographic
distribution and abundance of agricultural pests in that it could assist farmers to adapt to
climate change by having enough pest management tools available to reduce crop
losses. An increase in temperature can also cause an increased risk of invasion by
migrant pests (Porter et al., 1991, Memmott et al., 2010; Parmesan, 2007). The number

of generations that S. frugiperda can complete per year largely depends on the latitude
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of specific habitats (Luginbill, 1928) and more generations are predicted in tropical
regions where the conditions are more favourable and as such more constant (Sparks,
1979; Randall, 1986; Bale et al., 2002). The above mentioned temperature thresholds
were used and the number of generations that S. frugiperda can complete at different
localities in southern Africa was estimated and a map was generated with CLIMEX
(Sutherst & Maywald 1985; Kriticos et al., 2015) by using the “Wet Tropical” species
template (Figure 4.1). The following temperature parameters were set: the lower
temperature threshold at 12 °C; the lower optimal temperature at 25 °C; the upper optimal
temperature at 30 °C; the upper temperature threshold at 39 °C and cold stress

temperature threshold at 12 °C.

577 B.41 %% Zimbabwe . e
; 264

Namibia Botswana

Africa - Generations

Normal Mercator projection

Figure 4.1:  The estimated number of generations that Spodoptera frugiperda

can complete at different localities in southern Africa.
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Figure 4.1 shows the estimated number of S. frugiperda generations when the thermal
limits determined in this study were applied. The maize producing area of South Africa
extends north to the border of South Africa with Botswana. More than five generations
per annum is estimated in that area. Maize is planted earlier towards the north and can
therefore be infested earlier than maize crops in the central area of South Africa. A longer
period of infestation will also take place as a result of climatic conditions which allow for

more generations per season.

Temperature does not only influence the duration of each instar, but also the number of
instars that the larvae go through before reaching the adult stage (Aguilon et al., 2015).
It is important to determine larval instars correctly for pest management strategies
because the effectiveness of insecticides may differ between instars (Drooz, 1965). The
head capsule widths of the six S. frugiperda instars ranged between 0.27 to 2.90 mm.
This knowledge on head capsule size can provide for more accurate research on
insecticide efficacy, since many insecticides are only registered for application against

instars 1 to 3.

The effect of temperature on the reproductive parameters of S. frugiperda was also
evaluated at 18, 22, 26, 30 and 32 °C, 70 = 30 % RH and 14L: 10D photoperiod. These
parameters were for the duration of the pre-oviposition, oviposition and post-oviposition
periods, as well as the number of eggs laid and longevity of the moths. Fecundity and
longevity of S. frugiperda moths were inversely related to temperature. The most eggs
per female, as well as the maximum number of eggs laid per female, were at 22°C, which
can be regarded as the optimum temperature for oviposition. Observations made during
this study relates to the thermal requirements for each specific life stage under natural
conditions. Spodoptera frugiperda moths lay their eggs at night, which may serve as an
explanation for a medium temperature of 22 ° C as optimum temperature for oviposition.
The optimum temperature for larval development was determined as 30 °C, but pupae
develop at a temperature as high as 32 °C, which will enable successful development in
spite of high soil temperatures. The thermal limits determined in this study are therefore

explained by the tropical nature of the pest.

Future research should focus on using the threshold temperatures determined in this
study in modelling in order to estimate and predict areas suitable for growth and to which
S. frugiperda can migrate from its overwintering sites, as well as areas with suitable
environmental conditions for persistent occurrence. These predictions should then be

supported and verified by research under field conditions.
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