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ABSTRACT

Fall armyworm is an invasive crop pest that has caused much damage to food crops since
it invaded West Africa in 2016. Coccygidium luteum and Cotesia icipe were among the
most promising Fall armyworm larval parasitoids scouted and identified in the West
African sub-region. The study focus on making a choice on using either one, or both
larval parasitoids in a Fall armyworm biological control programme in Ghana, as
parasitoid populations of these species were different in East and West African sub-
regions. The generation time, preference, parasitism levels, and a test for competition and

its effect on Fall armyworm were conducted for both parasitoid species.

Coccygidium luteum recorded an average generation time of 30.1 days and maximum
voltinism of 12 generations per year. Cotesia icipe recorded an average generation time
of 16.9 days and maximum voltinism of 21 generations per year. Coccygidium luteum
showed parasitism preference from newly emerged larva to 7 days old larva (1% to early
4™ Fall armyworm larval instar). Four and five days old Fall armyworm larva (2" and
early 3" larval instar) was ideal for higher parasitism, with a lower percentage mortality
and higher percentage adult parasitoid emergence. Cotesia icipe showed parasitism
preference from newly emerged larva to 4 days old larva (1* to 2" Fall armyworm larval
instar). One day, and two days old Fall armyworm larva (1* Larval instar) was ideal for
higher parasitism, with lower percentage mortality and higher percentage adult parasitoid
emergence. C. luteum recorded an average of 30 parasitism daily after two hours
exposure (59.5 %), and a total of 149 parasitism in five days. C. icipe recorded an
average of 24 parasitism daily, after two hours exposure (44. 7%), and a total of 112 in

five days. Competition was found to exist between both parasitoid species as they exploit
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the same host larva with an overlapping preference range, but the competition works
synergistically in controlling Fall armyworm through increase in Fall armyworm
mortality. C. luteum attacked largely day 0 to 7 days old Fall armyworm larva (1* to early
4™ instar). C. icipe attacked day 0-4 day-old larva (1* to 2" instar). Older Fall armyworm

larva (5" instar and above) expressed a physical aggression defensive behaviour.
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CHAPTER ONE

1.0 INTRODUCTION

1.1 Study background

Fall armyworm, Spodoptera frugiperda (J.E. Smith) is an invasive species which
originated from Americas and is currently present in many parts of Africa. It is a
destructive agricultural pest which usually destroys crops by feeding on their leaves and
stem, and even feed as deep into the corn (Marenco et al., 1992). The Fall armyworm has
a higher crop destroying tendency within the shortest time and also attack crops all year
round. There is evidence of Fall armyworm resistance development to chemicals (Yu,

1991).

The Fall armyworm is a major crop pest which feeds on a variety of crops (polyphagous)
and poses a threat to world food security. In Ghana, the Fall armyworm invasion has

deprived many farmers of quality crop yield and bumper harvest (Day et al., 2017).

Chemical control of the Fall armyworm has been the most used management practice.
Some research institutes like Centre for Agriculture and Bioscience International (CABI)
and the International Institute of Tropical Agriculture (IITA) in collaboration with other
government institutions in West Africa have identified locally available Fall armyworm
biological control agents. Coccygidium luteum and Cotesia icipe have been identified as
two of the most abundant Fall armyworm larval parasitoids in Ghana and Benin (Abgoyi
et al., 2020). Further studies shows evidence of 89% reduction in the feeding rate of C.

luteum parasitized Fall armyworm larvae (Agboyi et al., 2019). The Ghanaian



government has shown kin interest in adopting biological control of the Fall armyworm
in Ghana and has already initiated a nationwide biological control programme with
emphasis on the most promising larval and egg mass parasitoids identified in Ghana.
Currently the Plant Protection and Regulatory Services Directorate (PPRSD) of the
Ministry of Food and Agriculture (MoFA) in collaboration with CABI is working on an
egg mass parasitoid efficacy test on the Fall armyworm. Coccygidium luteum and Cotesia
icipe are also promising larval parasitoid of great interest in the biological control of the
Fall armyworm pest in Ghana. It is therefore prudent to conduct further studies on
potential larval parasitoids intended to be used in Ghana. The presence of native Fall
armyworm larval parasitoids in the West African sub region are key biological control
agents which are intended to be used in augmentative biological control. Understanding
the ecological interactions between the Fall armyworm and their environment which
includes the beneficial biological control agents plays an important role in the success of

a biological pest control programme (Xu et al., 2013).

1.2 Problem statement

The damage Fall armyworm poses to crop yield loss and food security cannot be over
emphasized. Fall Armyworm (FAW) is estimated to cause yield losses in a range from
8.3 to 20.6m tonnes per annum representing economic loss between US$2,481m and
US$6,187m in Africa if not managed properly (Abrahams et al., 2017). Fall armyworm
related average maize yield loss in Ghana as at 2018 was 45%, with lower and upper
extremes of 22% and 67%, respectively. This accounts for an estimated US$418.8m

economic loss annually (Abrahams et al., 2017). Measures put in place to curb the
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menace are more chemically inclined and have not yielded a very effective control. This
has enhanced the establishment and increase in Fall armyworm pest population resulting

in further spread of the pest to many more countries in Africa (Cock et al., 2017).

The government of Ghana spends over US$5.02m for distribution of pesticides and
monitoring of Fall armyworm (SRID, 2018). The borrowing behaviour of Fall armyworm
larvae into the plant and soil, while feeding and pupating respectively makes Fall
armyworm pest control not very efficient (Kumela et al., 2018). Adaptive potentials of
Fall armyworm have also enhanced their resistance to insecticides and transgenic corn
hybrids making control really difficult (Julio et al., 2017). The effect of chemical on
human health, the environment and biodiversity sustainability cannot be disregarded and
this calls for the development of a sustainable and eco-friendly control method (Boxall,
2004). Biological control is one of the safe and effective pest control strategies. Several
parasitoids of FAW including larval parasitoids like Coccygidium luteum and Cotesia
icipe were identified in Ghana. However, little is known about their behaviour,

particularly the interaction between different parasitoid species identified.

Intrinsic and extrinsic interspecific competition mechanisms are known to exist among
the family Braconidae (Xu et al., 2013). Several parasitoids have been found in Ghana,
causing up to 75% parasitism to FAW larvae (Agboyi et al., 2019). Amongst them the
braconid wasps, Coccygidium luteum and Cotesia icipe were collected in Ghana causing
up to 17% and 1% Fall armyworm parasitism, respectively. Unlike the case of Ghana,
Eastern African countries (Kenya and Tanzania) have more C. icipe than C. luteum with
less than 10% Fall armyworm parasitism (Fiaboe et al., 2017; Sisay et al., 2018). The

differences in C. icipe and C. luteum abundance in the two African sub regions might be
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due to the inter-specific competition among parasitoids which have been reported to
affect the parasitoids population dynamics (Xu et al., 2013). The success of released
parasitoids in a biological control programme could be affected by the intense
competition between parasitoids for resources and may alter the intended results (Wang
et al., 2008; Cabello et al., 2011). This calls for curiosity to understand what accounts for
the contrasting abundance and level of parasitism between the two parasitoids in the

different sub regions.

1.3 Justification

Augmentative biological control programme is always based on mass rearing of
biological control agent, with a deep knowledge on its potential to control the target pest,
as well as its interaction in the ecology. In-depth knowledge on parasitoid interactions in
the environment and successful use in FAW biocontrol will drastically minimize the
excessive use of chemicals, including very hazardous and unregistered ones by farmers
with adverse effects on human and environment, which is a major worry for the

sustainable management of Fall armyworm.

The behavioural adaptations of the Fall armyworm must be taken into consideration
before choosing a control method. More often than not, the early larval instars are not
visible to the ordinary farmer. The farmer only gets to know of an infestation when the
larvae are at the late instars, where they feed faster on large masses of the crop. At this
stage, damage and presence of the Fall armyworm are visible. Unfortunately at this stage

of infestation, farmers might have lost most of their crops. Pesticides though lethal to



Fall armyworm, might not be effective in killing and controlling the Fall armyworm
population, this is due to the fact that the larvae bore deep into the whorl, stem, and cob
at this stage of infestation (Sparks, 1979), and may not have frequent contact with the
pesticides. This phenomenon reduces the probability of killing the larvae by the pesticide,

though lethal.

On the other hand, the frequent contact with chemicals over a long period of time may
lead to increase in resistance to the pesticides by the Fall armyworm. Pesticides are
synthetic compounds and have a broad spectrum, Killing non targeted insects that are
important in ecological processes (Margni et al., 2002). Synthetic chemicals stay longer
in the environment and may lead to chemical accumulation and toxicity in living

organisms. This makes them unfriendly to the environment (Mahmood et al., 2016).

Among parasitoids found in Ghana, the three most abundant egg-larval and larval
parasitoids belong to the family Braconidae. They include the egg-larval parasitoid
Chelonus bifoveolatus and the larval parasitoids Coccygidium luteum and Cotesia icipe
(Agboyi et al., 2020) Cotesia icipe was the most abundant larval parasitoid found in the
study (Agboyi et al., 2020). Further study also proved C. luteum cause a drastic reduction
of maize leaf feeding in parasitized Fall armyworm (Agboyi et al., 2019). Findings from
these research provides much information to  focus more on the most abundant
parasitoids to test their efficacy in controlling Fall armyworm in the West African sub
regions and also understand the dynamics in their reproductive and interactive behaviour,
hence the importance of carrying out this study on their interactions with other

parasitoids and Fall armyworm. Knowledge of parasitoid parasitizing capacity,



interaction, and larval preference will provide baseline information on choosing either or

both parasitoids for a biological control programme in Ghana.

1.4 General objectives

The major purpose of this study is to provide enough scientific knowledge on the
parasitism behaviour of C. luteum and C. icipe and their interaction that could help
develop an effective augmentative biological control protocol against Fall armyworm in
Ghana. The results obtained will be considered a base line data to inform the necessity to
consider one or both of the two parasitoids in an augmentative biological control
programme in Ghana, and also provide data for the estimated number of parasitoid
actives which should be mass reared and released to effectively reduce the Fall

armyworm pest damage bellow economic injury level.

1.5 Specific objectives

The specific objectives of this research are to:

1. Identify Fall armyworm larval instars preferred by C. luteum and C. icipe.

2. Assess the parasitism potential of C. luteum and C. icipe on Fall armyworm larvae

3. Study the life span of C. luteum and C. icipe.

4. Study the interaction (synergy/competition) between C. luteum and C. icipe in the

presence of FAW larvae.



CHAPTER TWO

2.0 LITERATURE REVIEW

2.1 Background information of Fall armyworm

Fall armyworm, Spodoptera frugiperda (Lepidoptera: Noctuidae), is an invasive
agricultural pest of tropical-subtropical origin in the Americas (Sparks, 1979). Although
its larvae feed on a variety of plants, it is predominantly a pest of maize but has a wide
host range and is capable of feeding on over 80 plant species, periodically causing
significant economic damage to rice, sorghum, millet, soybean, wheat, alfalfa, cotton,
turf, and fodder crops (Montezano et al., 2018) . The Fall armyworm adult is nocturnal in
its feeding and mating activities. Females may mate severally and using pheromones as
male attractants. Larvae are known to complete 6 instars and pupate in the soil (Sparks,

1979).

2.1.1 Fall armyworm life cycle and biology

The Fall armyworm is a holometabolous insect with four life stages; the egg, larva, pupa
and adult. The Fall armyworm adult is a nocturnal moth. Adults launch early evening
movement near suitable host plants for feeding at dusk, where oviposition and mating
takes place. Eggs are laid in masses and protected by a dense covering of scales. Egg
masses contain a few to hundreds of eggs which hatch in 2-4 days with 22 to 26 °C mean
temperature. Fall armyworm larvae are the life stage that causes much economic damage

to crops. The larvae feed on the egg shell as they emerge and initiate feeding on the host



plant, and then continue to consume foliage until they have completed 6 instars and

pupated (Sparks, 1979).

The first 3 instar are relatively small and require less than 2% of the total Fall armyworm
older larvae foliage consumed. The 6th-instar enters to the ground and pupates 1 to 4cm
below the soil surface, depending upon soil texture, moisture, and temperature.
According to Vickery (1929) length of pupal period varies from 7-37 days, again
depending on soil mean temperatures ranging from 15 to 29 °C .When the insects emerge
from the pupal cases, they find their way to the soil surface where they grip plants or

plant debris, bloat their wings, and become adult in appearance (Sparks, 1979).

2.1.2 Distribution of Fall armyworm

Fall armyworm species has a tropical-subtropical origin in the Western Hemisphere
(Johnson, 1987). Wiltshire (1977) suggested that Fall armyworm had become well settled
in other parts of the world, including Israel. He also indicated that morphological races of
Fall armyworm may exist; genital comparisons of specimens from Israel, Brazil, the
British Museum, and drawings from museum indicated that the Israeli Fall armyworm

populations originated from a Caribbean-USA source and not South America (Brazil).

Until 2015, the Fall armyworm pest has not been reported in any other part of the word
except in America. In 2016, it was recorded in Africa causing serious damage on maize
crop (Goergen et al., 2016; Abrahams et al., 2017). Previously, Fall armyworm was not
recorded to have been found outside the Americas but its two strains (rice and corn) have

now appeared in Africa and are rapidly distributed throughout the tropical and subtropical
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regions (Cock et al., 2017) (Fig. 1). Fall armyworm is capable of migrating long
distances on prevailing winds, but it can also breed continuously in areas that are
climatically suitable. West Africa was the first African sub region to record Fall

armyworm in early 2016 (Goergen et al. 2016; Cock et al. 2017).

Figure 1.0: “Fall arn%rm dlstrlbutlon ] Afrlca (Day et_EIﬁZO_’L?),

r'Eljg thi h-.il I_Ei"' h LH i"'.g!a Lf."



2.1.3 Morphological identification and development of Fall armyworm.

Fall armyworm Adult.

The adult Fall armyworm has a wingspan between 32 and 40 mm. The Male moth,
typically have a larger portion of forewing dark gray and with brown patches, with
triangle-like white markings at the tip and close to the middle of the wing (Fig. 2). The
female forewings are less uniquely marked, usually uniform grayish brown to brown in
colour (Fig. 2). The hind wing is silver-white or pale-white with a thin dark wing edges in

both male and female (Sparks, 1979; Capinera, 2002).

After a pre-oviposition period, the female lays most of its eggs within the forth to fifth
days of life, and occurs up to three weeks in some cases. The average lifespan of the adult

is estimated to average about 10 days, with about 7 to 21 days range (Capinera, 2002).

Figure 2.0: Fall Armyworm adults. A = Male, and B = Female. Source: Agric. Research

Council, South Africa (2017).
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Fall armyworm eggs.

The Fall armyworm egg is dome-shaped with base flattened. A single egg measure about
0.3 mm in height and 0.4 mm in diameter. The total number of individual eggs in an egg
mass varies but is usually 100 to 200, and total egg production by a female average about
1500 and over 2000 at maximum (Fig. 3). The female Fall armyworm lays a layer of
grayish scales between and on top of the egg mass during oviposition, which gives the
egg mass a moldy or whitish appearance. The egg usually hatches in two to three days

during the summer months (Ashley et al., 1989).

Figure 3.0: Fall armyworm egg mass with whitish furry or moldy appearance. Source:

Agric. Research Council, South Africa (2017).
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Fall armyworm larva.

Fall armyworm has a total of six (6) larva instars (Fig. 4). Larvae head capsule widths
measures about 0.35, 0.45, 0.75, 1.3, 2.0, and 2.6 mm, for larval instars 1 to 6,
respectively. Larval lengths of instars 1 to 6 measures about 1.7, 3.5, 6.4, 10.0, 17.2, and

34.2 mm, respectively (Pitre and Hogg, 1983; Capinera, 2002).

First to second larval instars are pale green with a black head. The head usually turn pale
orange in the second instar. Third larval instar has a brownish dorsal surface integument
and a faint white lateral lines forming on its surface (Pitre and Hogg 1983; Capinera,

2002).

Head usually turns reddish brown in the fourth to the sixth instars and the brownish
integument has a white sub-dorsal and lateral lines. There are usually dark elevated spots
which occur dorsally on the body with spines. The frontal area of the head of the mature
larva is prominently marked with a white inverted "Y" with a rough or granular larva

epidermis texture when examined closely (Capinera, 2002) (Fig. 5).

The larva however does not feel rough when touched, because it lacks the microspines.
Besides the usual brownish colour of the Fall armyworm larva, the larva may be mostly
green dorsally. The dorsal elevated spots appear pale in the green form rather than dark.
Mean development time of the Fall armyworm larva was determined to be 3.3, 1.7, 1.5,
1.5, 2.0, and 3.7 days for first to sixth instar, respectively, when reared at 25°C (Pitre and

Hogg, 1983).
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A.

Figure 4.0: Different stages of the Fall Armyworm. A. = freshly emerged larvae B. =

first instar, and C. = sixth instar larva (Source: Agric. Research Council, South Africa

(2017).
Four large SRR
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Figure 5.0: Annotated image showing morphological characteristics of Fall armyworm

larva. Source: Agric. Research Council, South Africa (2017).
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2.1.4 Damage and economic implications.

Fall armyworm causes damage to almost all the parts of its host plants (Fig. 6). The first
instars larvae scrape the green fresh leaf surfaces when feeding. The second to sixth
larval instars cause defoliation of leaves in the shortest possible time by chewing with a
much stronger and larger mouth part (Pannuti et al., 2016). This reduces plant green
foliage and as a result, reduces photosynthesis which then cause lower crop yield
(Heidari, 2012). Older larvae feed their way into the stems and the corn, which leads to
broken stems and unwholesome corn. This causes a high significant economic loss to

farmers and nations at large (Cruz, et al., 1999).

Spodoptera frugiperda is presumed to be a crucial pest of corn in Brazil, one of the
largest corn producers in the world after the USA and China (Fritz et al., 2015), and also
in most of the African countries. Maize is the most extensively grown crop in Africa and
essential for around half the continent’s people. Fall armyworm threatens food security in
Africa, where maize is a staple food (Hailu et al., 2018; Harrison et al., 2019). In
Mozambique, 21-90% of African households depend on maize for daily subsistence
(Dias, 2019; Canico, 2020). Itis cultivated across diverse agro-ecological zones, and over
200 million people are reported to depend on the maize for food security (Ranum et al.,

2014).

Essentially, maize accounts for about half of the calories and protein consumed in eastern
southern and eastern parts of Africa, and one-fifth in West Africa (Macauley, 2015). In
July 2017, a household socio-economic survey was conducted in Ghana and Zambia. The
survey investigated farmers’ perception of losses peculiar to Fall armyworm over the full

growing maize season. According to the survey results, the estimated national mean loss
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of maize in Ghana was 45% (range 22-67%), and in Zambia 40% (range 25-50%)

(Abrahams et al., 2017; Cock et al., 2017).

According to data collected from Ghana and Zambia, the potential impacts on national
yield and revenue in ten other major maize cultivating countries was estimated, with the
assumption that the Fall armyworm will spread throughout all areas where it is predicted
to be established (Abrahams et al., 2017). Fall Armyworm could potentially cause corn
yield losses in a range from 8.3 million to 20.6 million tonnes in 12 African countries per
annum, if not managed properly. The value of these losses is estimated at between

US$2,481 million and US$6,187 million (Abrahams et al., 2017).

& oo
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Figure 6.0: Fall Armyworm damage to corn ear by larvae (A), leaves and stem (B).

Source: Agric. Research Council, South Africa (2017).

2.1.5 Fall armyworm management.
Before Fall armyworm invaded Africa, it was projected that over 97% of smallholder

farmers did not use any synthetic chemical for maize production pest management
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(Kansiime et al., 2019). That narrative however, was not the case after the immediate
detection of Fall armyworm, because governments in many countries started distributing
synthetic insecticides as an emergency response (Kumela et al., 2018; Hruska, 2019;
Sisay et al., 2019). Farmers did not have access to meticulous information from
agricultural extension officers on which pesticide to apply and how and when to apply,
they mostly decided on their own, which lead to indiscriminate application of
insecticides. The continuous and irresponsible application of harmful insecticides by
farmers without adequate training on pesticides application and management are known
to promote the development of resistance of Fall armyworm to these insecticides as

reported in Puerto Rico and Mexico (Gutiérrez-Moreno et al., 2019).

Pesticide application

Diverse forms of pesticides have been used for crop protection in several decades.
Pesticides aid crops protection; however, they also impose a detrimental impact on the
environment (Geiger et al., 2010). Pesticides usage Is @ major concern for sustainability
of environment and global stability (Margni et al., 2002). The dangers related with
pesticide use have exceeded their beneficial effects, where pesticides with wide target
range kill non-target plants and animals along with the targeted ones of interest. Some
pests develop genetic resistance to pesticides over a long period of time when exposed to

them (Delaplane, 2001).

Glyphosate in herbicides increases vulnerability of plants to diseases (Brammall and
Higgins, 1988) and may lead to seed quality reduction (Wagner et al., 1995). Low doses

of sulphonamides, sulfonylureas, and imidazolinones have a destructive impact on the
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productivity of non-target crops, natural plant communities and wildlife (Fletcher et al.,
1993). According to World Health Organization, each year, about 3,000,000 cases of

pesticide poisoning and 220,000 deaths are reported in developing countries (Lah, 2011).

Fall armyworm biological control.

Biological control is the use of organisms to manage or interfere with the population
increase and damage caused by a targeted pest species or the intentional manipulation of
populations of living beneficial organisms in order to check the population of pests
(Flanders, 1950). Successful biocontrol programmes normally reduce the abundance of

the pest significantly.

Some biological control organisms do not reduce the abundance of a target pest but
prevent the damage caused by the pest by reducing feeding on valued crops (Lockwood,

2000).

General approaches implored in biological control organisms usage are: ‘Classical’
biocontrol which targets a non-native pest with one or more species of biocontrol agents
from the pest’s native country or distribution range; ‘Neoclassical’ approach targets
indigenous pests with non-native biological control agents; ‘Conservation’,
‘Augmentation’ and ‘Inundation” approaches maintain or increase the abundance and
impact of biocontrol agents that are already present, and in many cases indigenous to the
area. Classical biocontrol is by far the most common approach for plant pests.
Conservation typically deals with maintenance, manipulation and protection of
indigenous biological agent environment to enhance their survival and establishment.

Conservation and augmentation approaches show great promise on their own and
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especially for enhancing the impacts of classical biocontrol as researchers show much
interest in managing to maximize native biological diversity in invaded ecosystems

(Newman et al., 1998).

2.2 Fall armyworm parasitoids

There are several natural enemies of Fall armyworm insect pest word-wide, but
parasitoids are the most used in biological control of the Fall armyworm due to their
wider diversity and distribution (Sisay et al., 2018; Agboyi et al., 2020; Canico et al.,
2020). Parasitoids are insects that deposit their eggs in or on host insects. The young
parasitoid larva feeds on the host when it hatches from the egg and results in host (pest)

death.

2.2.1 Fall armyworm parasitoid diversity, distribution and abundance.

Fall armyworm has several natural enemies, either native or exotic that attacks it. These
natural enemies include parasitoids and entomopathogenic fungi (Lezama-Gutiérrez et
al., 2001; Thomazoni et al., 2014; Agboyi et al., 2020) which target different
development stages (Dequech et al., 2013; Ruiz-Najera et al., 2007; Hay-Roe et al.,
2016) causing significant mortality and reduction of crop damages. Several different
parasitoid species of Fall armyworm have been observed and identified to occur in its

native geographical areas (Ashley et al., 1986; Hoballah et al., 2004).

Fall armyworm parasitoid complex belonging to families Braconidae, Eulophidae,
Ichneumonidae, and Tachinidae have been reported in Mexico and Florida (Molina-

Ochoa et al., 2001; Hoballah et al., 2004; Ruiz-Najera et al., 2007; Rios-Velasco et al.,
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2011; Hay-Roe et al., 2016). In Honduras, larval parasitoids were found to be the most
occurring natural enemies of the Fall armyworm (Wheeler et al., 1989). In Africa, several
hymenopteran parasitoids attacking different stages of Fall armyworm have been reported
in many countries such as Benin, Cote d’Ivoire, Ethiopia, Ghana, Kenya, Niger, Nigeria
South Africa ,Tanzania, and Togo (Sisay et al., 2018; Kenis et al., 2019; Agboyi et al.,

2020).

A complex of egg, egg-larval, larval, and larval-pupal parasitoids of Fall armyworm
including Telenomus remus Nixon (Hymenoptera: Platygastridae), Trichogramma sp.,
(Hymenoptera: Trichogrammatidae) Chelonus bifoveolatus Szépligeti (Hymenoptera:
Braconidae), Coccygidium luteum (Brullé) (Hymenoptera: Braconidae), Cotesia icipe
Fernandez-Triana and Fiaboe (Hymenoptera: Braconidae), Meteoridea cf. testacea
(Granger) (Hymenoptera: Braconidae), Charops sp. (Hymenoptera: Ichneumonidae),
Metopius discolor Tosquinet (Hymenoptera: Ichneumonidae), Pristomerus pallidus
(Kriechbaumer) (Hymenoptera: Ichneumonidae), and Drino quadrizonula (Thomson)
(Diptera: Tachinidae) were reported in Ghana and Benin (Agboyi et al., 2020). Different
parasitoid species including Bracon sp. (Hymenoptera: Braconidae), Anatrichus
erinaceus Loew (Diptera: Chloropidae), and an unidentified tachnid were also reported in

Ghana (Koffi et al., 2020).

Parasitoid surveys conducted in Benin, Ghana, Kenya, and Tanzania showed evidence of
difference in the sampled population of Coccygidium luteum and Cotesia icipe. The
braconid wasps, C. luteum and C. icipe were more in Ghana causing up to 17% and 1%
Fall armyworm parasitism, respectively (Agboyi et al., 2020). Unlike the case of Ghana,

Eastern African countries (Kenya and Tanzania) have more C. icipe than C. luteum with
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less than 10% Fall armyworm parasitism (Fiaboe et al., 2017; Sisay et al., 2018). The
differences in C. icipe and C. luteum abundance in the two African sub regions might be
due to the inter-specific competition among parasitoids which have been reported to alter

the parasitoids population dynamics (Xu et al., 2013).

2.3 Cotesia icipe Fernandez-Triana and Fiaboen.

Cotesia icipe is a solitary Microgastrinae larval endoparasitoid wasp which belongs to the
order Hymenoptera and family Braconidae and of much importance for the biological
control of lepidopteran pests in Africa (Boisduval, 1833; Agboyi et al., 2020). The
Cotesia genus is the second largest, with about 300 species described worldwide (Yu et

al., 2016).

The Microgastrinae subfamily is reported to be the principal group of parasitoid wasps
that parasitize insect pest larvae (Whitfield et al., 1997). Microgastrinae comprises more
than 2700 described species, which include Cotesia icipe and several other undescribed

species (Rodriguez et al., 2013; Yu et al., 2016).

Female was reported by researchers at the International Centre of Insect Physiology and
Ecology (icipe) Kenya, to prefer ovipositing in second instar host larvae, in this case
Spodoptera littoralis and S. exigua with mean development time from egg to adult in 14
days (Fiaboe et al., 2017) unlike Cotesia marginiventris (Cresson) which is also a solitary
is reported to prefer larva instar 1 for oviposition and later emerge out of 4™ instar Fall

armyworm larva (Cave, 1995).
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Cotesia icipe has been collected and reported to have emerged from Fall armyworm in
some African countries including many in the West African sub region like Ghana and

Benin (Agboyi et al., 2020).

Cotesia icipe was reported to have differentially accepted immature stages of Fall
armyworm. The acceptance of 1% and 2™ instar Fall armyworm larvae for oviposition
was significantly higher with more than 60% parasitism. No oviposition was recorded in
the 5™ and 6" larval instars. Female parasitoids were dissected and egg-load varied
significantly with wasp age, with six-day-old wasps having the highest number of mature
eggs. Newly emerged wasps (day 0) had a substantial number of eggs (<100), egg-load
varied remarkably with the wasp’s age (P = 0.001). Six-day-old wasps had the highest
complement of mature eggs. Although egg load declined for the nine-day-old wasps, it
was still higher than that for zero and three-day-old wasps. Ovigeny index of C. icipe was
0.53. The study was conducted in the laboratory at 25 + 2°C, 60-70% RH and a
photoperiod of 12L: 12D. The moths and parasitoids were provided with 20% honey
solution with a moistened cotton wool ball placed in a Petri dish (8.6 cm in diameter)

(Mohamed et al., 2021).

2.3.1 Morphological identification.

Subfamily Microgastrinae

Microgastrinae is a subfamily of Braconidae (Hymenoptera). Many morphological
features enhance the identification and recognition of Microgastrinae. The most

prominent and easy characters are: possession of an antenna with 16 flagellomeres with
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the exception of a new genus and species discovered in New Zealand, Kiwigaster
variabilis, which is unique amongst all microgastrines, because females and male have
antenna with 18 and 17 flagellomeres, respectively; forewing typically with no readily
visible veins on apical third of the wing (see red rectangle; Fig. 7). Also, the first
metasomal segment has a strongly defined mediotergite without spiracles. The spiracles
are situated on separate laterotergites (see red arrow on Fig. 7). Microgastrines have a
relatively short metasoma (abdomen of other groups of insects) as compared with other

groups of Braconidae (Moghaddam et al., 2021).

Figure 7.0: General morphological features used in identifying the subfamily
Microgastrinae. (Source: Moghaddam et al., 2021).

2.3.2 General diagnosis of Cotesia icipe Fernandez-Triana and Fiaboe
The central part of metasomal mediotergite 3 has a dark brown to black colour with the
lateral side yellow. The hind legs are mostly yellow, with the exception of the metacoxa,

which is usually black in colour, with a little yellow spot on apical 0.1 and brown spots
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on apical 0.1 of meta-femur (dorsally). The apical 0.1 of meta-tibia is dark brown, and
metatarsus entirely dark brown. The tegula and humeral complex are yellow (Mason

1981; Karlsson and Ronquist 2012).

The forewing membranous with most veins brown. Besides colouration, C. icipe has
scuto-scutellar sulcus with 8 carinae. Metasomal mediotergite 1 are almost parallel-sided
with a slight widening towards posterior margin; metasomal mediotergite 2 is relatively
small, squire-like and do not cover the entire surface of the tergum. Metasomal
mediotergite 3 is 1.3 times longer than metasomal mediotergites 2 lengths (Mason 1981;
Karlsson and Ronquist 2012; Fernandez-Triana et al., 2014; Fiaboe et al., 2017). Cotesia
species are many and diverse, but the combination of characters described above is

unique for Cotesia icipe identification.

A positive correlation is known to exist between parasitoid body size and host body size,
especially in solitary species. Development time is longer for parasitoids attacking larger
hosts and longer for koinobionts, which may have delayed development (Blackburn,
1991a). As demonstrated in the principle of minimizing time spent in vulnerable life-
history stages (Stearns, 1992), it is expected that development time would be respectively
shorter in parasitoids exposed to greater mortality risks, in this case parasitoids in smaller

larval host (Blackburn, 1991a).

2.3.4 Description of species
Female has brown dorsal metasoma, except for metasomal mediotergite 3 (which is

centrally brown and laterally yellow). Laterotergites and sternites are mostly yellow, with
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brown hypopygium (Fig. 8). The length of antennal flagellomeres 2 is 1.78 - 2.00 times
longer than the length of antennal flagellomeres 14. Metafemur length is 3.60 - 3.80
times wider than metafemur width. The inner spur length of the metatibia is 1.17 times
longer than the outer metatibia spur length and inner metatibia spur length 0.52 times
longer than first segment of metatarsus length (Fernandez-Triana et al., 2014; Fiaboe et

al., 2017).

The metasomal mediotergite 1 is entirely engraved with coarse punctures and a polished
knob at the centrally part of the posterior margin and slightly widened towards posterior
margin (width at posterior margin 1.1 - 1.2 times wider than width at the anterior
margin). Metasomal mediotergite 1 length is centrally 1.5 - 1.7 times wider than its width
at the posterior margin, while metasomal mediotergite 2 is entirely sculptured with coarse
punctures along all margins and longitudinal striation centrally having a more or less
rectangular shape. The width at posterior margin is 2.0 times its length centrally.
Metasomal mediotergite 3 have a smooth surface, with rows of setae that are denser on
posterior half of tergite and central length 1.3 times longer than metasomal mediotergite 2

(Fernandez-Triana et al., 2014; Fiaboe et al., 2017).

Ovipositor sheaths are 0.16-0.19 times longer than metatibia length and measures 0.12—
0.15 mm. Cotesia icipe has a body length of 2.20 - 2.50 mm and forewing length of 2.20—
2.50 mm. The metafemur has a length of 0.65 mm and 0.17-0.18 mm width. Metatibia
length is 0.76-0.80 mm with inner spur length of 0.21 mm and outer spur 0.18 mm. The
first segment of metatarsus measures 0.40 mm in length. Metasomal mediotergite 1
measures 0.35-0.37 mm in length centrally, with anterior margin width at 0.19 mm,

attaining a maximum width of 0.25 mm.
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The metasomal mediotergite 1 width at posterior margin is 0.22-0.24 mm. Metasomal
mediotergite 2 width at posterior margin is 0.32 mm, with a central length of 0.16 mm.
Metasomal mediotergite 3 measures 0.21 mm centrally. The length of antennal
flagellomeres 1, 2, and 3 are 0.17-0.19 mm, 0.16-0.18 mm, and 0.16-0.17 mm,
respectively. Lengths of antennal flagellomeres 14, 15, and 16 are 0.09 mm, 0.08 mm,
and 0.10 mm, respectively. Generally, males look morphologically similar to females, but
with darker metasoma dorsally. Males sometimes have an entirely dark-brown to black

metasomal mediotergite 3 (Fig. 9) (Fernandez-Triana et al., 2014; Fiaboe et al., 2017).

Figure 8.0. Female Cotesia icipe; (A) Habitus lateral, (B) Wings, (C) Hind leg,
ovipositor and hypopygium, (D) Head frontal, (E) Mesosoma dorsal and head, and (F)
metasoma dorsal. (Source: Fiaboe et al., 2017).
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Figure 9.0. Male Cotesia icipe; (A) Habitus lateral, (B) Mesosoma dorsal and head, (C)
Head frontal, (D) Wings, and (E) metasoma dorsal and propodeum. (Source:Fiaboe et al.,
2017).

2.4 Coccygidium luteum (Brullé)

Coccygidium luteum (Brullé) is a solitary koinobiont parasitoid which belongs to the
family Braconidae and sub-family Agathidinae, which consists of more than 46 genera

worldwide (Cameron, 1904). Though the species in this sub-family have been collected
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and recorded, enough study of their biology have not been carried out, and little is known
about their efficacy as biological control agents of insect pests (Farahani et al., 2014;
Agboyi et al., 2019). C. luteum has an orange-copper like body, with dark apical 3"

metatarsus (hind legs), and a dark coloured antenna (Fig. 11).

2.4.1 Distribution and abundance of Coccygidium luteum (Brullé)

Coccygidium luteum (Brullé) has been recorded in many parts of the world including;
Benin, Cameroon, Congo, Democratic Republic of Congo, Ethiopia, Ghana, Guinea,
Kenya, Madagascar, Mauritius Mozambique, Namibia, Niger, Nigeria, Réunion,
Rodriques Island, Senegal, Seychelles, Somalia, South Africa, Tanzania, Togo, Uganda,

and Yemen (VVan Noort, 2019; Agboyi et al., 2020; Canico et al., 2020).

Quantitative data on S. frugiperda larval parasitoids surveyed in selected localities of the
Eastern, Volta and Central regions of Ghana reported Coccygidium luteum was the
highest in abundance amongst two abundant parasitoid species collected, with a relative
abundance estimated at 49% in the Eastern Region and 44% in the Volta Region. The
Central region was the most abundant (69%). The highest total larval parasitism rate have
been observed in the Eastern, Volta region and Central region at (38.8%), (10.7%) and
(5.1%), respectively. C. luteum caused an average of 19.3% parasitism at the species
level, in the Eastern region. Somanya a locality in the Eastern region of Ghana recorded
the highest parasitism rate at 75.0% (Agboyi et al., 2020). Natural enemies sampled from
Fall armyworm in Mozambique also recorded a higher trend in abundance of C. luteum

as in the case of Ghana. Maximum parasitism of 23.9% and relative abundance of 100
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were recorded for C. luteum with a total parasitism by different parasitoid species at 9.5%
(Canico et al., 2020). In other parts of Africa, the case was different with respect to the
abundance of C. luteum. East African countries, Kenya and Tanzania recorded a fewer
number of C. luteum with a lower Fall armyworm parasitism less than 10%, unlike the
case of Ghana, where C. luteum was more abundant and causing up to 17% parasitism

(Sisay et al., 2018; Agboyi et al., 2020).

2.4.2 Biology and life cycle of Coccygidium luteum (Brullé)

According to Agboyi et al. (2020), female C. luteum wasps parasitized day-old first instar
larvae of S. frugiperda by ovipositing into the body as endo-parasitoids. The parasitoid
larvae feed inside the host after hatching, thereby affecting growth of the host, which is a
common phenomenon in koinobiont parasitoids. Parasitoid larvae kill the host as they
emerge to complete their development from the pupae to adults outside the body of the

host (Haeselbarth, 1979).

The emerged parasitoid larvae develop as white cocoon and conceal themselves during
pupation. The development time of the egg to pupa stage was recorded to have lasted 8-
10 days, while the duration from pupal stage to adult emergence was also 8 to 10 days
(Fig. 10). The mean generation time was 16.71 £ 0.14 days (95% CI: 16.42 - 17.00). The
minimum and maximum generation times were 16 and 20 days, respectively. A detailed
generation time study was proposed as the research had limitations in finding as the study

was designed to find the effect of leaves feeding in Fall armyworm after they have been
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parasitized by C. luteum. There was evidence of Fall armyworm feeding decrease of 89%

after C. luteum parasitism (Agboyi et al., 2020).

female

C. lutewm parasitizing

Spodoptera frugiperda
1% instar larva

Last instar larva
of C. luteum
emerging from
S. frugiperda
larva

Figure 10. Generalized generation time of Coccygidium luteum (Source: Agboyi et. al.,

2019).
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2.4.3 Morphological identification of Coccygidium luteum (Brullé)

Figure 11.0: (A) claws, (B) Head dorsal, (C) Wings, (D) Mesosoma dorsal, (E) Habitus
lateral of C. luteum. (Source: Photographs © Simon van Noort, iziko Museums of South
Africa, www.waspweb.org)
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2.6 Life history strategies of parasitoids
Life history strategies are methods or plans chosen to bring about desired survival of
progeny. It also involves a series of actions taken to derive effective and efficient use of

resources by insect parasitoids (Godfray, 2007).

2.6.1 Ovigeny in parasitoids

The eggs laying capacity of a female parasitoid during her lifetime is dependent on
interactions among three processes: the number of suitable hosts that are encountered, the
number of eggs that are matured over the female life span, and behavioural manipulation
of the oviposition rate (Rosenheim, 1996). Flanders (1950) classified parasitoid wasps
that have all or nearly all of their eggs mature prior to the start of oviposition as ‘pro-
ovigenic’ and those that continue to mature eggs throughout their reproductive life as
‘synovigenic’. Based on various types of information used, egg maturation types have
been identified (pro-ovigenic or synovigenic) in 638 species belonging to 28 families
within those whose larvae parasitize other insects (the Parasitica) and the stinging forms
(the Aculeata) of the Order Hymenoptera. The vast majority of these species have been
found to be (98.12%, n = 626) synovigenic, while only 12 species (1.88%) are
unambiguously pro-ovigenic. The average estimated number of described species in each
parasitoid family, indicates that there are 27 pro-ovigenic and 611 synovigenic species

which accounts for 4-23% and 95-77%, respectively (Jervis et al., 2001).

A continuum of ovigeny (egg production) is likely to exist, in which species can range

from pro-ovigenic, where all eggs mature at emergence (Family: Platygastridae,
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Aphelinidae), through weakly synovigenic, where most eggs mature at emergence
(Family: Trichogrammatidae, Elasmidae), to extremely synovigenic where no eggs are
mature at emergence (Jervis and Copland 1996) which typical examples are Family:
Ichneumonidae and Braconidae. According to Flanders (1950), in parasitoids whose
eggs mature upon emergence (pro-ovigenic) have a shorter life-span than synovigenic
ones which agrees with findings from life-span test of Braconidae, where the life span of
pro-ovigenic against synovigenic parasitoids proved that the life span of synovigenic
species is indeed significantly greater than that of pro-ovigenic species (P < 0-0001)
(Jervis et al., 2001). Data for ovigeny indices for 67 species strongly support previous
suggestions that there is a continuum of ovigeny from an index of 0 (extreme

synovigeny) to an index of 1 (pro-ovigeny) (Jervis and Copland 1996; Quicke, 1997).

In the family Braconidae, ovigeny index ranged from 0 to 0.74 which indicates extreme
synovigeny to weak pro-ovigeny. Cotesia species, Cotesis flavipes (Cameron) and
Cotesia plutellae (Kurdjumov) recorded ovigeny of 1 and 0.32, respectively (Lim 1982;
Potting et al. 1997). This implies Cotesia species are more likely to be pro-ovigenic with
a few exhibiting weak synovigeny. Host feeding species tend on average to have a lower
ovigeny index than non-host feeders and this difference was found to be significant (P =

0-0002) (Jervis et al., 2001).

2.6.2 Host feeding in larval parasitoids
Host feeding is the consumption of host hemolymph and tissues by adult parasitoids.

Flanders suggested it is confined to synovigenic species. The reasoning behind this is as
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follows: whereas female pro-ovigenic and weakly synovigenic wasps presumably require
nutrients more for maintenance purposes, strongly synovigenic wasps need nourishment
for both maintenance and reproduction. Trehalose and proline are major metabolism
fuels, both of which can occur in significant amounts in host blood and can potentially be
used for somatic maintenance in the broad sense (Gilbert and Jervis 1998). Host tissues
and blood are known to be a rich source of egg production nutrients for insects. Since
synovigenic parasitoids have no matured eggs at emergence, they need to feed on host to
acquire the necessary nourishment for egg production, which proteins are most essential

with this regard.

Some synovigenic parasitoid species which engage in host-feeding can apportion
substantial nutrient to reproduction, over a long time period (2 weeks in Dinarmus
basalis Rondani), nutrients originally acquired from a single meal taken early on in life
(Rivero and Casas 1999a). Although host feeding has been undeniably recorded in many
synovigenic species (Jervis and Kidd 1986) it is unclear whether it is actually limited to

synovigenic wasps (Jervis et al., 2001).

2.6.3 Egg resorption in parasitoids

The production of yolk-deficient (hydropic) eggs is associated with a higher proportion
of eggs mature upon female emergence than the production of yolk-rich (anhydropic)
eggs. Egg resorption capability is a unique strategy among anhydropic egg-producers, as
hydropic eggs contain little or no yolk for the female to salvage. Egg resorption is also

associated with a relatively low proportion of oocytes mature upon female emergence
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where resorption usually precludes oviposition and can be a time-consuming process
(Jervis and Kidd, 1986). Longer-lived species are also capable of egg resorption, where
long life span being a trait predicted to be associated with a low proportion of oocytes

mature upon emergence.

2.6.4 Parasitoid host immune counter response

Parasitoid reproductive strategy is linked to the mode of parasitism. Two life-history
strategies are widely known to occur among parasitoids with respect to development
mode: the first is ‘koinobiosis’ in which the host continues to develop, grow (if attacked
as a larva), reproduce (if attacked as an adult), and remain active after attack, and
secondly, ‘idiobiosis’ in which the host does not continue to develop, grow or remain

active after attack (Godfray, 2007).

Koinobiont endoparasitoids must overcome their host defence mechanism to survive,
same as Coccygidium luteum and all other koinobionts. In general, the defense
mechanisms developed by koinobionts are passive and/or active. In the case of passive
defense, females coat their eggs with a layer of protein to protect them against the host’s
haemocytes or lay them in organs away from the circulation of hemocytes (Schmidt et
al., 2001; Godfray 2007). With an active defense mechanism, the endoparasitoid injects
venom proteins or a virus during oviposition, in order to modify the behaviour and
damage the immune system of the host. For example, another Braconidae, Chelonus
blackburni (Cameron), is able to decrease significantly the number of haemocytes in a
parasitized Helicoverpa armigera larva (Order: Family) and affect its midgut, thereby

reducing the leaf consumption rate of the host and leading to death (Sanap et al., 2016).
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For C. luteum, venom is suspected to be deployed in the parasitism mechanism, as there
is a rapid reduction of feed consumption of after parasitism. The female parasitoid
struggles with the host during oviposition provoke an elevation of dopamine level in the
parasitized larva. Dopamine plays an important role in the retardation of larval growth
(Yamanaka et al., 1996; Fang et al., 2011). The reduction of host leaf consumption is a
usual phenomenon for endoparasitoid wasps (Beckage and Riddiford 1978; Beckage and

Riddiford 1982).

Host defense

In insects and other arthropods, haemocyte-mediated encapsulations characteristically are
accompanied by melanogenesis, a feature that has long been viewed as evidence that the
process constitutes an essential component of the defense response of these animals
(Bidla et al., 2007; Cerenius and Soderhall, 2004; Christensen and Soderhall, 2005; De
Gregorio et al., 2002a; Ligoxygakis et al., 2002; Nappi and Christensen, 2005; Liu et al.,
2007). Activated PO (PHENOLOXIDASE) have been reported to function in cuticular
melanization and sclerotization, and it is generally believed that at least some of the
enzymes and products of these reactions play a critical role in the defense reactions of
insects against invaders, although the latter issue still remains a matter of debate

(Cerenius and Soderhall, 2004; Schnitger et al., 2007).

Immune suppression of host by parasitoids

Immune suppression of host by insect parasitoids has mainly come from investigations of
effects of parasitism or parasite-derived factors in vivo and in vitro. Diminished host
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phenoloxidase activity and lack of melanotic encapsulation has been reported in
parasitoid-infected Lepidoptera. Successful wasp species introduce virulence factors into
the host that suppress haemocyte-mediated encapsulation (Beckage et al., 1990; Strand

and Noda, 1991; Beck et al., 2000).

2.6.5 Spermatogeny

Few research have come out with findings that propose some parasitoid species show
variability in life-history parameter in spermatogeny index for male parasitoid wasps
(Boivin et al., 2005). Prospermatogenic species have an index of 1, have all their
spermatozoids mature at emergence and do not produce more spermatozoids later in life.
At the other end of the spectrum, synspermatogenic species have no spermatozoids at
emergence and produce them later in life (Wilkes, 1966). According to Roitberg et al.
(2001), the fitness of male parasitic wasps depends on both their production of

spermatozoids and their capacity to acquire mates.

One opiine braconid, Fopius arisanus, is synspermatogenic. Sperm migrate from the
seminal vesicles to the testes several days after male emergence before mating the first
time in 4 days (Quimio and Walter 2000). Most species appear to be moderately
synspermatogenic; males emerge with spermatozoids and can mate shortly after
emergence, but they have the capacity to produce spermatozoids throughout their life

(Boivin et al., 2005).

In Bracon hebetor (Hymenoptera: Braconidae) males do not mate until several hours

after emergence, although spermatozoids are present in the seminal vesicles (Gerling and
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Rotary 1974; Ode et al., 1996). Males produced more spermatozoids throughout their life
when they have exhausted their daily supply of spermatozoids after a series of mating
each day (Ode et al., 1996). The above phenomenon suggests that this species is also

moderately synspermatogenic.

Parasitoids in the family Braconidae are known to Fall within moderately
synspermatogenic (0 < index < 1) and Synspermatogenic (index = 0) (Ramadan et al.,

1991; Quimio and Walter, 2000).

2.6.6 Interactions between parasitoids and its implication

Competition experiments data using larvae of three species of Gonatocerus spp.
(Hymenoptera: Mymaridae), egg parasitoids of the sharpshooter Tapajosa
rubromarginata (Hemiptera: Cicadellidae) as a case study. This study tests the influence
of intrinsic interspecific competition between immature stages within on an individual

host, and parasitoid arrival order among the three parasitoid species.

The results showed that the species differed in competitive behaviour; some species were
better competitors than others. Individuals arriving earlier had a competitive advantage;
the weaker species were able to out-compete the stronger ones if the time advantage was
longer than 18h. All the species avoided already parasitized hosts, but in different

degrees (Octavio et al., 2018).
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2.6.7 Competition effects on mortality.

Interspecific competition among parasitoids might have a devastating effect on the
population dynamics of insects (Isenhour, 1988; Xu et al., 2013). Competitive
interactions for resources can occur between parasitoid species exploiting the same host
either as extrinsic competition between adults exterior the host substrate or as intrinsic
competition between parasitoids developing within the same host (Cusumano et al.,
2012). Both intrinsic and extrinsic interspecific competition mechanisms are known to
exist amongst Braconidae wasps, parasitizing same host species (Paranhos et al., 2013;
Cancino et al., 2014; Murillo et al., 2016). Competition between species in a natural
enemy guild initiates coexistence between species in the same niche (Feng et al., 2015).
This phenomenon may cause partial or complete displacement (Reitz and Trumble,

2002).

According to Jeffries and Jeffries and Lawton (1984), competition between different
parasitoid species may usually lead to species niche separation, as niche partition is not
only an effect of resource-based competition. Competitive interactions between species
usually occur in spatial and temporal co-occurrence, where the niches overlap (Kaplan

and Denno, 2007).

A larger abiotic and biotic environmental complexity might allow for separate habitats
and enhance coexistence in an area (Costamagna and Landis, 2004). The success of
released parasitoids in. biological control programmes is impaired by competition
amongst parasitoids (Wang et al., 2008; Cabello et al., 2011). It is therefore important to
undertake an impact evaluation of the exotic species on the native ecosystem before the

release (Alyokhin and Messing, 2003).
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Previous experimental studies of compensation by resource populations in response to
mortality have considered direct mortality or lethal effect of natural enemies through
manipulating enemy populations (Huffaker and Matsumoto 1982; Graham and Lambin
2002; Lane and Mills 2003) or artificially imposed stage-dependent mortality (Cameron

and Benton 2004).

Koinobiont parasitoids are example of such a natural enemy. They inject their hosts with
an egg or several eggs, where upon hatching the young parasitoid allows the host to live
until some later stage (Haeselbarth, 1979). The duration of delay in host death is often
determined by the age or size of the host when it is parasitised and also by the cue from
the host to the juvenile parasitoid, signaling that the host contains enough resources for
the parasitoid to complete its development (Godfray, 1994). Attack by parasitoids with
this life history strategy generates a mixed host population that comprises both not
parasitized healthy and parasitized hosts. This phenomenon leads to competitive inter-
actions between the parasitoids. Any changes in behaviour, physiology or growth of the
parasitized host before the initiation of destructive feeding by the parasitoid larvae have a
sub lethal effect on the host, which are better known and encountered in host/pathogen

interactions (Sait et al. 1997; Boots and Norman 2000).

2.6.8 Competition effects on parasitism and the survival of healthy host larvae.
Adult female parasitoid introduced earlier to the host, usually cause a longer period of

competition between parasitized and healthy larvae. Parasitoid introduction on a later day
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leads to shorter periods of competition with parasitized larvae and have no significant

reduction in the survival of healthy larvae (Cameron et al., 2005).

2.6.9 Host species effects on the survival and clutch size of parasitoids (Braconidae).
In a study that investigated the correlation between host suitability and earlier studied
host-finding behaviour of two closely related braconid larval parasitoid species, the
generalist Cotesia  glomerata (L.) and the specialist C.  rubecula (Marshall)
(Hymenoptera: Braconidae). the capability of both parasitoid species to parasitize and
develop in three Pieris host species was compared, thus, P. brassicae (L.), P. rapae (L.)
and P. napi (L.) (Lepidoptera: Pieridae). In laboratory experiments, the effect of host
species on fitness parameters such as survival, development, sex ratio and size of
parasitoid progeny was measured. The results show that C. glomeratais capable of
developing in the three host species, with significant differences in parasitoid survival,
clutch size and adult weight among Pieris species. The host range for development was
more restricted for C. rubecula. Although C. rubecula is physiologically able to develop
in P. brassicae larvae, parasitoid fitness is negatively affected by the host species

compared to its most regular host, P. rapae (Brodeur et al., 1998).
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CHAPTER THREE

3.0 MATERIALS AND METHODS

3.1 Insects collection and rearing

The study was conducted at the Plant Protection and Regulatory Services Directorate
(PPRSD) and Centre for Agriculture and Bioscience International (CABI) biological pest
control laboratory in Ghana. Sampling was done to collect two parasitoids specimens in
maize field in Eastern region of Ghana. Young Fall armyworm larvae (larval instar 1-3)
were collected (Fig. 12) and separated one each into a plastic aerated sauce cups (650 mL
volume) and kept under 26+ 1 °C temperature and 60 + 5 HR relative humidity until the
emergence of parasitoid adults or S. frugiperda moths at the laboratory. Adult parasitoids
and S. frugiperda that emerged was reared in separate aerated plastic cages measuring 18
dm3 and 50 dms?, respectively. Both insects Adults were fed with 10% honey solution
soaked in cotton wool daily. Complete Randomized Design (CRD) was used for the

laboratory studies.

Figure 12.0: Fall armyworm sampling. A = Collection in the field. B = larvae and
feeding material in a collection bowl.
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3.2 Laboratory study

The field-collected Fall armyworm larvae samples were transported to the PPRSD
laboratory for assessment of the likelihood of parasitism and parasitoid emergence (Fig.
13). The larvae were checked on daily basis, taking records of date of happenings until
parasitoid and/or moth emergence. The C. luteum and C. icipe adults that emerged were
used in the test to estimate the life span, behaviour, interactions with each other, and

potential to control the Fall armyworm.

A

Figure 13. Emerged parasitoid adult in aerated (18 dm?) sauce cup = A, Parasitoid colony
in a netted plastic container = B.

Fall armyworm rearing

Maize was planted at two weeks intervals in a screen house to feed Fall armyworm larvae

(Fig. 14). Ten (10) Fall armyworm larvae were kept in an aerated plastic bowl with tissue
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paper and maize leaves which were changed daily (Fig. 15). This served as the colony

that provided the Fall armyworm host for the tests (Figs. 16-18).

C.

Figure 14, From field to laboratory. A = Maize in screen house, B = fresh maize
collected for FAW feeding, C = FAW Pupae collected from rearing.
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Figure 17. FAW ffrngmoth Figure 18. ﬁiﬁw cage with plant and 10%
ed cotton

NTEGRI PROMEEAN.
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3.3 ldentification of the Fall armyworm larval instar preferred by C. luteum and C.
icipe

e Choice test
Choice tests were conducted by exposing various instars of Fall armyworm to one mated

female C. luteum and C. icipe (Figs. 19-20).

One (1) freshly emerged, 1-day-old, 2-day-old, 3-day-old, 4-day-old, 5-day-old, 6-day-
old, 7-day-old, 8-day-old and 9-day-old Fall armyworm larvae were introduced to one
mated female of each parasitoid in a petri dish (diameter: 8.5cm; height 1.3cm; volume
60 ml) at the same time, making a total of 10 larvae in a petri dish with a single female
parasitoid species at a time. The Fall armyworm larvae were collected after 30 minutes
and individually separately in aerated sauce cups (18 dm® volume) to prevent
cannibalism. The time for each female parasitoid on Fall armyworm larva was recorded.
The parasitized Fall armyworm larvae were observed daily to record emergence of a
parasitoids or continual development of the Fall armyworm. The test was replicated five
times. Preference was assessed by the highest number of Fall armyworm larva parasitized
at each instar (age in days) and comparing the time each female parasitoid used to

parasitize the larvae.

e Non-choice test

Non-choice test was conducted by separately exposing 10 newly emerged Fall armyworm
larvae individually to C. luteum and C. icipe females in a petri dish (diameter: 8.5cm;
height 1.3cm; volume 60 ml) to assess the capability of the parasitoids to reproduce.

Same was done by exposing 1-day-old to 9-day-old to the parasitoids. Five (5)
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replications were done for the test. A control was set up with un-parasitized larvae to
compare the mortality of parasitized and un-parasitized larvae. Larvae were considered
parasitized only when a parasitoid wasp emerged from the host. Ideal Fall armyworm
preference was calculated as a function of percentage parasitism, adult parasitoid
emergence and Fall armyworm mortality after parasitism, using the equation below. The

ideal preferred larva had the highest ideal preference value.

EQUATION
IDEAL PREFERENCE =

( % Parasitism (PA) — % Mortality (M) )
( % Parasitism (PA) + % Adult parasitoid emeregence (PE) )

A

Figure 19. C. luteum in petri dish with 9-day-old FAW larvae (A), and newly emerged

FAW larvae with C. luteum (B) in a Non-choice test.
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W

Figure 20. C. icipe in petri dish with newly emerged FAW (A); C. luteum with different

B.

FAW larvae in a choice test (B).

3.4 Assessment of the parasitism potential of parasitism of C. luteum and C. icipe

One mated female of each parasitoid was introduced into a petri dish (diameter: 8.5cm;
height 1.3cm; volume 60 ml) after 12 hours of emergence. A total of fifty (50) 3-day-old
and 1-day-old preferred larval instars were exposed to each female C. luteum and C.
icipe, respectively on daily basis for six days (Figs. 21-22). The exposed larvae were
removed from the petri dish with female after 2 hours and kept separately in aerated cups
each day. The female parasitoids were kept with a male parasitoid together in a cage (60
ml volume). The larvae were fed with tender maize leaves until the emergence of
parasitoid larvae or Fall armyworm pupa. The parasitism capacity of each parasitoid
species was calculated by cumulating the total number of parasitized larvae, out of the
total larvae exposed to parasitoids females. The same number of Fall armyworm larvae
was kept as control. The tests were conducted in the laboratory at 26 £ 1 °C and 60 = 5

HR ,with 5 replications.
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Figure 21. Separation of Fall armyworm larvae into sauce cups with tender leaves (A),

Sauce cups covered (B).

Figure 22. Capacity test set up with mated female parasitoids in petri dishes and cages

holding adult male parasitoids for each replicate.
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3.5 Life span of C. luteum and C. icipe

Fall armyworm 3days old and 1day old larva was exposed to a mated female of C. luteum
and C. icipe, respectively in separate cages for 1 hour to be parasitized. After recording
the day and time the Fall armyworm larvae were parasitized, a total of 50 individuals of
each of C. luteum and C. icipe parasitized larvae were kept in aerated transparent cup (18
dm3 volume) for the life span study. The parasitized larvae were given tender maize
leaves, until the emergence of the last larval instars of each parasitoid and the formation
of the parasitoid pupae. The date and time of the pupae formation were recorded and the

parasitoid pupae followed until the emergence of the wasps.

A cohort of fifteen (15) females and 15 males of C. luteum and C. icipe freshly emerged
were kept together in aerated cage containing an artificial diet (sterilized cotton wool
soaked into 10% honey solution) which was changed daily. Date of emergence of the
parasitoid adults used for the test was recorded. The number of dead wasps was recorded
every 24 hours, as well as the sex. Dead male and female C icipe were separated with the
help of a microscope due to their smaller size (Fig. 23). A total of five replications were

done during the tests.

The time (days) in completing lifecycle (life cycle duration) was obtained by calculating
the interval between the day of egg laying (parasitism) until death of adult parasitoid. The

tests were conducted in laboratory, under 26 + 1 °C and 60 + 5 HR.

Voltinism (number of generations per year) was calculated with the average generation

time. Voltinism = average generation time / 12 (number of months in a year).
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Figure 23. Separating male and female C. icipe under microscope.

3.6 Interaction (synergy/competition) between C. luteum and C. icipe in the presence
of Fall armyworm larvae

The interaction test was conducted in laboratory in two steps as followed:

- Step 1: Concurrent parasitoid introduction to Fall armyworm

A male and female of C. luteum and C. icipe were kept together in an oviposition cage
(60 ml), and provided with an artificial diet (cotton wool soaked into 10% honey
solution). After 24 hours in the cage, 30 of 2days old Fall armyworm larvae were
exposed to female C. luteum and C. icipe at a time for 30 minutes in a Petri dish
(diameter: 8.5cm; height 1.3cm; volume 60ml). The Fall armywaorm larvae were removed
from the petri dish and kept separately in aerated sauce cups (18 dm?3 volume) and
provided with tender maize leaves, until the emergence of the parasitoids. Five

replications were done for this test.
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- Step 2: Sequential parasitoid introduction to Fall armyworm to parasitoids

Thirty (30) of 2 days old Fall armyworm larvae were exposed to a 24 hour mated female
C. icipe for oviposition in 2hour period in a petri dish (diameter: 8.5cm; height 1.3cm;
volume 60ml) (Fig. 24). The parasitized larvae was immediately removed after the 2hour
duration and exposed to a 24 hour mated female C. luteum to observe if the latter will
accept parasitizing them again. Larvae accepted and parasitized by C. luteum female after
initial C. icipe parasitism will be removed from the oviposition cage for the second time
and kept separately in aerated sauce cups (18 dm?3 volume) and the time for parasitism
recorded. The Fall armyworm larvae were given tender maize leaves until the emergence
of parasitoid larvae. The parasitoid species that emerged were recorded and used to assess

the multi-parasitism potential of C. luteum (Fig. 24).

Similar test was conducted by making the Fall armyworm larvae being parasitized firstly
by C. luteum and secondly by C. icipe, in order to assess also the multi-parasitism

potential of C. icipe. Five (5) replications were done for this test.

Figure 24. Interaction test set up with C. luteum introduced (A): C. icipe (B).

51



3.7 Data Analysis

Life span and generation time of parasitoids were analyzed with descriptive statistics.
Difference within parasitism levels, mortality and adult parasitoid emergence in
preference, parasitism potential and competition test was analyzed with one-way analysis
of variance (ONE-WAY ANOVA), using Turkey mean separation test to separate means.
Fisher Pairwise LSD comparism was use for preference choice test mean separation.
Two-Sample t-test was used in comparing total parasitism potentials of C. luteum and C.
icipe. All statistical analysis was run with Minitab 17® statistical software at 95 %

confidence interval (Minitab v.17, Minitab, State College, PA, USA).
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CHAPTER FOUR

4.0 RESULTS

4.1 Parasitoid life span

4.1.1 Cotesia icipe

Cotesia icipe parasitoid life span was analyzed with a descriptive statistics on 250 total
sample size. The duration for Cotesia icipe oviposition was between 12 hours to 1 day
(24 hrs.) (Fig. 4.1.3A; Fig. 4.3A). Egg to larva duration ranged from 7 to 8 day and 6.85
+0.06 days on average. The period from larval emergence to pupa was 4 to 8 hours,
averaging at 3.77 £0.09 hours. Duration of development from the pupa stage to adult
emergence ranged from 3 to 4 days with an average of 2.97 £0.03 days. Duration of egg
to adult emergence was 10 to 11 days and 9.82 £0.09 days on average. Total adult life
span ranged from 7 to 15 days and 7.17 +0.26 days on average. The total generation time
was 17 to 25 days and 16.99 +£0.29 on average (Fig. 4.1.7B; Fig. 4.1.9). The total number
of generations was between 15 to 21 generations in a year (multivoltine) (Table 4.1.1;
Fig. 4.1.1). There was significant difference between male and female adult life span with
means of 7.14 and 8.34 days, respectively (P = 0.006) with 1.2 days estimate for

difference in favour of females (Fig. 4.1.4).
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Table 4.1.1: Descriptive Statistics of Cotesia icipe life span.

Variable N N* Mean SE Mean StDev Median  Maximum
EGG TO LARVA 250 0 6.8480 0.0647 1.0223 7.0000 8.0000
PUPA TO ADULT 250 0 29720 0.0323 0.5102 3.0000  4.0000
ADULT LIFE SPAN 250 0 7.168 0.258 4.075 7.000  15.000
GENERATION TIME 250 0 16.988 0.293 4.625 17.000 25.000
EGG TO ADULT 250 0 9.8200 0.0904 1.4296 10.0000 11.0000
LARVA TO PUPA (hrs.) 250 0 3.7680 0.0921 1.4569 4.0000 8.0000
MALE ADULT LIFE SPAN 150 0 7.140  0.286 3.501 7.000 15.000
FEMALE ADULTLIFE SPAN 150 0 8.340 0.326 3.995 9.000 15.000

Voltinism = 15 to 21 generations in a year (multivoltine).

R VAN 1,%

Adult Cotesia icipe .
female &
%

C. icipe pupa in cocoon w‘.mm“;mfg

® S.A. Mensah

Dead adult
C. icipe

Figure 4.1.1 Annotated generation time diagram of Cotesia icipe.
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4.1.2 Coccygidium luteum

Coccygidium luteum parasitoid life span was analyzed with a descriptive statistics on 250
total sample size. The duration for C. luteum oviposition was > 1 day (24 hrs.) (Fig.
4.1.3B; Fig. 4.3A). Egg to larva duration ranged from 7 to 10 day and 9.02 +0.05 days on
average. The period from larval emergence to pupal was 8 to 13 hours, with an average of
8.10 £0.10 hours. Duration of development from the pupal stage to adult emergence
ranged from 8 to 11 days with an average of 9.70 +0.04 days. Duration of egg to adult
emergence was 16 to 21 days and 18.70 £0.07 days on average. Total adult life span
ranged from 12 to 23 days and 11.50 +0.35days on average. The total generation time
was 30 to 42 days and 30.1 £0.39 days on average (Fig. 4.1.7A; Fig. 4.1.8). The total
number of generations was (voltinism) between 8 to 12 generations in a year
(multivoltine) (Table 4.1.2; Fig. 4.1.2). There was no significant difference between
male and female adult life span with means of 10.89 +0.42 and 10.73 +0.38 days (Fig.

4.1.5), respectively (P = 0.787) with 0.15 days estimate for difference in favour of males.
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Figure 4.1.2 Annotated generation time diagram of Cocccygidium luteum.

56



University of Ghana http://ugspace.ug.edu.gh

Cotesia icipe Generation Time Coccygidium luteum
1
8 A
51
7! g
%6 S
a 5
v 3
7] “« 3
] z
W3 g b
: g
) S
1 b
0285 )
0 0376
EGGTOLARA LARATO  PUPATO  ADULTURE 0
| , ; , PA PUPATOADULT ADULTUFESPAN
A. B.
Figure 4.1.3: life stages

LT LIFE SPAN

Duration (Days)
o]

Figure 4.1.4 Boxplot of C. icipe male and female adult life span showing age
distribution.
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Figure 4.1.5 Boxplot of C. luteum male and female adult life span showing age
distribution.

Figure 4.1.6: Cotesia icipe larva with eyes and pseudo-legs before cocoon formation (A),
and Coccygidium luteum larva emerged and form cocoon without eye and pseudo-legs

(B).
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Figure 4.1.7: Average generation time of C. luteum (A) and C. icipe (B).

4.1.3 Coccygidium luteum against Cotesia icipe
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Figure 4.1.8 Trend graph of the duration of C. luteum and C. icipe life span.
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Figure 4.1.9: Maximum and minimum no. of generation per year for C. icipe and C.

luteum.

Table 4.1.2: Descriptive Statistics of Coccygidium luteum life span.

Variable N N* Mean SEMean StDev Median Maximum
EGG TO LARVA 250 0 9.0240 0.0471 0.7441 9.0000 10.0000
PUPA TO ADULT 250 0 9.6760 0.0437 0.6906 10.0000 11.0000
ADULT LIFE SPAN 250 0 11.488 0.347 5.487 12.000 23.000
GENERATION TIME 250 0 30.044 0.386 6.104  30.000 42.000
EGG TO ADULT EMERGENCE 250 0 18.700 0.0676 1.069 19.000 21.000
LARVA TO PUPA (hrs.) 250 0 8.112 0.104 1.639 8.000 13.000
MALE ADULT LIFE SPAN 150 0 10.887 0.422 5.168 11.000 20.000
FEMALE ADULT LIFE SPAN 150 0 10.733 0.379 4.644 12.000  20.000

Voltinism = 8 to 12 generations in a year (multivoltine).
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4.2 Parasitoid Fall armyworm larva Preference

4.2.1. No-choice test

Coccygidium luteum

Fall armyworm larval age (days) preference of C. luteum was obtained by taking the %
parasitism of on all ten (10) larval ages. C. luteum recorded an average % parasitism of
62, 74, 82, 92, 98, 98, 86, 22, 2, and 0 % out of 50 newly emerged (day 0), 1 day, 2 days,
3 days, 4 days, 5 days, 6 days, 7 days, 8 days and 9 days old Fall armyworm larvae,
respectively with significant difference between groups (P < 0.001) (Fig. 4.2.1A).
Percentage (%) adult parasitoid emergence out of larval parasitoids for newly emerged
(day 0) to 9 days old Fall armyworm larva was 90.5, 87.2, 95.3, 97.8, 96.0, 100, 100, 100,
20, and 0.0 %, respectively with significant difference between groups (P < 0.001) (Fig.
4.2.2A). Percentage (%) mortality in newly emerged larvae to 9 days old Fall armyworm
was 38, 26, 16, 8, 2, 2, 0, 0, 0, and 0%, respectively (P < 0.001) (Fig. 4.2.3A). Ideal larval
stage preference values for newly emerged (0) to 9 days old Fall armyworm was 0.16,
0.30, 0.37, 0.44, 0.50, 0.49, 0.46, 0.18, 0.09, and 0.00 respectively. Three (3) days to six
(6) days old Fall armyworm larva proved to be ideal amongst the entire group of ten
different Fall armyworm age groups (day), with 4 days old larva as the most ideal for

parasitism (Table 4.2; Fig. 4.2 A).
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Table 4.2: Preference values for Coccygidium luteum no choice test.

AGE OF %  ADULT
FAW % PARASITOID | %  FAW IDEAL  FAW
LARVA | PARASITISM | EMERGENCE | MOTALITY PREFERED
(days) (PA) (PE) (M) (PA-M) | (PA+PE) | (PA-M/ PA+PE)
0 62 90.5 38 24 152.476 | 0.16

1 74 87.1 26 48 161.143 | 0.30

2 82 95.3 16 66 177.278 | 0.37

3 92 97.8 8 84 189.778 | 0.44

4 98 96.0 2 96 194.000 | 0.50

5 98 100.0 2 96 198.000 | 0.49

6 86 100.0 0 86 186.000 | 0.46

7 22 100.0 0 22 122.000 | 0.18

8 2 20.0 0 2 22.000 | 0.09

9 0 0.0 0 0 0.000 | = -----
Cotesia icipe

Cotesia icipe recorded an average % parasitism of 76, 94, 92, 58, 20, 6, 0, 0, 0, and 0 %
out of a total 50 newly emerged (day 0), 1 day, 2 days, 3 days, 4 days, 5 days, 6 days, 7
days, 8 days and 9 days old Fall armyworm larvae, respectively with significant
difference between groups (P < 0.001) (Fig. 4.2.1B). Percentage (%) adult parasitoid
emergence out of larval parasitoids for newly emerged (day 0) to 9 days old larva was
82.7, 93.8, 100.0, 97.2, 80.0, 40.0, 0.0, 0.0, 0.0, and 0.0 %, respectively with significant
difference between groups (P < 0.001) (Fig. 4.2.2B). Percentage (%) mortality in newly
emerged Fall armyworm larvae up to 9 days old was 24.0, 6.0, 4.0, 0.0, 2.0, 4.0, 4.0, 4.0,
2.0, and 2.0 %, respectively (P < 0.001) (Fig. 4.2.3B). Ideal Fall armyworm larval stage
(days) preference values for newly emerged (0) to 9 days old was 0.33, 0.47, 0.46, 0.37,
0.18, 0.04, 0.00, 0.00, 0.00, and 0.00, respectively. Newly emerged (0) days to three (3)

days old Fall armyworm larva proved to be preferred amongst the entire group of ten
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different Fall armyworm age groups (day), with one (1) day old larva as the most ideal

for parasitism (Table 4.2.1; Fig. 4.2 B).

Table 4.2.1: Preference values for Cotesia icipe no choice test

AGE OF % ADULT IDEAL FAW
E:\\F/QVVA % PARASITOID % FAW PREFERED
d PARASITISM EMERGENCE MOTALITY PA-M/ PA+ PE
(days) (PA) (PE) (M) ®A-M) | easpE) | PA )
0 76 82.7 24.0 52 158.70 0.33
1 94 93.8 6.0 88 187.78 0.47
2 92 100.0 4.0 88 192.00 0.46
3 58 97.2 0.0 58 155.18 0.37
4 20 80.0 2.0 18 100.00 0.18
5 6 40.0 4.0 2 46.00 0.04
6 0 0.0 4.0 -4 0.00 | -
7 0 0.0 4.0 -4 000 | -
8 0 0.0 2.0 L 0.00 | -
9 0 0.0 2.0 0 000 | -
IDEAL PREFERENCE LEVEL IDEAL PREFERENCE LEVEL
(C. luteum)  (No-Choice) (C. icipe) (No-Choice)
0.6
0.5 -
0.5 ©
_ N § 0.4 -
S 0.4 h | @
(5] {
— \ | =
® \ | w3
8 0.3 \ B
[<B] \ y—
j \ GL')
% 0.2 l :: ‘ a 02
o 5 3
< 0.1 > ‘ T 0.1 -
g \
- 0 l IL ] ] \ O _.E_ .L. b
§ — oN on <t N (e} N~ o0 (o)} B o N N S N O N O O
2 | —A !
A T FAW W Larva Age &El < FAW Larva Age (Days)

Figure 4.2: Ideal Fall armyworm larval preference in C. luteum (A), and C. icipe (B) in

no-choice preference test.
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Figure 4.2.1: parasitism levels of C. luteum (A) and C. icipe (B) on different Fall
armyworm stages.
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Figure 4.2.2: Percentage adult parasitoid emergence of C. luteum (A) and C. icipe (B) on
different Fall armyworm stages.
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Figure 4.2.3: Mortality effects of C. luteum (A) and C. icipe (B) parasitism on different
Fall armyworm stages.
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4.2.2 Choice test

Coccygidium luteum

In the choice test, C. luteum recorded an average % parasitism of 20, 40, 40, 60, 80, 80,
40, 0, 0, and 0 % out of 50 newly emerged day 0, 1 day, 2 days, 3 days, 4 days, 5 days, 6
days, 7 days, 8 days and 9 days old Fall armyworm larvae, respectively with significant
difference between groups (P = 0.016) (Fig. 4.2.4A). Percentage (%) adult parasitoid
emergence out of larval parasitoids for newly emerged (day 0) to 9 days old larva was 20,
40, 40, 20, 80, 80, 40, 0, 0, and 0 %, respectively with significant difference between
groups (P = 0.016) (Fig. 4.2.5A). Percentage (%) mortality in newly emerged Fall
armyworm larvae to 9 days old was 80, 60, 60, 40, 20, 20, 20, 0, 0, and 0%, respectively

(P =0.027) (Table 4.2.2; Fig. 4.2.6A).

Table 4.2.2: Percentage values of C. luteum parasitism variables with Different FAW

larval stages. VValues with the same letter in the column do not differ by Fisher Pairwise

Comparisons (LSD) test.

Fall armyworm | % parasitism % Adult parasitoid | % Fall armyworm
age (days) emergence larva mortality
Newly emerged (0) | 20 bc 20b 80 a

1 40 abc 40 ab 60 ab

2 40 abc 40 ab 60 ab

3 60 ab 20 b 40 abc

4 80 a 80a 20 bc

5 80 a 80 a 20 bc

6 40 abc 40 ab 20 bc

7 Oc 0Ob 0c

8 Oc 0Ob 0c

9 Oc 0Ob 0c
(ANOVA) 0.016 0.016 0.027
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Cotesia icipe

C. icipe on the other hand recorded an average % parasitism of 20, 20, 20, 60, 20, 0, 0, 0,
0, and 0 % out of 50 newly emerged (day 0), 1 day, 2 days, 3 days, 4 days, 5 days, 6 days,
7 days, 8 days and 9 days old Fall armyworm larvae respectively with no significant
difference between groups (P = 0.138) (Fig. 4.2.4B). Percentage (%) adult parasitoid
emergence out of larval parasitoids for newly emerged day 0 to 9 days old larva was 20,
20, 20, 20, 40, 0, 0, 0, 0, and 0 %, respectively with no significant difference between
groups (P = 0.543) (Fig. 4.2.5B). Percentage (%) mortality in newly emerged Fall
armyworm larvae to 9 days old was 80, 80, 80, 40, 40, 0, 20, 0, 0, and 0%, respectively
with significant difference between Fall armyworm larval stages (days) (P < 0.001)

(Table 4.2.3; Fig. 4.2.6B) .

Table 4.2.3: Percentage values of C. icipe parasitism variables with Different FAW
larval stages. VValues with the same letter in the column do not differ by Fisher Pairwise

Comparisons (LSD) test.

Fall armyworm age | % parasitism | % Adult parasitoid | % Fall armyworm
(days) emergence larva mortality
Newly emerged (0) 20 ab 20a 80 a

1 20 ab 20 a 80 a

2 20 ab 20 a 80a

3 60 a 20 a 40 ab

4 20 ab 40 a 40 ab

5 0b O0a 0b

6 Ob O0a 20 b

7 0b Oa 0b

8 0b Oa 0b

9 0b Oa 0b
(ANOVA) 0.138 0.543 <0.001
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Figure 4.2.4: Parasitism levels of C. luteum (A) and C. icipe (B) on different Fall
armyworm stages in a choice test.
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Figure 4.2.5: Percentage adult parasitoid emergence of C. luteum (A) and C. icipe (B) on
different Fall armyworm stages in Choice test.
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Figure 4.2.6: Mortality effects of C. luteum (A) and C. icipe (B) parasitism on different
Fall armyworm stages in a choice test.
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4.2.3 Parasitoid parasitism behaviour and response in Fall armyworm.

C. luteum (No-choice)

Behaviour expressions and response by the parasitoids and Fall armyworm was observed
in 50 Fall armyworm larvae and a female parasitoid. In C. luteum against Fall armyworm,
all 50 newly emerged larvae day 0, one day (1), two days (2) and three (3) days old larvae
were attacked (probed) by C. luteum and did not express a defensive response (AND:
Attack No Defense), representing 100%. In the case of four (4) to six (6) days old Fall
armyworm larva, attack and no defense behaviour was 88, 30, and 2 %, respectively,

while seven (7) days to nine (9) days was 0 % (P < 0.001).

For parasitoid attempt (attempted probing) and defensive (aggression) behaviour in Fall
armyworm larva observed (AD: Attack but Defensive), newly emerged day 0 Fall
armyworm larva, one (1) to three (3) days old larva recorded zero percent (0%), while
four (4), five, six, seven, eight, and nine days old larva recorded 12, 70, 98, 88, 62, and

18 %, respectively (P < 0.001).

In the no parasitism attempt ( NA) behaviour observations, newly emerged (day 0), 1 day
to 5 days old recorded zero percent (0%), while six, seven, eight and nine days old Fall

armyworm larva recorded 2, 12, 38, and 82 %, respectively (P < 0.001) (Fig. 4.2.7 A).
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C. icipe (No-choice)

In C. icipe no-choice parasitism behaviour and response in Fall armyworm larvae, newly
emerged day O and one (1) day old Fall armyworm larva recorded zero percent (0%),
while two days to nine days old Fall armyworm larva recorded 6, 18, 22, 42, 60, 84, 96,
and 96 %, respectively in no parasitism attempt (NA) with significant difference between

stages (ages) of Fall armyworm (P < 0.001).

There was zero (0) % attack but defensive (AD) behaviour in newly emerged (day 0) and
one (1) day old Fall armyworm larva, while two (2), three (3), four (4), five (5), six (6),
seven (7), eight (8) and nine (9) days old recorded 10, 24, 74, 58,40, 16, 4, and 4 %
attack but defensive behaviour (AD), respectively with a significant difference between

Fall armyworm ages (P < 0.001).

Cotesia icipe recorded 100 % attack and no defense (AND) behaviour in newly emerged
(day 0) and one (1) day old Fall armyworm larva. While two (2), three (3), and four (4)
days larva recorded 84, 58, and 4 %, respectively. Five (5), six (6), seven (7), eight (8)
and nine (9) days old larva on the other hand recorded zero (0) % attack and no defense

(AND) behaviour (P < 0.001) (Fig. 4.2.7B).
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Figure 4.2.7 A: Parasitism behaviour of C. luteum and FAW response in no-choice test.
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Figure 4.2.7 B: Parasitism behaviour of C. icipe and FAW response in no-choice test.
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Choice test
C. luteum

In C. luteum parasitism on Fall armyworm choice test, all 50 newly emerged larvae (day
0), one day (1), two days (2), three (3), and four (4) days old larvae were attacked
(probed) by C. luteum and also did not express a defensive response (AND: Attack No
Defense), representing 100% behavioural action and response. Also, five (5) to six (6)
days old Fall armyworm larva, attack and no defense behaviour was (AND) 0 % with

significant difference between Fall armyworm stages (P < 0.001).

For C. luteum attempt (probing) and defensive (aggression) behaviour in Fall armyworm
larva observed (AD: Attack but Defensive), all the Fall armyworm larva stages recorded
zero percent (0%) , except five, six and seven days old larva which recorded 80, 60, and

40 %, respectively (P < 0.001).

In the no parasitism attempt ( NA) behaviour observations, newly emerged day 0, one
day to four days old Fall armyworm larva recorded zero percent (0%) behaviour
expression, while five, six, seven, eight and nine days old Fall armyworm larva recorded
20,40,60 and 100 % for both eight and nine days old Fall armyworm larva respectively

(P < 0.001) (Fig. 4.2.8A).

C. icipe

In the case of Cotesia icipe parasitism on Fall armyworm choice test, all fifty (50) newly
emerged larvae (day 0), one day (1), two days (2), and three (3) days old larvae were

attacked (probed) by C. icipe with no defensive response from Fall armyworm (AND:
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Attack No Defense), representing 100% behavioural action and response. Four days to 9
days old Fall armyworm larva, attack and no defense behaviour (AND) was 0 % with

significant difference between Fall armyworm stages (P < 0.001).

For C. icipe probing attempt and defensive (aggression) behavior in Fall armyworm larva
(AD: Attack but Defensive), all the Fall armyworm larva stages expressed no attack but
defensive behaviour (0%) , except four, five and six days old larva recorded 40, 40, and

20 % respectively (P = 0.097).

In the no parasitism attempt (NA) behaviour observations, newly emerged (day 0), one
day to three days old Fall armyworm larva expressed zero percent (0%) no parasitism
attempt (NA) behaviour, while four, five, six, seven, eight and nine days old Fall
armyworm larva recorded 60, 60, 80 and 100 % for seven, eight and nine days old Fall

armyworm larva respectively (P <0.001) (Fig.4.2.8B).
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Figure 4.2.8: Parasitism behaviour of C. luteum (A) and C. icipe (B) against FAW
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response in choice test.

4.3 Parasitism potential

Average daily parasitism in C. luteum was 0, 41, 40, 33, and 35 for day one, day two, day
three, day four, and day five, respectively, representing 0, 82, 79, 66, and 71 %,

respectively. There was significant difference in the average daily parasitism (P < 0.001)

(Fig. 4.3A).

Cotesia icipe on the other hand recorded 10, 31, 17, 29, and 33 daily parasitim for day
one, day two, day three, day four, and day five, respectively, representing 19, 61, 34, 46,

and 65 %, respectively. The means were significantly not the same ( P < 0.001) (Fig.

4.3A).
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Total parasitism of C. luteum and C. icipe was 148 and 112, which represent 59.12 % and

44.72 %, respectively, with no significant difference in total parasitism (P = 0.507) (Fig.

4.3B).
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Figure 4.3:Average daily parasitism potential (A), and total parasitism potential (B).
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4.3.1 Parasitism effect on Fall armyworm mortality

Coccygidium luteum average percentage mortality for day one, two, three, four, and day
five was 4.2, 3.3, 2, 1.6, and 3 %, respectively with a partial no significant difference in
daily percentage mortality (P = 0.046). C. icipe recorded 23.6, 4.4, 1.8, 5.6, and 5.6 % for
day one, two, three, four, and day five, respectively with a significant difference between

daily mortality means (P < 0.001).

Daily Parsitism Effect on Mortality

m C. luteum
mC. icipe

Average Mortality (%)

A

Figure 4.3.2: Dead Fall armyworm larvae after parasitism (probing).
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4.3.2 Sex ratio of C. luteum and C. icipe

Coccygidium luteum recorded daily average of 0, 16, 15, 7, and 6 females in day one,
two, three, four and five, representing 0, 39, 37, 20 and 20 %, respectively. The males
were 0, 25, 25, 26, and 22 for day one, two, three, four and five, representing 0, 61, 63,
80 and 80%, respectively (Table 4.3; Fig. 4.3.2A). Cotesia icipe recorded daily average
of 9, 12, 8, 10, and 12 males in day one, two, three, four, and five, representing 94, 38,
48, 43 and 36 %, respectively whereas females recorded 1, 19, 9, 13, and 21 representing
6, 62, 52, 57 and 64 %, respectively (Table 4.3; Fig. 4.3.2B). The average total male and
female parasitoids recorded in Five (5) days was 98 and 42, representing 70 and 30 %,
respectively for C. luteum, while C. icipe recorded 50 and 62, representing 45 and 55 %
male and females, respectively (Table 4.3; Fig. 4.3.3). Sex ratio was 1 male to 1.3
females (1 MJ: 1 FQ) and 2.3 males to 1 female (2 MJ&: 1 FQ) for C. icipe and C.

luteum, respectively.

Table 4.3: Average and total values for parasitoids potentials with sex ratio

C. luteum C. icipe

(mean £ SE mean) (mean £ SE mean)
DAY MALE(3) | FEMALE(Q) | MALE(S) FEMALE(Q)
1 0 0 8.80 + 2.52 0.60 +0.40
2 2480+2.37 |15.60+1.57 |11.60+1.25 18.80 + 1.46
3 24.80+3.54 [14.40+2.18 | 8.000 +0.316 8.80 +1.24
4 2600+3.51 |6.60+1.17 9.800 + 0.735 13.00 £ 0.84
5 21.80 S LRGSO 7S 11.60 + 1.36 20.80 £ 2.35
TOTAL 97.40 £ 6.67 |42.20+3.50 |49.80+2.08 62.00 + 4.09
SEX RATIO (233:19) (13:1.39)
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Figure 4.3.2: Average daily percentage of male and female C. luteum (A) and C. icipe

(B).
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TOTAL MALE and FEMALE PARASITOIDS IN 5 DAYS
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Figure 4.3.3: Total male and female parasitism potentials of C. luteum and C. icipe.

4.4 Parasitism interaction between C. luteum and C. luteum in Fall armyworm

4.4.1 Sequential interaction

In introduction of Fall armyworm larvae first to C. luteum before later introduction of
same larvae to C. icipe, a total of 36 and 44 which represents 24 % and 29.4 % for C.
luteum and C. icipe respectively emerged from Fall armyworm larva. Mortality was 69
representing 46 %. The first introduction of larvae to C. icipe before C. luteum also
recorded a higher number of C. icipe than C. luteum with a total of 35 and 42,
representing 23.4 % and 28 % for C. luteum and C. icipe respectively. Mortality was 68

representing 45.4 %. There was no significant difference between C. icipe and C. luteum
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emergence in both C. icipe first (P = 0.357) and C. luteum first (P = 0.298) sequential

introduction (Fig. 4.4.1).

4.4.2 Concurrent interaction

In the introduction of Fall armyworm to both parasitoids at the same time in a cage, a
total of 46 and 19 parasitism was recorded, representing 30.7 % and 12.7 % for C. luteum
and C. icipe, respectively with significant difference in total parasitoid emergence (P <

0.001) (Fig. 4.4.1). Mortality was 66, representing 44 % out of 150 Fall armyworm

larvae.
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Figure 4.4.1: C. luteum and C. icipe emergence and mortality in Sequential introduction.
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4.4.3 Comparing all parasitoid introduction grouping (sequential, concurrent,
control)

There was a significant difference in C. icipe emergence in all test grouping (introducing
C. icipe 1%, C. luteum 1%, concurrently and only C. icipe) (F = 120.78; P < 0.001).
Percentage C. icipe parasitism was 28, 29.4, 12.7, and 91.4 % for C. icipe 1%, C. luteum
1%, concurrent introduction and only C. icipe introduction, respectively. There was also a
significant difference in C. luteum emergence in all test grouping (introducing C. luteum
1%, C. icipe 1* and concurrently) (F = 61.90; P < 0.001). Percentage C. luteum parasitism
was 24.4, 24, 31, and 81 % for C. icipe 1%, C. luteum 1%, concurrent introduction and

only C. luteum introduction, respectively (Table 4.4.1; Fig. 4.4.2).
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Figure 4.4.2: C. luteum and C. icipe abundance in all FAW larvae introduction sequence.
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Table 4.4.1: Percentage parasitism in test groupings and significance mean

separation

Introduction

sequence Total Cotesia icipe Total Coccygidium luteum
C. icipe first 28.0 % b 244% Db

C. luteum first 29.4 % b 240% b

Concurrently 12.7 % c 307% b

Alone 914% a 80.7% a

Significance level

(F= 120.78; P < 0.001)

(F=61.90; P < 0.001)

There was 53.4, 51.4, 43.4, 80.7, and 91.4 % total parasitism in introducing C. luteum 1%,

C. icipe 1%, concurrent and negative control (C. luteum alone and C. icipe alone)

respectively, with significant difference between means (F = 32.83; P- value < 0.001)

(Table 4.4.2; Fig. 4.4.3).
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Figure 4.4.3 Total percentage parasitism in all FAW larvae introduction sequence.
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Total Fall armyworm mortality on the other hand was 46, 45.4, 44.3, 17.4, 4.7, and 2.0 %
for C. luteum 1%, C. icipe 1%, concurrent, negative control (C. luteum alone and C. icipe
alone) and positive control (no FAW larvae exposure to parasitoids) respectively with

significant difference between groups (F = 41.61; P < 0.001), (Table 4.4.2; Fig. 4.4.4).
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Figure 4.4.4: Total percentage Fall armyworm mortality-in all introduction sequence.
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Table 4.4.2: Total percentage parasitism and mortality in interaction test groupings.

Parasitoid

Introduction

Total Parasitism

Total Mortality

C. icipe first 514% b 454 % a

C. luteum first 534% b 46.0% a
Concurrently 434% b 443 % a

C. luteum only 80.7% a 174% b
C. icipe only 914%a 4.7 % b c
Control |- 2.0% C

Significance level

(F=32.83 ; P < 0.001)

(F=4161; P < 0.001)
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CHAPTER FIVE

5.0 DISCUSION

5.1 Parasitoid life span

The adult male and female Cotesia icipe and Coccygidium luteum mate shortly after
emergence. During mating the males are always positioned on top of the female while
flapping their wings. The female C. icipe oviposit on the same day of emergence as
observed in the study within 12 hours after emergence, while C. luteum on the other hand
oviposit after 24 hours of emergence. The period for C. luteum development from egg to
larval emergence in the Fall armyworm larva was 9 days, which was by far greater than
that of C. icipe at 7 days. The average duration of parasitoid larva to pupa was 8 hours in
C. luteum as compared to 4 hours in C. icipe which was two times lesser. The duration of
pupa to adult was the second shortest developmental stage after the larval to pupal stage
in C. icipe, at an average of 3 days as compared to 10 days in C. luteum, respectively.
This phenomenon could be justified with the observation of pseudo legs and partially
developed eyes in the C. icipe larva before cocoon formation during pupation as
compared to C. luteum without these morphological characteristics. Generally as
observed in the study, male C. luteum emerged earlier than female. In all the
developmental stages of the two parasitoids, the egg to larva stage was the longest in C.
icipe, contributing up to 69 % of the entire developmental duration, while in C. luteum,
pupa to adult stage contributed the most to the total developmental time at 52 %. Adult
parasitoid life span was greater in C. luteum than in C. icipe, where both parasitoids
recorded 7 days minimum and 15 days maximum adult life span in C. icipe and 12 days

minimum and 23 days maximum for C. luteum, respectively. C. icipe spent most of its
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development time at the egg to larva stage while, C. luteum on other hand spent most of
its development time at the pupa to adult Stage. The developmental time from egg to
adult emergence in general was longer in C. luteum (19 days) which is larger in size, as
compared to C. icipe (10 days) of 2.20-2.50mm adult length (Fiaboe et al., 2017;
Fernandez-Triana et al., 2014). This conforms to findings where a positive correlation
was found to exist between parasitoid body size and host body size in solitary species, as
development time is known to be longer for parasitoids attacking larger host which is also
a known observation for koinobionts (Blackburn, 1991a). This phenomenon follows the
principle of minimizing time spent in vulnerable life- history stages (Stearns, 1992).
Cotesia icipe in this case is expected to have a shorter development time than C. luteum,
as it is smaller and exposed to greater mortality risks as they develop in smaller larval
host. Also parasitoids whose eggs mature upon emergence (pro-ovigenic) as C. icipe and
as described in Mohamed et al. 2021, where they were found to have eggs matured on the
first day of emergence, have a shorter life-span than synovigenic ones as C. luteum which
agrees with findings from life-span test of Braconidae (Jervis et al., 2001). The average
generation time was 30 days and 17 days for C. luteum and C. icipe, respectively.
Although the generation time is smaller in C. icipe, it has a higher voltinism of 15
minimum and 21 generations maximum in a year as compared to 8 to 12 generations,
respectively for C. luteum. This implies both parasitoid species are multivoltine species.
The general generation time of C. luteum did not diverge much from that described by
Agboyi et al. 2019, where average temperature was above 28 °C. The duration before

mating, oviposition and adult life span was however not studied in that test. The actual
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larval to pupal stage duration was not obtained, as the larvae to pupae duration was

recorded as 1 day (24 hours), with data recorded after a day interval.

5.2 Parasitoids Fall armyworm stage preference

Different Fall armyworm larva stages were introduced to Cotesia icipe and Coccygidium
luteum parasitoids, and the percentage parasitoid larval emergence, percentage adult
parasitoid emergence and Fall armyworm mortality after parasitism were used as bases to
rank Fall armyworm larva stage preference in a choice and no choice test. In the no-
choice test, C. icipe recorded 76, 94, 92, 58, 20, 6, 0, 0, 0, and O percentage parasitism
(parasitoid larva emergence) and 82.7, 93.8, 100.0, 97.2, 80.0, 40.0, 0.0, 0.0, 0.0, and 0.0
percentage adult parasitoid emergence out of the parasitoid larvae in newly emerged Fall
armyworm larva (day 0) to nine days old Fall armyworm larvae respectively. However
mortality levels varied, as newly emerged Fall armyworm larva day O, to nine days old
Fall armyworm larvae recorded 24.0, 6.0, 4.0, 0.0, 2.0, 4.00, 4.0, 4.0, 2.0, and 2.0
percentage mortality, respectively. Cotesia species are known for host feeding which
causes host death (Jervis et al., 2001). According to the results obtained on percentage
parasitism, Cotesia icipe in the no-choice test showed a range of Fall armyworm larva
stage preference from newly emerged to four days old larva; 1% to 2" larva instars
according to Pitre and Hogg (1983), with only 6 percent parasitism in five days old
larvae. The highest preference was recorded in one day old larvae at 94 percentage
parasitism; 1* larva instar (Pitre and Hogg 1983), with two days, day zero, three days and
four days Fall armyworm larva following at 92 %, 76 %, 58 % and 20 % respectively in

that order, this conform to findings by Mohamed et al. (2021), where C. icipe was

90



observed to have accepted younger instar stages of Fall armyworm larvae and also
rejected older Fall armyworm larvae. There is also a report on C. icipe acceptance of
Spodoptera littoralis and S. exigua second instar larvae for parasitism, with mean
development time from egg to adult in 14 days under 25 + 2°C, 60-70% RH and a
photoperiod of 12L: 12D laboratory conditions (Faiboe et al., 2017). Fall armyworm
larva stages at five days to 9 days; 3" to 5" larva (Pitre and Hogg 1983), instar were not
suitable for parasitism and therefore recorded lowest to no preference (parasitism) at 6
percent for five days and O percent for six days to nine days old larvae respectively.
Although C. icipe differentially accepted newly emerged to 4 days Fall armyworm larvae
for parasitism, several factors like Fall armyworm larvae mortality and adult parasitoid
emergence plays crucial role in choosing an ideal Fall armyworm larva stage, were there
is a substantial percentage of parasitism, adult parasitoid emergence and a lower Fall
armyworm mortality. Amongst the preferred Fall armyworm larvae, one day old larvae
(1 instar larva) had the highest ideal preference value of 0.47, with the highest
parasitism, adult parasitoid emergence and the lowest Fall armyworm mortality at 94
percent parasitism level and 6 percent Fall armyworm mortality, followed by two days
and day zero at an ideal preference value of 0.46 and 0.33 respectively The ideal
preference stage is important in choosing the Fall armyworm stage that enhances the
parasitoid population through reproduction and higher survival of parasitoid larvae until
adult parasitoid emergence. One day and two days old Fall armyworm larvae are ideal for
mass rearing of C. icipe. Similar observation was reported in Cotesia marginiventris
(Cresson) which is also solitary is reported to prefer larva instar 1 for oviposition and

later emerge out of 4™ instar Fall armyworm larva (Cave, 1995).
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Coccygidium luteum on the other hand recorded 62, 74, 82, 92, 98, 98, 86, 22, 2, and 0
percentage parasitism (parasitoid larva emergence) and 90.5, 87.2, 95.3, 97.8, 96.0, 100,
100, 100, 20, and 0.0 percentage adult parasitoid emergence out of the parasitoid larvae
in newly emerged Fall armyworm larva (1% instar larva) to nine days old Fall armyworm
larvae respectively. Mortality levels varied in newly emerged Fall armyworm larva (day
0), one day, two days, three days, four days, five days, six days, seven days, eight days,
and nine days old Fall armyworm larvae, as they recorded 38, 26, 16, 8, 2, 2, 0, 0, 0, and
0 percentage mortality respectively. There was significant difference between Fall
armyworm larva stages in all test parameters. According to the results obtained on
percentage parasitism, C. luteum in the no-choice test showed a range of Fall armyworm
larva stage preference from newly emerged (early 1% instar) to seven days old larva (
early 4™ instar) with only 2 percent parasitism in eight days old larvae (late 4™ instar).
The highest preference was recorded in four and five days old larvae (2" and early 3"
instar) at 98 percentage parasitism, with three days, six days, two days, one day, day zero
and seven days old Fall armyworm larva following at 92 %, 86 %, 82 %, 74 %, 62 % and
22 %, respectively in that order, which is in congruence with Agboyi et al., (2020), where
female C. luteum wasp was reported to have parasitized (accepted) a day-old first instar
Fall armyworm larva. Fall armyworm larva stages at eight days to nine days (late 4™
instar to early 5" instar) were not suitable for parasitism and also recorded lowest to no
preference (parasitism) rates at 2 and O percent, respectively. Percentage mortality and
adult parasitoid emergence also affected the choice of an ideal Fall armyworm larva
stage. Amongst the preferred Fall armyworm larvae stages, four and five days old larvae

(2" and early 3" instar) had the highest ideal preference value of 0.50 and 0.49, with the
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highest parasitism (98 %), adult parasitoid emergence (96 and 100 % respectively), and
Fall armyworm mortality at 2 for both. Although Three days old larva (early 2" instar)
recorded a higher percentage parasitism of 92 % than that of six days (3" instar) old larva
at 86 %, six days Fall armyworm larvae ranked 3" in ideal preference level of 0.46, as it
recorded 100 % adult parasitoid emergence and 0 % Fall armyworm mortality as
compared to three days old larva which recorded 97.7 % adult parasitoid emergence and
8 % mortality and ideal preference level of 0.44. Four and five days old (2" and early 3"
instar) Fall armyworm larvae are ideal for mass rearing of C. luteum followed by three

days old larva.

Preference observations for C. icipe and C. luteum changed in the choice test as
parasitism decreased significantly (P < 0.001) in the preferred larva stages in no—choice
test as compared to the choice test. In C. icipe choice test, newly emerged, one day, two
days, three days and four days old Fall armyworm larva (1% to 2" instar) recorded 20, 20,
20, 60, and 20 percent parasitism respectively as against 76, 94, 92, 58, and 20 %
recorded in the no-choice test. Five days old larvae (early 3" instar) were not parasitized
(accepted). Percentage adult parasitoid emergence was also affected as adult parasitoid
emergence decreased at 20 percent for Fall armyworm day zero to three days old larvae
(1* to early 2™ instar), and 40 percent for four days old larvae as against 82.7, 93.8, 100,
and 97.2 percent for day zero to four days old (1* to late 2™ instar) Fall armyworm larvae
respectively in no-choice test. Percentage mortality increased in the newly emerged to
four days old ( 1% to 2" instar) of Fall armyworm larvae at 80 percent for day zero to two
days old, and 40 percent for four and five days larvae respectively with significant

difference between Fall armyworm stages (P < 0.001). All the remaining Fall armyworm
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larva stages recorded zero percentage mortality except five days old (early 3™ instar)
larvae which recorded 20 percent mortality, which can be attributed to multiple probing
of the early Fall armyworm stages (day zero to 2 days old) observed during the study.
Coccygidium luteum recorded an average percentage parasitism of 20, 40, 40, 60, 80, 80,
and 40 % for day zero to six days old (1* to 3" instar) larvae respectively, and 0 % for
seven days to nine days old (early 4" to 5™ instar) Fall armyworm larvae in the choice
test. The no-choice values were 62, 74, 82, 92, 98, 98, 86, 22, 2, and 0 % for day zero to
nine days old Fall armyworm larvae respectively. The trend in parasitism values from day
zero to nine days old (1™ to early 5" instar) larvae was similar but with a lower
percentage parasitism as compared to the no-choice test. This could be attributed to the
increased number of female parasitoid probing in preferred larvae, as Fall armyworm
numbers were lesser as compared to the choice test, resulting in a higher mortality.
Percentage Fall armyworm larva mortality in the choice test was 80, 60, 60, 40, 20, 20,
20, 0, 0, and 0% as against 38, 26, 16, 8, 2, 2, 0, 0, 0, and 0% for day zero to nine days
old (1% to early 5™ instar) larvae, respectively in no-choice test. Parasitism mortality has
been recorded in some Braconids, where endoparasitoid injects venom proteins or a virus
during oviposition, in order to modify the behavior and damage the immune system of
the host (Sanap et al., 2016). Percentage adult parasitoid emergence was 20, 40, 40, 20,
80, 80, 40, 0, 0, and 0 % in the choice test as against 90.5, 87.2, 95.3, 97.8, 96.0, 100,
100, 100, 20, and 0.0 % in day zero to nine days old (1 to early 5" instar) Fall
armyworm larvae, respectively in no-choice test. The drop in adult parasitoid emergence
can be attributed to the multiple parasitism and attack on Fall armyworm larvae, were

aggression and struggling of Fall armyworm during oviposition may cause an increase in
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dopamine level in Fall armyworm, which plays an important role in the retardation of

larval growth and lead to death (Yamanaka et al., 1996; Fang et al., 2011).

The parasitism behaviour of parasitoids and response in Fall armyworm was also studied
in choice and no-choice test. In the no-choice test, C. luteum interaction with Fall
armyworm larvae during parasitism, behaviours such as parasitoid attack and no defense
or physical aggression (AND) was expressed in day zero to three days old (1* to early 2™
instar) Fall armyworm larvae representing 100% of behavior expressed. Four to six days
old (2™ to 3" instar) Fall armyworm larva, expressed 88, 30, and 4 % behaviour response
respectively, while seven days to nine days old (early 4™ to 5™ instar) larva expressed 0 %
with significant difference between Fall armyworm larva stages (P < 0.001). C. icipe on
the other hand recorded 100 % behaviour expression in newly emerged (day 0) and one
day old (early 1% instar) Fall armyworm larvae, while two, three, and four days old (late
1% to 2" instar) larva recorded 84, 58, and 4 %, respectively. Five, six, seven, eight and
nine (9) days old (3, 4™ and 5™ instar) larva on the other hand recorded zero (0) % attack
and no defense. This implies Fall armyworm stages five to nine days old (early 3 to 5
instar) were not attacked by C. icipe as they express high level of physical aggression
defense. Attempted parasitoid probing and defensive (aggression) behaviour in Fall
armyworm larva (AD) was observed in four, five, six, seven, eight, and nine days old (2™
to 5™ instar) larvae at 12, 70, 98, 88, 62, and 18 %, respectively, while day zero to three
days old (1% to early 2™ instar) Fall armyworm larvae recorded 0 % of the defensive
behaviour (aggression) during parasitism- with significant difference between Fall
armyworm age groups (P < 0.001), while C. icipe on the other hand recorded zero (0) %

attack but defensive (AD) behaviour in newly emerged (early 1% instar) and one day old
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(1% instar) Fall armyworm larva, where parasitoids attacked and probed these larva stages
with no defense or aggression expressed, while Fall armyworm larva stages two to nine
days old (late 1% to 5" instar) recorded 10, 24, 74, 58,40, 16, 4, and 4 % attack but
defensive behavior (AD), respectively with a significant difference between Fall
armyworm ages (P < 0.001). This implies older larvae express much defensive or
aggressive behaviour during parasitoid attack. No parasitism attempt (NA) behaviour
expression was 2, 12, 38, and 82 % in six to nine days old (late 3" to 5" instar) Fall
armyworm larvae, respectively and 0 % in day zero to five days old ( 1* to early 3"
instar) larvae respectively, with a significant difference between Fall armyworm larva age
groups (P < 0.001). C. icipe on the other hand recorded O % no parasitism attempt
behaviour expression in parasitism interaction with newly emerged (early 1% instar) and
one day old (1 instar) Fall armyworm larvae, which implies day zero and one day old
larvae are readily preferred for attack by C. icipe (parasitism), while two days to nine
days old (late 1% instar to early 5" instar) Fall armyworm larva recorded 6, 18, 22, 42, 60,
84, 96, and 96 % , respectively in no parasitism attempt (NA) with significant difference
between stages (ages) of Fall armyworm (P < 0.001). This implies as Fall armyworm get
older attacked or accepted by C. icipe decreases, with the lowest non attempt parasitoid
behaviour expression occurring in five days old (early 3" instar) Fall armyworm larvae

down to nine days old (early 5™ instar) larvae respectively.

The above behaviour expressed in all the Fall armyworm age stages justifies why
parasitoids attack or accept host species relative to their sizes, where larger parasitoids

attacks older host stages and relatively smaller parasitoids attack younger host stages due
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to an increase level of physical aggression as larvae (host) age increases (Blackburn,

1991a).

Behaviour expressions in the choice test was not different from the no choice test except
in the choice test to parasitism attempt (NA) was made eight and nine days old Fall
armyworm larvae by C. luteum parasitoid, while the no-choice test recorded an increase
in attack but defensive behaviour (physical aggression) in five to eight days Fall
armyworm larvae. C. icipe on the other hand recorded an increase in no parasitism
attempt behaviour (NA) expression from four to nine days old larvae in the no-choice
test, and an increase in parasitism attempt and aggressive defense behaviour (AD) in four
to nine days old larvae as compared to the choice test which was lower at four to six days
old larvae and 100 % no parasitism attempt (NA) in seven to nine days old Fall
armyworm larvae. In this regard is important to state that the presence or absence of a
preferred host affects the physical behaviour expressions of parasitoids, as demonstrated
by Rosenheim (1996) where the number of suitable host that are encountered, and
behavioural manipulation of the oviposition rate affect parasitoid behavior. Comparing
these behaviour expression levels to the percentage parasitism in the Fall armyworm
stages, in C. luteum, newly emerged to three days and four days old (early 2™ to late 2™
instar) Fall armyworm larvae expressed 100 % and 88 % attack with no physical defense
through aggression respectively, and 62, 74, 82, and 92 % parasitism for newly emerged
to three days old larvae respectively, and 98 % for four days old larvae. This
demonstrates a diminished host phenol-oxidase activity and lack of melanotic
encapsulation that function in cuticular melanization and sclerotization against invaders

in insects, as reported in parasitoid-infected Lepidoptera (Cerenius & Soderhall, 2004;
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Schnitger et al., 2007). Successful wasp species introduce virulence factors into the host
that suppress hemocyte-mediated encapsulation causing higher mortality in Fall
armyworm larvae, and tend to decrease as host age increases, as described by Beck et al.,
(2000), Beckage et al., (1990), and Strand & Noda, (1991). Five to seven days old Fall
armyworm larvae expressed physical aggressive behaviour which was countered by the
intense strength and aggression of the C. luteum parasitoid, as they were observed to have
carries up to 4 days old larvae about with the ovipositor inserted in the larvae. Eight to
nine days old larvae expressed physical aggression defenses to a large extent against C.
luteum, where percentage parasitism was 2 and 0 %, respectively. C. icipe expressed
similar parasitism behaviour and Fall armyworm response at different percentage levels,
where only day zero and one day old larvae recorded a 100% parasitoid attack and no
defense behaviour expression. Two and three days old larvae recorded 84 and 58 %
attack and no defense behaviour, with parasitism percentage of 92 and 58 %,
respectively. While four to nine days old Fall armyworm larvae recorded higher levels of
attempted parasitism and defense in larvae (AD), and no parasitism attempt behaviour
(NA) with lower to no corresponding percentage parasitism levels (6 % for five days and

0 % for six to nine days old larvae).

The general findings for C. icipe and C. luteum preference agree with the principle by
Blackburn (1991a), where parasitoid size is known to have a positive correlation to host
preference size. Larger parasitoids always tend to have parasitism preference for larger
host and vice versa. Fall armyworm larva mortality after parasitism shows an inverse
proportionality to Fall armyworm stage, where mortality decreases with increase in age.

The Fall armyworm larvae preference of C. icipe and C. luteum overlaps. C. icipe Fall
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armyworm larvae stage preference Fall within the wider range of preference for C.
luteum but with different ideal Fall armyworm preference stage to ensure population

increase and survival.

5.3 Parasitism potential

Parasitism potential of endoparasitoids is an important aspect in considering parasitoid
species for an effective biological pest control. Coccygidium luteum and Cotesia icipe
parasitism potentials were tested on their respective preferred Fall armyworm larva stages
from the first day of adult parasitoid emergence to day five. C. luteum recorded 0, 41, 40,
33, and 35 daily parasitism out of 50 Fall armyworm larvae, representing 0, 82, 79, 66,
and 71 % parasitism on day one to day five, respectively. Cotesia icipe on the other hand
recorded 10, 31, 17, 29, and 33, representing 19, 61, 34, 46, and 65 % parasitism,
respectively. Parasitism means for all the day varied significantly for both parasitoid
species (P < 0.001). There was no parasitism in C. luteum on the first day of Fall
armyworm larva introduction, it however increased sharply on day two and continued to
drop steadily from day three to four, and finally began increasing on day five. This kind
of parasitism trend depicts extreme synovigenic egg maturation with no egg maturation at
emergence, where parasitoid female eggs continue developing throughout their
reproductive life as described by Jervis and Copland (1996). Flanders (1950) reported
Family: Ichneumonidae, Braconidae as typical parasitoid examples. According to Jervis
et al., (2001), the vast majority of species within the Parasitica and the Aculeata families
of the order Hymenoptera have been found to be synovigenic, while only few species are

unambiguously pro-ovigenic, parasitoids that have either all or almost all of their eggs
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mature prior to the start of oviposition. It is likely male C. luteum species are moderately
synspermatogenic, where males emerge with some spermatozoids and can mate shortly
after emergence as observed in in C. luteum mating shortly after emergence on day one,
but they have the capacity to produce spermatozoids throughout their life (Boivin et al.,
2005). Unlike the case in Bracon hebetor (Hymenoptera: Braconidae) males which do
not mate until several hours after emergence, although spermatozoids are present in the
seminal vesicles (Gerling & Rotary 1974; Ode et al.,, 1996). The moderately
synspermatogenic nature of male C. luteum observed in this study is supported in
findings reported by Ramadan et al., (1991) and also confirmed by Quimio and Walter
(2000), where parasitoids in the family Braconidae are reported to Fall within moderately
synspermatogenic and synspermatogenic. C. icipe on the other hand recorded a small
number of parasitoid (n= 10) on first day of emergence, but almost all the emerged
parasitoids were male with only one female. Parasitism also increase largely on the
second and decreased steadily from day three to four, and finally began increasing on day
five as observed in C. luteum. In the case of C. icipe, the study recorded the smallest
parasitism number in the first day of emergence, however Mohamed et al. (2021)
reported a substantial number of eggs matured in newly emerged day O dissected female
C. icipe wasp. The contrast in the parasitism level recorded in the study against the
reported mature eggs in dissected C. icipe is due to the difference in the two biological
events, as ovigeny is not same as parasitism. The number of mature eggs in a female
parasitoid does not necessarily correspond to parasitism, as the number of eggs that a
female parasitoid deposits during her lifetime is determined by interactions among three

processes: the number of suitable hosts that are encountered, the number of eggs that are
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matured throughout the female’s life span, and behavioral manipulation of the oviposition
rate (Rosenheim, 1996). There has been a report on egg resorption in some parasitoids
that produce yolk-deficient (hydropic) eggs than the production of yolk-rich (anhydropic)
eggs as a result of a higher proportion of eggs mature upon female emergence like the
case of C. icipe, as reported by Jervis and Kidd (1986). This reproductive manipulative
strategy could cause a reduction in the total number of parasitism. The daily parasitism
level recorded in the study to a larger extent corresponds to C. icipe ovigeny index of
0.53 reported by Mohamed et al., (2021). This implies a weak pro-ovigeny as smaller
number of parasitism was recorded and also the general case for Braconidae where
ovigeny index ranged from O to 0.74 which indicates extreme synovigeny to weak pro-
ovigeny (Potting et al. 1997; Lim 1982). Coccygidium luteum recorded the highest total
parasitism of 148, while C. icipe recorded 112 out of 250 Fall armyworm larvae, which
represents 59.12 % and 44.72 %, respectively, but there was no significant difference in
total parasitism between both parasitoid species (P = 0.507). The lower C. icipe
parasitism level relative to that of C. luteum can be attributed to the higher percentage
mortality recorded in C. icipe parasitized Fall armyworm larvae, as mortality had
different effect on Fall armyworm larva stages from the preference test. Mortality
increases as Fall armyworm age decreases. The daily average percentage mortality for C.
luteum was 4.2, 3.3, 2, 1.6, and 3 %, as compared to 23.6, 4.4, 1.8, 5.6, and 5.6 % in C.
icipe for day one to five, respectively. Percentage mortality was generally higher on day
one at 4.5 % and 23.6 %, which later dropped on day two and three, and finial increased
from day four to five but below the level of day one for C. luteum and C. icipe,

respectively. Though there was a significant difference in the means of daily percentage
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mortality of C. icipe (P < 0.001), C. luteum on the other hand recorded mean difference
with a minute significance level (P = 0.046). Mortality was a main cause factor in a lower
parasitism recorded in C. icipe. According the study observations, C. luteum attacks and
manipulates Fall armyworm host faster as they have a relatively larger body size. This
attribute gives C. luteum an added advantage in percentage parasitism as parasitism time
was same for both parasitoid species. There was a negative correlation of daily
percentage parasitism to percentage mortality, as C. icipe and C. luteum recorded the
lowest parasitism on day one but highest mortality on day one and the lowest mortality
thereafter when percentage parasitism increased sharply. Coccygidium luteum recorded O,
25, 25, 26, and 22 males, which represents 0, 61, 63, 80 and 80 %, and 0, 16, 15, 7, and 6
females, representing 0, 39, 37, 20 and 20 % for day one to day five, respectively.
Cotesia icipe recorded 9, 12, 8, 10, and 12 males, representing 94, 38, 48, 43 and 36 %,
and 1, 19, 9, 13, and 21 females representing 6, 62, 52, 57 and 64 % for day one to day
five, respectively. Although C. icipe recorded the lowest percentage parasitism in the first
day of parasitoid emergence, all the parasitoids that emerged were males except one
female. Female number increase twice as that of males in day two. Male and female sex
ration almost became the same on day three with a slightly higher number in favor of
females. There was a steady increase in female number on the fourth day and reach
double the number of males in day five, as recorded in day two. The case was different in
C. luteum as day one of adult parasitoid emergence recorded no parasitism. Day two
however recorded the highest number of parasitism, followed by day three, with lower
female ratio of almost 1 to 2 in favor of males. Female number decreased by half on day

four and five, with male numbers remaining almost the same at a ratio of 1 female to 3
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males. These observations may imply male C. luteum parasitoids are prospermatogenic
species, where they have all their spermatozoids mature at emergence and do not produce
more spermatozoids later in life as demonstrated by Wilkes (1966). Spermatogeny of the
parasitoids should be studied to add up to knowledge of parasitoid behaviors. The total
average male and female C. luteum parasitoids recorded in five days were 98 and 42,
representing 70 and 30 % for male and female, respectively, while C. icipe recorded a
total of 50 and 62, representing 45 and 55 % male and females, respectively. There was a
little higher female to male ratio in C. icipe at 1 male to 1.3 females which is
approximated to 1 maled: 1 female$ ration as compared to C. luteum which had a

double male to female ratio of 2.3 males to 1 female (2 MJ: 1 FQ).

5.4 Interaction between parasitoids and Fall armyworm

Parasitism interaction between C. luteum and C. icipe in Fall armyworm was studied by
allowing both parasitoids the chance to oviposit in the same Fall armyworm larva, while
the larva was followed daily to observe and record the total number of each parasitoid
species that emerged. The test was carried out in a sequential introduction of the
parasitoid species, where C. luteum is introduced first to the Fall armyworm larvae and
latter same larvae introduced to C. icipe, and vice versa. There was also a concurrent
introduction of both parasitoids to Fall armyworm larvae. Generally both species
accepted already parasitized larvae by the other parasitoid species. In the first
introduction of C. luteum to Fall armyworm larvae before later introduction to C. icipe, a
total of 36 and 44 which represents 24 % and 29.4 % for C. luteum and C. icipe,

respectively emerged from Fall armyworm larva, while the first introduction of C. icipe
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to Fall armyworm larvae before later introduction to C. luteum recorded a total of 35 and
42, representing 23.4 % and 28 % for C. luteum and C. icipe, respectively. Although the
number of C. icipe parasitoid species recorded was a little higher as compared to C.
luteum in both parasitoid introduction sequence, however there was no significant
difference between C. icipe and C. luteum emergence in both C. icipe first and C. luteum
first sequential introduction. C. icipe had a smaller body size as compared to C. luteum
and gives it an advantage in interspecific competition in both sequence of parasitoids
introduction, were smaller body size correlates to shorter development time (Blackburn,
1991a; Stearns, 1992), this was also evident in the faster development of C. icipe larvae
before emerging out of the Fall armyworm larva and also the shorter development time
from parasitoid larvae to pupae, with eyes and pseudo legs already forming (figure: 4.1.6)
and finally a shorter pupae to adult development time as compared to C. luteum with a
longer development time. Early female parasitoid introduction or exposure to a host
usually causes a longer period of competition between parasitized and healthy larvae,
where earlier parasitoid introduction or arrival had been reported to cause a competitive
advantage to the weaker or smaller species. They out-compete the stronger ones if the
time advantage was longer (Cameron et al., 2005; Octavio et al., 2018). This
phenomenon also supports the slightly higher number of C. icipe recorded in the first
introduction of C. luteum to Fall armyworm larvae before C. icipe in the sequential

parasitoid introduction test.

Concurrent introduction of parasitoids to Fall armyworm larvae on the other hand was for
a shorter duration (20 minutes) as compared to sequential introduction test (30 minutes).

C. luteum recorded a higher parasitism number of 46, representing 30.7 % as compared to

104



19 in C. icipe, which represents 12.7 % parasitism. The larger size of C. luteum gives it
an added advantage again as it manipulates the Fall armyworm larvae with ease, as it was
observed to have carried Fall armyworm larva with the ovipositor after probing. Such
characteristic reduces time wasted by the parasitoid to counteract host physical defense
through aggression and contributes to a relatively faster parasitism as compared to C.
icipe. A longer parasitoid- host exposure time could give an added advantage to smaller
sized insect parasitoids as reported by Octavio et al., (2018). The drop in C. icipe
parasitism level in the concurrent test could also be attributed to a lesser time of exposure

(20 minutes) as compared to sequential parasitoid introduction.

There is competition between C. icipe and C. luteum as Fall armyworm parasitism
preference overlap in both parasitoid species and both parasitoids accept Fall armyworm
larvae already parasitized by the other species. The competition between both parasitoid
species caused a reduction in the total number of parasitism as compared to parasitism in
only one parasitoid species introduced to Fall armyworm larva. Intrinsic interspecific
competition mechanisms have been reported to exist amongst Braconidae wasps,
parasitizing same host species (Cancino et al., 2014; Murillo et al., 2016; Paranhos et al.,
2013) and parasitoid species whose host preference overlaps (Cusumano et al., 2012) .
However the competition between the two parasitoids does not favour one species over
the other, as no significant difference was found in the total parasitism of C. luteum and
C. icipe in all the first introduction of either parasitoids to Fall armyworm before the
other (sequential) ( P = 0.357 and 0.298 for C. icipe 1*" and C. luteum 1%, respectively),
except the concurrent introduction of parasitoids to Fall armyworm which recorded a

significant parasitism difference in favour of C. luteum (P <0.001). According to Feng et
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al., (2015), interspecific competition can lead to successful long term coexistence of
parasitoids who exploits the same host but partially different stage preference as in the

case of C. luteum and C. icipe.

Mortality generally increased in the interaction test as parasitoids exploited the same host
for parasitism. Total percentage mortality was highest in C. icipe first, C. luteum first and
concurrent introduction of both parasitoids to Fall armyworm larvae at 45.4 %, 46.0 %,
and 44.3 %, respectively. Mortality was however lowest in the control where no Fall
armyworm larva was exposed for parasitism, followed by only C. icipe and only C.
luteum at 2.0 %, 4.7 % and 17.4 %, respectively. Mortality increased significantly in all
the sequence of parasitoid introduction to Fall armyworm as compared to only one
parasitoid introduction to Fall armyworm larvae and the control without parasitism, as a
result of competition between the two parasitoid species. Percentage mortality difference
amongst the first introduction of parasitoids concurrently and sequentially to Fall
armyworm was however not significant as they all recorded mortality between 44 to 46
percent. According to Haeselbarth (1979), multiple parasitism may cause several eggs in
a clutch within the host, which may lead to early larva mortality as the parasitoid larva
feeds within the gut lumen of the host. This was also observed by Cameron and Benton
(2004) as clutch sizes from multiple parasitism causes an increase in mortality. The
competition between C. luteum and C. icipe for the same Fall armyworm host resource
could affect the establishment and increase of these parasitoids population, as both
intrinsic and extrinsic interspecific competition mechanisms has been reported to exist
amongst Braconidae wasps, parasitizing same host species (Cancino et al., 2014; Murillo

et al., 2016; Paranhos et al., 2013). The general percentage parasitism and increase in
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Fall armyworm mortality in the competition tests indicates a synergism effect of both
parasitoids on Fall armyworm control. Although the competition between these parasitoid
species caused a drop in the percentage parasitism of both species, the total percentage
parasitism in Fall armyworm larvae introduced in the competition test was above fifty
percent which was not too far apart from the total parasitism of only one parasitoid
without competition. In these regard the competition may also serve as a population
check of both species, and periodic augmentation could be done to revamp their
populations. The competition however caused an increased in percentage mortality in the
interaction between C. luteum and C. icipe as compared to the mortality effect of only
one parasitoid species attack on Fall armyworm and the control. The mortality of Fall
armyworms attacked by both parasitoids occurred faster at a maximum of three days after

exposure to both parasitoids.

The study has indicated that the differences in the population of C. icipe and C. luteum in
East African countries; Tanzania and Kenya and West African countries; Ghana, Benin,
and Togo may not be as a result of competition between both species in their respective
sub-regions, as it was a subject of concern in choosing one or both parasitoid for
biocontrol in Ghana. The percentage parasitism of both species was not significantly
different in the competition test when C. icipe was first introduction to the Fall
armyworm larvae before C. luteum (P = 0.357) and the reverse (P = 0.298). Concurrent
introduction however took an exception, with a significant difference in percentage
parasitism in favour of C. luteum. The difference in the percentage parasitism of these
species could be attributed to the sampling methods and Fall armyworm stages collected.

The comparism could be more substantial or appropriate if equal numbers of preferred
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Fall armyworm stages were sampled in both regions. This was not the case in Agboyi et
al., (2020) where Fall armyworm were grouped according to ranges; young, medium and
old. Sisay et al., (2018) on the other hand sampled Fall armyworm larvae according to
instars with different preference sample sizes. There is a likelihood of recording more

population density of C. luteum due to its larger host range as compared to C. icipe.
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CHAPTER SIX

6.0 CONCLUSION AND RECOMMENDATION

6.1 Conclusion

Competition exists between Coccygidium luteum and Cotesia icipe within Fall
armyworm larva during parasitism and their preference for Fall armyworm larval stage
overlaps. The competition however works in synergy to cause a significant increase in
Fall armyworm larval percentage mortality. A substantial number of total percentage
parasitism was recorded which keeps a sustainable parasitoid population of both species.
The generation time of both parasitoids was not above thirty days and below fourteen
days interval, with multiple generations per year which is in synchrony with the
generation time and voltinism of the Fall armyworm. Both C. luteum and C. icipe are
good candidates for an effective Fall armyworm biocontrol programme as they work
synergistically in controlling the Fall armyworm pest through a significant increase in

Fall armyworm percentage mortality.

6.2 Recommendations
Spermatogeny test must be carried out in both male parasitoid species for better
understanding of their sperm production as spermatogeny also affects the reproductive

capacity of females.

It is also recommended that mating behaviour should be studied in both species as some
males and females of certain species may either mate once or throughout their life span.

Knowledge of their mating behaviour would enhance a better drafting of methods in
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parasitoid reproduction studies, as males who mate once in their life time would
definitely affect the reproductive capacity of female if females are paired with one male

in a parasitism test over a period of time.

Four and five days old (2" and early 3™ instar), and one days old (1% instar) Fall
armyworm larva are ideal and recommended for laboratory rearing of C. luteum and C.
icipe, respectively, as percentage parasitism and adult parasitoid emergence are higher,

with lower percentage Fall armyworm mortality after probing.

It is further recommended that, alternative hosts should be considered for mass rearing of
these Fall armyworm larval parasitoids as cannibalism starts right after the second larva

instar and would affect successful adult parasitoid emergence.

Finally, it is recommended that the true abundance, distribution and population density of
these species should be determined in a survey, with the same number of preferred Fall

armyworm larval stages of both parasitoid species.
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APPENDICES

APPENDIX |
Generation time descriptive statistical analysis.
Coccygidium luteum

Descriptive Statistics: EGG TO LARVA, PUPA TO ADUL, ADULT LIFE S
TO ADULT, EGG TO ADULT (days)

Variable N N* Mean SE Mean StDev Minimum Median
EGG TO LARVA 250 0 9.0240 0.0471 0.7441 7.0000 9.0000
PUPA TO ADULT 250 0 9.6760 0.0437 0.6906 8.0000 10.0000
ADULT LIFE SPAN 250 0 11.488 0.347 5.487 1.000 12.000
GENERATION TIME 250 0 30.044 0.386 6.104 0.000 30.000

EGG-ADULT EMERGENCE 250 0 18.700 0.0676 1.069 16.000 19.000

Descriptive Statistics: LARVA TO PUPA (hours)

Variable N N * Mean SE Mean StDev Minimum Median Maximum
LARVA TO PUPA 250 0 8.112 E.. 104 _SNNEEic 4.000 8.000 13.000

Two-Sample T-Test and Cl: MALE LIFE SPAN, FEMALE LIFE SPAN

Two-sample T for MALE LIFE SPAN vs FEMALE LIFE SPAN

N Mean StDev SE Mean
MALE LIFE SPAN 150 10.89 SEnly/ 0.42
FEMALE LIFE SPAN 150 10.73 4.64 0.38

Difference = 1 (MALE LIFE SPAN) - 11 (FEMALE LIFE SPAN)

Estimate for difference: 0.153

95% CI for difference: i — OGS, . 2/ 0

T-Test of difference = 0 (vs #): T-Value = 0.27 P-Value = 0.787 DF =

Cotesia icipe

Descriptive Statistics: EGG TO LARVA, PUPA TO ADUL, ADULT LIFE S
TO ADULT, EGG TO ADULT (days)

Variable N N* Mean SE Mean StDev Minimum Median
EGG TO LARVA 250 0 6.8480 0.0647 1.0223 0.0000 7.0000
PUPA TO ADULT 250 0 2.9720 0.0323 0.5102 0.0000 3.0000
ADULT LIFE SPAN 250 0 7.168 0.258 4.075 0.000 7.000
EGG TO ADULT DEATH 250 0 16.988 0.293 4.625 0.000 17.000
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, EGG

Maximum
10.0000
11.0000
23.000
42.000
21.000
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, EGG

Maximum
8.0000
4.0000
15.000
25.000



EGG TO ADULT 250 0 9.8200 0.0904 1.4296 0.0000 10.0000 11.0000
Descriptive Statistics: LARVA TO PUPA (hours)

Variable N N* Mean SE Mean StDev Minimum Median Maximum
LARVA TO PUPA 25 0 3.7680 0.0921 1.4569 0.0000 4.0000 8.0000

Two-Sample T-Test and Cl: MALE ADULT LIFE SPAN, FEMALE ADULT LIFE
SPAN

Two-sample T for MALE ADULT LIFE SPAN vs FEMALE ADULT LIFE SPAN

N Mean StDev SE Mean
MALE ADULT LIFE SPAN 150 7.14 3.50 0.29
FEMALE ADULT LIFE SPAN 150 8.34 3.99 0.33
Difference = p (MALE ADULT LIFE SPAN) - u (FEMALE ADULT LIFE SPAN)
Estimate for difference: -1.200
95% CI for difference: (-2.054, -0.3406)
T-Test of difference = 0 (vs #): T-Value = -2.77 P-Value = 0.006 DF = 292

APPENDIX 11

Preference test statistics.
Coccygidium luteum
No-choice test.

% PARASITISM

Descriptive Statistics: NEW (0), 1 DAY, 2 DAYS, 3 DAYS, 4 DAYS, 5 DAYS, 6
DAYS, 7 DAYS, ...

Variable N N* Mean SE Mean StDev Sum Median Maximum
NEW (0) 5 0 62.00 6.63 14.83 310.00 60.00 80.00
1 DAY 5 0 74.00 5.10 11.40 370.00 70.00 90.00

2 DAYS o) 0 82.00 3.74 8.37 410.00 80.00 90.00

3 DAYS 5, 0 92.00 3.74 S i 460.00 90.00 100.00

4 DAYS L, 0 98.00 2.00 4.47 49000 100.00 100.00

5 DAYS 5 0 98.00 2.00 4.47 490.00 100.00 100.00

6 DAYS 5 0 86.00 25 5.48 430.00 90.00 90.00

7 DAYS 5 0 2200 7 §3'3 16.43 110.00 20.00 50.00

8 DAYS 5 0 2.00 2.00 4.47 10.0 0.00 10.00

9 DAYS 5 0 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000
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One-way ANOVA: NEW (0), 1 DAY, 2 DAYS, 3 DAYS, 4 DAYS, 5 DAYS, 6

DAYS, 7 DAYS, 8 DAYS, 9 DAYS

Method

Null hypothesis All means are equal
Alternative hypothesis At least one mean is different
Significance level a = 0.05

Equal variances were assumed for the analysis.

Factor Information

Factor Levels Values
Factor 10 NEW (0), 1 DAY, 2 DAYS, 3 DAYS, 4 DAYS,
8 DAYS, 9

DAYS

Analysis of Variance

Source DF A
Factor 9
Error 40
Total 49

Model Summary

S R-
9.21954 95.2

Tukey Pairwi

Grouping resu

Factor
DAYS
DAYS
DAYS
DAYS
DAYS
DAY
NEW (0)
7 DAYS

8 DAYS E
9 DAYS 5-.._OH_£O

PN oW s> O,

INTEGR] PROCEDAMUS |

5 DAYS,

Significantly different means do not share the same letter.
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6 DAYS,

7 DAYS,

Confidence
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% FAW MORTALITY

One-way ANOVA: NEW (0)_1, 1 DAY_1, 2 DAYS_1, 3 DAYS_1, 4 DAYS_1, 5
DAYS_1, 6 DAYS 1, ...

Method

Null hypothesis All means are equal
Alternative hypothesis At least one mean is different
Significance level a = 0.05

Equal variances were assumed for the analysis.

Factor Information

Factor Levels Values
Factor 10 NEW (0) 1, 1 DAY 1, 2 DAYS 1, 3 DAYS 1, 4 DAYS 1, 5 DAYS 1, 6
DAYS 1, 7

Analysis of V

Source DF A
Factor 9
Error 40
Total 49

Model Summary

S R-sg R-s
7 80.34%
Tukey Pairwi

Grouping resul 95% Confidence

Factor N

NEW (0) 1 5

1 DAY 1 s

2 DAYS 1

3 DAYS 1

5 DAYS 1 H

4 DAYS 1

9 DAYS 1

8 DAYS 1 5 0.000000
7 DAYS 1 5 0.000000
6 DAYS 1 5 0.000000

Significantly different means do not share the same letter.
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% PARASITIOD ADULT EMERGENCE OUT OF PARASITIZED LARVA

One-way ANOVA: NEW (0)_2, 1 DAY_2, 2 DAYS_2, 3 DAYS_2, 4 DAYS 2,5

DAYS_2, 6 DAYS_2, ...

Method

Null hypothesis All means are equal
Alternative hypothesis At least one mean is different
Significance level a = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor Levels Values
Factor 10 NEW (0) 2, 1 DAY 2, 2 DAYS 2, 3 DAYS 2, 4 DAYS 2, 5 DAYS 2,
DAYS 2, 7
DAYS 2, 8 DAYS 2, 9 DAYS 2
Analysis of Variance
Source DF Adj SS Adj MS F-Value P-Value
Factor 9 60742 6749.2 28.54 0.000
Error 40 9460 236.5
Total 49 70202

Model Summary

S R-sg R-sg(adj) R-sg(pred)
15.3782 86.53% 83.49% 78.95%

Tukey Pairwise Comparisons

Grouping results Using the Tukey mean separation Method and 95% Confidence

Factor N Mean Grouping
7 DAYS 2 5 100.0 A
6 DAYS 2 5 100.0 A

5 DAYS 2 5 100.0 A
3 DAYS 2 5 97.78 A

4 DAYS 2 5 96.00 &
2 DAYS 2 5 85 . 23 -]
NEW (0) 2 5 90 .48 'A

1 DAY 2 5 87.14 A

8 DAYS 2 5 20.0 B
9 DAYS 2 5 0.000000 B

Significantly different means do not share the same letter.
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Behavior test statistics

new (0)

One-way ANOVA: NA, AD, AND

Method

Null hypothesis All means are equal
Alternative hypothesis At least one mean is different
Significance level a = 0.05

Equal variances were assumed for the analysis.

Factor Information

Factor Levels Values
Factor 3 NA, AD, AND

Analysis of V

Source DF
Factor 2
Error 147
Total 149

Model Summary

S R-sg R
0 100.00%

Means

Factor N
NA 50 0.
AD 50 0.
AND 50

Pooled StDev =

Tukey Pain

Grouping‘Lesults he Tukey mean separation Method and 95% Confidence

— el |
e - ,

Factor N Me _Gpm' FHDGEDW_%I_-

AND 50 1.000 B e ————T—

AD 50 0.000000 B

NA 50 0.000000 C

Significantly different means do not share the same letter.
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1 day
One-way ANOVA: NA_1, AD_1, AND_1

Method

Null hypothesis All means are equal
Alternative hypothesis At least one mean is different
Significance level a = 0.05

Equal variances were assumed for the analysis.

Factor Information

Factor Levels Values

Factor 3 NA 1, AD 1, AND 1

Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Factor 2

Error 147
Total 149

Model Summary

S R-sg R
0 100.00%

Means

Factor N
NA 1 50 0.
AD 1 50 0.
AND 1 50

Pooled StDev

Tukey Pairwi

Grouping results nd 95% Confidence

2 days
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One-way ANOVA: NA_2, AD 2, AND_2

Null hypothesis All means are equal
Alternative hypothesis At least one mean is different
Significance level a = 0.05

Equal variances were assumed for the analysis.

Factor Information

Levels Values
3 NA 2, AD 2, AND 2

Analysis of Variance

Model Summary

R-sg R
100.00%

Pooled StDev

Tukey Pairwi

Grouping resul

Significan&}y di

DF Adj SS Adj MS F-Value P-Value
2 33.3333 16.6667 * *
147
149

N
50 0.
50 0.
50

95% Confidence

N
5 Qe

elwﬁﬁa&:‘ do not fF r :Fsaﬁelt
oy - 7..4_ e ‘ H' H'CH:ED —

e
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One-way ANOVA: NA 3, AD_3, AND_3

Method

Null hypothesis All means are equal
Alternative hypothesis At least one mean is different
Significance level a = 0.05

Equal variances were assumed for the analysis.

Factor Information

Factor Levels Values

Factor 3 NA 3, AD 3, AND 3

Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Factor 2 33.3333 16.6667 * *

Error 147
Total 149

Model Summary

S R-sg R
0 100.00%
Means

Factor N

NA 3 50 0.
AD 3 50 O.
AND 3 50

Pooled StDev

Tukey Pairwi

Grouping resul 95% Confidence

Factor N
AND_ 3 504

SignificanE}y di

—_—

INTEGRI Fﬁ&éﬁﬁiﬁdﬁt |
4 days

One-way ANOVA: NA 4, AD 4, AND_4
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Method

Null hypothesis All means are equal
Alternative hypothesis At least one mean is different
Significance level a = 0.05

Equal variances were assumed for the analysis.

Factor Information

Factor Levels Values

Factor 3 NA 4, AD 4, AND 4

Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Factor 2 22.77 11.3867 158.51 0.000

Error 147 10.56 0.0718
Total 149 33.33

Model Summary

S R
0.268024 68.

Means

Factor N
NA 4 50 0.
AD 4 50
AND 4 50

Pooled StDev

Tukey Pairwi

Grouping resu i n paration Methox 95% Confidence

Factor N
AND 4 50
AD 4 50

NA 4 50 0.

5 doys INTEGR] PROCEDAMUS |

One-way ANOVA: NA 5, AD 5, AND_5

Method

Null hypothesis All means are equal
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Alternative hypothesis At least one mean is different
Significance level a = 0.05

Equal variances were assumed for the analysis.

Factor Information

Factor Levels Values
Factor 3 NA 5, AD 5, AND 5

Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Factor 2 12.33 6.1667 43.17 0.000
Error 147 21.00 0.1429

Total 149 33.33

Model Summary

S R-sg R-sg(adj) R-sg(pred)
0.377964 37.00% 36.14% 34.40%

Means

Factor N
NA 5 50 0.
AD 5 50
AND 5 50

Pooled StDev

Tukey Pairwi

Grouping resu 95% Confidence
Factor N
AD 5 50
AND 5 50
NA 5 50 0.

Means that do

6 days
| o —
e : ‘
One-way A :NA6,AD6,AND 6 =
y " _7_“ 5 'F ED '__I_E—F
Method
Null hypothesis All means are equal
Alternative hypothesis At least one mean is different
Significance level a = 0.05

137



University of Ghana http://ugspace.ug.edu.gh

Equal variances were assumed for the analysis.

Factor Information
Factor Levels Values
Factor 3 NA 6, AD 6, AND 6
Analysis of Variance
Source DF Adj SS Adj MS F-Value P-Value
Factor 2 27.613 13.8067 354.82 0.000
Error 147 5.720 0.0389
Total 149 33.333
Model Summary
S R-sg R-sg(adj) R-sqg(pred)

0.197260 82.84% 82.61% 82.13%

Means

Factor N

NA 6 50
AD 6 50
AND 6 50

Pooled StDev

Tukey Pairwi

Grouping resu ] 95% Confidence
Factor N r
AD 6 50 0.
AND_ 6 50 0.
NA 6 50 0.

Significantly erent means do- re the same le

7 days
One-wayl
| 4 - o
e -
Method — i ¥ ' . M
INTEGR| PROCEDAMUS
e ————
Null hypothesis All means are equal
Alternative hypothesis At least one mean is different
Significance level a = 0.05

Equal variances were assumed for the analysis.
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Factor Information

Factor
Factor

Analysis of Variance

Source
Factor

Error
Total

Model Summary

0.268024

Means

Factor

NA 7
AD 7
AND 7

Pooled StDev

Grouping resu 95%
Factor i

AD 7
NA 7
AND 7

Significantly

8 days

One-way ANO\

Method

Null hypothesr z Ii' :
Alternati -

Significance lev WFHDGEDME'

Levels Values
3 NA 7, AD 7, AND 7

DF Adj SS Adj MS F-Value P-Value

2 22.77 11.3867 158.51 0.000
147 10.56 0.0718
149 33.33

R-sgq R-sqg(adj) R-sqg(pred)

68.32% 67.89% 67.01%
N Mean StDev 95% CI
50 0.1200 0.3283
50
50 O.

Confidence
N
50
50
50 O.

e hypo

Equal variances were assumed for the analysis.

Factor Information

Factor
Factor

Levels Values

3 NA 8, AD 8, AND 8
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Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Factor 2 9.773 4.8867 30.49 0.000
Error 147 23.560 0.1603

Total 149 33.333

Model Summary

S R-sg R-sg(adj) R-sg(pred)

0.400340 29.32% 28.36% 26.41%
Means
Factor N Mean StDev 95% CI

NA 8 50 0.3800 0.4903 ( 0.2681, 0.4919)
AD 8 50 0.6200 0.4903 ( 0.5081, 0.7319)
AND 8 50 0.000000 0.000000 (-0.111888, 0.111888)

Pooled StDev = 0.400340

Tukey Pairwi

Grouping resu 95% Confidence

Factor N
AD 8 50
NA 8 50
AND 8 50 0.000000

Significantly

9 days

One-way ANC

Method

Null hypo IS
Alternati At least o
SlgnlflcaFce lev o = 0.05

Equal var;;mes W rﬁ!éplsﬁm FlHEBMJE'

can is differen

Factor Information

Factor Levels Values
Factor 3 NA 9, AD 9, AND 9
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Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Factor 2 18.57 9.2867 92.49 0.000
Error 147 14.76 0.1004

Total 149 33.33

Model Summary

S R-sgq R-sqg(adj) R-sqg(pred)
0.316872 55.72% 55.12% 53.89%
Means
Factor N Mean StDev 95% CI
NA 9 50 0.8200 0.3881 ( 0.7314, 0.9086)
AD 9 50 0.1800 0.3881 ( 0.0914, 0.2686)
(

-0.088560, 0.088560)

AND 9 50 0.000000 0.000000

Pooled StDev = 0.316872

Tukey Pairwi

Grouping resu ‘ 95% Confidence

Factor N
NA 9 50
AD 9 50

AND 9 50 O.

NA new to 9 da

One-way AN A_6, NA_7, NA_S,

NA 9

Method

Null hypo
Alternati

) At least o
SignificaFce leve

a = 0.05

Factor Information

Factor Levels Values
Factor 10 NA, NA 1, NA 2, NA 3, NA 4, NA 5, NA 6, NA 7, NA 8, NA 9
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Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Factor 9 32.60 3.62244 69.83 0.000
Error 490 25.42 0.05188

Total 499 58.02

Model Summary

S R-sgq R-sqg(adj) R-sqg(pred)
0.227766 56.19% 55.38% 54.38%

Tukey Pairwise Comparisons

Grouping results Using the Tukey mean separation Method and 95% Confidence
Factor N Mean Grouping

NA 9 50 0.8200 A

NA 8 50 0.3800 B

NA 7 50 0.1200 C
NA 6 50

NA 5 50 0.

NA 4 50 0.

NA 3 50 0.

NA 2 50 0.

NA 1 50 0.

NA 50 0.
Significantly

One-way AN AD_1, A 3, s - D 6, AD_7, AD_8,

Null hypothesis
Alternative hypo
Significance vel

INTEGRI PROCEDAMUS |

Factor Levels Values
Factor 10 AD, AD 1, AD 2, AD 3, AD 4, AD 5, AD 6, AD 7, AD 8, AD 9

Equal var?

8
Factor Informatio

Analysis of Variance
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Source DF Adj SS Adj MS F-Value P-Value
Factor 9 69.79 7.75467 88.29 0.000
Error 490 43.04 0.08784

Total 499 112.83

Model Summary

S R-sg R-sg(adj) R-sg(pred)
0.296373 61.85% 61.15% 60.28%

Tukey Pairwise Comparisons

Grouping results Using the Tukey mean separation Method and 95% Confidence

Factor N Mean Grouping
AD 6 50 0.9400 A

AD 7 50 0.8800 A B
AD 5 50 0.7000 B C
AD 8 50 0.6200 C
AD 9 50 8

AD 4 50

AD 3 50 0.

AD 2 50 0.

AD 1 50 0.

AD 50 0.
Significantly

Tukey Simulta

AND new to 9 d

One-way AN AND 5, AND 6,

AND_7, AND

Method

Factor Informati

- il
T p——T
INTEGRI PROCEDAMUS |
Factor Levels Values = L — tar i

Factor 10 AND, AND 1, AND 2, AND 3, AND 4, AND 5, AND 6, AND 7, AND 8,
AND 9

Analysis of Variance
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Source DF Adj SS Adj MS F-Value P-Value
Factor 9 107.06 11.8953 329.31 0.000
Error 490 17.70 0.0361

Total 499 124.76

Model Summary

S R-sg R-sg(adj) R-sg(pred)
0.190059 85.81% 85.55% 85.23%

Tukey Pairwise Comparisons

Grouping Information Using the Tukey Method and 95% Confidence

Factor N Mean Grouping
AND_ 3 50 1.000 A

AND 2 50 1.000 A

AND 1 50 1.000 A

AND 50

AND 4 50

AND 5 50

AND_6 50

AND 9 50 O.
AND 8 50 O.
AND 7 50 O.

Significantly

Choice test

% PARASITISM
Null hypothesi
Alternative hy

Significance le

Equal variances were

|
Factor In%orma 1

ve INTEGRI PR _‘"}w |
Factor Levels I TEE™ ! ‘ —
Factor 10 NEW (0),&%&! P}ﬂm%g‘g DAYS, 5 DAYS, 6 DAYS, 7 DAYS,

8 DAYS, 9
DAYS

Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Factor 9 43200 4800 2.67 0.016
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Error 40 72000 1800
Total 49 115200
Model Summary

S R-sg R-sg(adj)
42.4264 37.50% 23.44%

R-sqg(pred)
2.34%

Fisher Pairwise Comparisons

Grouping results Using the Tukey mean separation Method and 95% Confidence

Factor
DAYS
DAYS
DAYS
DAYS
DAYS
DAY

NEW (0)
9 DAYS
8 DAYS
7 DAYS

PN oW O,

[SINC, NG, INC, INC, INC, I G, IS G2 B € I

Significantly

% FAW MORTA

One-way AN
DAYS_1, 6 DA
Method
Null hypothesi
Alternative h

Significance

Equal variance

Factor L
Factor H
DAYS 1, 7
E — "

Mean
80.0
80.0
60.0
40.0
40.0
40.0

0

20.

Analysis of Variance

Source DF Adj SS
Factor 9 37000
Error 40 68000
Total 49 105000

Grouping

L
W wwww
[eReNeNe)

1

Adj MS
4111
1700

1 DAY 1

4

INTEGHRT Pl

F-vValue
2.42

P-Value
0.027

145
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Model Summary

S R-sg R-sg(adj)
20.67%

41.2311 35.24%

Fisher Pairwise Comparisons

R-sqg(pred)

0.00%

Grouping results Using the Tukey mean separation Method and 95% Confidence

Factor N
NEW (0) 1 5

2 DAYS 1 5

9 days

1 DAY 1 5

3 DAYS 1 5

6 DAYS 1 5
5 DAYS 1 5

4 DAYS 1 5

9 DAYS 1 5
8 DAYS 1 5

7 DAYS 1 5
Significantly
% ADULT PARA
One-way AN
DAYS_2, 6 DA
Method

Null hypothesi
Alternative h
Significance 1

Equal variances

Factor In

|
Factor LLvels

Factor Tml0.
DAYS 2, 7

Analysis of Varian

Source DF Adj SS
Factor 9 40800

Mean

80.
60.

60.
40.
20.

ce

0
0

0

o

Grouping

A
A

A
A

Adj MS
4533

B

W w w

C
C

difference new 0 and all,

T L Gt e

DAYS 2, 8 DAYS 2, 9 DAYS 2

F-Value P-Value

2.67 0.016

146
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Error 40 68000 1700
Total 49 108800

Model Summary

S R-sg R-sg(adj) R-sqg(pred)
41.2311 37.50% 23.44% 2.34%

Fisher Pairwise Comparisons

Grouping results Using the Tukey mean separation Method and 95% Confidence

Factor

DAYS 2
DAYS 2
DAYS 2
DAYS 2
DAY 2

DAYS 2
NEW (0) 2
9 DAYS 2
8 DAYS 2
7 DAYS 2

Mean Grouping
80.0

A
A
A
A

wWE Ny O
(NG, INC, INC, ING, I, I G, NG G, G2 I~

Significantly

Behavior statis

NANEWTO9D

One-way AN 1,1 NA_3, A 6, NA_7, NA 8,

Alternative hyp
Significance le

Factor Intormatio
‘h — "

g
T _"_IH_E‘—F ™ .7 '7
Factor Levels Valjef! FEGH' FHDGED'I ﬂ_"_'_ g;-
Factor 10 NA, NA_ 1, NA 2, NA 3, NA 4, NA 5, NA 6, NA 7, NA 8, NA 9

Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Factor 9 76800 8533.3 10.67 0.000
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Error 40 32000 800.0
Total 49 108800

Model Summary

S R-sg R-sg(adj) R-sqg(pred)

28.2843 70.59% 63.97% 54.04%
Means
Factor N Mean StDev 95% CI

Fisher Pairwise Comparisons

Grouping results Using the Tukey mean separation Method and 95% Confidence

Factor N
NA 9 5
NA 8 5
NA 7 5
NA 6 5
NA 5 5
5
5
5
5
5

Mean Grouping
100.0 A
100.0 A

NA 4
NA 3
NA 2
NA 1
NA

[ecNoNoNeNe)

Significantly

ADNEWTO9D

One-way AN D 6, AD_7, AD 8,

AD 9
Method
Null hypothesis

Alternative hypo
Significance leve

Factor Informati

INTEGRI PROCEDAMUS |

Factor Levels Values
Factor 10 AD, AD 1, AD 2, AD 3, AD 4, AD 5, AD 6, AD 7, AD 8, AD 9

Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
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Factor 9 41800 4644.4 5.81 0.000
Error 40 32000 800.0
Total 49 73800

Model Summary

S R-sqg R-sg(adj) R-sqg(pred)
28.2843 56.64% 46.88% 32.25%

Fisher Pairwise Comparisons

Grouping results Using the Tukey mean separation Method and 95% Confidence

Factor N Mean Grouping
AD 5 5 80.0 A

AD 6 5 60.0 A B
AD 7 5 40.0 B
AD 9 5 0.000000 C
AD 8 5 0.000000 c
AD 4 5 0.

AD 3 5 0.

AD 2 5 0.

AD 1 5 0.

AD 5 0.

Means that do

AND NEW TO 9DA

One-way AN AND_5, AND_6,

AND_7, AND
Method

Null hypothesi
Alternative h

Significance

Equal variance

Factor Infc

Factor LFV
Factor
AND_9

_6, AND_7, AND_8,

el
Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value

Factor 9 125000 13888.9 * *

Error 40 0 0.0
Total 49 125000
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Model Summary

S R-sg R-sg(adj) R-sg(pred)
0 100.00% 100.00% 100.00%

Fisher Pairwise Comparisons

Grouping results Using the Tukey mean separation Method and 95% Confidence

Factor N Mean Grouping
AND 4 5 100.0 A

AND 3 5 100.0 B

AND 2 5 100.0 c
AND 1 5 100.0 D
AND 5 100.0 E
AND 9 5 0.

AND 8 5 0.

AND 7 5 0.

AND 6 5 0.

AND 5 5 0.

Means that do

Cotecia icipe P

No-choice
% parasitism

One-way AN ) , AYS, 5 DAYS, 6

Method

Null hypothesis

umed for the analysis.

INTEGRI PROCEDAMUS.

Factor Information

Factor Levels Values
Factor 10 NEW (0), 1 DAY, 2 DAYS, 3 DAYS, 4 DAYS, 5 DAYS, 6 DAYS, 7 DAYS,
8 DAYS, 9

DAYS
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Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Factor 9 74522 8280.2 73.28 0.000
Error 40 4520 113.0

Total 49 79042

Model Summary

S R-sqg R-sg(adj) R-sqg(pred)
10.6301 94.28% 92.99% 91.06%

Tukey Pairwise Comparisons

Grouping results Using the Tukey mean separation Method and 95% Confidence

Factor
1 DAY

2 DAYS
NEW (0)
3 DAYS
DAYS
DAYS
DAYS
DAYS
DAYS
DAYS

Mean Grouping
94.00 A

(GG, INC, INC, INC BN, I G, I G2 BN, G2 I~

o) 1 00 WO Ul
O O O o

Significantly

% ADULT PARA

One-way AN
DAYS_1, 6 DA

S_1,4DAYS 1,5

Method

Null hypothesis
Alternative hypot
Significanc el

Equal varﬁ

-

— -

. R ey !
Factor Informatio :H TEGH' FHGGE&ME__
Factor Levels Values a
Factor 10 NEW (0) 1, 1 DAY 1, 2 DAYS 1, 3 DAYS 1, 4 DAYS 1, 5 DAYS 1, 6
DAYS 1, 7

DAYS 1, 8 DAYS 1, 9 DAYS 1
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Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Factor 9 93520 10391.1 19.71 0.000
Error 40 21083 527.1

Total 49 114604

Model Summary

S R-sg R-sg(adj) R-sqg(pred)
22.9582 81.60% 77.46% 71.26%

Tukey Pairwise Comparisons

Grouping results Using the Tukey mean separation Method and 95% Confidence

Factor

2 DAYS 1
3 DAYS 1
1 DAY 1

NEW (0) 1
DAYS 1
DAYS 1
DAYS 1
DAYS 1
DAYS 1
DAYS 1

Mean Grouping
100.0 A
97.14 A

[ INC,RNC, INC, BNC, INC, BNC, BN G, BN, G =

o)y 1 00 WO Ul

Significantly

% MORTALITY
One-way AN S 2,4DAYS 2,5
DAYS 2, 6 DA

Method
Null hypothesis

Alternative hypc
Significance leve

Factor Informati

—_—

e ‘ _"_IH_E‘—F B .7
L ]
INTEGRI PROGEDAMUS
Factor Levels Values = ———
Factor 10 NEW (0) 2, 1 DAY 2, 2 DAYS 2, 3 DAYS 2, 4 DAYS 2, 5 DAYS 2, 6
DAYS 2, 7

DAYS 2, 8 DAYS 2, 9 DAYS 2

Analysis of Variance
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Source DF Adj SS Adj MS F-Value P-Value
Factor 9 2088 232.00 5.27 0.000
Error 40 1760 44.00

Total 49 3848

Model Summary

S R-sg R-sg(adj) R-sqg(pred)
6.63325 54.26% 43.97% 28.53%

Tukey Pairwise Comparisons

Grouping results Using the Tukey mean separation Method and 95% Confidence

Factor

NEW (0) 2
DAY 2

DAYS 2
DAYS 2
DAYS 2
DAYS 2
DAYS 2
DAYS 2
DAYS 2
DAYS 2

Mean Grouping
24.00 A

6.00 B

4.00 B

W s 0O N Oy
(S INC, INC, INC, INC, I I G, NG G, G2 B~

Significantly

No-choice Beh
NANEWTO 9D

One-way AN A_6, NA_7, NA 8,

NA_9
Method
Null hypothesis

Alternative hypothe
Significance 1

Factor Information I!.d FEGH' FHDGED'A&J.?‘—F
el ——————
Factor Levels Values

Factor 10 NA, NA 1, NA 2, NA 3, NA 4, NA 5, NA 6, NA 7, NA 8, NA 9

Analysis of Variance
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Source DF Adj SS Adj MS F-Value P-Value
Factor 9 68.59 7.6213 69.78 0.000
Error 490 53.52 0.1092

Total 499 122.11

Model Summary

S R-sg R-sg(adj) R-sg(pred)
0.330491 56.17% 55.37% 54.36%

Tukey Pairwise Comparisons

Grouping results Using the Tukey mean separation Method and 95% Confidence

Factor N Mean Grouping
NA 9 50 0.9600 A
NA 8 50 0.9600 A
NA 7 50 0.8400 A

NA 6 50

NA 5 50

NA 4 50

NA 3 50

NA 2 50

NA 1 50 0.
NA 50 0.
Significantly
AD NEW TO 9 [
One-way AN D 6, AD_7, AD_8,
AD 9

Method

Null hypothesi
Alternative h
Significance 1

Equal variances

Factor In

Factor LLvels

Factor g, 10
—_—

Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Factor 9 30.57 3.3967 28.71 0.000
Error 490 57.98 0.1183

Total 499 88.55
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Model Summary

S R-sg R-sg(adj) R-sg(pred)
0.343986 34.52% 33.32% 31.82%

Tukey Pairwise Comparisons

Grouping results Using the Tukey mean separation Method and 95% Confidence

Factor N Mean Grouping
AD 4 50 0.7400 A

AD 5 50 0.5800 A B

AD 6 50 0.4000 B C

AD 3 50 0.2400 C D
AD 7 50 0.1600 D E
AD 2 50 0.1000 D E
AD 9 50 0.0400 D E
AD 8 50 0.0400 D E
AD 1 50 0.

AD 50 0.

Significantly

AND NEW TO 9

One-way AN AND 5, AND _6,

AND_7, AND

Method

Null hypothesi
Alternative h
Significance

Equal variance

Factor Informat

Factor Levels
Factor
AND_ 9

c_‘!‘ _"_IH_E‘—F ‘.7 .7
INTEGR| PROCEDAMUS
Source DF Adj SS Adj MS F-Value P-Value —
Factor 9 92.32 10.2580 241.42 0.000

Error 490 20.82 0.0425

Total 499 113.14

Analysis of Vari

—_—

Model Summary
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S R-sgq R-sg(adj) R-sqg(pred)
0.206131 81.60% 81.26% 80.84%

Tukey Pairwise Comparisons

Grouping results Using the Tukey mean separation Method and 95% Confidence

Factor N Mean Grouping
AND 1 50 1.000 A

AND 50 1.000 A

AND 2 50 0.8400 B

AND 3 50 0.5800 C
AND 4 50 0.0400 D
AND 9 50 0.000000 D
AND_ 8 50 0.000000 D
AND 7 50 0.000000 D
AND 6 50 0.000000 D
AND 5 50 0.000000 D

Significantly different means do not share the same letter.

Cotesiaicipe c

% PARASITISM
YS, 5 DAYS, 6

Method
Null hypothesi
Alternative h

Significance

Equal variance

Factor Informa

Factor Levels
Factor 10
8 DAYS, 9 DAYS

DAYS, 6 DAYS, 7 DAYS,

Analysis o

Source DF Adj MSmmebo=Value P-Valug

el et A ngﬁnfﬁhctﬁﬂmuﬁ

Total 49 60200

Model Summary

S R-sg R-sg(adj) R-sqg(pred)
33.1662 26.91% 10.47% 0.00%
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Fisher Pairwise Comparisons

Grouping results Using the Tukey mean separation Method and 95% Confidence

Factor N Mean Grouping
3 DAYS 5 60.0 A

4 DAYS 5 20.0 A B
2 DAYS 5 20.0 A B
1 DAY 5 20.0 A B
NEW(0) 5 20.0 A B
9 DAYS 5 0.000000 B
8 DAYS 5 0.000000 B
7 DAYS 5 0.000000 B
6 DAYS 5 0.000000 B
5 DAYS 5 0.000000 B

Significantly different means do not share the same letter.

% MORTALITY

One-way AN ‘ 1,4 DAYS 1,5

Method

Null hypothesi
Alternative h
Significance

Equal variance

Factor Informa

Factor Levels ‘
Factor 10 1 Y > Ys 1, 5 DAYS 1,
DAYS 1, 7

Analysis of Va

Source DF Adj
Factor 9 6200
Error 40756000
Total 4r'“j§ﬁnl,

Model SumﬁQEYLl

s -
e

INTEGR| PROCEDAMUS
S R-sq R-sq(adj) R-sqlpred)

37.4166 50.09% 38.86% 25 01%

Fisher Pairwise Comparisons
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Grouping Information Using the Fisher LSD Method and 95% Confidence

Factor N Mean Grouping
2 DAYS 1 5 80.0 A

1 DAY 1 5 80.0 A
NEW(0) 1 5 80.0 A

4 DAYS 1 5 40.0 A B
3 DAYS 1 5 40.0 A B
6 DAYS 1 5 20.0 B
9 DAYS 1 5 0.000000 B
8 DAYS 1 5 0.000000 B
7 DAYS 1 5 0.000000 B
5 DAYS 1 5 0.000000 B

Significantly different means do not share the same letter.

% ADULT PARASITOID EMERGENCE

Method

Null hypothesi
Alternative h
Significance

Equal variance

Factor Informa

Factor Levels
Factor 10
DAYS 2, 7

Analysis of Va

Source DF Adj
Factor 9
Error 40
Total 4

Model Summary j-H TEGHI FHDGEE}ME

S R-sg R- sq(adj) R =8Pl cl) mmmm—
33.1662 16.67% 0.00% 0.00%

Fisher Pairwise Comparisons
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Grouping results Using the Tukey mean separation Method and 95% Confidence

Factor N Mean Grouping
4 DAYS 2 5 40.0 A
3 DAYS 2 5 20.0 A
2 DAYS 2 5 20.0 A
1 DAY 2 5 20.0 A
NEW(0) 2 5 20.0 A
9 DAYS 2 5 0.000000 A
8 DAYS 2 5 0.000000 A
7 DAYS 2 5 0.000000 A
6 DAYS 2 5 0.000000 A
5 DAYS 2 5 0.000000 A

Significantly different means do not share the same letter.

Behavior Statistics (choice)

Method
Null hypothesi
Alternative hypothesis

Significance

Equal variance

Factor Informa

Factor Levels
Factor 10

Analysis of Va

Source DF Adj
Factor 9
Error 40
Total 4

Model Sumﬁh{gg

ol _L_.H_ﬁ_‘-'_ i ‘.7 i I,
INTEGR| PROGEDAMUS
S R-sq R-sq(adj) R-sq(pred) — i
28.2843 74.40% 68.64% 60.00%

Fisher Pairwise Comparisons
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Grouping Information Using the Fisher LSD Method and 95% Confidence

Factor N Mean Grouping
NA 9 5 100.0 A

NA 8 5 100.0 A

NA 7 5 100.0 A

NA 6 5 80.0 A B
NA 5 5 60.0 B
NA 4 5 60.0 B
NA 3 5 0.000000 C
NA 2 5 0.000000 c
NA 1 5 0.000000 C
NA 5 0.000000 c

Significantly different means do not share the same letter.

AD NEW TO 9 DAYS

One-way ANOVA: AD, AD 1, AD_2, AD_3, AD 4, AD 5, AD_6, AD_7, AD_8,
AD_9

Method

Null hypothesi
Alternative h
Significance

Equal varianc

Factor Informa

Factor Levels

Factor 10 7, AD 8, AD 9

Analysis of Va

Source DF Ad
Factor 9
Error 40
Total 49

.dj) R—sq(brei
% .00%

INTEGAI PROGEDAMUS

Fisher Pairwise Comparisons

L8.89%

. ¥

28.2843

—_—

Grouping results Using the Tukey mean separation Method and 95% Confidence

Factor N Mean Grouping
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AD 5 5 40.0 A
AD 4 5 40.0 A

AD 6 5 20.0 A B
AD 9 5 0.000000 B
AD 8 5 0.000000 B
AD 7 5 0.000000 B
AD 3 5 0.000000 B
AD 2 5 0.000000 B
AD 1 5 0.000000 B
AD 5 0.000000 B

Significantly different means do not share the same letter.

AND NEW TO 9 DAYS

One-way ANOVA: AND, AND_1, AND_2, AND_3, AND_4, AND_5, AND_6,
AND_7, AND_8, AND_9

Method

Null hypothesi
Alternative h
Significance

Equal varianc

Factor Inform

Factor Level
Factor
AND 9

D 6, AND 7, AND 8,

Analysis of

Source DF
Factor 9
Error 40
Total 49

Model Summary

| . | =Y
Fisher Pai?wTs?ConiﬁI‘EﬁH! P HI;IGED?_M_JE-

Grouping results Using the Tukey mean separation Method and 95% Confidence

Factor N Mean Grouping
AND_ 3 5 100.0 A
AND 2 5 100.0 B
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AND 1 5 100.0 C

AND 5 100.0 D

AND 9 5 0.000000 E

AND 8 5 0.000000 F

AND 7 5 0.000000 G

AND 6 5 0.000000 H
AND 5 5 0.000000 T
AND 4 5 0.000000 J

Significantly different means do not share the same letter.

APPENDIX 111

Parasitism Potential

PARASITISM POTENTIAL Coccygidium luteum

One-way ANC
PARSITISM_

_2, PARSITISM_3,

Method

Null hypothesi
Alternative h
Significance

Equal variance

Factor Informa

Factor Levels

Factor ISM 3, PARSITISM 4

Analysis of Va

Source DF
Factor 4
Error 1195
Total 1199

S
0.383530 39.41%
e

‘adj) R- sq(pred)
parg e 38,802

INTEGR| FHGGEI:MAUE

Means

Factor N Mean StDev 95% CI
PARSITISM 250 0.000000 0.000000 (-0.047590, 0.047590)
PARSITISM 1 250 0.8200 0.3850 ¢ 0.7724, 0.8676)
PARSITISM 2 250 0.7920 0.4067 ( 0.7444, 0.8396)
PARSITISM 3 250 0.6600 0.4747 ( 0.6124, 0.7076)
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PARSITISM 4 200 0.7050 0.4572  ( 0.6518, 0.7582)
Pooled StDev = 0.383530

Tukey Pairwise Comparisons

Grouping results Using the Tukey mean separation Method and 95% Confidence
Factor N Mean Grouping

PARSITISM 1 250 0.8200 A
PARSITISM 2 250 0.7920 A B
PARSITISM 4 200 0.7050 B C
PARSITISM 3 250 0.6600 C
PARSITISM 250 0.000000 D

Means that do not share a letter are significantly different.

One-way ANOVA: FAW MORTALIT, FAW MORTALIT, FAW MORTALIT, FAW
MORTALIT, FAW MORTALIT

Method

Null hypothesis All means are equal
Alternative hypothesis At least one mean is different
Significance level a = 0.05

Equal variances were assumed for the analysis.

Factor Information

Factor Levels Values
Factor 5 FAW MORTALITY, FAW MORTALITY 1, FAW MORTALITY72, FAW
MORTALI TY_3 , FAW

MORTALITY 4

Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Factor 4 0.2967 0.07417 2.43 0.046
Error 1195 36.5000 0.03054

Total 1199 36.7967

Model Summary

S R-sgq R-sgf(adj) R-sqg(pred)

0.174768 0.81% 0.47% 0.00%

Means

Factor N Mean StDev 95% CI

FAW MORTALITY 250 0.0600 0.2380 ( 0.0383, 0.0817)
FAW MORTALITY 1 250 0.0320 0.1764 ( 0.0103, 0.0537)
FAW MORTALITY 2 250 0.02000 0.14028 (-0.00169, 0.04169)
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FAW MORTALITY 3 250 0.01600 0.12573 (-0.00569, 0.03769)
FAW MORTALITY 4 200 0.0300 0.1710 ( 0.0058, 0.0542)

Pooled StDev = 0.174768

Tukey Pairwise Comparisons

Grouping results Using the Tukey mean separation Method and 95% Confidence

Factor N Mean Grouping
FAW MORTALITY 250 0.0600 A

FAW MORTALITY 1 250 0.0320 A B

FAW MORTALITY 4 200 0.0300 A B

FAW MORTALITY 2 250 0.02000 A B

FAW MORTALITY 3 250 0.01600 B

Significantly different means do not share the same letter.

Cotesia icipe PARASITISM Potential

One-way ANOVA: PARASITISM, PARASITISM_1, PARASITISM 2,
PARASITISM_3, PARASITISM_4

Method

Null hypothesis All means are equal
Alternative hypothesis At least one mean is different
Significance level a = 0.05

Equal variances were assumed for the analysis.

Factor Information

Factor Levels Values
Factor 5 PARASITISM, PARASITISM_I, PARASITISM_Z, PARASITISM_3,
PARASITISM 4

Analysis of Variance
Source DF Adj SS Adj MS F-Value .P-Value
Factor 4 36.45 9.1128 41.62 0.000

Error 124552272 . SO USRS
Total 1288 300.02

Model Summary

S R-sg R-sqg(adj) R-sqg (pred)
0.467896 11.80% 11.51% 11.09%
Means
Factor N Mean StDev 95% CI

PARASITISM 250 0.1880 0.3915 (0.1299, 0.2461)
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PARASITISM 1 250 0.6080 0.48%92 (0.5499, 0.6661)
PARASITISM 2 250 0.3360 0.4733 (0.2779, 0.3941)
PARASITISM 3 250 0.4560 0.4991 (0.3979, 0.5141)
PARASITISM 4 250 0.6480 0.4786 (0.5899, 0.7061)

Pooled StDev = 0.467896

Tukey Pairwise Comparisons

Grouping results Using the Tukey mean separation Method and 95% Confidence

Factor N Mean Grouping
PARASITISM 4 250 0.6480 A
PARASITISM 1 250 0.6080 A
PARASITISM 3 250 0.4560 B
PARASITISM 2 250 0.3360 c
PARASITISM 250 0.1880 D

Significantly different means do not share the same letter.

One-way ANOVA: FAW MORTALIT, FAW MORTALIT, FAW MORTALIT, FAW
MORTALIT, FAW MORTALIT

Method

Null hypothesis All means are equal
Alternative hypothesis At least one mean is different
Significance level a = 0.05

Equal variances were assumed for the analysis.

Factor Information

Factor Levels Values
Factor 5 FAW MORTALITY, FAW MORTALITY_I, FAW MORTALITY_2, FAW
MORTALITY73, FAW

MORTALITY_4

Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Factor 4 L. 0 24.50 0.000
Error 1245 90.700 0.07285

Total 1 2% =07 .4l

Model Summary

S R-sg R-sg(adj) R-sg(pred)

0.269910 7.30% 7.00% 6.55%
Means
Factor N Mean StDev 95% CI
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FAW MORTALITY 250 0.2360 0.4255 (0.2025, 0.2695)
FAW MORTALITY 1 250 0.0440 0.2055 (0.0105, 0.0775)
FAW MORTALITY 2 250 0.0360 0.1867 (0.0025, 0.0695)
FAW MORTALITY 3 250 0.0560 0.2304 (0.0225, 0.0895)
FAW MORTALITY 4 250 0.0560 0.2304 (0.0225, 0.0895)

Pooled StDev = 0.269910

Tukey Pairwise Comparisons

Grouping results Using the Tukey mean separation Method and 95% Confidence

Factor N Mean Grouping
FAW MORTALITY 250 0.2360 A

FAW MORTALITY 4 250 0.0560 B

FAW MORTALITY 3 250 0.0560 B

FAW MORTALITY 1 250 0.0440 B

FAW MORTALITY 2 250 0.0360 B

Significantly different means do not share the same letter.

Difference in C. luteum and C. icipe parasitism Potential.

Two-Sample T-Test and Cl: C. luteum, C. icipe

Two-sample T for C. luteum vs C. icipe

N Mean StDev SE Mean
C. luteum 5 29.8 17.0 7.6
C. icipe 5 23.56 9.98 4.5
Difference = pu (C. luteum) - p (C. icipe)
Estimate for difference: 6.21
95% CI for difference: (=15 e Y]

T-Test of difference = 0 (vs #): T-Value = 0.71 P-Value = 0.507 DF = 6

SEX RATIO
C. luteum
TOTAL MALE AND FEMALE IN 5 DAYS

Descriptive Statistics: MALE, FEMALE

Variable N N* Mean SE Mean StDev Sum Minimum Median Maximum
MALE 5 0 K7 .40 o g e — IR 2R O 86.00 87.00 117.00
FEMALE 5 Q=="42 421 3= B0 008 2 T 0,0 33.00 42.00 54.00

DAILY COUNT C. LUTEUM
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Descriptive Statistics: DAY 1 MALE, DAY 1- FEMALE, DAY 2, DAY2-, DAY 3,
DAY3-, DAY 4, DAY4-, DAY 5, DAY5-

Variable
Maximum

DAY 1 MALE
0.000000
DAY 1FEMALE
0.000000
DAY 2 MALE
33.00

DAY2 FEMALE
21.00

DAY 3 MALE
32.00

DAY3 FEMALE
23.00

DAY 4 MALE
30.00

DAY4 FEMALE
10.00

DAY 5 MALE
29.00

DAYS5 FEMALE
9.00

COTESIA

5

0

0

Mean
0.000000
0.000000

24.80

15.60
24.80
14.40
26.00

6.60
21.80

5.60

SE Mean

0.000000

0.000000

2.37

1.57

3.54

2.18

3.51

1.17

5.52

1

TOTAL NUMBER OF MALE AND FEMALE IN 5 DAYS
Descriptive Statistics: MALLE, FEMALLE

Variable
MALLE 5
FEMALLE 5

DAILY COUNT

N N*

0
0

4
6

Mean SE Mean StDev
9.80 2.08 4.66
2.00 4.09 9.14

StDev Sum Minimum Median
0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000

5.31 124.00 20.00 23.00
3.51 78.00 12.00 16.00
7.92 124.00 12.00 27.00
4.88 72.00 11.00 13.00
7.84 130.00 12.00 29.00
2.61 33.00 4.00 7.00
12.34 109.00 0.00 28.00
3.97 28.00 0.00 7.00
Sum Minimum Median Maximum
249.00 44.00 49.00 57.00
310.00 48.00 63.00 70.00

Descriptive Statistics: MALE_1, FEMALE_1, MALE_2, FEMALE_2, MALE_3,
FEMALE_3, MALE 4, ...

Variable
MALE 1
FEMALE 1
MALE 2
FEMALE 2
MALE 3
FEMALE 3
MALE 4
FEMALE 4
MALE 5
FEMALE 5

oo oo o=

=4

OO O OO0 OO O *

APPENDIX IV

1

Mean SE Mean StDewv Sum
8.80 2 o 92 5.63 44.00
0.600 0.400 0.894 3.000
11.60 e 25 2.79 58.00
18.80 1.46 = 94.00
8.000 0.316 0.707 40.000
8.80 1.24 - 44,00
9.800 ORPEBD =167 8f 101 Ji0'6,
3.000 0.837 1.871 65.000
11.60 1.36 3.05 58.00
20.80 2.35 5.26 104.00
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Minimum
0.00
0.000
9.00
14.00
7.000
6.00
7000
11.000
8.00
14.00

Median
10.00
0.000
L1=2010
260 ()
8.000

8.00

10.000

13.000
11.00
20.00

Maximum
14.00
2.000
15.00
22.00
9.000
13.00

11.000
16.000
16.00
27.00



SEQUENTIAL INTRODUCTION (C. luteum FIRST)

Descriptive Statistics: C. icipe, C. luteum, FAW mortality

Variable N N* Percent
C. icipe 150 0 100
C. luteum 150 0 100
FAW mortality 150 0 100

Mean SE Mean
0.2933 0.0373
0.2400 0.0350
0.4600 0.0408

Two-Sample T-Test and Cl: C. icipe, C. luteum

Two-sample T for C. icipe vs C. luteum

N Mean StDev SE Mean
C. icipe 150 0.293 0.457 0.037
C. luteum 150 0.240 0.429 0.035
Difference = p (C. icipe) - p (C. luteum)
Estimate for difference: 0.0533
95% CI for difference: (-0.0473, 0.1540)
T-Test of difference = 0 (vs #): T-Value =

SEQUENTIAL INTRODUCTION (C. icipe FIRST)

LSO . P

StDev
0.4568
0.4285
0.5001

-Value

Sum
44.0000
36.0000
69.0000

0.298 D

Descriptive Statistics: C. icipe_1, C. luteum_1, FAW mortality_1

Variable N N* Percent Mean SE Mean StDev
C. icipe 1 150 0 100 0.2800 0.0368 0.4505
C. luteum 1 150 0 jiNie. R 38 0.0346 0.4244
FAW mortality 1 150 0 oo OF 4 3EE 0.0408 0.4995
Two-Sample T-Test and Cl: C. icipe_1, C. luteum_1
Two-sample T for C. icipe 1 vs C. luteum 1

N Mean StDev SE Mean
C. icipe 1 150 0.280 0.451 0.037
C. luteum 1 150 0.233 0.424 0.035
Difference = p (C. dicipe 1) - p (C. luteum 1)
Estimate for difference: 0.0467
95% CI for difference: (-0.0528, 0.1461)
T-Test of difference = 0 (vs #): T-Value = 0.92 P-Value =

Sum
42.0000
35.0000
68.0000

0.357 D

CONCURRENT INTRODUCTION (C. luteum and C. icipe at the same time)

Descriptive Statistics: C. icipe_2, C. luteum_2, FAW mortality 2
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Median

0.0000
0.0000
0.0000

F 296

Median
0.0000
0.0000
0.0000

F 296



Variable N N* Percent Mean SE Mean StDev Sum Median
C. icipe 2 150 0 100.000 0.1267 0.0272 0.3337 19.0000 0.0000
C. luteum 2 150 0 100.000 0.3067 0.0378 0.4627 46.0000 0.0000
FAW mortality 2 150 1 99.333 0.4400 0.0408 0.4984 66.0000 0.0000

Two-Sample T-Test and CI: C. icipe_2, C. luteum_2

Two-sample T for C. icipe 2 vs C. luteum 2

N Mean StDev SE Mean

C. icipe 2 150 0.127 0.334 0.027

C. luteum 2 150 0.307 0.463 0.038

Difference = p (C. icipe 2) - p (C. luteum 2)

Estimate for difference: -0.1800

95% CI for difference: (-0.2717, -0.0883)

T-Test of difference = 0 (vs #): T-Value = -3.86 P-Value = 0.000 DF = 271
PART TWO

DIFFERENCE IN COTESIA PARSITISM IN ( COTE FIST , COTE SECOND, COTE IN CONCURENT
AND COTE ONLY AS CONTROL)

One-way ANOVA: C. icipe_1, C. icipe, C. icipe_2, ONLY COTESIA

Method

Null hypothesis All means are equal
Alternative hypothesis At least one mean is different
Significance level o, ="0.05

Equal variances were assumed for the analysis.

Factor Information

Factor Levels Values

Factor 4 'C. icipe 1, . C. icipe 2ND, C. icipe BOTH, ONLY COTESIA
Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value

Factor 3, 54189 JKLISTF S8 120.78 0.000

Error 596 89.80 0% 16 Ok

Total 599 144.39

Model Summary

S R-sg R-sg(adj) R-sg(pred)
0.388164 37.81% 37.50% 36.97%
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Means

Factor N Mean StDev 95% CI

C. icipe 1 150 0.2800 0.4505 (0.2178, 0.3422)
C. icipe 2ND 150 0.2933 0.4568 (0.2311, 0.3556)
C. icipe BOTH 150 0.1267 0.3337 (0.0644, 0.1889)
ONLY COTESIA 150 0.9133 0.2823 (0.8511, 0.9756)

Pooled StDev = 0.388164

Tukey Pairwise Comparisons

Grouping Information Using the Tukey Method and 95% Confidence

Factor N Mean Grouping
ONLY COTESIA 150 0.9133 A

C. icipe 2ND 150 0.2933 B

C. icipe 1 150 0.2800 B

C. icipe BOTH 150 0.1267 C

Significantly different means do not share the same letter.

DIFFERENCE IN C. luteum PARSITISM in (C. luteum FIST, C. luteum SECOND, C. luteum in
CONCURENT AND C. luteum ONLY AS CONTROL)

One-way ANOVA: C. luteum, C. luteum_1, C. luteum_2, ONLY C. luteum

Method

Null hypothesis All means are equal
Alternative hypothesis At least one mean is different
Significance level o,=0.05

Equal variances were assumed for the analysis.

Factor Information

Factor Levels Values

Factor 4 C. luteum 1ST, C. luteum 2ND, C. luteum BOTH, ONLY COCCY
Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value

Factor 3 34 701 RNLTES Ll 61.90 0.000

Error 596 109.48 0%, 158 3uf

Total 599 143.59

Model Summary

S R-sg R-sg(adj) R-sg(pred)
0.428592 23.76% 23.37% 22.73%
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Means

Factor N Mean StDev 95% CI

C. luteum 1ST 150 0.2400 0.4285 (0.1713, 0.3087)
C. luteum 2ND 150 0.2333 0.4244 (0.1646, 0.3021)
C. luteum BOTH 150 0.3067 0.4627 (0.2379, 0.3754)
ONLY COCCY 150 0.8067 0.3962 (0.7379, 0.8754)

Pooled StDev = 0.428592

Tukey Pairwise Comparisons

Grouping results Using the Tukey mean separation Method and 95% Confidence

Factor N Mean Grouping
ONLY COCCY 150 0.8067 A

C. luteum BOTH 150 0.3067 B

C. luteum 1ST 150 0.2400 B

C. luteum 2ND 150 0.2333 B

Significantly different means do not share the same letter.

Tukey Simultaneous 95% Cls

PART 3

TOTAL PARASITISM IN (COCCY FIRST, COTESIA FIRST, CONCURRENT, COTESIA ONLY AND

COCCY ONLY)

One-way ANOVA: PARASITISM IN CO, PARASITISM IN CO, PARASITISM IN

CO, ONLY COTESIA, ONLY COCCY

Method

Null hypothesis All means are equal
Alternative hypothesis At least one mean is different
Significance level a = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor Levels Values
Factor 5 PARASITISM IN COTE FIRST, PARASITISM IN COCY FIRST,

IN CONCURENT,
ONLY COTESIA, ONLY COCCY

Analysis of Variance
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Source DF
Factor 4
Error 745
Total 749

Model Summary

S
0.444061

Means

Factor

PARASITISM IN COTE FIRST
PARASITISM IN COCY FIRST
PARASITISM IN CONCURENT

ONLY COTESIA
ONLY COCCY

Pooled StDev

Adj

25
146
172

R-sqg
14.

98%

= 0.

SS Adj MS
89 6.4733
91 0.1972
80
R-sqg(adj)
14.53%
N
150
150
150
150
150
444061

F-Value
32.83

P_

R-sg(pred)
13.84%

O O O oo

Tukey Pairwise Comparisons

Grouping results Using the Tukey

Factor N
ONLY COTESIA 1810
ONLY COCCY 150
PARASITISM IN COCY FIRST @ 150
PARASITISM IN COTE FIRST 150
PARASITISM IN CONCURENT 150

O IR

Significantly different means do

Mean

.5133
.5333
.4333
.9133
.8067

mean separation Method

Mean

L 33
.8067
S 33
B 3 3
.4333

O O O oo

Grouping

A
A

Value
0.000

StDev
.5015
.5006
.4972
.2823
.3962

B
B
B

[ocNoNeNoNo]

95%

.4422,
.4622,
.3622,
.8422,
.7355,

.5845
.6045
.5045
.9845
.8778

OO OO ON

and 95% Confidence

not share the same letter.

TOTAL FAW MORTALITY IN (COCCYGIDIUM FIRST, COTESIA FIRST, CONCURRENT, COTESIA
ONLY AND COCCY ONLY)

One-way ANOVA: FAW mortality, FAW mortality, FAW mortality, COTESIA

ONLY mortality, COCCYGIDIUM ONLY MORTALITY,...

Method

Null hypothesis

Alternative hypothesis
Significance level

Rows unused

Equal variances were assumed for the analysis.

All means are equal

a =20
1

Factor Information

209

172

At least one mean is different
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Factor Levels Values
Factor 6 FAW mortality COCCY FIRST, FAW mortality COTESIA FIRST, FAW
mortality

CONCURRENTLY, COTESIA ONLY MORTALITY, COCCY ONLY MORTALITY,
CONTROL FAW

MORTALITY

Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Factor 5 33.16 6.6313 41.61 0.000
Error 893 142.31 0.1594

Total 898 175.46

Model Summary

S R-sg R-sg(adj) R-sg(pred)

0.399194 18.90% 18.44% 17.80%

Means

Factor CI

FAW mortality 0.5240)
FAW mortality 0.5173)
FAW mortality 0.5071)
COTESIA ONLY 0.1106)
COCCY ONLY MOR 0.2373)
CONTROL FAW 0.0840)

Pooled StDev

Tukey Pair-w

Grouping resu 95% Confidence
Factor

FAW mortality
FAW mortality
FAW mortality
COCCY ONLY MOR
COTESIA ONLY
CONTROL FAW

Significantly d

173





