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Abstract 

Ecological engineering for pest suppression uses cultural practices, usually based on 

vegetation management, provision of resources such as nectar and pollen to natural 

enemies promotes biological control, use of trap crops that divert pests away from crops 

and changing monocultures to polycultures to reduce pest immigration or residency. It 

provides a methodical, strategic framework and constitutes an attractive option for the 

design of sustainable agroecosystems globally. More particularly, the Chinese 

government is attaching great importance to the development of sustainable agriculture. 

Accordingly, there is a need to improve the scientific underpinnings of ecological 

engineering for pest control in order to support further development and use.  

My literature review has identified important knowledge gaps in ecological engineering 

for pest suppression. For the use of floral resources to promote parasitoid impact, work is 

currently dependent upon empirical testing of multiple candidate plants to identify 

suitable species for each pest―natural enemy interaction in each agroecosystem. This is 

labour- and time-consuming, and sometimes decisions are made on a weak evidence base. 

This restricts the promotion and application of ecological engineering for pest 

suppression in wider ranges of agroecosystems. The present thesis explored a new 

pathway for nectar plant selection for parasitoid wasps in order to promote parasitoids 

based on the use of ecological traits data. Unlike earlier analyses focusing on taxonomic 

categories, I analysed effect sizes in relation to the ecological traits of parasitoids and 

plants by the available literature. This generated the first set of generalisable guidelines 

for selecting nectar plants as well as appropriate parasitoid targets for the enhancement 

of biological control. Within the trait-based guidelines, optimal outcomes resulted when 

plants with compound umbel or raceme inflorescences and shallow corollas were 

combined with fecund parasitoids. A constraint of that study was the finding of 

publication bias in the available literature. A later empirical test, using data I generated 

from my studies of many parasitoid-plant combinations, gave a data set that was free of 

publication bias. This showed that the only trait that is significantly positively related to 

the longevity and fecundity of parasitoid wasps across observations is the plant 

inflorescence type. Compound umbel is the most positively predictive of parasitoid 

longevity and fecundity enhancement. An extensive series of field studies extending over 

four sites and two years confirmed that plant inflorescence type is the most important 

plant trait for determining the success of ecological engineering for pest suppression. 
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Finally, a major analysis of the volatile organic compounds from various plant species 

revealed only a weak correlation between flower form and flower VOCs.  

Overall, this thesis work has strengthened the foundation for future use of ecological 

engineering, particularly in relation to understanding the basis for nectar plant-parasitoid 

interactions. Accordingly, the major contribution of these results to the urgent need for 

ecological intensification of agriculture is to better guide the selection of optimal nectar 

plants for use in promoting the ecosystem service of biological control. Whilst the setting 

of the research has been sub-tropical rice in China, and the implications are much wider-

reaching. The guidelines generated by my meta-analysis and supported by my 

experimental work, open a new methodological approach to guide the sub-discipline of 

conservation biological control. 
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1 Chapter One: General Introduction 

1.1. Sustainable agriculture (SA) 

The global population is expected to increase to about 9 billion humans by the middle of 

this century (Godfray et al. 2010). Agriculture is facing the challenge of doubling 

agricultural production within just a few decades (Foley et al. 2011). It is unfeasible to 

achieve this by increasing the areas of agricultural land. Besides, conversion of non-

agricultural land to agricultural production will have serious environmental consequences, 

such as influencing the global carbon and hydrological cycles, ecological balance, 

biodiversity, and soil conditions (Cassman et al. 2002, Fedoroff et al. 2010, Foley et al. 

2005, Foley et al. 2011, Matson et al. 1997, Tilman et al. 2001, West et al. 2010). Also, 

the land potentially available for agricultural production is being reduced by urbanisation, 

salination and desertification (Fedoroff et al. 2010). Agricultural production has doubled 

worldwide over the past four decades, mainly due to dramatic increases in the use of 

synthetic fertiliser, pesticides, and irrigation (Canfield et al. 2010, Foley et al. 2011).   

Agricultural intensification, however, has brought negative impacts, like increasing soil 

erosion and decreasing soil fertility, pollution and eutrophication of freshwater and 

coastal ecosystems and water shortages with dramatic consequences for agricultural 

production (Foley et al. 2011, Matson et al. 1997, Tilman et al. 2001, Zhang et al. 2015). 

A more sustainable agricultural production pattern that increases production while 

decreasing the negative impacts on the environment is needed. 

Sustainable agriculture includes ecological and environmental sustainability within 

agricultural systems and the consequent sustainability of rural societies (Zhao et al. 2007). 

Sustainable agriculture is a rapidly growing field that aims to support food production 

and energy in a sustainable way for humans and our planet. Sustainable agricultural 

practices include integrated pest management (IPM), integrated nutrient management, 

soil conservation practices and water management (Peshin et al. 2019). Sustainable 

agriculture as one of the primary targets of 17 Sustainable Development Goals, which 

was adopted by all member states (193) of the United Nations at the sustainable 

development agenda in 2015 (FAO 2017). In order to achieve sustainable growth in 

agriculture, research, government policymakers, agricultural extension agencies and 

private industry must have synergy to promote sustainable development while protecting 
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biological diversity and the harmony of societal and environmental values (Peshin et al. 

2019). 

1.2. Integrated pest management (IPM) 

Overuse of pesticides in agricultural production has resulted in a vicious cycle of 

increasing pest resistance and pest resurgence, followed by an increase in the amount of 

pesticide and chemical residues (Fedoroff et al. 2010, Lewis et al. 1997, Radcliffe et al. 

2009). These problems led to the development of integrated pest management (IPM) 

(Gong et al. 2019, Radcliffe et al. 2009) originating from the concept of “Integrated 

Control” by Stem et al. (Stern et al. 1959), has been a scientifically accepted “paradigm” 

for pest management internationally for over 60 years (Magarey et al. 2019) (Table 1). 

IPM is defined as a long-standing, science-based, decision-making process that identifies 

and reduces risks from pests and pest management related strategies (Radcliffe et al. 

2009). It should coordinate the pest biology, environmental information, and available 

technology to prevent pest damage over the economic threshold, meanwhile minimising 

the possible risk to humans, natural resources, biodiversity, agrosystems, and the 

environment (Gong et al. 2019). IPM is a decision support system for optimising pest 

control tactics, coordinating into a management strategy, based on cost-benefit analyses 

including the impacts on agricultural production operators, society, and the environment 

(Bottrell and Schoenly 2018, Kogan 1998). The complexity and site-specific nature of 

IPM means that unlike pesticide products, is not easily commercialised and standardised 

(Kogan 1998, Puente et al. 2011) which has meant that IPM adoption has been slow 

(Bottrell and Schoenly 2018, Sherman and Gent 2014). A limiting factor is that there is 

still no consistent and feasible methodology for evaluating the impacts of IPM adoption 

on human health, pesticide reduction, natural resources and biodiversity protection, 

agrosystem stabilisation, and other environmental and economic aspects (Magarey et al. 

2019).  

One encouraging note is that the theory and method system of IPM is still being developed 

and improved continuously (Bottrell and Schoenly 2018). Magarey et al. (2019) 

suggested that creating an eco-efficiency index for pesticide use to incentivise IPM 

development and adoption and resolve the pesticide quandary. A growing number of 

studies have focused on ecology-based IPM research, such as integrating botanical 

diversity with biological control, measures for enhancing plant resistance, IPM based on 

local and regional landscape biodiversity and ecosystem service provision (Bottrell and 
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Schoenly 2018, Stenberg 2017). Ecologically based pest management (EBPM) that 

emphasises habitat management to suppress crop pests has become increasingly 

important in agroecosystems (Zhao et al. 2016a). Biological control agents of plant 

vaccination responses are another hotspot of IPM (Pappas et al. 2016, Pappas et al. 2015). 

The ultimate goal of IPM is the sustainable intensification of agriculture (Gong et al. 

2019).  

Table 1.1. The history of pest management 

Period#  Landmark 

8000 BCE Beginning of agriculture 

2500 BCE First records of insecticides, e.g. the sulphur compounds 

1500 BCE First descriptions of cultural controls 

1200 BCE Botanical insecticides were used in China 

950 BCE First descriptions the cultural control method of burning  

200 BCE Oil spray for pest control 

300 CE Biological control on the citrus orchard in China by predatory mites 

400 CE Root application of arsenic in rice to protect against insect pests 

1750–1880 Discovery of the botanical insecticides (pyrethrum and derris) 

1800s The appearance of books and papers devoted entirely to pest control 

covering cultural control, biological control, varietal control, 

mechanical and chemical control 

1848–1878 Release of the natural enemy Tyroglyphus phylloxerae to France from 

North America in 1873; first demonstration that microorganisms could 

inhibit one another 

1883 To control cabbage white butterfly, Apanteles glomeratus was 

imported from the UK to the USA  

1888 First reported major success with imported biological control agents 

from Australia for the control of cottony-cushion scale in US citrus 

fruits  

1890s Insect control by lead arsenate 

1901 First successful biological control case of a weed (Lantana in Hawaii) 

1920s More than 30 cases of the natural enemy establishment were recorded 

throughout the world 

1939 First reported the insecticide activity of DDT 

1950s Widespread of the resistance of the major pesticide (organochlorines, 

organophosphates). Advocation "integrated control" by scientists from 

the University of California 

1960 First reported on separation and identification of sex pheromone from 

gypsy moths (Lymantria dispar L.)  

1965 Release of carbamate insecticide pirimicarb and pirimiphos ethyl 

1966 Concept of “Integrated Pest Control” by FAO and IOBC 

1967 Introduction of the term “Integrated Pest Management” (IPM) by 

Smith RF and van den Bosch R 
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1967 “Life Systems” was introduced by Clark LR, Geier PW, Hughes RD 

and Morris RF 

1968 Initiation of advocation managing cultural practices and habitat 

management for pest control  

1969 US National Academy of Sciences formalised the term Integrated Pest 

Management 

1970s Widespread banning of DDT 

1972 Release of Bacillus thuringiensis (Bt) insecticide based on isolating 

HD-1 for control of lepidopteran pests 

1973-1975 Development and release of the synthetic pyrethroid insecticides 

permethrin and cypermethrin 

1979 The principles of ecological engineering (Eco-engineering) were 

proposed and first introduced into pest management by Shijun Ma 

1983 Concept of "Ecologically Based Pest Management (EBPM)" by 

Altieri MA, Martin PB and Lewis WJ.  

1984 The first study (with data available) on ecological engineering for pest 

management on cotton aphid control by ladybird beetle  

1988 Major IPM successes in rice systems in Asia 

1990s-

2000s 

Widespread use of the novel nicotinamide insecticides, replace highly-

poisonous organophosphorus and organochlorine insecticides. 

1992 World Food Prize for developing the sterile-insect technique to 

Knipling EF and Bushland RC 

1992 The pivotal role of IPM in agriculture and policy recognised as part of 

Rio de Janerio, Brasil (part of agenda 21) 

1995 Introduction of the term "Ecological Pest Management (EPM)" by 

Tshernyshev WB from Russia 

1996 Advocation "Ecologically Based Pest Management (EBPM)" by 

National Research Council of USA  

1996 The commercialisation of first transgenic crop ˗ cotton 

2004 Concept of "Ecological Engineering for Pest Management" by Geoff 

M. Gurr et al. 

2004 The resistance of Helicoverpa zea to Bt cotton 

2005 “Agroecological Crop Protection” was first proposed by in European 

2006 Concept of “Green Plant Protection” formed on the National Forum of 

Chinese Plant Protection, aim to ecologically sustainable, effective 

and economic agricultural systems. 

2008 
 "Ecological Engineering for Pest Management" first applied on weed 

(Spartina alterniflora) control in China 

2009  "Ecological Engineering for Pest Management" first applied on rice 

pest of China, Philippine, Thailand and Vietnam 

2015 “Land-use intensity and Ecological Engineering—Assessment Tools 

for risks and Opportunities in irrigated rice based production systems” 

(LEGATO) funded by the German Ministry of Research and 

Education  

2018 Banning the novel nicotinamide insecticides in Europe and Canada, 



5 

 

due to dangers for pollinators and other insects 

2018  "Ecological Engineering for Pest Management" first applied on 

pigeon pea (Cajanus cajan L) in India 

2018 "Ecological Engineering for Pest Management" on KIWI as the key 

IPM package for technology promotion by the government of India 

2009-- Study on mechanism and efficacy of IPM has made great 

progress, especially on habitat management for pest management; 

“Green Plant Protection” has been widely promoted by MOA of 

China; "Ecological Engineering for Pest Management on Rice Pest" 

studied and applied wildly in Asia 
# Before Current Era/ Current Era; Modified after Dhawan and Peshin (2009)  

1.3. Conservation biological control (CBC) of agricultural pests 

Biological control, the use of one organism to reduce the population of another organism, 

is one the essential measures of IPM and plays an essential role in the sustainable 

suppression of pest populations (Hajek and Eilenberg 2018b, Naranjo et al. 2015). The 

application of biological control has a long history. The first records of biological control 

are as early as 324 BCE, using the weaver ant, Oecophylla smaragdina, in citrus orchards 

to control caterpillars and large boring beetles (Heimpel and Mills 2017b) (Table 1), and 

a similar practice was reported from date growers in Yemen in 1775 (Hajek and Eilenberg 

2018d). The importance of biological control for sustainable agricultural production is 

widely recognised, and biological control is regarded as an important ecosystem service 

(Lichtfouse 2018). 

Generally, biological control can be differentiated into four different types: natural, 

classical, augmentative and conservation biological control (CBC) (Heimpel and Mills 

2017b, van Lenteren et al. 2018). Natural biological control occurs naturally in any 

ecosystem without human intervention. Natural biological control is considered an 

ecosystem service for pest control (van Lenteren et al. 2018). In classical biological 

control, as the first type of biological control deliberately and widely practised, natural 

enemies are collected from the source area and then released in areas where the pest is 

invasive. Classical biological control often results in pest population continuous 

suppression and enormous economic benefits (Hajek and Eilenberg 2018c). In 

augmentative biological control, natural enemies (parasitoids, predators, herbivorous 

biological control agents or micro-organisms) are mass-reared for inundative releasing to 

obtain immediate control of pests or for control of pests during the crop season (Hajek 

and Eilenberg 2018a). CBC consists of human interventions with protecting and 
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stimulating the performance of naturally occurring natural enemies, involves 

management strategies to conserve natural enemy populations and the services they 

provide (Shields et al. 2019). CBC aims to achieve pest control by taking various 

measures to manage natural enemies and promote their efficiencies (Shields et al. 2019). 

This can be achieved by two general approaches: one is increasing the abundance and 

activity of natural enemies by habitat managements providing ecological resources, such 

as shelter, nectar, alternative prey/hosts, and pollen (SNAP) (Gontijo 2019, Gurr et al. 

2017, Heimpel and Mills 2017a, Rayl et al. 2018, Settele and Settle 2018). The topic of 

CBC by habitat manipulation may be the most extensively reviewed subject in pest 

biological control over the last few decades (Gurr et al. 2017, Heimpel and Mills 2017a). 

The second one is changing the cultural practices, like reducing the use of insecticides, 

for favouring the survival, development, and performance of natural enemies (Shields et 

al. 2019). Moreover, with the development of science and technology, new molecular 

tools provide opportunities for developing genetically engineered (GE) pest-resistant 

crops to control key pests and reduce the input of insecticides (Gurr and You 2016); new 

findings, for example, the role of the natural microbiome to control plant diseases and to 

provide resilience to pest and pathogen infection (Mendes et al. 2011), will drive the 

development and perfection of CBC.  

1.4. Ecological engineering (EE) for pest suppression 

Ecological engineering, stemming from the application and development of ecology, was 

first described by Odum HT (1962) as “environmental manipulation by man using small 

amounts of supplementary energy to control systems in which the main energy drives are 

still coming from natural sources”. This term subsequently developed, and Mitsch WJ 

(2012) polished and defined it as the “design of sustainable ecosystems that integrate 

human society with its natural environment for the benefit of both”. The goals of 

ecological engineering are recovering ecosystems that have been substantially disturbed 

by human activities, such as environmental pollution; and developing new sustainable 

ecosystems that could benefit both human and the ecological environment (Mitsch 2012). 

Ecological engineering categories include five different categories: designing an 

ecosystem to reduce or solve a pollution problem; imitating or copying an ecosystem to 

reduce a resource problem; recovering an ecosystem after significant disturbance; 

modifying existing ecosystems in an ecologically sound way; designing an ecosystem 

benefiting human without destroying the ecological balance (Mitsch 2012). 
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The principles of ecological engineering (Eco-engineering) were proposed by Shijun Ma 

in 1979 (Sun and Qi 2017), and the earliest studies (which data are available) on 

ecological engineering for pest management was on cotton aphid control by ladybird 

beetle (Deshou and Baolin 1984). Gurr GM (2004) followed the conceptual framework 

of ecological engineering and considered the practices of habitat manipulation for 

arthropod pest management as the critical component of ecological engineering for pest 

management. The application of ecological engineering for pest suppression includes the 

use of cultural practices, such as vegetation management for the provision of resources to 

natural enemies to promote biological control, the use of trap crops that divert pests away 

from crops and changing monocultures to polycultures to reduce pest immigration or 

residency (Gurr et al. 2012a). Among which, habitat management as the key form of 

ecological engineering aimed at providing ecosystem services, such as food and shelter, 

for natural enemies of pests (Deguine et al. 2007, Gurr et al. 2017, Lavandero et al. 2004). 

Using cultural practices to the enhance biological control function of natural enemies on 

rice pests has been advocated since the 1960s (Table 1) (Pathak 1968, Yasumatsu and 

Torh 1968). A lot of progress has been made on habitat management during the last 30 

years (Gurr et al. 2017, Wu et al. 2009). The prospects for using ecological engineering 

approaches to reduce dependence on pesticides and achieve sustainable agroecosystem in 

rice were firstly addressed by Gurr GM (2009). Nine steps to define an ecological 

engineering research program were further elaborated as three planks of ecological 

engineering for pest management and included and included moderated insecticide use, 

especially early in the crop season; enhancement of generalist natural enemies on 

detritivore prey; enhancement of specialist natural enemies by habitat manipulation (Gurr, 

2009; 2012b). 

This ecological engineering approach for pest suppression provides a methodical strategic 

framework and an attractive option for the design of sustainable agroecosystem for 

researchers in the field. Actually, over the past decade, study, demonstration and 

extension on ecological engineering for pest suppression has been conducted in many 

cropping systems in the field (Chandrasekar et al. 2017, Horgan 2017, Meena et al. 2017, 

Satyagopal et al. 2015, Settele et al. 2019, Usha et al. 2019). Theories are integrated with 

a wide range of methods and ecological engineering for pest suppression in practices 

shows the great potential to extend of IPM programs currently being used in many 

agricultural systems. Meanwhile, ecological engineering for pest suppression will evolve 

into a more rigorous branch of agroecology on sustainable agroecosystem for pest 
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management, become entrenched as alternative paradigms for pest management to 

contribute to the challenge of meeting the needs of humankind for agricultural products 

sustainably. 

1.5. Aims and objectives 

Although ecological engineering, which is promising for agricultural pest suppression via 

diversified, friendly, sustainable ways, has increasing acceptance among biological 

control experts and agriculture practitioners (Chandrasekar et al. 2017, Horgan 2017, Lu 

et al. 2015, Meena et al. 2017, Satyagopal et al. 2015, Settele et al. 2019, Usha et al. 2019), 

there are still important knowledge gaps. This includes the use of floral resources, where 

a growing number of studies have demonstrated the abundance and fecundity of natural 

enemies can be increased in the presence of floral resources in the ecosystem (Lu et al. 

2014; Wang et al. 2017; Zhao et al. 2016a; Zhu et al. 2018). Foremost is the fact that work 

is dependent upon empirical testing of multiple candidate plants to identify suitable 

species for each pest―natural enemy interaction in each agroecosystem. It is labour- and 

time-consuming, and sometimes decisions are made on a weak evidence base. This 

restricts the promotion and application of ecological engineering for pest suppression a 

wider range of agroecosystems. The present thesis explores a new pathway for nectar 

plant selection for parasitoid wasps. 

Accordingly, the objectives of this PhD thesis were: 

1. To find a general principle that could guide the selection of nectar plants from a mass 

of existing relevant research literature. (Chapters 3) 

2. To experimentally test the general principle for selecting nectar plants by a series of 

laboratory tests and typical crop field test. (Chapters 4 & Chapters 5) 

3. To examine the effects of other plant resources (extrafloral and plant tissue) on the 

general principle for nectar plants selection. (Chapters 4) 

4. To examine the effects of candidate nectar plant on lepidopteran pests. (Chapters 5).  

5. To determine the relationship between the general principle and the flower nectar 

compositions, and the relation between the general principle and volatile organic 

compounds of flowers. (Chapters 6) 
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2 Chapter Two: Ecological Engineering for Rice Pest 

Suppression in China. A review 

2.1. Introduction 

Rice, probably the most important food crop in the world, is an essential food crop in 

China with cultivation dating back for more than six thousand years (Yuan 2014). The 

Green Revolution starting in the 1960s was aimed at meeting the increasing demand for 

food from the rapid world population growth. Rice yields have been significantly 

increased, with the wide-scale adoption of high-yielding varieties, and extensive 

application of chemical pesticides and fertilisers (Heong et al. 2015). Overuse of chemical 

pesticides, however, results in severe threats to the sustainability and safety of agricultural 

production with widespread insecticide resistance in pest populations a pressing problem 

(Conway & Pretty 1991; Xu et al. 2017). It has become essential to reduce reliance on 

chemical pesticides to improve food security by though improved pest management in 

rice. Conservation biological control (CBC), is a more sustainable practice that is a part 

of integrated pest management (IPM), and can be an effective means of reversing the 

negative effects of agricultural intensification. CBC aims to enhance pest control by 

improving resources for natural enemies and, reducing the disadvantages of natural 

enemy populations (Holland et al. 2016, Shields et al. 2019). This can be achieved by a 

variety of management practices and has matured into an information-rich approach 

which includes ecological engineering (Gurr et al. 2004). Ecological engineering employs 

habitat management to promote biological control by providing food, hosts and shelter, 

for natural enemies of pests (Gurr et al. 2017, Westphal et al. 2015). Using practices to 

support biological control has been advocated since the 1960s (Pathak 1969, Yasumatsu 

and Torh 1968). Though largely overshadowed by Green Revolution technologies, China 

had made extensive use of Integrated Pest Control (the predecessor of IPM) in rice in the 

1960s – 1970s, which included cultural practices and biological control (Brader 1979). 

Since the end of the 1970s, researchers in China increasingly realised the importance of 

trap crops and non-crop habitats in the rice ecosystem, especially the effects of weedy 

bunds on the natural enemies of rice herbivores (Brader 1979, Qiu et al. 1998, Yu et al. 

1996, Zhuang 1989). 

More generally, research on ecological engineering for pest control in various crop 
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systems has developed markedly over the last 40 years though translation into widespread 

adoption has been limited (Gurr et al. 2017; Wu et al. 2009, Zhao et al. 2016a). The 

principles of ecological engineering were originally proposed by Shijun Ma in 1979 (Sun 

and Qi 2017), and the earliest studies (for which data are available recorded in English) 

on ecological engineering for pest management was on cotton aphid control by ladybird 

beetle (Du and Li 1984). Over the past two decades, research has been conducted in many 

cropping systems. Examples in China included wheat (Zhao et al. 2013), cotton (Liu et 

al. 2016, 2018), tea (Chen et al. 2019, Zhang et al. 2016), soybean (Zhang et al. 2012), 

brassica vegetables (Li et al. 2016) and orchards (Wan et al. 2019a). These laboratory and 

field studies have produced empirical evidence to support the concept of ecological 

engineering and refined the techniques. As a formal program, ecological engineering 

techniques (EET) for rice pest management were initiated in China in 2008, and the first 

demonstration farm was established in the same year in Zhejiang Province, China (Fig. 

2.1). Ecological engineering for rice pest suppression is now integrated with both theory 

and practice into a comprehensive system (Table 2.1.). These techniques can enhance the 

strength of ecosystem services and reduce the needs for pesticide use (especially 

insecticides). This paper reviews research on the practical introduction of ecological 

engineering for rice pest suppression in China with the aim of providing guidance for its 

implementation and uptake in other crops and regions. 

 
Figure 2.1. The demonstration farm of ecological engineering for rice pest management in 

Zhejiang Province, China.  
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Table 2.1. Ecological engineering techniques for rice pest management used in China. 

 
Objectives Techniques 

Target natural 

enemies 

Target 

pests* 
Details References§ 

Ecological 

engineering 

techniques 

(EET) 

Increasing crop 

system 

compatibility on 

pest management 

 
    

Shelter for Natural 

Enemies 

Growing green manure crops after rice 

season (the Chinese milk vetch 

Astragalus sinicus) 

Spiders/ 

predators/ 

parasitoids 

Rice pests The number of species, densities and diversity of arthropod 

natural enemies are significantly higher in Chinese milk 

vetch field than those in winter fallow fields 

1 

Maintaining of graminaceous plants 

around rice fields 

Oligosita spp. 

Anagrus spp.  

RPHs, 

RLF, RSB 

Abundant Oligosita spp. on Digitaria sanguinalis and 

Eleusine indica, and Anagrus spp. on Alopecurus aequalis 

and Leersia hexandra 

2 

Intercropping Zizania latifolia spiders rice insect 

pests 

Zizania latifolia fields provided refugia and breeding sites 

for spiders to overwinter. Spiders in the rice field adjacent to 

Z. latifolia increased by about 30%.  

3 

Alternative hosts for 

natural enemies using 

the banker plant 

system 

Z. latifolia – Saccharosydne procerus – 

Anagrus spp.  

Anagrus spp.  RPHs Z. latifolia supports the non-pest herbivore of rice S. 

procerus that is an alternative host for Anagrus spp. 

Parasitoids of rice planthoppers, allowing parasitoid to build 

up early in the season.  

4, 5  

Leersia sayanuka – Nilaparvata muiri – 

Anagrus spp. and Typhus chinensis  

Anagrus spp. 

and T. chinensis  

RPHs N. muiri, a planthopper only feeds on L. sayanuka, could be 

chosen as the alternative host of for A. nilaparvatae. The rice 

planthopper could not complete its life cycle on L. sayanuka, 

while N. muiri could not complete its life cycle on rice. 

Rice planthopper densities were significantly lower in rice 

fields with LNA&T banker plant system. 

6, 7 

Floral resources for 

natural enemies 

Sesame (Sesamum indicum) Anagrus 

optabilis and A. 

nilaparvatae 

RPHs Significantly attracted by the volatiles from sesame. The 

longevity and fecundity of adult females with sesame 

flowers are improved considerably 

8 

 Soybean (Glycine max) A. nilaparvatae RPHs The longevity and fecundity of A. nilaparvatae are 

significantly improved. 

9 

Corn pollen with water A. nilaparvatae RPHs The longevity and fecundity of A. nilaparvatae are 

significantly improved. 

9 

Sesame (S. indicum) Cyrtorhinus 

lividipennis  

RPHs The longevity and fecundity of C. lividipennis are extended, 

egg consumption is increased, the nymphal period duration is 

shortened, the 4th instar nymph’s predation on BPH eggs is 

significantly increased in the presence of sesame.  

10, 11 

Sesame (S. indicum) Apanteles 

ruficrus 

RLF Adult survival of the larval parasitoids is significantly 

increased when fed on S. indicum flowers. Sesame increased 

12 
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Sesame (S. indicum) Cotesia chilonis RSB the fecundity of T. chilonis and did not favour the 

Lepidoptera pests, like RSB and RLF Sesame (S. indicum) Trichogramma 

chilonis 

RSB, RLF 

Creeping woodsorrel (Oxalis 

corniculata) 

T. chilonis RSB, RLF The longevity and fecundity are extended. 13 

Reducing the 

negative effects 

     

Reducing insecticide 

use 

Keeping the early rice stages insecticide 

free 

  
No significant effects were found in the growth and yields of 

rice by reducing 1-2 times insecticide sprays in the early rice 

stage 

14, 15 

Host plant-related 

measures 

Employing the three controls nutrient 

management (TCNM) (control fertiliser, 

control seedlings and control pests by 

nutrient management) 

 
RPHs, 

RLF 

Reduction of the average nitrogen usage by 200 kg/ha to 250 

kg/ha; 

The average yields increased by more than 5%; 

The damages of dominant pests were significantly lower 

16 

17 

Application of silicon fertiliser 
 

WBPH, 

RSB 

inhibit oviposition of WBPH; 

Contribute to the suppression of RSB directly through 

impeding larval feeding and indirectly by delaying stem 

penetration, resulting in prolonged exposure to natural 

enemies. 

18 

19 

20 

Minimising the 

initial population 

of pest 

populations 

Growing of trap plants  RSB, 

PSB, 

YRB 

lay eggs on vetiver grass Vetiveria zizanioides, but 

they could not complete their life cycles; low nutrients 

in vetiver grass. 

21, 22, 23  

Supporting 

Techniques 

for higher  

efficiency of

 EET 

Applying 

biological control 

agents 

Artificial rearing and inundative 

releasing natural enemies 

Trichogramma 

species  

RSB, 

RLF 

Trichogramma species have been studied extensively 

(details in table S1)  

 

Rice-duck co-culture system  rice pests Reduce ineffective rice tillers, promote the gas 

exchange and the soil effective component 

decomposition, enhance the resistance of rice, reduce 

rice pests, increase the ripening rate and thousand 

kernel weight of rice and improve rice quality 

24, 25, 26, 

27 

Rice-fish co-culture systems  rice pests Prolong tillering stage by 10 – 12 days; increase rice 

spike rates and yields, reduce the use of chemicals 

through reducing rice pest occurrence and 

complimentary nutrient use  

28, 29 

Minimising the 

initial population 

Use of sex pheromone traps 
 

RSB, 

RLF 

the control effects were more than 50%;   

reduce insecticide sprays by 1 or 2 times a season 

30, 31 
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of pest 

populations 

Applying 

biopesticides 

Bacillus thuringiensis (Bt)  RSB, 

RLF 

The efficacies on RSB and RLF are 65.31 – 96.69% 

and 88% – 97.17%, respectively 

32 

Mamestra brassicae nuclear 

polyhedrosis virus (MbNPV) 

 RSB, 

RLF 

control effects on RLF over 86% at 7 d after spraying 

and on RSB over 88% at 30 d after spraying 

33, 34, 35 

* RPHs, rice planthoppers, Nilaparvata lugens (Stål); Sogatella furcifera (Horváth) and Laodelphax striatellus (Fallen); BPH, brown planthopper, Nilaparvata lugens (Stål); WBPH, white-backed 

planthopper, Sogatella furcifera (Horváth); RSB, rice stem borer, Chilo suppressalis (Walker); PSB, pink rice borer, Sesamia inferen (Walker); YRB, yellow rice borer, Scirpophaga incertulas (Walker); 

RLF, rice leaf folder, Cnaphalocrocis medinalis (Guenee). § References in APPENDIX 1. 
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2.2. Ecological engineering techniques (EET) for rice pest management 

2.2.1. Increasing crop system compatibility on pest management 

Typically, intensified rice-based agricultural production systems are oversimplified farm 

landscapes where non-crop flora is greatly reduced. In addition, overuse of fertilisers and 

pesticides is widespread (Heong et al., 2015). This results in a weakening of the effects 

of ecosystem services by natural enemies of crop pests, which in turn results in frequent 

pest outbreaks (Lu et al. 2015). In recent decades, the acknowledgement of the importance 

of non-crop flora on farmlands has initiated the research on enhancing ecosystem services 

provided improved biodiversity in farmland (Lu et al., 2015; Wan et al., 2018). The 

practice of habitat manipulation for arthropod pest management is a critical component 

of ecological engineering for pest management aimed at improving this ecosystem service 

of biological control (Gurr et al. 2004; Gurr et al. 2017).  

Habitat management introduces plant-based resources for natural enemies such as shelter, 

nectar, alternative prey and pollen (Gurr et al. 2017). Increasing crop system compatibility 

in agroecosystems to bring stability arthropod communities and populations, which will 

better address pest management. 

2.2.1.1. Shelter for natural enemies 

Providing native arthropod natural enemies with shelter allows them to overwinter near 

crop fields, prevents populations from being wiped out from insecticide use and allows 

rapid recolonisation during early crop stages or after disruptions. Pest management has 

been enhanced in rice by growing green manure crops (the Chinese milk vetch Astragalus 

sinicus) to which gives shelter and food for natural enemies to overwinter after rice season. 

Other examples of providing shelter include incorporating the rice straw to the field, 

maintaining graminaneous plants around rice fields and intercropping with Zizania 

latifolia (Table 2.1.). Providing these forms of shelter has been shown to suppress pest 

populations so that densities do not reach threshold levels where pesticides are needed to 

prevent damage (Chen et al. 2016, Huang et al. 2005). 

2.2.1.2. Alternative hosts for natural enemies 

Banker plants support the temporal population continuity of key natural enemy species 
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by providing, during the winter fallow and early in the rice season, prey and hosts that 

support these beneficial arthropods during periods when the rice herbivores are absent or 

scarce (Zheng et al. 2017a). Banker plants thereby avoid the local extinction of natural 

enemies of rice pests, survival and build up natural enemy densities. In a banker plant 

system, the alternative host or prey is ideally a specialist to the banker plant so that it does 

not pose a risk to the focal or other crops, and the natural enemies need to have the ability 

to disperse across the crop field and a wide enough host/prey range to attack the focal 

pest. 

Two banker plant systems used in rice production are the Zizania latifolia – 

Saccharosydne procerus – Anagrus spp. (ZSA) and Leersia sayanuka – Nilaparvata muiri 

– Anagrus spp. & Typhus chinensis (LNA&T) (Table 2.1). Laboratory studies showed 

that BPH is unable to complete its life cycle on L. sayanuka, and N. muiri could not 

complete its life cycle on rice. Thus, planting L. sayanuka poses no risk of it serving as 

an alternative host to the rice pest N. lugens. BPH densities in field studies were found to 

be significantly lower in rice fields grown with the banker plant compared to control rice 

fields without (Zheng et al. 2017a). The ZSA system is the intercropping of rice with the 

aquatic vegetable Z. latifolia. Green slender planthopper, S. procerus is the main pest of 

Z. latifolia, but it does not feed on rice but shares the egg parasitoid Anagrus spp. with 

rice plant- and leafhoppers and provides Anagrus spp. with food in winter seasons (Yu et 

al. 1999, Zheng et al. 1999).  

2.2.1.3. Floral resources for natural enemies 

Floral resources can enhance the effectiveness of natural enemies since they attract them 

and prolong their longevity and increase their fecundity (Lu et al. 2014). The inclusion of 

suitable flowering plants in non-crop habitats can improve the activity of natural enemies. 

A growing number of studies have demonstrated the abundance and fecundity of natural 

enemies were increased in the presence of floral resources (Du et al. 1994; Lu et al. 2014; 

Wang et al. 2017, Zhao et al. 2016b, Zhu et al. 2015a), particularly in the rice-based 

ecosystem (Table 2.1). Sesame (Sesamum indicum) has been the most popular flowering 

plant used in ecological engineering techniques for rice pest management and has been 

listed as a central component of the nationally recommended sustainable management of 

rice insect pests by ecological engineering techniques in China (MARA 2014). 

2.2.2. Keeping the early rice stages insecticide free 
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Neutral insects, especially detritivore chironomid midges, whose population could be as 

many as 4.5 million per hm2 in the rice field, can be an essential food source for predators 

early in the rice season (Li et al. 2010, Wu et al. 1994). Populations of natural enemies 

and neutral insects are easily reduced by insecticides. This decrease in the biodiversity of 

arthropods early in the season allows a natural build-up of pests like rice planthoppers 

and rice leaf folders later in the crop (Way and Heong 1994). Generally, in the first 30 

days after transplanting, pest densities are low, and insecticide applications do not impact 

on crop yield, therefore, are not necessary (Xu et al. 2017, ZQTSB 2017). Many field 

studies (Guo et al. 2013, Hu et al. 1996) have proved that reducing 1-2 insecticide sprays 

in the early rice stage will not affect the growth and yields of rice.  

2.2.3. Host plant-related measures 

The overuse of nitrogen in rice is common across Asia and is most acute in China (Cheng 

2009, Ding et al. 2018, Wang et al. 2019). The adoption of hybrid rice for high yields 

resulted in significant increases in the use of nitrogen across Asia (Wang and Peng 2017). 

Higher levels of nitrogen in rice increased herbivore feeding, survival rates and 

reproduction (Lu et al. 2007). In many areas, outbreaks of pests, including planthoppers, 

leaf rollers and stem borers, has been closely linked to excessive long-term applications 

of nitrogen (Hu et al. 2016, Lu et al. 2007, Lu and Heong 2009). High nitrogen fertilised 

fields also negatively impact natural enemy performance which increases the risk of BPH 

outbreaks (Zhu et al. 2017b). High-efficiency technology systems for nitrogen fertiliser 

applications in rice field have been developed (Zhong et al. 2010). Optimum nitrogen 

limits the number of ineffective tillers, improves yield while minimising disease 

occurrence and pest damage (Huang et al. 2010, Zhong et al. 2010).  

Nitrogen (N), phosphorus (P) and potassium (K) are essential nutrients for rice that must 

be applied in rice fields to maintain the productivity (Rashid et al. 2016) but unbalanced 

use of N, P and K are common in rice production (Xu et al. 2017). Balanced applications 

of the essential nutrients improve the utilisation efficiency in the rice of nitrogen fertiliser, 

as well as potassium, improve rice plant vigour and enhance resistance to rice leaf folder 

and other pests (de Kraker et al. 2000). There is also a positive relationship between rice 

resistance to pests and the application of silicon fertiliser. Silicon induces rice resistance 

or tolerance to stress (Tripathi et al. 2014), such as lodging (Deng et al. 2011), heat and 

drought (Agarie et al. 1998). Silicon fertiliser can contribute to pest control by inhibiting 

feeding and oviposition of pests and enhancing the attraction of parasitoids (Table 2.1).  
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2.2.4. Minimising initial pest population using trap plants 

The stem borers including RSB, pink rice borer (PSB) Sesamia inferen and yellow rice 

borer (YRB) Tryporyza incertulas have been known to lay eggs on vetiver grass (Vetiveria 

zizanioides), but the larvae cannot complete their life cycle feeding on this grass (Chen et 

al. 2007, Gao et al. 2015, Lu et al. 2017, Zheng et al. 2009). The mechanisms are that, 1) 

the bioactive substances in vetiver grass are toxic and inhibit RSB larval growth; 2) 

extracts of vetiver grass disturb the dynamic equilibrium of SOD, CAT and POD, and 

inhibit the esterase and cytochrome P450 enzyme activities, leading to loss of the larvae 

function in detoxification and metabolism; 3) vetiver grass has lower nutritional value 

than rice; 4) the V. zizanioides extract inhibits RSBF, the protective efficacies were 66.7% 

in an outdoor pot-cultivation test (Gao et al. 2011, 2015, Lu et al. 2017). With these 

characteristics, planting vetiver grass around paddy fields can attract stem borers adults 

to lay eggs on its leaves and reduce the population in rice fields (Lu et al., 2018). The best 

planting period is from late March to early April, and the appropriate planting coverage 

is 6–10% of the rice field (Chen et al. 2007). The optimal planting pattern is in clusters 

spacing of 3–5 m and the line spacing of 50–60 m (Zheng et al. 2017c). The aim of 

planting this trap crop is to keep the density of the stem borers in the rice to below the 

thresholds were insecticide sprays are needed.  
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2.3. Supporting Techniques for higher efficiency of EET 

2.3.1. Applying biological control agents  

2.3.1.1. Inundative releasing Trichogramma wasps 

Trichogramma species have been studied extensively and play a vital role in insect pest 

management in China (Lou et al. 2013). Research into releasing Trichogramma sp. for 

the control of Lepidoptera pests in rice fields has been conducted since the 1950s in China 

(Table 2.2). Constraints of the use of Trichogramma sp. include appropriate species 

selection, population rejuvenation and field application techniques (Wang 1978, 

Babendreier et al. 2019). In recent years, applications of Trichogramma have gained 

renewed interest (Xu et al. 2017, Babendreier et al. 2019). Trichogramma japonicum, T. 

chilonis, T. dendrolimi and T. ostriniae are the most frequently used species for mass 

release in rice, and all the four species are commonly found in rice fields (Guo et al. 2012). 

Trichogramma dendrolimi and T. japonicum prefers the eggs of RSB (Yuan et al. 2012). 

Moreover, T. japonicum prefers to parasitise younger host eggs; all the four species are 

unable to parasitise the 4-day-old eggs of RSB (Zhang et al. 2014a). Trichogramma 

japonicum was found to perform well on RLF eggs and was relatively unaffected by 

temperature.  

Technologies for releasing Trichogramma into rice fields have advanced in recent years 

incorporating nectar food supplements and using unmanned aerial vehicles (Xu et al. 

2017). Research into species selection, the interval of release timing and density and 

release heights could contribute to improvements in the large-scale use of Trichogramma 

sp. in rice (Xu et al. 2017).
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Table 2.2. The effect of using Trichogramma to control Lepidoptera pests of rice in China 

Lepidoptera pests Time (Year) Site Species 
Control 

efficiency 
Reference* 

Rice stem borer, Chilo suppressalis (Walker) 
 1974 Fengcheng, Jiangxi T. japonicum 63.8% – 67.9% 35 
 1999-2000 Tanghua, Jilin T. chilonis 41.2% – 63.9% 36 
 2008-2011 Changsha, Hunan T. japonicum 70.0% – 77.0% 37 
 2010 Chaohu, Anhui Trichogramma confusum 56.5% 38 

 2010 Hengyang, Hunan T. japonicum, T. chilonis 100% 39 
 2012 Harbin, Heilongjiang T. japonicum 77.3% – 84.7% 40 
 2013 Dashiqiao, Liaoning T. chilonis 81.3% – 84.6% 41 
 2012-2014 Liaohe delta T. chilonis 70.0% 42 

 2012-2014 Jilin, Jilin  T. japonicum, T. chilonis, T. dendrolimi 66.6% – 96.6% 39 
 2014 Zhuji, Zhejiang T. japonicum 31.2% – 35.7% 43 
 2014 Xuancheng, Anhui T. japonicum 59.2% – 65.4% 44 
 2015 Harbin, Heilongjiang T. chilonis, T. dendrolimi 70.2% – 88.0% 45 
 2016 Qiqihar, Heilongjiang T. japonicum 74.4% 46 
 2016 Chaohu, Anhui T. japonicum 12.6% – 67.0% 47 
 2016 Hunan T. japonicum 70.8% 48 

 2017 Nantong, Jiangsu T. japonicum 65.7% – 71.9% 49 

Rice leaf folder, Cnaphalocrocis medinalis (Guenee) 
 1972 Yuxi, Yunnan T. chilonis 46.0% – 70.6% 50 
 1972 Jinhua, Zhejiang T. chilonis 65.2% – 72.9% 51 
 1973 Chaozhou, Guangdong T. japonicum 70.4% – 85.5% 52 
 1973 Yichun, Jiangxi T. dendrolimi 57.8% – 79.2% 53 
 1972-1973 Fuqing, Fujian T. confusum 85.8% – 86.4% 54 
 1972-1975 Jinhua, Zhejiang T. chilonis 32.5% – 75.6% 55 
 1975 Guangxi T. chilonis, T. confusum, T. dendrolimi 29.6% – 94.9% 56 
 1976 Jinhua, Zhejiang T. confusum 53.9% – 93.1% 57 
 1977 Huzhou, Zhejiang T. confusum 60.2% – 66.6% 58 
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*   References in APPENDIX 1.

 1983 Yangjiang, Guangdong T. dendrolimi 59.6% 59 
 2009-2011 Changsha, Hunan T. japonicum 40.2% – 71.7% 37 
 2011 Huaihua, Hunan T. japonicum 88.1% 60  
 2011 Jianping, Fujian T. japonicum 77.0% 61 
 2013 Nanping, Fujian T. japonicum 35.9% – 81.1% 28 
 2013-2014 Ningbo, Zhejiang T. japonicum, T. chilonis, T. dendrolimi 19.3% – 50.2% 62 
 2014-2015 Dujun, Guizhou T. japonicum 43.9% – 67.1% 63 
 2015 Hezhou, Guangxi T. chilonis 77.3% – 84.5% 64 
 2015 Guilin, Guangxi T. chilonis 65.0% – 79.8% 65 
 2015 Guilin, Guangxi T. chilonis 78.1% – 96.4% 66 
 2016 Chaohu, Anhui T. japonicum 100% 47 

  2016 Hunan T. japonicum 92.0% 48 



21 

 

2.3.1.2 Ecological intensification by co-culture systems 

Ecological engineering for rice pest suppression, as a part of ecological engineering, 

aimed to design a new sustainable rice-based ecosystem. Rice cropping systems based on 

ecosystem services, such as rice-duck, rice-fish, rice-soft shelled turtle and rice-crab, can 

provide co-mutualistic benefits compared to traditional rice monocultures (Xu et al. 2017) 

(Table 2.1). Rice-fish co-culture model has a long history in China (Huang et al. 2014). 

Recent studies show rice-fish co-culture could decrease herbivore insect abundance, 

reduce weeds abundance, richness and biomass, increase invertebrate predator abundance, 

reduce pesticide use, and enhance both soil and rice quality (Wan et al. 2019b, Xie et al. 

2011). The most important aspect for the farmer is rice-fish co-culture producing over 10% 

higher economic values than that rice monoculture (Wan et al. 2019b). Rice-duck co-

culture model is also widespread in China and widely promoted in last two decades, which 

could reduce over 30 % fertilisers and 50 % pesticides, and significantly improve rice 

quality, compare with the conventional farming model (Huang et al. 2014). With the 

develop of co-culture models exploration, new co-culture models in the rice ecosystem 

continuously appear, like rice-crab, rice-crayfish, rice-soft shelled turtle and rice-frog. 

  

  

Figure 2.3. Co-culture models in the rice ecosystem of China. A) rice-soft shelled turtle, 

download from http://dzh.mop.com; B) rice-frogs, photo by Pingyang Zhu; C) rice-crab, 

download from http://www.xinhuanet.com; D) rice-crayfish, download from http://k.sina.com.cn. 
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2.3.2 Minimising initial pest population using sex pheromones 

Some pest control strategies involve changing pest behaviour through chemicals, visual, 

or audio signals (Rodriguez-Saona and Stelinski 2009). Like other IPM techniques, the 

use of methods to manipulate insect behaviour previously was not given much attention 

due to low costs and convenience of using insecticides.  

In most insect species, especially lepidopteran pests, the females emit the sex pheromone 

to attract the males (Rodriguez-Saona and Stelinski 2009). In rice, sex pheromones for 

controlling the rice stem borer (RSB) Chilo suppressalis and the rice leaf folder (RLF) 

Cnaphalocrocis medinalis have been developed (Xu et al. 2017). Use of dry traps which 

have low maintenance needs during the rice season has advantages to older traps which 

needed regular replacement of water or lures (Si et al. 2016, Zhu et al. 2013b). The results 

of field applications of sex pheromone traps scale show that the control effects were more 

than 50% and the control effects were better when combined with other pest management 

strategies at a large scale. Applications of sex pheromone traps combined with other pest 

control strategies for controlling RSB and RLF could reduce insecticide sprays by one to 

two times a season, and the cost might be similar as the costs for using chemical pesticides 

(Du et al. 2013, Si et al. 2016).  

3.3.3. Applying biopesticides  

Biopesticides are increasingly popular in China as they meet the increasing consumer 

demand for environmentally and food-safe produce. Bacillus thuringiensis (Bt) is the 

most popular biopesticide and is officially recommended to control rice stem borers and 

rice leaf folder in China (Xu et al. 2017). Mamestra brassicae nuclear polyhedrosis virus 

(MbNPV), Beauveria bassiana and Empedobacter brevis show high insecticidal activities 

on rice Lepidoptera insect pests (Chen et al. 2014, Gao et al. 2012, Tang et al. 2016, Wang 

et al. 2016, Xu et al. 2017, Zhai et al. 2013a, Zhai et al. 2013b, Zheng et al. 2016a) (Table 

2.1). Cnaphalocrocis medinalis granulovirus (CnmeGV) is also another potential 

biopesticide to control RLF (Liu et al. 2013, Zhang et al. 2014b). The ideal biopesticides 

application methods in rice are that: using Bt and Bacillus subtilis before the transplanting 

of rice seedlings to prevent and reduce the occurrence of field diseases and pests; using 

Bt to control rice Lepidoptera insect pests and Beauveria bassiana to control rice 

planthoppers during the rice-growing season when necessary. 
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2.4. Case study of ecological engineering for rice pest suppression in 

Jinhua site  

The Zhejiang Academy of Agricultural Sciences (ZAAS) and the Jinhua Plant Protection 

Station (JPPS) in collaboration with International Rice Research Institute (IRRI) and 

Charles Sturt University (CSU) initiated a pioneering attempt to manage rice insect pests 

by developing a program for ecological engineering for rice pest suppression in 2008. 

The experimental site was located at Si Ping village, Jinhua city, set in an area with nearby 

mountains and high-quality water resources. Although the original ecosystem had not 

been greatly disturbed, the areas used for rice production had been impacted by intensive 

cultivation and overuse of chemical fertilisers and pesticides. The main techniques 

included manipulation of vegetation to promote natural enemies, specifically, planting 

nectar-rich plants, zero insecticide sprays during the first 40 days after transplanting and 

stopping the overuse of nitrogen fertiliser. The goal was to reduce the use of chemical 

pesticide by 60–80%, to keep yield losses by major pests to less than 3% and to gradually 

recover the natural pest control function of the ecosystem.  

2.4.1. Improved biological control   

Field surveys showed that numbers of Anagrus spp. and invertebrate predators, including 

damselflies (e.g., Ischnura sengalensis, Agriocnemis femina) in the ecological 

engineering fields, were over four times higher than those in the control fields (Chen et 

al. 2016). Frogs were much more abundant in ecological engineering for rice pest 

suppression fields than control fields. Fejervarya multistriata was the dominant frog 

species in Jinhua rice field, and its population density was over 400 per hectare in 

ecological engineering for rice pest suppression fields, which was significantly higher 

than control fields (107 per hectare) (Kong et al. 2016). In contrast to ecological 

engineering for rice pest suppression fields, conventionally managed fields (control fields) 

required several chemical pesticides applications to control escalating numbers of 

planthoppers, but the number of planthoppers in ecological engineering for rice pest 

suppression fields remained low (Chen et al. 2016). Besides, the number of Ollgosita spp. 

and Anagrus spp. in ecological engineering for rice pest suppression fields from common 

grassy weed were higher than in control fields. The number of RPH egg parasitoids near 

the ridge was increased, but the population of RPH was reduced significantly by 

implementing ecological engineering for rice pest suppression (Zhu et al. 2015b). A five-
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year follow-up survey showed that the numbers of functional guilds of predatory Odonata 

and Tetragnathidae, as well as the larval parasitoids of RLF in ecological engineering for 

rice pest suppression fields, were significantly higher (1.63–8.94 times, 0–3.69 times, 

1.20–2.47 times, respectively) than those in the control fields, which indicated that the 

application of ecological engineering for rice pest suppression could effectively improve 

the amount of the functional guilds of the RLF's natural enemies (Zhu et al. 2017c). 

Furthermore, the ecological engineering for rice pest suppression promoted the breeding 

of aquatic predators and neutral insects in rice fields and played a positive role in 

improving the natural control capacity during the later rice stage (Zhu et al. 2017a). 

2.4.2. Reduced insecticide applications    

Applying ecological engineering for rice pest suppression dramatically reduced chemical 

insecticide applications. Chemical insecticides were not used at all in 2009 and 2011 

against rice planthoppers, and the number of insecticides was reduced by more than 75% 

in ecological engineering for rice pest suppression fields than those in control fields in 

Jinhua, Zhejiang (Chen et al. 2016).  

2.4.3. Increased economic benefits  

With the application of ecological engineering, pest populations were lower throughout 

the rice-growing season and compared with the control fields no yield loss was found 

(Gurr et al. 2016). Insecticide use was reduced by 75%, saving the cost of insecticides 

and labour amounting to over US $400 per hectare (Chen et al. 2016). Rice from EET 

fields can fetch a price over five times higher than the normal market price as the benefits 

of using reduced pesticides use widely credited by the public (Liu et al. 2014). Similar 

positive results were also observed in other sites located at Xiaoshan, Lishui, Wenling 

and Wenzhou. 
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2.5. The current situation of ecological engineering for rice pest 

suppression 

Ecological engineering for rice pest suppression has been standardised by Jinhua city 

local standard in 2014 (JQTSB, 2017) and by Zhejiang province local standard in 2017 

(ZQTSB, 2017), promoting the speed of popularisation of ecological engineering for rice 

pest suppression in Zhejiang province. Over 80,000 ha of rice fields, which accounts for 

about 10% of rice planting area of Zhejiang province, has employed the whole-process 

technical scheme of ecological engineering for rice pest suppression in 2018. The 

measures include 1) maintaining graminaceous weeds around rice fields to provide native 

arthropod natural enemies with shelter and alternative hosts in winter, and during 

pesticide applications; 2) intercropping zizania (Zizania latifolia) in rice fields as a shelter 

for spiders, frogs and Anagrus parasitoids of leaf- and planthoppers; 3) inter-planting 

nectar crops such as sesame on field bunds to enhance biological control functioning of 

Trichogramma and Anagrus parasitoids and the predator Cyrtorhinus lividipennis; 4) 

planting vetiver grass (Vetiveria zizanioides), as a trap plant to attract rice stem borers to 

lay eggs; 5) inundative releases of Trichogramma spp. to enhance biological control of 

lepidopteran pests of rice. 

Insecticide use has been reduced by 50% across the scheme of ecological engineering for 

rice pest suppression. Ecological engineering for rice pest suppression also has been 

promoted energetically by General Station of Plant Protection and Quarantine of Zhejiang 

Province and the local Plant Protection Station in Zhejiang as the main technologies for 

green methodologies for the prevention and control of rice pests. Over 900 demonstration 

sites had been established by 2018, which extended over 538,000 ha of rice fields (data 

from General Station of Plant Protection and Quarantine of Zhejiang Province, count by 

rice fields which adopted more than one ecological engineering measure). Now a national 

recommended technology by the Ministry of Agriculture and Rural Affairs of the People's 

Republic of China (MARA 2014), ecological engineering for rice pest suppression has 

been extended to over 3,000,000 ha rice field in Jiangxi province, Jiangsu province, 

Hunan province, Hubei province, Anhui province, Shanghai, Guizhou province, Yunnan 

province, and Guangxi province since 2014.  
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2.6. Conclusions and perspectives 

New research directions for pest management based on ecological engineering techniques 

have been explored in recent decades, and especially this century (Gurr et al. 2004). The 

benefits of these techniques extend over multiple trophic levels, promoting natural 

enemies, suppressing pests and enhancing crop productivity. In some cases, studies have 

shown more comprehensive benefits, including reduced insecticide use and financial 

advantage. Reflecting this, the new concept of "green plant protection" has been widely 

accepted in China (Lu et al. 2012). It emphasises the support and safeguards needed to 

obtain high-yield, good-quality and ecologically sustainable agricultural systems. 

Ecological engineering for rice pest suppression has been recommended as one of the key 

strategies for sustainable management by the National Agriculture Technology Extension 

and Service Centre since 2013, and has been listed as a national recommended technology 

by the Ministry of Agriculture and Rural Affairs of China since 2014 (MARA 2014).  

Although ecological engineering has increasing acceptance among biological control 

experts and agriculture practitioners (Lu et al., 2015; Settele et al., 2019), there are still 

important knowledge gaps, including wider use of biodiversity of floral resources. A 

growing number of studies have demonstrated the abundance and fecundity of natural 

enemies were increased in the presence of a range of floral resources (Lu et al., 2014; 

Wang et al., 2017; Zhu et al., 2018). Foremost is the fact all work has been dependent 

upon empirical testing of multiple candidate plants to identify suitable species for each 

pest-natural enemy interaction in each agroecosystem. It is labour- and time-consuming, 

and sometimes decisions are made on a weak evidence base. Ecological engineering for 

rice pest management still needs a scientific evaluation system so that it can be promoted 

and applied in a wider range of agroecosystems. 

Ecologically based pest management in agroecosystems has become increasingly 

important in the world (Finney et al. 2017, Pretty 2018, Reddy 2017, Zhao et al. 2016b), 

and more specifically in China for the reduction of rice pests. Ecological engineering for 

rice pest suppression also has been explored in other parts of Asian rice production 

systems (Ginigaddara 2018), such as Philippines (Horgan et al. 2017), Vietnam (Settele 

et al. 2019, Settele and Settle 2018), Bangladesh (Ali et al. 2019) and India (Chandrasekar 

et al. 2017). With the developing research and extension, ecological engineering for rice 

pest suppression will become a more prevalent pest management strategy in the future.  
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3 Chapter Three: Relevance the Ecological Traits of Parasitoid 

Wasps and Nectariferous Plants for Conservation Biological 

Control: A Hybrid Meta-Analysis 

3.1. Introduction 

Global agricultural production is heavily dependent on inputs, many of which are non-

renewable, environmentally damaging and unsustainable (Matson et al. 1997, Potts et al. 

2010). Ecosystem-service intensification is one way to increase productivity to meet 

escalating human needs, rather than reinforce the use of synthetic inputs (Bommarco et 

al. 2013, Pretty and Bharucha 2014). Insects are key providers of ecosystem services to 

agriculture, including pollination, nutrient cycling and biological control of pests (Losey 

and Vaughan 2006). Habitat management has emerged in this century as an important set 

of methods to promote natural enemies of pests by providing key resources such as pollen 

and nectar (Gurr et al. 2017, Lu et al. 2014). Parasitoid wasps (Hymenoptera) are among 

the most important groups of natural enemies and a frequently the target of attempts to 

strengthen biological control (Macfadyen et al. 2015). Most parasitoid species feed on 

floral nectar as adults, and this can improve key life-history parameters, especially overall 

nutritional intake, longevity and realised fecundity (Lu et al. 2014). The latter of these is 

especially important because it represents the impact of the parasitoid on its host, equating 

to the ecosystem service of biological control (Heimpel and Jervis 2005). In contrast, the 

potential fecundity of parasitoid may be high but only partly realised because of death 

before sufficient hosts are located. This may result if adult nutrition is too poor to support 

active host searching, oocyte maturation and to allow potential longevity to be achieved 

(Rivero and Casas 1999). Indeed, many agricultural systems allow limited opportunities 

for parasitoid adults to feed, limiting their impact on pest populations (Wäckers 2005). 

Accordingly, the addition of suitable nectar plants in agroecosystems can improve the 

ecosystem service of biological pest control (Lu et al. 2014, Rossetti et al. 2017). 

Importantly, studies of this type have relied upon the empirical testing of multiple 

candidate plants to identify suitable species for each pest―parasitoid interaction in each 

agroecosystem. It is of significant applied value to determine whether there are general 

principles that could guide the selection of plant species in habitat management rather 

than requiring empirical research be conducted afresh in each new system. 

Studies of ecological function have shifted from a historical focus on the taxonomic 
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diversity of actors to consider the ecological traits since these are more fundamentally 

linked to the strength of ecosystem services (Díaz et al. 2007, Kunstler et al. 2016). 

Although the use ecological traits in studies have been examined in the context of 

pollinators and their interactions with flowers (Lavi and Sapir 2015, Menzel and Shmida 

2010), biological control research is beginning to embrace ecological traits as a means to 

understand, explain and manage key interactions, especially on predators (Greenop et al. 

2018). However, little research work has done on parasitoids traits where the insights 

from pollination biology work are likely to be valuable to biological control and its 

contribution to the ecosystem service of pest suppression (Perović et al. 2018). Earlier 

studies have focused on just small numbers of predator or parasitoid species (exceptions 

are: van Rijn and Wäckers 2016, Winkler et al. 2006), which do not allow the 

development of generalisations.  

Interacting traits, such as parasitoid size and diameter of the flower opening, are 

intuitively likely to shape outcomes such as access to nectaries. We lack, however, an 

understanding of how important this particular interaction may be, nor the strength of 

interactions and mediation by other traits including flower colour and symmetry, as well 

as the host life stage attacked by the parasitoid and its potential (as opposed to realised) 

fecundity. A major reason for such a lack of understanding is the paucity of knowledge 

about parasitoid traits (Moretti et al. 2013, 2017), in comparison with the relative 

abundance of plant trait information (Levine 2015). Traits considered important for 

arthropods include body size, feeding specialisation, dispersiveness and phenology 

(Perović et al. 2018), and these have been used to understand the phenomena such as how 

arthropod assemblages are modified by land-use patterns (Gámez-Virués et al. 2015). To 

date, however, there has been no attempt to apply ecological traits to understand the more 

specific interaction of parasitoids and potential nectar plants in understanding ecosystem 

service to agriculture. This is despite the need to strengthen the ecosystem service that 

results from this interaction and the large volume of empirical studies (Gurr et al. 2017, 

Lu et al. 2014). This abundance of research data on plant species and arthropod natural 

enemies of pestiferous arthropods lends itself to a meta-analysis of traits of plant species 

that are best matching traits of arthropod natural enemies of pestiferous arthropods. 

Meta-analyses offer a powerful quantitative approach (Gurevitch et al. 2018). These have 

been used in exploring intercropping (Lopes et al. 2016), landscape design (Chaplin-

Kramer et al. 2011, Rossetti et al. 2017, Shackelford et al. 2013), plant diversity 
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(Letourneau et al. 2010) and natural enemy diversity (Letourneau et al. 2009, Vance-

Chalcraft et al. 2007). Bayesian Networks (BNs) have found applications across diverse 

sciences, industries and government organizations (Kjærulff and Madsen 2008, Pearl 

1988). As probabilistic graphical models, Bayesian Networks (BNs) allow for effective 

modelling of physical, biological and social systems operating under uncertainty 

(Kjærulff and Madsen 2008, Korb and Nicholson 2011). Compared with the more 

common random effect meta-analysis regression models, a BN model provides a better 

way to overcome the curse of dimensionality wherein a statistical model breaks down due 

to too many parameters to be estimated in a specified model which often happens when 

we try to include many predictor variables in a meta-analysis regression model. In 

addition, categorical variables can be handled better in Bayesian Networks (BNs) 

compared with the more common random-effect meta-analysis. Furthermore, the 

respective effects of the variables can be visualised in a figure, and this can allow 

exploration of interactions among variables, for example when holding one constant and 

manipulating others (Kjærulff and Madsen 2008). Employing a BN model that used the 

weights calculated by the preceding meta-analysis model combined the advantages of 

both approaches. 

Studies into plant traits show considerable variation, yet patterns of traits are common in 

ecology due to the specific biotic and abiotic conditions in habitats (Díaz et al. 2016). 

Accordingly, available information was processed on the traits of parasitoid and plant 

species used in empirical studies of the outcomes for parasitoids by a hybrid meta-analysis 

approach. My central hypothesis was that abandoning the plant and parasitoid taxa and to 

consider only the ecological traits of these actors would reveal significant effects. Any 

such effects would have practical utility for enhancing the ecosystem service provided by 

parasitoids in agriculture by avoiding the need to empirically screen multiple candidate 

plants in each new study system. Longevity is the most commonly used response variable 

in studies of the interactions between parasitoids and nectar plants so this, rather than 

other variables such as realised fecundity was used, in order to maximise the sample size 

of the meta-analysis. The practical context for this work is conservation biological control 

which focuses on maximising the impact of locally present parasitoids rather than the 

related branches of classical and augmentative biological control (Gurr et al. 2017). 
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3.2. Material and methods 

3.2.1. Literature search and compilation of dataset  

Relevant papers were identified using Web of Science, Scopus, Science Direct, Wiley 

Online Library, Google Scholar and China National Knowledge Infrastructure (CNKI, 

http://www.cnki.net) applying combinations of search terms: ‘flowering plant’ AND 

‘parasitoid*’, OR ‘parasitoid*’ AND ‘flower’, OR ‘parasitoid*’ AND ‘floral*’, OR 

‘parasitoid*’ AND ‘nectar’, OR ‘natural enemy’ AND ‘floral*’, OR ‘parasitoid*’ AND 

‘inflorescence’ (APPENDIX 2--Table S3.1). The past 50 years were searched for results 

(1967-2017) between 20 December 2016 and 10 May 2017. Many of the studies included 

results from multiple tests among parasitoids and nectar plants, so each plant-parasitoid 

combination tested in those papers was considered. Four criteria were applied for 

inclusion in the present meta-analysis. First, the study reported in the paper needed to be 

a laboratory experiment. Second, the study must have used control treatments (without 

flowering plants). Third, studies should have been published in peer-reviewed papers. 

Finally, studies had to include measures of the mean of longevity (or survival curves), 

error (standard error, standard deviation or confidence intervals), the numbers of 

replicates or the P values or other statistical inferential data (Z, F, t, r, r2 or χ2) or degrees 

of freedom. Applying these criteria, 306 studies from 49 papers were selected from an 

original compilation of 3,238 papers (Fig. 3.1). Following this, the traits of each nectar 

plant and parasitoid species in the 306 studies were determined using botanical and 

entomological publications and web data, such as www.eFloras.org. The initial list of 

plant traits considered was large and included all those for which a preliminary screening 

of the literature suggested. It might be possible to obtain reliable data for many of the 

plant species that had been used in studies of the response of parasitoids to nectar plants. 

These traits were not selected on the basis of a priori evidence that they were likely to 

drive the strength of this ecological interaction. Subsequently, however, the list of traits 

was reduced to include only those for which we were able to find relevant information to 

give a large enough sample size for each analysis. These were: plant height, flower colour, 

inflorescence type, type of symmetry, flower form, corolla depth, corolla aperture, 

numbers of petals, numbers of styles, numbers of stamens, corolla shape, uni- or bisexual, 

fertilisation type and nectary location. Colour was handled as a categorical variable (e.g., 

‘white’, ‘blue’) rather than continuous variable because the literature rarely provided 

more detailed information such as on wavelength or RGB value.  
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Figure 3.1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) 

flow diagram showing the procedure used for the selection of studies for meta-analysis. 
 

Similarly, parasitoid traits used initially included female head width, potential fecundity, 

ovigeny type, host-arthropod taxon, host life stage attached, parasitization stage, host 

feeding or not, koinobiont or idiobiont, solitary or gregarious, and ectoparasitism or 

endoparasitism, length and width of maxilla, ovipositor length and diameter, female body 

length. This list was reduced to the following traits that gave an adequate sample size. 

Female head width, fecundity, ovigeny type, host taxon, host life stage attacked, 

parasitisation stage, host feeding or not, koinobiont or idiobiont, solitary or gregarious 

and ectoparasitism or endoparasitism. 

We recorded the statistics (i.e. means, standard deviations [SD], and sample sizes) of 

parasitoid for both “control” and “treatment”. Fundamental statistical values were 

extracted from studies in which the data were presented solely graphical using Web Plot 

Digitizer software (Burda et al. 2017). 
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3.2.2. Effect size 

For each flower/control comparison in the database, the effect size was calculated using 

the Hedges’ d metric. The metric is calculated as d = [(ŶF-ŶC)/S]J, where ŶF represents 

the mean longevity of the parasitoid when the flower is present, ŶC represents the mean 

longevity of the parasitoid when the flower is absent (control), S represents the pooled 

standard deviation, and J is a correction factor for small sample size (Koricheva et al. 

2013). Both Hedges’ d and its estimated sampling variance were calculated using the 

escalc function in the R package metafor (Viechtbauer 2010). If the study provided the 

numbers of replicates, the exact P values, other statistics (Z, F, t, r, r2 or χ2) or degrees of 

freedom, the effect size was calculated by the online conversion tool 

(http://www.campbellcollaboration.org/escalc/html/EffectSizeCalculator-SMD1.php). A 

negative effect size (Hedges’ d) value indicated that the longevity of parasitoids exposed 

to flowers was shorter compared with the absence of flower (control), and vice versa. 

3.2.3. Publication bias 

Publication bias is often unavoidable, as researchers tend to publish the work with 

statistical significance (Koricheva et al. 2013). Thus, publication bias can potentially 

affect the estimation of the meta-analytic mean by affecting each case’s effect size and 

distort the testing of associated hypotheses (Koricheva et al. 2013, Rosenthal 1979). In 

order to assess the potential publication bias influencing our conclusions, the possibility 

of publication bias was explored graphically (funnel plots), numerically (Rosenthal’s fail-

safe number) and statistically (rank correlation) (Jennions and Møller 2002). The funnel 

plots of effect size vs sample size showed skewness (APPENDIX 2-- Fig. S3.1), 

indicating publication bias within the dataset. Nevertheless, the calculated fail-safe 

number of 170,181 for the whole database (306 cases) suggests that our results are robust 

(much more than 5 x case number + 10) (Rank correlation: Z = 0.2942; P <0.001). Both 

of which indicated a low probability that publication bias affected the observed patterns. 

3.2.4. Meta-analysis 

Two meta-analyses were performed: One used the whole dataset (n=306) to establish that 

there was an overall effect of nectar plants on parasitoid longevity to verify heterogeneity 

existed in the overall dataset and therefore warranted a follow-up, grouped meta-analyses. 

The second comprised a series of analysis, one for each trait, that considered the isolated 
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effect of each trait, and the univariate logistic regression analyses were used.  

The parametric 95% confidence interval (CI) was used to test the results. If the interval 

enclosed zero, the effect size as not significantly different from zero. Omnibus (QM) test 

and I2 statistic were undertaken and used as a basis for model simplification (Koricheva 

et al. 2013, Viechtbauer 2010) When the I2 value was considerably higher than 50% and 

P heterogeneity < 0.001, the data were considered highly heterogeneous, and I conducted 

a meta-analysis to analyse the effect of floral and parasitoid traits on parasitoid longevity. 

Significant (P<0.05) QM values indicated between-group heterogeneity. Random-effects 

models with restricted maximum likelihood (REML) using the rma function were 

conducted in the R package metafor (Viechtbauer 2010).  

3.2.5. BN model analysis 

Reflecting the abundance of missing values for some of the plant trait variables and the 

parasitoid variables, meanwhile, most of the traits were categorical variable. These factors 

limited the conventional regression meta-analysis in the future integrated analysis, so a 

BN model developed for this study using the most popular commercial BN software 

Netica (version 6.05) (Norsys Software Corp. 2018a). Trait variables with a P-value < 0.2 

in the univariate logistic regression analyses from the meta-analyses of individual plant 

and parasitoid traits (Statistical significance was defined as P-value less than 0.2) in order 

to simplify modelling, were further subjected to BNs analysis. Our study had included a 

large number of variables, and we needed to weight each of the 306 cases in the modelling 

processes so that the weighted averages of the effect sizes of the meta-analysis were 

retained. Therefore, the BN model structure was developed first through the built-in 

Netica Tree Augmented Naïve Bayes (TAN) structure learning algorithm to determine the 

model structure (Korb and Nicholson 2011, Norsys Software Corp. 2018b). Then in the 

model parameter estimation step, the conditional probability tables (CPTs) were 

learned/evaluated using the Netica built-in Expectation-Maximisation algorithm (Koller 

D and Friedman 2009, Korb and Nicholson 2011, Norsys Software Corp. 2018b). 

More specifically, the weights for each of the 306 studies were calculated based on the 

random effect meta-analysis model (Viechtbauer 2010), and these weight values were 

used to create a special column with the heading “NumCases” in the BN model data file. 

The special variable name “NumCases” in Netica indicates the frequency of the cases 

(Norsys Software Corp. 2018b). In the model structure step, the effect size variable was 
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selected as the target variable for applying the TAN algorithm to determine the model 

structure. Finally, CPTs were learned by applying the EM algorithm learning directly 

from the observed 306 study cases. Note that continuous nodes/variables were supported 

with BN models built with Netica. In this study, the discretisation was primarily 

implemented based on subject matter judgement and common sense (e.g., keep changes 

between neighbour categories as smooth as reasonable) (Nagarajan et al. 2013). 

After BN model based on the random effect meta-analysis weights were developed, I 

identified those most influential factors for determining the effect size which enabled us 

to examine further how different combinations of the most influential factors might have 

affected the effect size by the sensitivity analysis in Netica. Sensitivity analysis in the 

Bayesian Network model enabled us to rank the importance of the variables with respect 

to the selected target variable in the model (Kjærulff and Madsen 2008). The importance 

of the variables was measured by the percentages in terms of variance reduction (if the 

target variable was continuous or had real number state values defined) or in terms of 

mutual information (if it is a categorical variable) (Norsys Software Corp. 2018b). To 

simplify the BN analysis, only traits with over 5% of the sensitivity analysis were retained. 

Then the most probable explanation analysis was used in Netica. At last, the combinations 

of the strongest negative and positive traits were compared. 

All analyses were conducted in R (R Core Team. 2017), except developing the BNs. 

3.3. Results 

3.3.1. The overall effect of nectar plants on parasitoid longevity  

The 306 observations from 49 papers covered 15 countries, 34 families of nectar plant, 

and ten families of parasitoids (Fig. 3.2, APPENDIX 2--Supplementary References). 

Flower treatments had strong positive effects on parasitoid longevity (estimate: 1.341; 95% 

CI: 1.175 to 1.508, P<0.001) (APPENDIX 2--Fig. S3.2), however, there was significant 

residual heterogeneity in the random-effects meta-analysis for the whole dataset (Q 

=1884.297, I2=89.46, P < 0.001). Therefore, moderators were required in order to explain 

the heterogeneity as explored below. 
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Figure 3.2. Summary of the meta-analysis dataset. A) studies by country of origin; B) studies by 

parasitoid family and C) studies by flowering plant family. 

 

3.3.2. Effect of individual plant and parasitoid traits on parasitoid longevity 

3.3.2.1 Plant traits  

Traits that were related to the longevity of parasitoid wasps included flower colour for 

which white had stronger positive effects (estimate: 1.659; 95% CI: 1.413 to 1.905, 

P<0.001) than purple (estimate: 0.901; 95% CI: 0.538 to 1.264, P<0.001) or green 

(estimate: -0.054; 95% CI: -1.084 to 0.975, P=0.007) (Table 3.1, Fig. 3.3). The colours of 

yellow, red, pink, blue and mixed colour each had positive effects on parasitoid longevity 

but did not differ from white (Fig. 3.3). Floral architecture was also important: disc-bowl 

shaped flowers had stronger positive effects (estimate: 1.705; 95% CI: 1.463 to 1.946, 

P<0.001) on parasitoid longevity than tubular (estimate: 0.615; 95% CI: 0.388 to 0.842, 

P<0.001) or flag-shaped (estimate: 0.592; 95% CI: 0.283 to 0.901, P<0.001) (Table 3.1, 

Fig. 3.3). At the finer scale of architecture, the corolla shapes of roseform (estimate: 1.992; 

95% CI: 1.486 to 2.499, P<0.001), salverform (estimate: 2.039; 95% CI: 1.631 to 2.446, 



36 

 

P<0.001) and cruciform (estimate: 1.656; 95% CI: 1.274 to 2.038, P<0.001) had stronger 

positive effects on parasitoid longevity than labiate (estimate: 0.774; 95% CI: 0.489 to 

1.059, P<0.001) or papilionaceous (estimate: 0.408; 95% CI: 0.124 to 0.691, P=0.005) 

(Table 3.1, Fig. 3.3). Radially symmetrical flowers (estimate: 1.492; 95% CI: 1.280 to 

1.704, P<0.001) had stronger effects on parasitoid longevity than non-actinomorphic 

form (estimate: 1.013; 95% CI: 0.764 to 1.261, P<0.001) (Table 3.1, Fig. 3.3). 

Reproductive flower traits such as monoclinous with staminate (estimate: 2.345; 95% CI: 

1.796 to 2.895, P<0.001) had stronger positive effects on parasitoid longevity than others 

such as unisexual (Table 3.1, Fig. 3.3).  

The nectary location on the stylus (estimate: 1.844; 95% CI: 1.469 to 2.219, P<0.001) or 

torus (estimate: 1.585; 95% CI: 1.326 to 1.845, P<0.001) had stronger positive effects on 

parasitoid longevity than other nectary locations (Table 3.1, Fig. 3.3). Corolla height and 

number of stamens each had negative correlations with parasitoid longevity (Z=-4.076, 

P<0.001 and Z=-2.384, P=0.017, respectively) (Table 3.1, Fig. 3.4A and 3.4B).  

Table 3.1. Summary of effect sizes heterogeneity (Qm) and sample size (n number of 

effect size) of each moderator 
moderators (traits)  Qm Df P N 

Flower species traits     

Plant height (lower bound) 0.539 1 0.463  306 

Plant height (upper bound) 1.349 1 0.246  306 

Flower colour 19.335 7 0.007  306 

Inflorescence type 90.422 11 <0.001 306 

Symmetry type 5.331 1 0.021  306 

Flower form 31.800 6 <0.001 306 

Corolla depth  16.765 1 <0.001 249 

Corolla aperture  0.980 1 0.322  306 

No. of petals  1.551 1 0.214  306 

No. of styles 0.033 1 0.857  306 

 No. of stamens 5.719 1 0.017  306 

Corolla shape 46.848 8 <0.001 306 

Uni- or bisexual 24.037 4 <0.001 306 

Fertilization type  1.835 1 0.176  306 

Nectaries location 35.993 6 <0.001 285 

Parasitic Hymenoptera traits     

Female head width 7.276 1 0.007  92 

Fecundity 21.376 1 <0.001 306 

Ovigeny type 1.768 3 0.622  306 

Host-arthropod taxon 8.646 3 0.034  306 

Attacked stage of host arthropods  5.265 6 0.510  306 

Parasitization stage 21.693 8 0.006  306 

Host feed or not 1.152 1 0.283  306 

Koino/idiobiont 0.203 1 0.652  306 

Solitary or gregarious  1.841 1 0.175  306 

Endo/ectoparasitism 30.480 1 <0.001 306 
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At the larger scale of architecture, inflorescences (collections of flowers) that took the 

form of a compound umbel (estimate: 2.803; 95% CI: 2.186 to 3.421, P<0.001) had 

stronger positive effects on parasitoid longevity than others flower forms including catkin 

(estimate: 0.887; 95% CI: -1.754 to 3.527, P<0.001) and umbel (estimate: 2.243; 95% CI: 

0.500 to 3.986, P=0.012) (Table 3.1, Fig. 3.3). 

  

Figure 3.3. Effect of individual plant and parasitoid traits, which had statistically significant 

effects on parasitoid longevity. Effect size (Hedges’ d) estimates and 95% CIs showing the effects 

of flower traits and parasitoid wasp traits. Negative values of d indicate a negative effect on the 

longevity of parasitoid wasp.  
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Figure 3.4. Effect of individual plant and parasitoid traits, which had statistically significant 

effects on parasitoid longevity. A) Regression analysis with number of stamens per flower 

(y=1.927-0.743*x, Z=-1.769, P=0.077); B) corolla depth (mm) (y=1.996-0.963*x, Z=-4.955, 

P<0.001); C) fecundity (number of eggs per female parasitoid) (y=-0.6714 + 1.015*x, Z=5.052, 

P<0.001); D) parasitoid female head width (mm) (y=2.674+3.276*x, Z=4.611, P=0.006). the 

traits data were transformed by log(x) or log(x+1). Negative values of d indicate a negative effect 

on the longevity of parasitoid wasp. Each circle represents an effect size, and the size of the circle 

is proportional to the effect size weight in the random-effects meta-analysis. 

 
3.3.2.2 Parasitoid traits  

The host life stage used by the parasitoid was influential, with larval parasitoids (estimate: 

1.707; 95% CI: 1.326 to 2.087, P<0.001) exhibiting stronger benefit than egg-larval 

parasitoids (estimate: 0.328; 95% CI: -0.269 to 0.924, P=0.282) and larval-pupal 

parasitoids (estimate: 0.952; 95% CI: 0.688 to 1.215, P<0.001) (Table 3.1, Fig. 3.3). 

Endoparasitoids, those depositing eggs within the host body, exhibited greater benefit 

(estimate: 1.619; 95% CI: 1.417 to 1.821, P<0.001) than did ectoparasitoids (estimate: 

0.484; 95% CI: 0.277 to 0.690, P<0.001) (Table 3.1; Fig. 3.3). Female parasitoid head 

width and potential fecundity exhibited positive correlations with longevity (Z=2.653, 

P=0.008 and Z=4.611, P<0.001, respectively) (Table 3.1, Fig. 3.4C and 3.4D).  

3.3.3. Integrating plant and parasitoid traits  

According to the BN model using the weights calculated by meta-analysis model 

prediction (Fig. 3.5), the best estimate for the overall effect size by the BN model would 

be on average 1.331 with a standard deviation of 2.005, equivalent to an approximate 95% 

confidence interval or a credible interval of (1.106, 1.556) which was consistent with the 
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meta-analysis outcome 1.341 (1.175, 1.508) obtained from the meta-analysis outcomes 

using the random-effect meta-analysis.  

Figure 3.5. A Bayesian network model based on random effect meta-analysis weights. The arrows 

showed the causal link between effect size and each trait, or between the two traits (automatically 

generated). The boxes showed the prior probabilities. 

 

Table 3.2. The sensitivity analysis outcomes from BN software Netica (version 6.05). 

The percentage shows how much that trait can affect the model. 

 Traits Percent (%) 

Effect size 100 

Flower species traits  

Inflorescence type 11.4 

Corolla shape 8.98 

Flower form 7.87 

Nectaries location 6.34 

 No. of stamens 6.16 

Corolla depth  5.22 

Flower colour 5.01 

Uni- or bisexual 3.36 

Symmetry type 0.91 

Fertilization type  0.80 

Parasitic Hymenoptera traits  

Parasitization stage 7.95 

Fecundity 6.73 

Endo/ectoparasitism 3.33 

Host-arthropod taxon 3.13 

Solitary or gregarious  0.91 

Female head width 0.89 

 

The sensitivity analysis showed that the plant traits of inflorescence type (11.40%), 

corolla shape (8.98%), flower form (7.87%), nectary location (6.34%), numbers of 



40 

 

stamens (6.16%), corolla depth (5.22%), flower colour (5.01%), and the parasitoid traits 

of parasitization stage (7.95%), fecundity (6.73%) were the most influential factors for 

determining the effect size (Table 3.2). 

The most probable explanation analysis showed the most probable plant traits that benefit 

parasitoids, in general, are a compound umbel (100%) or raceme (92.1%) inflorescence, 

roseform (100%), salverform (92.1%) or companulate (81.4%) corolla shape, dis-bowl 

shaped (100%) flower form, nectary location on stylus (100%) or on the torus (92.1%), 

lower numbers of stamens (<10), flower colour of white (100%) or yellow (81.4%) and 

shorter corolla depth (<1mm) (Fig. 3.6). Nectar plants conferred the strongest benefit to 

parasitoid longevity for the larvae-pupae parasitoids (100%), larvae (92.1%), or egg-

pupae (81.4%), and if they had high potential fecundity (>100) (Fig. 3.6).  

 

Figure 3.6. A Bayesian network model of the most probable explanation analysis outcomes. The 

arrows showed the causal link between effect size and each trait, or between the two traits 

(automatically generated). The boxes showed the prior probabilities. 

 

Further BN modelling was used to identify the particular traits associated with the 

strongest positive and negative effects on parasitoid longevity. Compound umbel (39.5%) 

or raceme (37.3%), shorter corolla depth (<5 mm, 84.8%) and high parasitoid fecundity 

(>100, 76.4%) were predictive of benefit (Fig. 3.7A). Conversely, capitulum (36.7%) or 

cyme (29.4%) inflorescences, deep corolla (>1 mm, 79.8%), and low parasitoid fecundity 

(<100, 66.0%) were predictive of negative response of parasitoid longevity (Fig. 3.7B). 
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Figure 3.7. Bayesian network models based on random effect meta-analysis weights. A: Traits 

forecast based on the highest overall effect size group (3.5-14.4); B: Traits forecast based on the 

lowest overall effect size group (-3-0). The arrows showed the causal link between effect size and 

each trait, or between the two traits (automatically generated). The boxes showed the prior 

probabilities. 

 

  

B 

A 
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3.4. Discussion 

In this trait-based meta-analysis, parasitoid longevity enhancement was related to flower 

colour, inflorescence type, flower form, symmetry type, corolla depth, numbers of 

stamens, corolla shape, uni- or bisexual, nectary location, host-arthropod taxon, 

parasitization stage and parasitic position of the host (endo/ectoparasitism) (Fig. 3.3 and 

3.4). However, when combining all the candidate traits in the BNs model analysis to find 

the best combination traits for parasitoid longevity enhancement from access to flowers, 

the inflorescence type, corolla depth, and parasitoid fecundity were the important traits, 

along with inflorescence type as the most important trait. The combination of plant-

parasitoid traits that had the highest impact on parasitoid longevity was compound umbel 

or raceme inflorescence, short corolla depth, together with the high parasitoid fecundity.  

A BN model was able to represent each variable in the model with probability 

distributions which provided much more information. This hybrid meta-analysis provides 

the first set of general, evidence-based guidelines for selecting flowering plants, and 

determining the types of parasitoids, best suited for conservation biological control efforts. 

This potentially circumvents the need for laborious screening of candidate plant species.  

Since the early 1970s (Shahjahan 1974), an increasing number of experiments have 

sought to increase the ecosystem service of biological pest suppression, including many 

laboratory studies screening candidate nectar plants for parasitoid nutrition (Fig. 3.8). As 

these experiments have yielded strongly contrasting outcomes, it is clear that the simple 

heuristic of all flowers promoting the longevity of all parasitoids is misleading (Lu et al. 

2014). Predicting success based on traits is useful to generate more universal rules that 

might avoid the need to experimentally evaluate a large number of candidate plant species 

that may be of potential use in a crop-pest-parasitoid system (Russell 2015). 

A previous meta-analysis of flowering plants used a taxonomic approach to show that the 

best nectar plants for prolonging parasitoid longevity are from the Apiaceae, 

Boraginaceae, Brassicaceae, Polygonaceae, Rosaceae, and Solanaceae (Russell 2015). 

While of some use methods of this type do not guide which types of parasitoid (either 

taxonomically or in terms of their traits) are most likely to benefit from the nectar of these 

plants. More especially, that knowledge does not provide predictive power to determine 

which types of plants (especially in terms of traits) within these families (and others that 

are yet to be tested) would be optimal. 
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Figure 3.8. Summary of studies on nectariferous plants prolonging the longevity of parasitic 

Hymenoptera every year. 

 

A caveat of this analysis is that it only included traits that had relatively complete data 

that could be obtained from the public domain. Other traits that may be important, such 

as the amount and quality of nectar, were data deficient so not included. The quality of 

nectar may also adversely affect parasitoids (Benelli et al. 2015), such as the presence of 

melezitose which reduces some parasitic wasps’ longevity and oviposition rate (Jervis et 

al. 1993). Parasitoids may also avoid some nectars because of secondary compounds and 

antimicrobial proteins (Heil 2011). Plant volatiles are likely important in attracting 

parasitoids and assisting with recognition (Foti et al. 2017), as are secondary nectar 

compounds, which have been shown to act as a filter for unspecific pollinators (Irwin et 

al. 2014). The braconid parasitoid Peristenus pseudopallipes (Hymenoptera: Braconidae) 

prefers the odour of Erigeron strigosus (Asteraceae) flowers to the odour of Amaranthus 

retroflexus (Amaranthaceae), Verbena hastata (Verbenaceae) and Daucus carota 

(Apiaceae) flowers (Shahjahan 1974). The important egg parasitoid of planthoppers, 

Anagrus nilaparvatae (Hymenoptera: Mymaridae) prefers the odour of Vernonia cinerea 

(Asteraceae), Emilia sonchifolia (Asteraceae), Mazus japonicus (Scrophulariaceae) and 

Impatiens balsamena (Balsaminaceae) flowers (Zhu et al. 2013). However, the 

inflorescence of E. strigosus, V. cinerea and E. sonchifolia is capitulum in form, whilst 

the inflorescence of D. carota is a compound umbel, this seems to be the trait of general 

importance. The ultraviolet (UV) reflectance pattern of flowers is likely to be another 

important trait which affects parasitoids behaviour (Hatt et al. 2018). Future work on such 

additional traits, as and when sufficient data become available, will help explain the 
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significant residual heterogeneity in the present meta-analysis. Moreover, nutritional 

resources used by parasitoids extend to extra-floral nectar, honeydew and other plant 

excretions, though the value of these may be lower than that of floral nectar (Shahjahan 

1974, Wäckers et al. 2008). In some ecosystems, however, extra-floral nectar may be 

more important than nectar (Lundgren 2009), because of its availability over time periods 

greater than flowering (Heil 2004). Almost all the parasitoid wasps have chewing 

mouthparts (relatively short mouthparts) (Jervis 1998), which means some parasitoids 

cannot access to the nectar from deep and narrow flower corollas. The deep flower 

corollas were negatively correlated with parasitoid longevity, so the head width or body 

size of parasitoids is likely a limiting factor for accessing nectar (Winkler et al. 2009). 

The normal blooming period and the flowering time (day or night) of the plant, as well as 

the occurrence period and active time of the parasitoid also should be considered when 

optimizing the present guideline for selecting flowering plants.  

Another caveat of this work is the focus on the longevity of parasitoids. Whilst this 

maximised the numbers of studies available for the meta-analysis (because far fewer 

studies examine other parameters), it is recognised that longevity serves here as a proxy 

for realised fecundity and ultimate impact on pest populations and can vary as a function 

of oviposition rate (Sahragard et al. 1991). Notwithstanding this, improving reproductive 

longevity of parasitoids will likely translate into higher parasitism and reduced host 

populations (Heimpel and Jervis 2005). Intensive agriculture is usually poor in providing 

floral nectar for parasitoids, which can limit the functioning of biological control 

(Wäckers 2005) and parasitoid females will reabsorb mature eggs and redistribute energy 

into host-seeking and survival when food is scarce (Rivero and Casas 1999). Future work 

should make use of the gradually expanding numbers of studies in parasitoid nutrition 

and conservation biological control to verify the present findings. 

Over recent decades, ecological intensification, which aims to maximise ecological 

processes, habitat heterogeneity and biodiversity at multiple spatial and temporal scales, 

has been increasingly studied as a way to maximise yields whilst mitigate negative 

environmental impacts (Bommarco et al. 2013, Garibaldi et al. 2017). As a new 

developing direction in ecological intensification, applying trait-based methods should be 

considered to better understand and guide ecosystem service management. However, 

there are few systems for which trait data are available (Díaz et al. 2016, Levine 2015, 

Wood et al. 2015), and particularly so for agricultural contexts (Fahrig et al. 2011), and 
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situations where pest arthropod management is the focus (Hanson et al. 2016). Research 

on the consolidation of existing traits and communication of emerging traits is a priority 

in future biological control (Perović et al. 2018). Besides, further research is needed into 

whether trait-based method predictions generated by studies such as this are valid under 

field conditions. Overall, we see great potential for advances in ecological intensification 

from focusing on trait-based methods, rather than focusing on specific associations. 
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4 Chapter Four: Laboratory Studies Exploring the Relevance 

of the Ecological Traits of Parasitoid Wasps and Nectariferous 

Plants 

4.1. Introduction 

Most parasitoid species feed on floral nectar as adults, and this can improve key life-

history parameters, especially longevity and realised fecundity (Heimpel 2019, Lu et al. 

2014, Zemenick et al. 2019). Accordingly, the addition of suitable nectar plants in 

agroecosystems can improve the ecosystem service of biological pest control (Bartual et 

al. 2019, Lu et al. 2014, Russell 2015). As chapter 3 showed, studies of this type have 

tested empirically multiple candidate plants to identify the optimal species for each pest–

parasitoid interaction in each agroecosystem. Chapter 3 analysed effect sizes in relation 

to the ecological traits of parasitoids and plants. This generated the first generalizable 

guidelines for selecting nectar plants as well as appropriate parasitoid targets for the 

enhancement of biological control. The optimal outcomes, outlined in Chapter 3, is when 

plants with compound umbel or raceme inflorescences and shallow corollas were 

combined with fecund parasitoids. However, the shortcoming of Chapter 3 is that it is 

subject to publication bias. In this chapter, a wide-ranging study of diverse parasitoids 

and plants provide evidence free of bias and constitute an empirical test of the findings 

from Chapter 3’s meta-analysis. 

A series of longevity and fecundity tests of different parasitoids with different plant 

species under laboratory conditions were conducted. The data was examined in relation 

to the traits of parasitoid and plant species, addressing the following questions; 1) do 

parasitoids with differing sets of traits tend to exhibit differing levels of benefit from 

nectar plants in general, 2) does a parasitoid with the trait of high potential fecundity show 

different benefit from nectar plants with the low potential fecundity parasitoid in general, 

3) is the plant trait of compound umbel inflorescence most predictive of benefit to 

parasitoids in general, 4) do parasitoids from the different host or different origin 

population have entirely different effects on parasitoids when feeding on the same species 
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flower, and 5) do the non-flower plant resources have entirely different effects on 

parasitoids with the flower? Each of these questions has obvious utility in enhancing the 

ecosystem service provided by parasitoids in agriculture by avoiding the need to 

empirically screen multiple candidate plants in each new study system. 

4.2. Material and methods 

4.2.1. Plants and insects 

Experiments were conducted in China and Australia. In China, flowering plant shoots of 

most of the studied plant species were collected from field-grown plats at the 

experimental station of Jinhua Plant Protection Station in Jinhua City, Zhejiang Province 

(29.0165°N, 119.626°E) (Table 4.1). Collections were made before 10 am on the day of 

the experiment. Exceptions were Persian violet (Exacum affine), flaming katy (Kalanchoe 

blossfeldiana), umbelanterna (Lantana camara), baby's breath (Gypsophila paniculata) 

and angelonia (Angelonia salicariifolia) which were bought from the flower market in 

Jinhua.  

In Australia, flowering plant shoots of hawkbit (Leontodon taraxacoides), Mexican 

marigold (Tagetes erecta), sweet alyssum (Lobularia maritima), weeping bottlebrush 

(Callistemon viminalis) were collected before 10 am each day from the horticulture centre 

at Charles Sturt University, Orange 2800, Australia (33.244°S, 149.115°E). In addition, 

flowering plants of spike speedwell (Veronica spicata) and globe amaranth (Gomphrena 

globosa) were bought from the Harris Farm Market in Orange (Table 4.1).  

Twenty species of Hymenoptera parasitoids were obtained from various sources (Table 

4.2). Trichogramma parasitoids were reared on UV sterilised eggs of the rice moth, 

Corcyra cephalonica Stainton (Lepidoptera: Pyralidae) (from Zhejiang Academy of 

Agricultural Sciences, ZAAS), in an incubator (26 °C ± 1 °C, 50±10% RH and 12D:12L). 

Adults of brown planthopper (BPH, Nilaparvata lugens), host of the egg parasitoid 

Anagrus nilaparvatae Pang et Wang, were collected from rice fields at Jinhua and 

cultured in a cage (50 cm × 38 cm × 80 cm) with TN1 rice plants in an artificial net-room 

under natural conditions. After three days, the plants were moved to another rearing cage, 
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and new TN1 seedlings were provided regularly to sustain N. lugens growth. Anagrus 

nilaparvatae were also collected from rice fields at Jinhua using the BPH egg baits on 

45–60 days old TN1 rice plants. The methods of collection and culture were described by 

Zhu et al. (2013). Other species of Hymenoptera parasitoids were kept in the incubator as 

above, until emergence from the host.  

All longevity and fecundity of parasitoids tests were carried in incubators which were set 

at 26.0 ± 1 °C, 70 – 90% RH and 12D:12L. 

4.2.2. Parasitoid wasp morphological measurements 

The widths of the head and thorax (dorsal view), and the lengths of the body, hind tibia 

and wing of 15 females of the test parasitoid wasps were measured. All measurements 

were done using the digital microscope (VHX-500FE, KEYENCE). 
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Table 4.1. Flower plant species used in the experiment 

Common name Species Family 
Inflorescence Month of flowering (Jan=1 – Dec=12) 

Type 1 2 3 4 5 6 7 8 9 10 11 12 

False daisy Eclipta prostrata Compositae Capitulum       7 10       

Common zinnia  Zinnia elegans Compositae Capitulum      6 9        

Garden cosmos Cosmos bipinnata  Compositae Capitulum      6 #         

Sulfur cosmos  Cosmos sulphureus Compositae Capitulum      6 #         

Oriental paperbush Edgeworthia chrysantha Thymelaeaceae Capitulum  2 3          

Garland chrysanthemum Chrysanthemum coronarium  Compositae Capitulum      6 8       

Dandelion Taraxacum mongolicum Compositae Capitulum    4 9            

Wild lettuce Pterocypsela indica Compositae Capitulum    4 9            

 black-jack Bidens pilosa Compositae Capitulum        8 9    

Sonchus-leaf crepidiastrum Crepidiastrum denticulatum Compositae Capitulum   3 5          

Hawkbit 1 Leontodon Taraxacoides Asteraceae  Capitulum      6 #         

Mexican marigold 1 Tagetes erecta Asteraceae  Capitulum       7 10       

Red Robin  Photinia × fraseri Rosaceae Compound umbel     5 7        

Monnier's snowparsley Cnidium monnieri Apiaceae Compound umbel    4 7          

Cilantro Coriandrum sativum  Apiaceae Compound umbel    4 7          

Hedge parsleys Torilis scabra Apiaceae Compound umbel    4 7          

Chinese celery Oenanthe javanica Apiaceae Compound umbel      6 7      

Carrot Daucus carota Apiaceae Compound umbel     5 7        

Celery Apium graveolens Apiaceae Compound umbel    4 7          

China rose Rosa chinensis Rosaceae Corymb    4 10             

Multiflora rose 
Rosa multiflora var. 

cathayensis 
Rosaceae Corymb     5 6       

China star jasmine Trachelospermum jasminoides Apocynaceae Corymb   3 7            

Oriental false hawksbeard Youngia japonica Compositae Corymb    4 6         

Sweet alyssum 1 Lobularia maritima Brassicaceae Corymb   3 7            

Passion fruit Passiflora edulia Passifloraceae Cyme     5 #            

Sweet osmanthus Osmanthus fragrans Oleaceae Cyme         9 10   



50 

 

Bigleaf hydrangea Hydrangea macrophylla  Saxifragaceae Cyme      6 8       

Starflower Borago officinalis Borraginaceae Cyme     5 9          

Baby's breath Gypsophila paniculata  Caryophyllaceae Cyme     5 8         

Geraldton wax Chamelaucium uncinatum  Mycinatum Cyme #       5         

Persian violet Exacum affine  Gentianaceae Cyme #       5          

Sesame Sesamum indicum Pedaliaceae  Cyme       7 9      

 Chinese motherwort Leonurus artemisia Lamiaceae  Cyme      6 9        

Apple mint Mentha suaveolens Lamiaceae  Cyme       7 9      

Tea plant Camellia sinensis Theaceae  Cyme 1 4             

 Patrinia villosa Caprifoliaceae Cyme        8 #     

Sage weed Salvia plebeia Lamiaceae  Cyme    4 5        

Tomato  Solanum lycopersicum Solanaceae  Cyme       7 9      

Celery-leaved buttercup  Ranunculus sceleratus  Ranunculaceae Panicle     5 8         

Asiatic sweetleaf  Symplocos paniculata  Symplocaceae Panicle     5 #           

Flaming Katy Kalanchoe blossfeldiana Crassulaceae Panicle  2 5            

 Lemon Basil  
Ocimum basilicum var. 

citriodorum  
Labiatae Panicle       7 9      

Chinese trumpet creeper Campsis grandiflora Bignoniaceae Panicle     5 8         

Billygoat-weed Ageratum conyzoides  Compositae Panicle   3 10               

Annual fleabane Erigeron annuus Compositae Panicle      6 8       

Buckwheat Fagopyrum esculentum Polygonaceae Panicle     5 9          

Globe amaranth 1 Gomphrena globosa  Amaranthaceae  Panicle       7 10       

Smooth luffa Luffa cylindrica Cucurbitaceae Raceme       7 10       

Ridged luffa Luffa acutangula Cucurbitaceae Raceme        8 #     

Cowpea Vigna unguiculata Fabaceae Raceme     5 8         

White clover Trifolium repens  Fabaceae  Raceme     5 #           

Japanese mazus Mazus japonicus Scrophulariaceae Raceme    4 10             

Canola Brassia rapa Brassicaceae Raceme   3 5          

Milkvetch Astragalus sinicus Fabaceae Raceme  2 6             

 Lysimachia candida Primulaceae Raceme     5 7        
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Pea  Pisum sativum Fabaceae Raceme    4 5        

Azalea Rhododendron simsii Ericaceae Raceme    4 5        

Pomelo Citrus maxima  Rutaceae Raceme    4 5        

Black nightshade Solanum nigrum  Solanaceae Raceme         9 11    

Knotweed Polygonum orientale Polygonaceae Raceme      6 9        

Common bean Phaseolus vulgaris Fabaceae Raceme     5 7        

 Lindernia crustacea Scrophulariaceae Raceme    4 9            

Mung bean  Vigna radiata Fabaceae Raceme      6 7      

Romanesco Broccoli Brassica cretica Brassicaceae Raceme    4 5        

Spike Speedwell 1 Veronica spicata Plantaginaceae Raceme      6 9        

Okra Abelmoschus esculentus Malvaceae Solitary     5 9          

Cayenne pepper Capsicum annuum Solanaceae Solitary     5 #            

Eggplant 
Solanum melongena var. 

serpentinum 
Solanaceae Solitary      6 8       

Cucumber Cucumis sativus Cucurbitaceae Solitary      6 7      

Pumpkin Cucurbita moschata Cucurbitaceae Solitary     5 7        

Angelonia Angelonia salicariifolia Scrophulariaceae Solitary       7 9      

Chinese lizard tail Houttuynia cordata Saururaceae Spike      5 7        

Weeping bottlebrush 1 Callistemon viminalis Myrtaceae  Spike       6 8       

Onion Allium cepa Liliaceae Umbel     5 7        

Asian chives Allium tuberosum Liliaceae Umbel 1 9                  

Umbelanterna Lantana camara  Verbenaceae Umbel    4 10             

 Carolina geranium Geranium carolinianum Geraniaceae Umbel       7 9      

Japanese pittosporum Pittosporum tobira  Pittosporaceae Umbel   3 5          

1 This flowering plant was tested in Australia, in order for unification, the flowering period was changed to correspond with northern hemisphere seasons. 
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Table 4.2. Parasitoid species used in the experiments 

Parasitoid  Family Parasitoid source 

Habrobracon hebetor Say Braconidae 
Laboratory of Grain storage and Pest control, Guangdong Institute for cereal science 

Research, Guangzhou. 

Cotesia vestalis Haliday Braconidae  Collected in the experimental plot of Jinhua Plant Protection Station (JPPS) 

Macrocentrus cingulum Brischke Braconidae  School of Life Sciences, Sun Yat-Sen University 

Microplitis mediator Haliday Braconidae  Plant Protection Institute, Hebei Academy of Agriculture and Forestry Sciences 

Cotesia chilonis Munakata Braconidae  Collected in the experimental plot of JPPS 

Oomyzus sokolowskii kurdjumov Eulophidae Collected in the experimental plot of JPPS 

Anastatus fulloi Sheng et wang Eupelmidae Plant Protection Research Institute, Guangdong Academy of Agriculture Sciences 

Anastatus japonicus Ashmead Eupelmidae 
MOA-CABI Joint Laboratory of Bio-safety, Institute of Plant Protection, Chinese Academy 

of Agricultural Sciences  

Anagrus nilaparvatae Pang et Wang Mymaridae Collected in the experimental plot of JPPS 

Pteromalus puparum Linn. Pteromalidae  Collected in the experimental plot of JPPS 

Nasonia vitripennis walker Pteromalidae  College of Agriculture and Biotechnology, Zhejiang University  

Spalangia endius Walker Pteromalidae  
College of Life Sciences, Anhui Normal University; Bugs for Bugs, 3 Rocla Court, Glenvale 

Qld 4351, Australia  

Trissolcus halyomorphae Yang Scelionidae  
MOA-CABI Joint Laboratory of Bio-safety, Institute of Plant Protection, Chinese Academy 

of Agricultural Sciences  

Trichogramma ostriniae Pang et Chen Trichogrammatidae   
Institute of Plant Protection and Microbiology, Zhejiang Academy of Agricultural Sciences 

(IPPM-ZAAS), Hangzhou, China 

Trichogramma japonicum Ashmead Trichogrammatidae   IPPM-ZAAS, Hangzhou, China 

Trichogramma chilonis Ishii Trichogrammatidae   IPPM-ZAAS, Hangzhou, China 

Trichogramma dendrolimi Matsumura Trichogrammatidae   IPPM-ZAAS, Hangzhou, China 

Trichogramma bilingensis He et Pang Trichogrammatidae   IPPM-ZAAS, Hangzhou, China 

T. chilonis from the host of Ostrinia furnacalis and 

Antheraea pernyi 
Trichogrammatidae   IPPM-ZAAS, Hangzhou, China 

T. chilonis population from Thailand, Lin’ an and Anji  Trichogrammatidae   IPPM-ZAAS, Hangzhou, China 

T. japonicum from Jinhua and Linhai Trichogrammatidae   IPPM-ZAAS, Hangzhou, China 

Trichogramma pretiosum Riley Trichogrammatidae   Bugs for Bugs, Australia 

Muscidifurax raptor Girault & Sanders  Pteromalidae  Bugs for Bugs, Australia 
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Table 4.3. Flower plant species used in the minute parasitoids longevity test (♀: female; ♂: male)  

Species 
Trichogramma 

bilingensis 

Trichogramma 

chilonis 

Trichogramma 

dendrolimi 

Trichogramma 

japonicum 

Trichogramma 

ostriniae 

Trichogramma 

pretiosum 

Anagrus 

nilaparvatae 
Eclipta prostrata   ♀&♂     

Zinnia elegans  ♀&♂  ♀&♂    

Cosmos bipinnata   ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♂ ♀ 

Cosmos sulphureus  ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♂ ♀ 

Leontodon Taraxacoides   
   ♀&♂  

Cnidium monnieri  ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♀&♂  ♀ 

Coriandrum sativum    
   ♀  

Torilis scabra   
  ♀&♂  ♀ 

Oenanthe javanica ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♀&♂   

Daucus carota    ♀&♂  ♀&♂   

Apium graveolens   
   ♀  

Lobularia maritima   
   ♀  

Borago officinalis   ♀&♂ ♀&♂    

Gypsophila paniculata   
    ♀ 

Exacum affine   
    ♀ 

Leonurus artemisia   ♀&♂     

Passiflora edulia   
    ♀ 

Sesamum indicum ♀&♂ ♀&♂ ♀&♂ ♀&♂    

Solanum lycopersicum   ♀&♂ ♀&♂ ♀&♂   

Gomphrena globosa   
   ♀  

Ranunculus sceleratus   ♀&♂ ♀&♂ ♀&♂   

Campsis grandiflora ♀&♂ ♀&♂  ♀&♂ ♀&♂  ♀ 

Ageratum conyzoides ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♂ ♀ 

Erigeron annuus   ♀&♂ ♀&♂    

Kalanchoe blossfeldiana   
    ♀ 

Ocimum basilicum var. 

citriodorum  
♀&♂ ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♀ 

Fagopyrum esculentum  ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♂ ♀ 
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Trifolium repens   ♀&♂ ♀&♂ ♀&♂ ♀  

Luffa cylindrica ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♂ ♀ 

Luffa acutangula  ♀&♂  ♀&♂ ♀&♂ ♂ ♀ 

Vigna unguiculata  ♀&♂ ♀&♂ ♀&♂    

Astragalus sinicus   
 ♀&♂    

Veronica spicata   
   ♀  

Lysimachia candida   ♀&♂ ♀&♂   ♀ 

Solanum nigrum   ♀&♂ ♀&♂    

Cucumis sativus   ♀&♂ ♀&♂ ♀&♂   

Cucurbita moschata   ♀&♂ ♀&♂    

Abelmoschus esculentus ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♀&♂   

Angelonia salicariifolia   
    ♀ 

Capsicum annuum ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♀&♂   

Solanum melongena var. 

serpentinum  
♀&♂ ♀&♂ ♀&♂ ♀&♂   

Allium tuberosum   
    ♀ 

Lantana camara   
    ♀ 
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Table 4.4. Flower plant species used in the larger parasitoid longevity test (♀: female; ♂: male) 

Species 
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Eclipta prostrata  ♀&♂            

Zinnia elegans       ♀&♂       

Cosmos bipinnata   ♀&♂ ♀&♂    ♀&♂       

Cosmos sulphureus   ♀&♂  ♀&♂  ♀&♂ ♀&♂ ♀  ♀&♂   

Chrysanthemum coronarium       ♀&♂       

Taraxacum mongolicum      ♀&♂ ♀&♂       

Pterocypsela indica ♀&♂  ♀&♂  ♀&♂         

Bidens pilosa     ♀&♂         

Crepidiastrum denticulatum       ♀&♂       

Edgeworthia chrysantha       ♀&♂       

Leontodon taraxacoides     ♀        ♀ 

Tagetes erecta             ♀ 

Cnidium monnieri  ♀&♂  ♀  ♀&♂ ♀&♂  ♀ ♀&♂  ♀&♂  

Coriandrum sativum     ♀&♂  ♀&♂      ♀&♂ 

Torilis scabra  ♀&♂    ♀&♂ ♀&♂  ♀   ♀&♂  

Oenanthe javanica  ♀&♂       ♀     

Daucus carota  ♀&♂   ♀&♂        ♀ 

Apium graveolens     ♀&♂  ♀&♂      ♀&♂ 

Photinia × fraseri       ♀&♂       

Trachelospermum jasminoides       ♀&♂       

Lobularia maritima     ♀&♂        ♀&♂ 

Youngia japonica       ♀&♂       

Rosa chinensis     ♀&♂  ♀&♂       
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Rosa multiflora var. cathayensis       ♀&♂       

Borago officinalis  ♀&♂     ♀&♂       

Patrinia villosa ♀&♂             

Gypsophila paniculata   ♀&♂  ♀&♂   ♀&♂      

Exacum affine ♀&♂  ♀&♂     ♀&♂      

Leonurus artemisia  ♀&♂            

Mentha suaveolens     ♀&♂   ♀&♂      

Salvia plebeia       ♀&♂       

Chamelaucium uncinatum    ♀&♂  ♀&♂         

Osmanthus fragrans           ♀&♂   

Passiflora edulia ♀&♂ ♀&♂ ♀&♂ ♀ ♀&♂  ♀&♂ ♀&♂      

Sesamum indicum  ♀&♂   ♀&♂         

Hydrangea macrophylla       ♀&♂       

Camellia sinensis     ♀&♂         

Gomphrena globosa     ♀&♂         

Ranunculus sceleratus       ♀&♂       

Campsis grandiflora  ♀&♂  ♀ ♀&♂ ♀&♂  ♀&♂ ♀  ♀&♂   

Ageratum conyzoides ♀&♂ ♀&♂ ♀&♂  ♀&♂  ♀&♂ ♀&♂   ♀&♂   

Erigeron annuus     ♀&♂ ♀&♂ ♀&♂  ♀     

Kalanchoe blossfeldiana ♀&♂  ♀&♂  ♀&♂   ♀&♂      

Ocimum basilicum var. citriodorum  ♀&♂ ♀&♂ ♀&♂ ♀ ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♀  ♀&♂  ♀&♂ 

Fagopyrum esculentum  ♀&♂   ♀&♂ ♀&♂ ♀&♂  ♀ ♀&♂ ♀&♂ ♀&♂ ♀ 

Symplocos paniculata       ♀&♂       

Trifolium repens  ♀&♂ ♀&♂  ♀&♂ ♀&♂ ♀&♂  ♀    ♀&♂ 

Brassia rapa       ♀&♂       

Brassica cretica       ♀&♂       

Luffa cylindrica  ♀&♂ ♀&♂  ♀&♂ ♀&♂ ♀&♂ ♀&♂   ♀&♂   

Luffa acutangula       ♀&♂       

Rhododendron simsii       ♀&♂       

Astragalus sinicus       ♀&♂       

Pisum sativum       ♀&♂       

Phaseolus vulgaris     ♀&♂      ♀&♂   
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Vigna radiata     ♀&♂         

Veronica spicata     ♀&♂        ♀ 

Polygonum orientale   ♀&♂  ♀&♂         

Lysimachia candida  ♀&♂     ♀&♂       

Citrus maxima        ♀&♂       

Mazus japonicus  ♀&♂ ♀&♂  ♀&♂         

Lindernia crustacea     ♀&♂         

Solanum nigrum       ♀&♂       

Cucumis sativus       ♀&♂    ♀&♂   

Cucurbita moschata  ♂            

Abelmoschus esculentus  ♀&♂         ♀&♂   

Angelonia salicariifolia ♀&♂  ♀&♂ ♀ ♀&♂   ♀&♂      

Capsicum annuum       ♀&♂      ♀ 

Solanum melongena var. serpentinum     ♀&♂      ♀&♂   

Houttuynia cordata       ♀&♂       

Callistemon viminalis             ♀ 

Pittosporum tobira       ♀&♂       

Geranium carolinianum       ♀&♂       

Allium cepa       ♀&♂       

Allium tuberosum   ♀&♂  ♀&♂      ♀&♂   

Lantana camara ♀&♂  ♀&♂  ♀&♂   ♀&♂      

 

 

 

  



58 

 

Table 4.5. Flower plant species used in the longevity test of parasitoids from the different geographical population (♀: female; ♂: male) 

Species 
T. chilonis 

from Anji 

T. chilonis 

from Lin' an 

T. chilonis 

from Thailand 

T. chilonis 

from Liaoning 

T. japonicum 

from Liaoning 

T. japonicum 

from Jinhua 

T. japonicum 

from Linhai 
Abelmoschus esculentus  ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♀&♂ 

Ageratum conyzoides   ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♀&♂  

Astragalus sinicus     ♀&♂   

Borago officinalis     ♀&♂   

Capsicum annuum  ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♀&♂  

Campsis grandiflora   ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♀&♂ 

Cosmos bipinnata     ♀&♂ ♀&♂   

Cosmos sulphureus    ♀&♂ ♀&♂   

Cnidium monnieri   ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♀&♂  

Cucumis sativus      ♀&♂   

Cucurbita moschata      ♀&♂   

Erigeron annuus     ♀&♂   

Fagopyrum esculentum     ♀&♂ ♀&♂   

Luffa acutangula  ♀&♂  ♀&♂ ♀&♂   

Luffa cylindrica ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♀&♂ 

Lysimachia candida      ♀&♂   

Ocimum basilicum var. 

citriodorum  
 ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♀&♂  

Oenanthe javanica  ♀&♂ ♀&♂  ♀&♂ ♀&♂ ♀&♂ ♀&♂ 

Ranunculus sceleratus      ♀&♂   

Sesamum indicum  ♀&♂  ♀&♂ ♀&♂ ♀&♂  

Solanum lycopersicum     ♀&♂ ♀&♂  

Solanum melongena   ♀&♂ ♀&♂ ♀&♂ ♀&♂ ♀&♂  

Solanum nigrum     ♀&♂   

Trifolium repens     ♀&♂   

Vigna unguiculata   ♀&♂  ♀&♂ ♀&♂   

Zinnia elegans        ♀&♂ ♀&♂     
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Table 4.6. Flower plant species used in the parasitoid fecundity test (T: test) 

Species 
Trichogramma 

chilonis 

Trichogramma 

dendrolimi 

Trichogramma 

japonicum 

Trichogramma 

ostriniae 

Trichogramma 

pretiosum 

Anagrus 

nilaparvatae 
Cosmos bipinnata  T T T    

Cosmos sulphureus T T T    
Zinnia elegans    T    

Leontodon taraxacoides     T  
Cnidium monnieri T T T T  T 

Oenanthe javanica  T  T    
Torilis scabra  T  T T  

Apium graveolens     T  
Daucus carota     T  

Coriandrum sativum     T  
Lobularia maritima      T  

Passiflora edulia T T T   T 

Sesamum indicum T T T    
Ageratum conyzoides T T T T   
Campsis grandiflora   T T T   T 

Fagopyrum esculentum  T T T T   
Ocimum basilicum var. citriodorum  T T T T T T 

Gomphrena globosa     T  
Luffa acutangula T T T T  T 

Luffa cylindrica T T T T  T 

Trifolium repens T T T  T  
Veronica spicata     T  

Abelmoschus esculentus  T T T   T 

Capsicum annuum T T T    
Solanum melongena T T T    

Allium tuberosum T  T   T 



60 

 

4.2.3. Part 1. Longevity tests 

4.2.3.1. Longevity tests of parasitoids with various plant species under no-choice 

conditions. 

For minute parasitoids, Trichogramma spp. and Anagrus nilaparvatae, newly emerged (< 

4 h) female parasitoids were placed individually into 50 ml glass vials and allocated to 

treatments (Table 4.3). Freshly plant flowers were kept turgid by placing the cut end 

within water-soaked cotton wool, and the control treatment was water-soaked cotton wool 

alone. Flowers were renewed every 24 h for the treatments, and the water control was 

given newly wetted cotton wool. Vials were closed with gauze and kept in a fully 

randomised design in an incubator at 26 °C ± 1 °C, 70 – 90% RH and 12D:12L. Parasitoid 

survival was recorded at 6 h intervals until all died. This was replicated 15 times for each 

treatment. Identical studies were conducted separately for adult males.  

For larger parasitoid species, flowering plant stems were placed in 50 ml conical flasks 

filled with distilled water to maintain turgidity (Table 4.4). Flasks of shoots were prepared 

and placed singly inside clear acetate cages (20 cm high, 9 cm diameter) with the ends 

covered with fine nylon mesh (6 cm diameter) for ventilation. Each cage was given 

distilled water-soaked cotton wool in a small-cap (about 2 cm diameter). Five newly 

emerged (< 6 h) female parasitoids were placed into each cage. Flowering stems were 

replaced every 1 – 5 days to ensure the fresh blossom flowers during the experiment. The 

negative control was a distilled water only treatment. Parasitoid survival was recorded at 

24 h intervals until all died. All cages were kept in a fully randomised design under the 

condition of artificial climate incubators. This was replicated six times for each treatment. 

Identical studies were conducted separately for adult males.  

Experiments were done from June to October in 2017 and April to October in 2018 in 

China, and from December 2018 to February 2019 in Australia.  

4.2.3.2 Longevity tests of parasitoids from different host and feeding on different 

flowering plant  

The egg parasitoid Trichogramma chilonis Ishii (Hymenoptera: Trichogrammatidae) was 
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tested on three different hosts. The hosts were the rice moth (Corcyra cephalonica 

Stainton), Chinese oak silk moth (Antheraea pernyi Guerin-Meneville) and Asian corn 

borer (Ostrinia furnacalis Guenée). Seven species of flowering plants, billygoat-weed 

(Ageratum conyzoides), garden cosmos (Cosmos bipinnata), sulfur cosmos (Cosmos 

sulphureus), buckwheat (Fagopyrum esculentum), ridged luffa (Luffa acutangular), 

smooth luffa (Luffa cylindrica), basil (Ocimum basilicum var. citriodorum) were provided 

individually to the T. chilonis with the same methodology as the longevity experiment 

above for Trichogramma.  

4.2.3.3 Longevity of parasitoids from different geographical populations when feeding 

on different flowering plant species 

Populations of Trichogramma chilonis from Anji, Zhejiang and Lin’an, Zhejiang, 

Liaoning and Thailand as well as Trichogramma japonicum from two Jinhua, Zhejiang 

and Linhai, Zhejiang and Liaoning were compared with the flower species in Table 4.5. 

The method was the same as above for Trichogramma.  

4.2.3.4 Longevity of parasitoids on extrafloral resources 

The parasitoids Anastatus fulloi (Eupelmidae), Anastatus japonicus (Eupelmidae), 

Cotesia chilonis (Braconidae), Macrocentrus cingulum (Braconidae), Microplitis 

mediator (Braconidae) and Spalangia endius (Pteromalidae) were tested on three fresh 

leaves of Passiflora edulia. This species has an extrafloral nectary which was located on 

the petiole (Fig.4.1). The leaves were placed in 50 ml conical flasks filled with distilled 

water to maintain turgidity. Flasks of shoots were prepared and placed singly inside clear 

acetate cages (20 cm high, 9 cm diameter), the ends of which were covered with fine 

nylon mesh (6 cm diameter) for ventilation. A distilled water only treatment was used as 

a negative control at each batch longevity test. This experiment was done at the same time 

with Passiflora edulia flower tests of each parasitoid. The method was the same as above.  
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Figure 4.1. Passion fruit (Passiflora edulia) flower (A) and extrafloral nectary on the leaf petiole 

(B). 

 

4.2.4. Part 2. Fecundity tests 

4.2.4.1. Fecundity of Trichogramma and Anagrus parasitoids when feeding on different 

plant species 

The parasitoids, T. chilonis, T. dendrolimi, T. japonicum, T. ostriniae and T. pretiosum 

were placed with one flowering plant stems in a 50 ml conical flask filled with distilled 

water to maintain turgidity. Flasks of shoots were prepared and placed singly inside clear 

acetate cages (20 cm high, 9 cm diameter) with the ends covered with fine nylon mesh (6 

cm diameter) for ventilation. The cages contained distilled water-soaked cotton wool in a 

small-cap (about 2 cm diameter) and a culture dish (diameter 3.5cm) containing a piece 

of cardboard carrying approximately 500 UV-sterilized eggs of rice moth (Corcyra 

cephalonica) at the bottom near the flask. Five newly emerged (< 6 h) female parasitoids, 

and one newly emerged (< 6 h) male parasitoid were introduced into each cage. After 

three days, the culture dish with rice moth eggs was covered with a lid and kept in an 

incubator. The number of parasitised eggs by Trichogramma parasitoids was determined 

when they changed from white to black (Figure 4.2A). 

For A. nilaparvatae, the flowering plant treatments were prepared as described above for 

Trichogramma parasitoids. Five gravid BPHs (mass mating after emergence and about 2-

day old) were caged on individual stalk laboratory-grown 60-day-old rice plant for 24 h. 

Cages and planthoppers were then removed, and the rice plants with BPH eggs were put 

into the acetate cages (20 cm high, 9 cm diameter) with a flowering plant (Table 4.6). A 

A B 
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distilled water only treatment was used as a negative control at each batch fecundity test. 

Five newly emerged (< 6 h) female parasitoids, and one newly emerged (< 6 h) male 

parasitoid were introduced into each cage. After three days, the rice plants were taken out 

and kept in an incubator. The number of eggs parasitized by A. nilaparvatae parasitoid 

was determined when rice moth eggs changed to red (Figure 4.2B). 

All cages were kept in a fully randomised design under the condition of artificial climate 

incubators. Fecundity tests were replicated 15 times for each treatment. These 

experiments were done from June to October in 2017 and April to October in 2018 in 

China, and from December 2018 to February 2019 in Australia.  

    

Figure 4.2. A: Parasitised and unparasitized rice moth (Corcyra cephalonica) eggs, about seven 

days after parasitised by Trichogramma sp.; B: Parasitised and unparasitized BPH eggs, about 

five days after parasitised by Anagrus nilaparvatae.  

 

4.2.4.2 Fecundity of Trichogramma chilonis from different host species feeding on 

different flowering plant species 

Trichogramma chilonis fecundity was tested on two different hosts, the rice moth (C. 

cephalonica) and Asian corn borer (Ostrinia furnacalis). Eight plant species, Billygoat-

weed (Ageratum conyzoides), garden cosmos (Cosmos bipinnata), sulfur cosmos 

(Cosmos sulphureus), buckwheat (Fagopyrum esculentum), ridged luffa (Luffa 

acutangular), smooth luffa (Luffa cylindrica), basil (Ocimum basilicum var. 

citriodorum), and common zinnia (Zinnia elegans) were used as the flowering plant 

treatments. The method was the same as for Trichogramma spp. above.  

Parasitized 

Unparasitized 

Parasitized 

Unparasitized 

A B 
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4.2.4.3 Fecundity on the different host species by the same Trichogramma parasitoid 

species feeding on different flowering plant species 

The eight plant species described as above were given to T. chilonis and T. ostriniae when 

parasitising C. cephalonica or Ostrinia furnacalis. The method was the same as above for 

Trichogramma, except eggs of O. furnacalis had been UV-sterilized and approximately 

50 eggs used in each treatment. 

4.2.4.4 Fecundity of Trichogramma parasitoids from different geographical regions 

when feeding on different flowering plant species 

Populations of T. chilonis from Lin An, Zhejiang, Liaoning and Thailand geographical 

population were tested with ten plant species, okra (Abelmoschus esculentus), billygoat-

weed (Ageratum conyzoides), Asian chives (Allium tuberosum), Chinese trumpet creeper 

(Campsis grandiflora), cayenne pepper (Capsicum annuum), Monnier's snowparsley 

(Cnidium monnieri), ridged luffa (Luffa acutangular), smooth luffa (Luffa cylindrica), 

basil (Ocimum basilicum var. citriodorum), passion fruit (Passiflora edulia), sesame 

(Sesamum indicum), and eggplant (Solanum melongena). The methods were the same as 

above for Trichogramma in section 4.2.4.1. 

4.2.4.5 Fecundity of Trichogramma and Anagrus on extrafloral nectaries 

Two non-flower plant resources were tested, extrafloral resources of passion fruit and 

basil (without flower and extrafloral nectary, as the control). 

For testing the effect of extrafloral nectaries of passion fruit, the parasitoids A. 

nilaparvatae, T. chilonis from Lin’an, Liaoning and Thailand, T. dendrolimi, and T. 

japonicum were used. Three fresh leaves of P. edulia were placed in 50 ml conical flasks 

filled with distilled water to maintain turgidity. Other methods were the same as above 

for Trichogramma and A. nilaparvatae. 

For basil plants without flowers, the parasitoids A. nilaparvatae, T. chilonis from Lin’an 

and Thailand and T. dendrolimi were tested. Flasks of basil plant shoots were prepared 

and placed singly inside clear acetate cages (20 cm high, 9 cm diameter), Other methods 
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were the same as above for Trichogramma and A. nilaparvatae. 

A distilled water only treatment was used as a negative control at each batch longevity 

test. This experiment was done at the same time with passion fruit and basil flower tests 

of each parasitoid.  

4.2.5. Statistical analyses 

For each flower/control comparison (defined as a case), the effect size was calculated 

using the Hedges’d metric. The metric is calculated as d = [(ŶF-ŶC)/S]J, where ŶF 

represents the mean longevity (or fecundity) of the parasitoid with the flower, ŶC 

represents the mean longevity (or fecundity) of the parasitoid in the absence of a flower 

(control), S represents the pooled standard deviation, and J is a correction factor for small 

sample size (Koricheva et al. 2013). Both Hedges’d and its estimated sampling variance 

was calculated using the escalc function in the R package metafor (Viechtbauer 2010). A 

negative effect size (Hedges’d) value indicated that the longevity of parasitoids exposed 

to flowers was shorter compared with the absence of flower (control), and vice versa. 

The integrated analysis was followed by the full meta-analysis, then meta-analyses were 

performed on each research issue comprised a series of analysis with a different subgroup 

on parasitoid and flower plants traits meta-analysis of different, and the logistic regression 

analyses were performed. The parametric 95% confidence interval (CI) was used to test 

the significance of the results. If the interval enclosed zero, this meant that the effect size 

was not significantly different from zero (control treatment). Omnibus (QM) test and I2 

statistic were undertaken and used as a basis for model simplification. When the I2 value 

was more considerable than 50% and P heterogeneity <0.001, the data were considered 

highly heterogeneous, and a meta-analysis was conducted to analyse the effect of floral 

and parasitoid traits on parasitoid longevity one by one. Significant (P<0.05) QM values 

indicated between-group heterogeneity. Random-effects models (floral or parasitoid traits 

as the fixed effect and each case as the random effect) with restricted maximum likelihood 

(REML) using the rma function were conducted in the R package metafor (Viechtbauer 

2010).  



66 

 

Data on morphological measurements of parasitoid traits were analysed using Student’s 

t-test. All analyses were conducted in R (R Core Team, 2017). 

4.3. Results 

4.3.1. Morphological measurements of parasitoid wasps 

For the parasitoids reared on different hosts, the head width of T. chilonis reared on C. 

cephalonica was much higher than those reared on O. furnacalis (t-test: t= 3.713, 

P<0.001); Head width and body length of T. ostriniae reared on O. furnacalis was much 

higher than those reared on C. cephalonica (t-test: head with, t= 3.973, P<0.001; body 

length, t= 3.117, P=0.005) (Table 4.7). For the parasitoids from different geographical 

populations, the head width, shoulder width and body length of S. endius from Australia 

was much higher than that from China (t-test: head with, t= 21.903, P<0.001; thorax width, 

t= 6.898, P<0.001; body length, t= 3.008, P=0.006) (Table 4.7). 

4.3.2. The overall effect of nectar plants on the longevity and fecundity of parasitoid 

wasps 

Parasitoid longevity was higher when feeding on the plant inflorescence of compound 

umbel plants than other inflorescence traits, but no obvious difference was found along 

with the potential fecundity of tested parasitoids (Table 4.8, Table 4.9, Fig. 4.3A and Fig. 

4.3B).  

Flower presence had a strong positive effect on female longevity (estimate: 1.071; 95% 

CI: 0.951 to 1.194, P<0.001) (Fig. 4.4A) and male longevity (estimate: 1.015; 95% CI: 

0.893 to 1.138, P<0.001) (Fig. 4.4B). However, about a third of cases had no strong 

positive effects on female longevity (Fig. 4.4A, Fig. 4.4B). There was significant residual 

heterogeneity in the random-effects meta-analysis for the whole dataset of female 

longevity (QT =2140.595, tau2=1.079, I2=91.39%, P < 0.001) and male longevity (QT 

=2298.768, tau2=0.908, I2=90.14%, P < 0.001). Therefore, moderators were required in 

order to explain the heterogeneity. The only trait that was positively related to the female 

longevity of parasitoids across observations was the plant inflorescence type (Table 4.10). 

The longevity of male parasitoid was related to the traits of plant inflorescence type and 
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parasitoid body length (Table 4.10). Among the inflorescence types, compound umbel 

was the most positive predictor of female and male longevity (Fig. 4.5A, Fig. 4.5B). The 

inflorescence types of solitary and spike showed no positive effect on female and male 

parasitoid longevity (Fig. 4.5A, Fig. 4.5B). 

Flower presence had strong positive effects on female fecundity (estimate: 1.015; 95% 

CI: 0.893 to 1.138, P<0.001) (Fig. 4.4C). The fecundity of parasitoid wasps feeding on 

the plant inflorescence of compound umbel and cyme plants were higher than other on 

plant species with other inflorescence types, but no obvious difference along with the 

potential fecundity of tested parasitoids (Table 4.11).There was significant residual 

heterogeneity in the random-effects meta-analysis for the whole dataset of female 

fecundity (QT =376.548, tau2=0.744, I2=80.45%, P < 0.001). Therefore, moderators were 

required in order to explain the heterogeneity. The only trait that was positively related to 

the female fecundity of parasitoids across observations was the plant inflorescence (Table 

4.12), Among the inflorescence types, compound umbel was the most positive predictor 

of parasitoid fecundity enhancement, as well as cyme and corymb (Fig. 4.6). The 

inflorescence types solitary and capitulum showed no positive effect on parasitoid 

fecundity (Fig. 4.6). 

 

Figure 4.3. Effect size (d) estimates and 95% CIs showing the effects of plant inflorescences 

(compound umbel and solitary) and the potential fecundity of parasitoids (low fecundity (<30) 

and high fecundity (>150)) on the longevity of parasitoid wasp feeding on nectar plants. A: female; 

B: male. Negative values of d indicate a negative effect on the fecundity of parasitoid wasp. 

Numbers indicate sample size. * indicate significant effect between the two groups (P<0.05). 

A 
B 
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Figure 4.4. Effect size (Hedges’ d) estimates and 95% CIs showing the effects of all cases. A: 

female (311cases); B: male (261cases); C: fecundity (77 cases). Positive values of d indicate an 

enhancement to the longevity/fecundity of parasitoid wasp in response to access to a flowering 

plant species. 

A B C 
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Table 4.7. Morphological measurements of parasitoid wasps (±SE) (mm) 

Parasitoids Family Head width Body length Hind tibia length Wings of the length Thorax width 

Trichogramma japonicun Trichogrammatidae   186.90±2.84 447.32±7.38 139.49±3.31 496.88±8.46 173.83±2.64 

Trichogramma pretiosum Trichogrammatidae   126.08±2.79 362.86±6.07 131.91±3.65 411.16±9.65 129.12±2.89 

Trichogramma chilonis Trichogrammatidae   192.34±2.87 421.04±10.58 138.50±2.34 484.57±9.01 176.71±4.15 

T. chilonis from Ostrinia furnacalis Trichogrammatidae   167.15±6.15 416.31±14.71 135.70±3.70 488.58±13.56 176.14±7.93 

 Trichogramma ostriniae Trichogrammatidae   216.15±2.98 479.68±6.70 138.45±2.22 512.89±4.36 189.18±1.19 

T. ostriniae from Ostrinia 

furnacalis 
Trichogrammatidae   235.15±3.80 521.30±11.54 144.69±2.81 557.07±10.14 194.66±3.58 

Cotesia chilonis Braconidae  513.02±9.42 2217.90±31.86 596.50±15.24 2156.78±20.57 526.38±13.62 

Cotesia vestalis Braconidae  549.44±8.14 2290.43±34.92 684.75±16.43 2208.51±28.14 713.94±12.00 

Macrocentrus cingulum Braconidae  582.46±11.62 3321.46±85.56 1243.73±52.30 2942.12±90.49 573.17±66.50 

Microplitis mediator Braconidae  648.67±9.51 2702.97±39.35 845.06±18.14 2667.04±39.43 843.33±13.02 

Spalangia endius from China Pteromalidae  459.95±6.55 2089.99±22.34 373.59±15.48 1527.02±16.27 522.94±7.80 

Spalangia endius from Australia Pteromalidae  651.93±5.83 2214.10±34.69 543.50±15.63 1729.20±41.79 605.94±9.16 

Anastatus japonicus Eupelmidae 790.63±12.50 3057.93±35.34 771.78±16.91 2143.13±35.39 765.66±8.35 

Nasonia vitripennis Pteromalidae  1011.22±38.15 2289.00±51.27 794.86±18.25 1719.77±65.74 915.03±47.87 

Muscidifurax raptor Pteromalidae  622.56±5.98 2079.04±37.61 523.51±10.39 1537.90±20.19 563.38±8.44 
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Table 4.8. A heatmap of the effect size of female parasitoid wasps’ longevity and their relation to plant inflorescence and the potential fecundity of each 

tested parasitoid. Darker red colour illustrates correlations that are more positive, and darker blue colour illustrates correlations that are more negative. 

 

Noa 

Inflorescenc

e 

 Fecundity b 

13.1
c 

16.0
d 

29.8
e 

30.0
f 

33.4
g 

40.6
h 

42.7
i 

48.3
j 

63.6
k 

69.0
l 

76.1
m 

76.2
n 

77.0
o 

90.0
p 

92.1
q 

96.5
r 

121.6
s 

154.0
t 

185.1
u 

225.0
v 

1 capitulum   
-2.16            

0.36                          
2 capitulum     0.28              0.15                -0.05      
3 capitulum   0.73  0.73  0.29  0.07      -0.11    0.20                1.09    0.32  
4 capitulum     1.29  0.22  -0.18    1.20  -0.48    0.16      0.07  0.53    0.49    1.10    0.94  
5 capitulum                   1.51                      
6 capitulum                 -0.36  -0.46                      
7 capitulum 0.90        -0.32    0.57                            
8 capitulum             0.71                            
9 capitulum                   0.20                      

10 capitulum                   -0.26                      
11 capitulum             0.18          0.34              0.21    
12 capitulum                                     0.15    
13 compound umbel   4.58  1.86  1.51    2.96    1.63  5.24  1.97  1.60      1.16  2.17    2.79  3.27    1.26  
14 compound umbel             2.20      1.17    0.84              2.56    
15 compound umbel   3.68    1.38          3.46  0.96        2.95      4.19      1.44  
16 compound umbel   4.34  1.45          1.62      1.15      4.54        1.95    1.73  
17 compound umbel   1.11          2.58  1.21                      1.69  0.87  
18 compound umbel             3.27      1.32    1.30              2.51    
19 compound umbel                   1.71                      
20 corymb                   1.00                      
21 corymb             3.21          1.54              1.96    
22 corymb                   -0.17                      
23 corymb             0.22      0.61                      
24 corymb                   0.61                      
25 cyme   1.22  1.35          0.52    -0.41                      
26 cyme 2.83                                        
27 cyme       1.24  1.04    0.22            2.26                
28 cyme 1.50      0.99  1.89                0.83                
29 cyme   0.21            0.76                          
30 cyme             1.48            1.44                
31 cyme                   -0.41                      
32 cyme         -0.23    0.60                            
33 cyme                               2.36          
34 cyme 2.26  3.38    1.47  1.36  2.25  1.46      1.45      2.44                
35 cyme   1.69  1.21        1.13  1.29      1.19              1.35      
36 cyme                   -0.46                      
37 cyme     0.64          -0.05                        -0.02  
38 cyme             0.78                            
39 panicle             2.00          0.21                  
40 panicle     0.36          -0.51    1.01                    -0.55  
41 panicle   2.13  1.56  0.92    2.32  0.71    2.75    1.46    2.64  2.06    2.23    2.00    2.14  
42 panicle 1.27  0.88  1.85  1.06  0.63    1.27  1.61    1.20  1.29    3.12      1.51    1.19    1.11  
43 panicle     0.64        0.84  -0.68  -0.48  0.67        1.43              
44 panicle 0.93      -0.10  -0.08    -0.04            -0.05                
45 panicle 2.29  1.77  1.80  -0.04  0.24  1.96  2.53  1.57  1.22  2.46  1.34  1.50  3.23  0.28    0.75    2.08  1.73  0.80  
46 panicle   2.60  1.55  1.08      4.38  1.92  3.98  1.66        2.86  2.26  1.92  2.12  1.95  0.65  1.13  
47 panicle                   1.11                      
48 raceme   1.36  1.56    1.64    1.22  1.07  0.93  0.43    0.36    -0.79          0.22  0.19  
49 raceme                   0.87                      
50 raceme                   1.32                      
51 raceme   2.74  1.89  0.68  2.25    1.40  1.17  1.30  1.36  1.15    1.40      1.43    1.41    0.86  
52 raceme     1.28  0.62            -0.22                1.90    2.15  
53 raceme                   1.44                      
54 raceme     0.14          0.25                    -0.13      
55 raceme     0.81              1.44                      
56 raceme                   0.72                      
57 raceme             -0.05                  -0.84          
58 raceme             1.91                            
59 raceme             1.55          1.60              1.01    
60 raceme         0.78    0.19                            
61 raceme   2.50  1.26  1.41        1.42    0.90                      
62 raceme                   0.49                      
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63 raceme   0.93      0.79    0.07                            
64 raceme             1.23                            
65 raceme     0.58          -0.73    0.36                      
66 solitary     0.42          -0.87    0.07            -0.77        0.51  
67 solitary     0.61          -0.13                          
68 solitary   -0.24  1.59          0.49      0.40          -0.93    1.13    0.25  
69 solitary 0.17      0.42  -0.39  -0.22  0.06            0.07                
70 solitary     0.00          -0.20    0.07  0.15              1.33  -0.22  0.10  
71 solitary     -0.24        -0.46  -0.57                -0.58    0.31    0.36  
72 spike                    -0.38                      
73 spike                                      1.88    
74 umbel                   1.57                      
75 umbel                   -0.09                      
76 umbel                   0.90                      
77 umbel       1.50  3.08    1.37                  3.09          
78 umbel 1.19      0.74  0.26    0.07            -0.25                

a different number indicates different flower plant species from table 4.1; b the potential fecundity of each tested parasitoid, here ignoring the different host and 

geographical of parasitoid wasps. The higher effect size value was used when the same species flower plant tested more than once. c Anastatus japonicus; d Anastatus 

fulloi; e Trichogramma japonicum; f Anagrus nilaparvatae; g Macrocentrus cingulum; h Trissolcus halyomorphae; i Spalangia endius; j Trichogramma dendrolimi; k 

Cotesia vestalis; l Cotesia chilonis; m Trichogramma bilingensis; n Trichogramma pretiosum; o Microplitis mediator; p Pteromalus puparum; q Oomyzus sokolowskii; r 

Nasonia vitripennis; s Habrobracon hebetor; t Trichogramma chilonis; u Muscidifurax raptor; v Trichogramma ostriniae.   
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Table 4.9. A heatmap of the effect size of male parasitoid wasps’ longevity and their relation to plant inflorescence and the potential fecundity of each 

tested parasitoid. Darker red colour illustrates correlations that are more positive, and darker blue colour illustrates correlations that are more negative. 

Noa inflorescence 
 Fecundity b  

13.1c 16.0d 29.8e 33.4f 42.7g 48.3h 63.6i 69.0j 76.1k 76.2l 77.0m 92.1n 96.5o 121.6p 154.0q 185.1r 225.0s 

1 capitulum 
  

-0.65  
      

0.03  
                      

2 capitulum     0.08          0.33              0.19      
3 capitulum   2.43  1.03  -0.04    -0.03    0.89    0.70          0.64    1.47  
4 capitulum     1.18  -0.30  0.47  0.12    0.94    0.32  0.54    0.92    1.28    1.39  
5 capitulum               1.14                    
6 capitulum             -0.06  0.00                    
7 capitulum 0.33      -0.40  0.72                          
8 capitulum         0.41                          
9 capitulum               0.59                    

10 capitulum               0.00                    
11 Compound umbel   4.42  2.08      1.18  4.12  1.90  1.29      2.30    4.49  2.89    1.11  
12 Compound umbel         0.97      1.18                2.58    
13 Compound umbel   3.64          3.62  1.09            3.89      1.07  
14 Compound umbel   4.10  1.46      1.47      1.42            1.34    1.44  
15 Compound umbel   1.85        0.64                      0.69  
16 Compound umbel         1.42      0.88                2.42    
17 Compound umbel               1.08                    
18 corymb               0.97                    
19 corymb         1.26                      1.50    
20 corymb               -0.09                    
21 corymb         -0.06      -0.04                    
22 corymb               0.66                    
23 cyme   2.43  1.61      0.23    -0.04                    
24 cyme 2.18                                  
25 cyme       0.16  1.02            1.29              
26 cyme 0.92      0.79              -0.14              
27 cyme   3.58        0.63                        
28 cyme         1.80            0.68              
29 cyme               -0.14                    
30 cyme       -1.13  0.11                          
31 cyme                         1.88          
32 cyme 1.64  3.03    0.54  0.97      2.47      1.67              
33 cyme   1.42  1.69    0.81  1.64      1.07            1.75      
34 cyme               0.00                    
36 cyme     0.50      0.20                      -0.22  
37 cyme         1.31                          
38 panicle         1.09                          
39 panicle     0.49      -0.18    -0.14                  -1.04  
40 panicle   2.79  1.90    1.02    2.86    1.40    1.63    0.94    2.13    1.44  
41 panicle 0.32  2.55  1.81  0.58  0.73  1.16    1.85  0.95  0.70  1.68    1.67    1.62    1.10  
42 panicle     0.38    0.84  0.06  -0.37  0.88                    
43 panicle 0.78      -0.17  -0.03            -0.99              
44 panicle 2.10  2.99  1.63  0.17  1.48  1.48  0.75  3.63  1.21  1.37  3.33    1.02    1.87  1.49  1.17  
45 panicle   2.73  2.02    0.62  1.83  3.37  1.89    1.26    2.33  2.95  2.62  1.58    1.65  
46 panicle               1.02                    
47 raceme   0.09  1.89  0.15  0.67  1.05  1.28  1.21                0.60  -0.37  
48 raceme               0.45                    
49 raceme               1.24                    
50 raceme   0.86  1.93  1.60  1.39  1.60  1.46  1.98  1.06  1.32  0.57    1.14    1.42    1.30  
51 raceme     1.65          1.03    1.25          2.37    1.94  
52 raceme               1.05                    
53 raceme     0.57      0.68                  0.00      
54 raceme     1.33          1.33                    
55 raceme               0.79                    
56 raceme         -0.04                0.50          
57 raceme         1.85                          
58 raceme         1.39                          
59 raceme       0.05  0.45                          
60 raceme   3.06  1.54      1.33    1.61                    
61 raceme               0.23                    
62 raceme   1.26    1.65  0.67                          
63 raceme         1.22                          
64 raceme     0.77      -0.75    -0.14                    



73 

 

65 solitary     0.62      -0.12    -0.10          0.19        0.04  
66 solitary   -0.94  -0.38      0.41                        
67 solitary   0.85  1.72      0.25      0.32        0.19    1.38    0.05  
68 solitary -1.31      -0.40  0.09            -0.56              
69 solitary     0.22      0.43    0.16  0.14            0.36    0.03  
70 solitary     0.46    0.20  0.54              0.87    0.28    0.21  
71 spike                0.00                    
72 umbel               1.16                    
73 umbel               -0.14                    
74 umbel               0.87                    
75 umbel       2.90  1.14                2.02          
76 umbel -0.34      0.00  0.23            -0.08              

a different number indicates different flower plant species from table 4.1; b the potential fecundity of each tested parasitoid, here ignoring the different host and 

geographical of parasitoid wasps. The higher effect size value was used when the same species flower plant tested more than once. c Anastatus japonicus; d Anastatus 

fulloi; e Trichogramma japonicum; f Macrocentrus cingulum; g Spalangia endius; hTrichogramma dendrolimi; i Cotesia vestalis; j Cotesia chilonis; k Trichogramma 

bilingensis; l Trichogramma pretiosum; m Microplitis mediator; n Oomyzus sokolowskii; o Nasonia vitripennis; p Habrobracon hebetor; q Trichogramma chilonis; r 

Muscidifurax raptor; s Trichogramma ostriniae.  

 

Table 4.10. Summary of female and male parasitoid wasps’ longevity effect sizes heterogeneity (QM) and sample size (number of effect size) of each 

moderator.  

Moderators (traits) 
Female  Male 

 Qm Df P N    Qm Df P N 

Flower species traits     
 

    

Inflorescence type 154.337 8 <0.001 311 
 

90.505 8 <0.001 261 

Parasitoid wasp traits     
 

    

Fecundity 0.071 1 0.79 311  0.013 1 0.911 261 

Head width 1.671 1 0.196 220 
 

0.263 1 0.608 202 

Body length 0.281 1 0.596 220  4.66 1 0.031 202 

Thorax width 2.556 1 0.11 220   0.216 1 0.643 202 
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Table 4.11. Heatmap of the effect size of female parasitoid wasp fecundity and their relation to plant inflorescence and the potential fecundity of each 

tested parasitoid. Darker red colour illustrates correlations that are more positive, and darker grey colour illustrates correlations that are more negative. 

Plant species Inflorescence 
 Fecundity a 

29.8b 30.0c 48.3d 76.2e 154.0f 225.0g 

Cosmos bipinnata  capitulum 0.89  0.53  3.08  

Cosmos sulphureus capitulum 0.74  -0.11  1.70  

Zinnia elegans  capitulum 0.09      

Leontodon taraxacoides capitulum    0.14   

Cnidium monnieri Compound umbel 3.19 2.96 3.23  2.90 2.73 

Oenanthe javanica  Compound umbel 3.30    3.44  

Torilis scabra Compound umbel   1.89   3.70 

Apium graveolens Compound umbel    1.75   

Daucus carota Compound umbel    2.31   

Coriandrum sativum Compound umbel    1.85   

Lobularia maritima  corymb    2.42   

Passiflora edulia cyme 2.35 2.60 4.14  4.09  

Sesamum indicum cyme 1.59  2.00  2.70  

Ageratum conyzoides panicle 0.91  2.11  1.99 1.31 

Campsis grandiflora   panicle 2.00 1.60 2.01  2.14  

Fagopyrum esculentum  panicle 1.18  1.78  1.88 2.17 

Ocimum basilicum var. citriodorum  panicle 1.40 1.68 1.42 2.00 2.08 1.56 

Gomphrena globosa Panicle    0.36   

Luffa acutangula raceme 1.46 3.72 1.39  1.90 1.47 

Luffa cylindrica raceme 1.37 1.85 1.40  1.69 1.35 

Trifolium repens raceme 1.39  1.54 0.47 1.85  

Veronica spicata raceme    1.47   

Abelmoschus esculentus  solitary 0.49 0.94 1.20  2.02  

Capsicum annuum solitary -0.14  -0.48  0.34  

Solanum melongena var. serpentinum solitary -0.21  0.07  0.17  

Allium tuberosum umbel 1.44 2.05   1.61  

aThe potential fecundity of each tested parasitoid, here ignoring the different host and orgin of parasitoid wasps. The higher effect size value was used when the same 

species flower plant tested more than once. bTrichogramma japonicum; c Anagrus nilaparvatae; dTrichogramma dendrolimi; e Trichogramma pretiosum; e 

Trichogramma chilonis; f Trichogramma ostriniae.  
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Table 4.12. Summary of parasitoid wasp fecundity effect sizes heterogeneity (QM) and 

sample size (number of effect size) of each moderator.  

Moderators (traits)  QM Df P N 

Flower species traits     

Inflorescence type 164.108 7 <0.001 77 

Parasitoid wasp traits     

Fecundity 1.476 1 0.224 77 

Head width 0.821 1 0.365 53 

Body length 0.049 1 0.825 53 

Thorax width 0.959 1 0.327 53 

 

 
Figure 4.5. Effect size (d) estimates and 95% CIs showing the effects of plant inflorescence on 

the longevity of parasitoid wasp feeding on nectar plants. A: female; B: male. Negative values of 

d indicate a negative effect on the fecundity of parasitoid wasp. Numbers indicate sample size. 
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Figure 4.6. Effect size (d) estimates and 95% CIs showing the effects of plant inflorescence on 

the fecundity of parasitoid wasp feeding on nectar plants. Negative values of d indicate a negative 

effect on the fecundity of parasitoid wasp. Numbers indicate sample size. 

 

4.3.3. The effects of the different parasitoid host on the longevity of parasitoid wasp 

when feeding on nectar plants 

Flower presence had strong positive effects on the longevity of female (estimate: 0.842; 

95% CI: 0.641 to 1.042, P<0.001) (Fig. 4.7A) and male (estimate: 0.957; 95% CI: 0.754 

to 1.161, P<0.001) Trichogramma when reared on different host species (A. pernyi and 

Ostrinia furnacalis.) (Fig. 4.7B). However, there was no significant difference between 

the two host treatments (female: QM=0.013, P= 0.909; male: QM=0.010, P= 0.975). A 

similar result was found for the effects of flower treatments on the Trichogramma 

fecundity. Flower treatments had strong positive effects on the fecundity of 

Trichogramma on different hosts (estimate: 1.259; 95% CI: 0.960 to 1.557, P<0.001), 

whereas there was no significant difference between the two host treatments (female: 

QM=0.466, P= 0.495) (Fig. 4.8). 

 

 

A 
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Figure 4.7. Effect size (d) estimates and 95% CIs showing the effects of host identity on the 

longevity of parasitoid wasp when feeding on nectar plants. A: female; B: male. Negative values 

of d indicate a negative effect on the longevity of parasitoid wasp. N.S. indicates no significant 

effect between the two groups. 
 

 

 

Figure 4.8. Effect size (d) estimates and 95% CIs showing the effects of the different host on the 

fecundity of parasitoid wasp when feeding on nectar plants. Negative values of d indicate a 

negative effect on the fecundity of parasitoid wasp. N.S. indicates no significant effect between 

the two groups. 

 

B 
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4.3.4. The effects of parasitoid host species on female fecundity when feeding on 

nectar plants 

Even though one species, Zinnia elegans, showed no positive effects on the fecundity of 

Trichogramma parasitoids, the integrated analysis results showed that flower treatments 

had strong positive effects on the fecundity of Trichogramma parasitoids when 

parasitizing different hosts (estimate: 1.400; 95% CI: 1.195 to 1.605, P<0.001; 

QM=29.831, tau2=0.071, I2=29.57%) (Fig. 4.9). However, there was no significant 

difference in fecundity enhancement when provided with the two different host species 

(QM=0.003, tau2=0.071, I2=29.54%, P= 0.957) or when the two Trichogramma species 

were compared (QM=0.414, tau2=0.065, I2=27.72%, P=0.520) (Fig. 4.9). 

 

 

 

Figure 4.9. Effect size (d) estimates and 95% CIs is showing the effects of the host species on 

the fecundity of parasitoid wasps when feeding on nectar plants. Negative values of d indicate a 

negative effect on the fecundity of parasitoid wasps. N.S. indicates no significant effect between 

the two groups. 
 

4.3.5. The effects of geographical origin of the parasitoid on the longevity and 

fecundity when feeding on nectar plants 
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The integrated analysis results showed that flower treatments had strong positive effects 

on the longevity of the two Trichogramma species originating from four different 

geographical populations for both females (estimate: 1.024; 95% CI: 0.875 to 1.173, 

P<0.001; QM=232.88, tau2=0.302, I2=65.97%) (Fig. 4.10A), and males (estimate: 1.049; 

95% CI: 0.902 to 1.196, P<0.001; QM=227.569, tau2=0.292, I2=65.05%)(Fig. 4.10B). 

However, there was no significant difference among the geographical populations (female: 

Q=1.939, tau2=0.293, I2=65.17%, P= 0.925; male: QM=3.807, tau2=0.274, I2=63.47%, 

P= 0.703) and between the two Trichogramma species (female: QM=0.074, tau2=0.302, 

I2=65.90%, P= 0.786; male: QM=0.244, tau2=0.291, I2=64.90%, P= 0.621) (Fig. 4.10A, 

4.10B). 

Even though some plant species (especially those with solitary inflorescences) showed 

no positive effects on the fecundity of the two female Trichogramma parasitoids from the 

four geographical population, the integrated analysis results showed that flower presence 

had strong positive effects on the fecundity of Trichogramma parasitoids from three 

geographical populations (estimate: 1.525; 95% CI: 1.228 to 1.822, P<0.001; 

QM=101.142, tau2=0.631, I2=78.27%) (Fig. 4.11).There was no significant difference in 

fecundity among females originating from the three different geographical populations 

(QM=1.225, tau2=0.615, I2=77.49%, P= 0.542) (Fig. 4.11). 
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Figure 4.10. Effect size (d) estimates and 95% CIs showing the effects of the different 

geographical origin of the parasitoid wasps on the longevity of the parasitoid wasps when feeding 

on nectar plants. A: female; B: male. Negative values of d indicate a negative effect on the 

fecundity of parasitoid wasp. 

 

A B 
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Figure 4.11. Effect size (d) estimates and 95% CIs showing the effects of the different 

geographical origin of Trichogramma chilonis on its fecundity when feeding on nectar plants. 

Negative values of d indicate a negative effect on the fecundity of parasitoid wasp. 
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4.3.6. The effects of non-flower plant resource on the longevity and fecundity of 

parasitoids 

Extrafloral nectaries of Passiflora edulia (passion fruit) had strong positive effects on the 

longevity of the seven parasitoid species (Fig. 4.12A, 4.12B). This strong positive effect 

on longevity was the same for females (estimate: 2.373; 95% CI: 1.896 to 2.849, P<0.001; 

QM=142.123, tau2=0.338, I2=74.61%) (Fig. 4.12A), and males (estimate: 2.472; 95% CI: 

1.799 to 3.145, P<0.001; QM=61.267, tau2=0.734, I2=87.79%) (Fig. 4.12B), and did not 

differ when flowers were provided or extra floral nectaries (female: QM=1.601, 

tau2=0.285, I2=71.18%, P= 0.206; male: QM=2.655, tau2=0.584, I2=84.98%, P=0.103) 

and the  family of parasitoids (female: QM=5.811, tau2=0.206, I2=64.44%, P=0.121; 

male: QM=2.899, tau2=0.573, I2=84.45%, P= 0.235) (Fig. 4.12A, 4.12B). 

Even though extrafloral nectaries of P. edulia had positive effects on the fecundity of the 

four parasitoids (estimate: 1.975; 95% CI: 1.503 to 2.448, P<0.001; QM=77.849, 

tau2=0.421, I2=63.26%) (Fig. 4.13), the integrated analysis results showed that the 

positive effect on fecundity was significantly higher for P. edulia flowers than for P. 

edulia extrafloral nectaries (QM=9.380, tau2=0.032, I2=11.46%, P= 0.002) (Fig. 4.13). 

While the integrated analysis results showed that Ocimum basilicum var. citriodorum 

(lemon basil) was the same for females without flowers had a weak positive effect on the 

fecundity of the six parasitoids (estimate: 0.562; 95% CI: 0.261 to 0.862, P<0.001; 

QM=35.628, tau2=0.239, I2=60.17%) (in fact, the weak positive effect only on the two 

Trichogramma parasitoids) (Fig. 4.14), However, the positive effect of O. basilicum var. 

citriodorum flower nectar was significantly higher than that of leaf exudates (QM=21.747, 

tau2<0.001, I2<0.001, P<0.001) (Fig. 4.14).
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Figure 4.12. Effect size (d) estimates and 95% CIs showing the effects of floral and extrafloral on the longevity of parasitoid wasps. A: female; B: male. Negative 

values of d indicate a negative effect on the longevity of parasitoid wasp. N.S. indicate no significant effect between the two groups.

A B 
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Figure 4.13. Effect size (d) estimates and 95% CIs showing the effects of floral and extrafloral 

on the fecundity of parasitoid wasps. Negative values of d indicate a negative effect on the 

longevity of parasitoid wasp. * indicate significant effect between the two groups (P<0.05). 
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Figure 4.14. Effect size (d) estimates and 95% CIs showing the effects of the floral plant with 

and without flowers on the fecundity of parasitoid wasps. Negative values of d indicate a negative 

effect on the longevity of parasitoid wasp. * indicate significant effect between the two groups 

(P<0.05). 
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4.4. Discussion 

Nectar-rich flowering plants in field margins could increase the fitness of natural enemies 

and their ability to suppress crop pests (Araj et al. 2019, Hatt and Osawa 2019). Providing 

suitable flowering plants in the crop agrosystem is one of the most common habitat 

management techniques in conservation biological control (CBC) (Gurr et al. 2016, 2017, 

Hatt et al. 2018, Jaworski et al. 2019, Shields et al. 2019). This experiment showed that 

not all flowers are beneficial and not all parasitoids are benefitted. Some flowers may be 

unattractive to parasitoids, while some of those that are attractive have nectaries that are 

inaccessible or have nectar that is unsuitable (Jervis et al. 1993, Wäckers and van Rijn 

2012). Selecting the ideal nectar-providing plant to enhance natural enemies is a practical 

problem which is needed to be urgently resolved to further promote the use of flowering 

plants in CBC (Gurr et al. 2017, Heimpel 2019, Lu et al. 2014).  

The present integrated analysis results showed that the flowers of most plant species had 

strong positive effects on the longevity and fecundity of parasitoids, but there were 

significant residual heterogeneities in the integrated analysis, which means that results 

had low reliability. Traits of plant flowers and parasitoids were used to explain this 

heterogeneity. At this stage, the only trait that was significantly positively related to the 

longevity and fecundity of parasitoids across observations was the plant inflorescence 

type. Compound umbel was the best predictor of parasitoid longevity and fecundity 

enhancement. The inflorescence types of capitulum, solitary and spike showed no (or 

weak) positive effect on parasitoid longevity and fecundity. The host species on which 

the parasitoid had developed or geographical origin did not interact with the effect of 

flowering plant. Moreover, extrafloral nectaries of P. edulia had the similar positive 

results with P. edulia flower on parasitoid longevity, but the positive effect on parasitoid 

fecundity of P. edulia flower treatment was significantly higher than extrafloral of P. 

edulia. Basil plants without flowers had a weak positive effect on the fecundity of 

parasitoids.  

The hybrid meta-analysis of the literature review in chapter 3 selected a series of potential 

plant and parasitoid traits that were most predictive in promoting or suppressing 
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parasitoid performance. Results showed that the following traits had the highest impact 

on parasitoid longevity: compound umbel or raceme inflorescence form and shallow 

corolla, together with high potential fecundity of the parasitoid. In this chapter, longevity 

and fecundity of different parasitoid was compared with different plant species under lab 

conditions. The results showed that there were still significant residual heterogeneities in 

the pooled analysis, though all tests were conducted under similar laboratory conditions. 

This means that other influences related to the essence of tested plants and parasitoids 

should be considered. Plant inflorescence was the most important trait for increasing  

parasitoid longevity and fecundity; this was a similar finding to the meta-analysis of 

existing studies (Table 4.10, Table 4.12). However, the present laboratory results showed 

the potential fecundity of parasitoids, in contrast to the meta-analysis of literature review, 

did not affect the parasitoid longevity and fecundity when feeding on flowering plants 

(Table 4.10, Table 4.12). There was no significant correlation between the traits of 

parasitoid body size and parasitoid longevity or fecundity when feeding on flowering 

plants (Table 4.10, Table 4.12). Based on the results of chapter 3 and chapter 4, it could 

be argued that the traits of flowering plants may be more important factors than parasitoid 

traits. This finding should be taken into consideration when selecting flowering plants in 

CBC.   

Floral nectar as a source of carbohydrates for natural enemies of insect pests has been 

widely recognized (Benelli et al. 2017, Gurr et al. 2017, Heimpel and Jervis 2005, Shields 

et al. 2019). However, there is still no convenient and effective way on how to select 

flowering plant for CBC in agroecosystems. The experimental evaluation of candidate 

plant species, which is potential use in each crop-pest-nature enemy system, is still the 

procedure accepted and widely used (Arnó et al. 2018, Barloggio et al. 2019, Buchanan 

et al. 2018, Cahenzli et al. 2019, Hatt et al. 2017, Hodgkiss et al. 2019, Jado et al. 2019, 

Picciau et al. 2019). Recently, some researchers try to update this model through 

theoretical and empirical research (Hatt et al. 2018, Heimpel 2019, Munir et al. 2018, 

Russell 2015, Zemenick et al. 2019). Munir et al. (2018) approached this from a 

taxonomic perspective and tested the candidate plant flowers for both parasitoid and pest 

in the pest–parasitoid system. The optimal flowering plant was where the pest–parasitoid 
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system could get the maximum benefit. Notwithstanding, their research include plants 

outside the experimentally evaluated candidate plants. Zemenick et al. (2019) utilised a 

mathematical model and explored patterns in parasitoid nectar-foraging ecology using the 

published and publicly available flower-visitor datasets. They showed that many flower 

and parasitoid species seemed to be highly specialised, and indicated the potential for a 

subset of the flowering plant community to support both generalist and specialist nectar-

foraging parasitoids in the field. A previous meta-analysis of flowering plants used a 

taxonomic approach to show that the best nectar plants for prolonging parasitoid 

longevity are from the Apiaceae, Boraginaceae, Brassicaceae, Polygonaceae, Rosaceae, 

and Solanaceae (Russell 2015). While of some use, that knowledge does not provide 

predictive power to determine which types of plants (especially in terms of traits) within 

these families (and others that are yet to be tested) would be optimal. A field study 

reported that flower traits of flower colour, ultraviolet reflectance and nectar availability 

were the main drivers affecting parasitoids of oilseed rape pests (Hatt et al. 2018). Another 

similar field experiment study, which focused on the generalist predators, reported that 

the ladybeetles Harmonia axyridis, Propylea quatuordecimpunctata and the lacewings 

Chrysoperla carnea were more abundant in plant species with ultra-violet flowers, but 

hoverflies, Episyrphus balteatus and Eupeodes corollae were more abundant captured in 

plant species with the trait of open nectar (Hatt et al. 2019). 

Studies of ecological function have shifted from the taxonomic diversity of actors to 

consider the ecological traits, since these are more fundamentally linked to the strength 

of ecosystem services (Díaz et al. 2007, Kunstler et al. 2016). Although ecological traits 

have been examined in the context of pollinators and their interactions with flowers (Lavi 

and Sapir 2015, Menzel and Shmida 2010), biological control practice gradually 

embraces ecological traits as a means to understand, explain and manage the fundamental 

interactions (Hatt et al. 2018, 2019), after Perović et al. (2018) emphasized the trait-based 

approaches for future biological control services. Predicting success based on traits is 

useful to generate general rules that might avoid the need to experimentally evaluate a 

large number of candidate plant species that may be of potential use in a crop-pest-

parasitoid system. 
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Extrafloral nectar can be quite different from the flower nectar on the same plant 

(Lundgren 2009). The nutritional value of extrafloral nectar can be lower compared to 

flower nectar and pollen, and it can contain secondary plant compounds (Heil 2011, 

Wäckers 2005). The petiolar nectary of Passiflora emerges as a localised peg-like growth 

from the adaxial surface of the petiole (Durkee 1982). The extrafloral nectar of Passiflora 

contains over 30% sugars (sucrose, glucose and fructose) and a few amino acids (Durkee 

1982). Our research showed that extrafloral nectaries of P. edulia had similar positive 

effects with P. edulia flowers had (Fig.4.12), but the positive effect on parasitoid fecundity 

of P. edulia flowers was significantly higher than extrafloral of P. edulia (Fig. 4.13). This 

indicated that extrafloral nectaries of P. edulia could provide enough resources to enhance 

parasitoid longevity, but the nutritional value of extrafloral nectar may be lower than that 

of P. edulia flowers and not enough to maximise the parasitoids’ fecundity. However, 

extrafloral nectar of P. edulia may be a more important source of sugar than nectar in 

agroecosystems, as its presence does not rely on P. edulia flowers which are present for 

much shorter periods of time than extrafloral of P. edulia. The flowering time of each P. 

edulia flower is less than 8h (personal observation). Parasitoid wasps can feed on other 

parts of flowering plants (Lu et al. 2014), such as Phanerotoma franklini Gahan feeding 

on foliar exudate on the surface of cranberry (Vaccinium macrocarpon) leaves (Sisterson 

and Averill 2002). However, the nutritional value of other plant tissues and exudates may 

be lower, as out experiment results showed that O. basilicum var. citriodorum plant 

without flower had a weak positive effect on the fecundity of parasitoids. Basil (O. 

basilicum var. citriodorum) plant does not have extraflorals, the only nutrition from basil 

plant without flower that the parasitoids could meet was foliar exudate on the surface. 

This research was confined to exploring morphological traits (except potential parasitoid 

fecundity) plant flowers and parasitoids. Other traits that may also be important, such as 

the amount and quality of nectar, pollen and nectar availability. The quality of nectar may 

also adversely affect parasitoids (Benelli et al. 2017), such as the presence of melezitose 

which reduces some parasitic wasps’ longevity and oviposition rate (Jervis et al. 1993). 

Plant volatiles also are likely important in attracting parasitoids and assisting with 

recognition (Fataar et al. 2019, Foti et al. 2017), as well as are secondary nectar 
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compounds, which have been shown to act as a filter for unspecific pollinators (Irwin et 

al. 2014). In chapter 6, the correlation of flower volatiles with the longevity or fecundity 

of parasitoids when feeding on flowering plant will be analysed. Moreover, interactions 

among traits were not considered; future analysis would need to consider how traits 

interact quantitatively. 

Providing flowering plants may also benefit pest performance, increasing the risk of crop 

damage (Kehrli and Bacher 2008, Wäckers et al. 2007). Additionally, flowering plants 

may also benefit the members of the fourth trophic level, which will reduce the biological 

control effect by the arthropod natural enemies from the third trophic level (Goelen et al. 

2018, Jonsson et al. 2009, Miall et al. 2019). Here this chapter did not test the insect pest 

or the members of the fourth trophic level in the lab, but in chapter 5, the risk of insect 

pest under the agricultural crop system was assessed.  

Unlike earlier analyses focusing on taxonomic categories, here research on the effects of 

flowering plants using effect sizes in relation to the ecological traits of parasitoids and 

plants were analysed. The present work produces compelling evidence that the plant 

inflorescence architecture is the most important trait on flowering plant selecting on CBC, 

and the compound umbel inflorescence is the best one. 

 

  



91 

 

5 Chapter Five: Exploiting Extrafloral and Floral Nectar 

Plants to Provide Ecosystem Services in Subtropical Rice 

5.1. Introduction 

Global agricultural productivity is unsustainably dependent on non-renewable, 

environmentally damaging inputs (Eskenazi et al. 2007, Gill et al. 2012, Matson et al. 

1997, Sánchez-Bayo and Wyckhuys 2019, Stehle and Schulz 2015, Wade et al. 2008, 

Zhang et al. 2015). The intensification of agriculture for food by converting non-

agricultural land will reduce the ecosystem services those areas provide with adverse 

consequences for humanity, such as accelerating land desertification or reducing carbon 

sequestration (Foley et al. 2005, Phalan et al. 2011, Tilman et al. 2011). Sustainable 

productivity to meet future needs must involve ecosystem-service intensification, rather 

than reinforcing synthetic input use (Godfray and Garnett 2014, Loos et al. 2014, Pretty 

2018, Pretty et al. 2018). Insects are vital providers of ecosystem services to agriculture, 

including pollination, nutrient cycling and biological control of pests (Losey and Vaughan 

2006, Pretty 2018).  

Habitat management, as a key aspect of ecological engineering for pest suppression, has 

emerged this century as a set of methods to promote natural enemies of pests by providing 

primary resources such as pollen and nectar (González-Chang et al. 2019, Gurr et al. 2017, 

Saidi and Spray 2018, Wäckers et al. 2007). Field margins are a potential habitat for 

natural enemies of pests offering food and shelter (Benelli et al. 2017, Haro et al. 2018, 

Jervis et al. 2008). Nectar-rich flowering plants in field margins can increase the fitness 

of natural enemies (Araj et al. 2019, Hatt and Osawa 2019). Most insect natural enemy 

species feed on floral nectar as adults, which improves key life-history parameters, 

especially longevity and realised fecundity (Arnó et al. 2018, Lu et al. 2014). In most 

cases, nectar plants in agroecosystems support a higher abundance and diversity of insects 

natural enemies of pests, which could migrate to adjacent crops as the biological control 

agents to reduce crop damage and potentially enhancing yield, compared to nearby fields 

(Balzan et al. 2014, Brotodjojo et al. 2019, Büchi 2002, Gurr et al. 2016, Haro et al. 2018, 

Irvin et al. 2016, Toivonen et al. 2018, Tschumi et al. 2016a, Tschumi et al. 2016b, 

Tschumi et al. 2015).  

Beneficial effects are not always present in agroecosystems in sufficient numbers to 

provide sufficiently strong ecosystem services to give effective management of pests 
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(Buchanan et al. 2018, Lu et al. 2014, Uyttenbroeck et al. 2016). One reason is that 

arthropod natural enemies can be selective in which species of flowering plants they are 

attracted by, or the structure of some flowers does not provide the resources they need 

(Wäckers 2004). Some flowering species are incompatible with the needs of some natural 

enemies (Lundgren 2009, Tscharntke et al. 2016). In order to select the flower species 

that effectively attract and support natural enemies, the effects of flowering plant species 

on insect pest or natural enemies should be explored (Brotodjojo et al. 2019, Buchanan et 

al. 2018, Carrié et al. 2012, Fiedler and Landis 2007, Hatt et al. 2019, Hodgkiss et al. 

2019, Tooker et al. 2006, van Rijn 2012, van Rijn and Wäckers 2010).  

Rice feeds over half of the world’s population and has been intensively cultivated in Asia 

since the Green Revolution in the 1960s (Chauhan et al. 2017, Yuan 2014). Rice is heavily 

attacked by pests, so an important subject for efforts to promote natural enemy activity 

(Heong et al. 2015). Sesame (Sesamum indicum) has been well explored as the positive 

role on natural enemies of rice insect pests in the laboratory (Zhu et al. 2013; 2015), but 

we lack enough field evidence of its potential. Okra (Abelmoschus esculentus) and mung 

bean (Vigna radiata) is the economically important vegetable crop grown extensively 

tropical and subtropical area (Islam 2019, Hou et al. 2019). Very few studies of these two 

species of plant have been reported using the nectar to enhance natural enemies, despite 

the fact that cropping with rice crops is very widespread (Horgan et al. 2019). Basil 

(Ocimum basilicum) has been explored as the nectar plant or banker plant in several cases 

of crop system but not in rice (Foti et al. 2017, Parolin et al. 2015, Rahat et al. 2005). 

Passion fruit (Passiflora edulia) seems to be one of the most promising nectar plants since 

it has a long flowering period with lots of nectar, as well as numerous extra-floral nectary 

glands (Durkee 1981, 1982, Varassin et al. 2001). However, there were still no reports on 

passion fruit working as nectar plants on biological control. The present study sought to 

experimentally test the general principle generalized from Chapter 3 and Chapter 4 by a 

series of field studies using nectar plants on the bunds surrounding rice crops.  

Plants with compound umbel were the optimal nectar plant revealed both by meta-

analysis (chapter 3) and the series of longevity and fecundity tests of different parasitoid 

with different plant species under laboratory conditions (chapter 4). However, plants with 

compound umbel form were not able to be used because the blooming period of available 

species with this trait did not match the rice-growing season (May to October). 

Notwithstanding this limitation, other inflorescence types, which had a positive 
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correlation (raceme, cyme and panicle) or no positive correlation (solitary) with parasitoid 

longevity or fecundity, were used in the field studies. A factorial design was used in a 

large-scale field experiment to compare the effects of these species as plant borders that 

provide floral and extrafloral nectar. The impacts of planting borders of floral and 

extrafloral nectar plants on in-crop natural enemies and pests were surveyed to identify 

scope for their use as habitat management plants that would enhance biological pest 

control in subtropical rice systems. 

5.2. Materials and methods 

5.2.1. Study site 

The study was conducted on several commercial farms in Zhejiang province, China 

(Fig.5.1), an agricultural landscape dominated by rice production. The province includes 

three terrains: plains, mountains and semi-mountainous (Table 5.1) which are 

representational of typical rice production systems across much of Asia. Field 

experiments were conducted at four sites in 2017 and 2018. All sites were managed 

following the technical regulation for rice insect pest management by Ecological 

Engineering (Bureau ZQaTS 2017), with the exception of the identity of flowering plants 

(see below). Most rice farmers in the town where site 1 and site 2 were located had been 

using ecological engineering (Bureau ZQaTS 2017) since 2017, following the promotion 

by local plant protection department. Rice farmers in site 3 and site 4 had been following 

the crop management technical regulation for rice insect pest management by ecological 

engineering since 2012. The rice fields were mostly flat, except site 2, which had a 

vertical drop of ca. 50 cm of the adjacent row rice fields and contiguous. Fields were 

mostly split evenly into oblong fields, about 20 × 50 m, except for site 1, 30 × 70 m and 

site 2, 20 × 40 m. Fields had earthen ridges of approximately 0.5 m width bounding each 

field to retain the irrigation water. The land area for each site was about 7 hectares, but 

only 2 hectares in site 2. The landscape for multiple kilometers around each site was 

agricultural, except for mountain forests were located at the south of site 2 and the west 

of site 2, the east of site 2 was a stream (about 40m wide), the north of site 2 was 

agricultural land of water-bamboo (Zizania latifolia Turcz.) (about 3 hectares). The 

details are as follows. 

Site 1. Shangxiahu, Zhuji (Plain area: 29°49′50.73″N, 120°23′10.64″E, elevation 7m). 

Field experiment site 1 was in Shangxiahu town, which has about 2000 hectares of rice 
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fields. This is the key rice-producing area of Zhuji city. The experiment was carried out 

on a rice grower’s land, who owned about 150 hectares rice field (Table 5.1). I set up two 

successive two years experiments of sesame, passion fruit and okra three treatments, but, 

because of dry weather in 2017, the passion fruit seedlings grew poorly. 

Site 2.  Xinjian, Jinyun (Mountain area: 28°42′13″N, 120°0′20″E, elevation 170m). Field 

experiment site 2 was in Xinjian town, which has about 500 hectares of rice fields. Xinjian 

town is one of the origins of the Qiantang River. Most rice farmers in Xinjian town have 

small-scale rice land and still keep the traditional rice planting practices. A single 

experiment was carried out on a rice grower’s farm, who owned about 30 hectares rice 

field (Table 5.1), which as a demonstration site of rice pest management by ecological 

engineering technology I also set up two successive two years of experiments of sesame, 

passion fruit and okra, three treatments, but, because of dry weather and without 

experience on passion fruit planting, the passion fruit seedlings grew poorly in 2017. 

Site 3. Bailongqiao, Jinhua (Semi-mountainous area: 29°5′40″N, 119°30′37″E, elevation 

60 m). Field experiment site 3 was in Bailongqiao town, which has about 400 hectares 

rice field, over half rice area was realised high-level production mechanisation. The 

experiment was carried out on a rice grower’s land in Bailongqiao, who owned about 40 

hectares of rice fields (Table 5.1). I also set up successive two-year experiments. To 

improve the intensity of data capture here, I used a malaise trap to monitor the arthropods 

and added two further plant treatments, lemon basil (Ocimum basilicum var. citriodorum) 

and mung bean in 2018. We abandoned the sampling methods of sweep net and yellow 

sticky trap in 2018. Due to the dry weather in 2017, sesame plants did not grow very well, 

and this treatment was discarded in 2017. 

Site 4. Tangxi, Jinhua (Semi-mountainous area: 29°0′47″N, 119°23′11″E, elevation 70m). 

Field experiment site 4 was in Tangxi town, which has about 1500 hectares of rice fields, 

is the key rice-producing area of Jinhua city in Zhejiang province. The experiment was 

carried out on a rice grower’s land (Table 5.1), which also has been as a demonstration 

site of rice pest management by ecological engineering technology since 2010. I set up 

two successive two years experiments of sesame, passion fruit and okra three treatments. 

Because of dry weather in 2017, the passion fruit seedlings grew poorly. In 2018 mung 

bean was added as a treatment. 
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Figure 5.1. Sampling sites (red dots) in Zhejiang province, China. 

5.2.2. Experimental design  

A two-year experiment in the rice production fields was established with four treatments: 

(i) sesame (Sesamum indicum) sown on the bordering earthen bunds, (ii) okra 

(Abelmoschus esculentus) transplanted on the bordering earthen bunds, (iii) passion fruit 

(Passiflora edulia) transplanted on the bordering earthen bunds and (iv) bare earthen 

bunds without flowering plant (control). In addition, lemon basil (Ocimum basilicum var. 

citriodorum) and mung bean (Vigna radiata) were including in site 3 in 2018, and mung 

bean was including site 4 in 2018 (see Table 5.1). Each treatment had 4 replicates. 

Seeds of the landrace of the crop plant sesame and mung bean were collected from the 

field at Jinhua, Zhejiang Province, China (29.0833°N, 119.6500°E). The seed for okra 

(Abelmoschus esculentus) and lemon basil (Ocimum basilicum var. citriodorum), and 

seedlings of passion fruit (Passiflora edulia) were purchased from a seed market in Jinhua 

(see Table 5.2). 

Plots consisted of whole fields, and each was separated by a buffer zone consisting of a 

rice field that was managed according to routine farming practices and without flowering 

plant borders. All fields grew a commercial indica hybrid rice variety (see Table 5.1). 

Thirty-day-old rice seedlings were manually mechanically transplanted into fields at a 

density of 3 seedlings per hill with hills 25 × 12 cm apart with fertiliser and irrigation 

subsequently applied. For direct seeding, rice seeds were mechanical direct sowed after 

accelerating germination 48h, ca. 75kg (dry weight) per hectare. All flowering plant seeds 

or seedlings (see Table 5.2) were sown or transplanted onto the rice bunds (see in Table 

1 & Figure 5.2). A complete Latin square design with four replicates of each treatment was 

used (Figure 5.2). Crop management, insecticide use and other farm operations are 

Sampling sites  
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outlined in Table 5.1. All insecticides were sprayed mechanically (FST-30, China FST 

Co., Ltd.), except site 3, which used an unmanned aerial vehicle (UAV) (MG-1P RTK, 

Dajiang Innovation Technology Co., Ltd., Shenzhen, China).  

Due to low rainfall and very hot conditions in June and July 2017, passion fruit seedlings 

died on three sites, and sesame died at one site (see Table 5.1), data from these treatments 

were not collected. 

 

Figure 5.2. Experimental design. Four colours indicated three flower plant species and control 

(without flowering plants).  

5.2.3. Field sampling of parasitism  

Bait plants were used to measure the parasitism in the rice fields adjoining border plant 

treatments. Adults of N. lugens were collected from rice fields at Jinhua, Zhejiang 

Province, China (29.0833° N, 119.6500° E) and cultured in a cage (50 cm × 38 cm × 80 

cm) with TN1 rice plants. After three days, the plants were moved to another rearing cage 

and new TN1 seedlings provided regularly to maintain N. lugens numbers. Five gravid N. 

lugens (mass mating after emergence and about 2-day old) were caged on individual 

laboratory-grown 60-day-old rice plants for 24 h to allow oviposition on the bait plants. 

Cages and planthoppers were then removed, and the plants in pots placed in the field. One 

plant was placed near the yellow sticky traps positions in the margin of each plot no more 
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than 1 m from the bund (except site 2, only positioned in the plot about 10 m from the 

bund) and another one was positioned more centrally (in the plot about 10 m from the 

bund). After 48 hours exposure to parasitoids in the field, plants were returned to the 

laboratory and kept in a temperature-regulated room at 26 ± 2 °C for four days to allow 

parasitised BPH eggs to change red (Figure 5.3). After this time, plants were 

microscopically dissected to determine the number of parasitised and unparasitized eggs 

by Anagrus spp. parasitoids. Bait plants were used at tillering and milking growth stages 

of all the five sites in 2017, except only done at tillering stages in Site 1 and Site 2, for 

logistical reasons. Malaise traps were only used on Site 3 in 2018 (Table 5.1). 

 

 
Figure 5.3. BPH eggs and egg parasitoid Anagrus sp. A: Parasitized BPH eggs, about four days 

after parasitised by Anagrus sp.; B: Unparasitized BPH eggs, about four days after oviposited; C: 

Developing parasitoid in BPH egg, about 12 days after parasitised.  
 

5.2.4. Field sampling of arthropod presence 

Three additional methods were used to provide insights into the dynamics of different 

taxa of arthropods, and main nature enemy species, associated with the upper canopy 

zones of the crop as well as aerial species. 

1) Yellow sticky traps: Double-sided sticky boards measuring 20 × 25 cm, (Zhangzhou 

Enjoy Agriculture Technology Co., Ltd., Fujian, China) were positioned singly on 

bamboo canes just above the plant canopy in the spatial arrangement as showed in Fig. 

A B 

C 



98 

 

5.2. At 48 h intervals, traps were covered with cling film sheet and removed for 

assessment with new traps immediately taking their place. Traps were refrigerated until 

assessment when parasitoids were identified and counted using a dissecting microscope. 

Monitoring was carried out at tillering, booting, flowering and milking growth stages in 

all sites each year, except in 2017 when the yellow sticky trap was not done at tillering 

stage and in 2018 when the yellow sticky trap was not done at milking growth stage. 

2) Sweep netting: A 40 cm diameter net was used to collect arthropods (including rice 

pests) from the crop canopy after morning dew had evaporated and not during wet 

weather. Thirty sweeps were made in the central portion of the plot and another sample 

taken comprising thirty sweeps from the plot margin about 1 m from the bunds. Arthropod 

samples were tipped into labelled ziplock bags with 70% alcohol. Monitoring was carried 

out at tillering, booting, flowering and milking growth stages in all sites each year, except 

in 2017 when sweep netting was not done at tillering stage. 

3) Malaise trap: Townes type (Townes 1972) malaise traps (1.83 × 1.73 × 90 cm) were 

positioned singly in the yellow sticky traps position, as showed in Fig. 5.2.  

Samples were collected continuously after rice transplanting for one week. Insects 

captured by the traps were funneled into a collecting bottle filled with 95% ethanol. 

Sample bottles were collected after seven days, replaced every two weeks. Collected 

samples were tipped into labelled zip lock bags. Malaise traps were used only on Site 3 

in 2018 (Table 5.1). 

The alcohol-preserved arthropods were taken to the laboratory in Jinhua Plant Protection 

Station, Zhejiang Province and sorted to a family (e.g., spider immatures) or species level 

(Fig. 5.4, APPENDIX 6). All the identifications were handled with the help of a senior 

researcher from the International Rice Research Institute with the use of locally available 

keys and identification guides dealing with the arthropods recorded in China (HAAI, 

1978, He 2004, He et al. 1996, He and Pang 1986).  
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Figure 5.4. Samples of key parasitoid wasp arthropods of rice pests in rice field ecosystems. A: 

Temelucha biguttula (Hymenoptera: Ichneumonidae), a larval parasitoid of Lepidoptera pest; B: 

Xanthopimpla flavolineata (Hymenoptera: Ichneumonidae), a larval parasitoid of Lepidoptera 

pest; C: Cotesia chilonis (Hymenoptera: Braconidae), a larval parasitoid of Lepidoptera pest; D: 

Cotesia ruficrus (Hymenoptera: Braconidae), a larval parasitoid of Lepidoptera pest; E: 

Haplogonatopus oratorius (Hymenoptera: Dryinidae), a nymphal parasitoid of planthoppers; F: 

Elasmus cnaphalocrocis (Hymenoptera: Elasmidae), a larval parasitoid of Lepidoptera pest; G: 

Trichogramma japonicum (Hymenoptera: Trichogrammatidae), an egg parasitoid of Lepidoptera 

pest; H: Anagrus nilaparvatae (Hymenoptera: Mymaridae), an egg parasitoid of planthoppers. 

A B 

C D 

E F 

G H 
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Table 5.1. Details of experimental sites, rice variety, rice cropping type, farm work and sampling method during the 2017 and 2018 (further details are 

presented in the “Materials and methods” section) 

2017 

Site & 

scale 
Location Type of rice 

Rice 

varieties 

Flowering 

plants 
Farm operation chemical pest control (per ha) 

Sampling 

methods 

Site 1 

Shangxiahu, 

Zhuji; 

ca. 150 

hectares 

Plain area: 

29°49′50.73″N, 

120°23′10.64″E, 

elevation 7m 

Second cropping rice, 

mechanical transplanting 

Yongyou 

1540 

Passion fruit 

(death) 

Sesame 

Okra 

23 June, seeding; 

27 June, passion fruit 

transplant; 

30 June, sesame and okra 

seeding 20 July, transplant, 

density: 25*12cm; 

24 November, harvest. 

4 August, 5% Abamectin 1500ml, 20% 

Chlorantraniliprole 150ml, 50% Pymetrozine 150g; 

26 August, 20% Chlorantraniliprole 150ml, 80% (20% 

Nitenpyram + 60% Pymetrozine) 150g, 5% Abamectin 

1500ml; 

5 September, 80% (20% Nitenpyram + 60% 

Pymetrozine) 150g 

 

Yellow stick 

trap; 

sweeping; 

BPH egg bait 

trap 

Site 2 

Xinjian, 

Jinyun; 

ca. 30 

hectares 

Mountain area: 

28°42′13″N, 

120°0′20″E, 

elevation 170m 

Single cropping rice, 

direct seeding 

Yongyou 

1540 

Passion fruit 

(death) 

Sesame 

Okra 

7 April, direct seeding rice; 

30 May, sesame and okra 

seeding; 

12 June, passion fruit 

transplant; 

24 October, harvest. 

8 July, 20% Chlorantraniliprole 225ml; 

21 August, 40% Thiacloprid 150 ml 

 

Yellow stick 

trap; 

sweeping; 

BPH egg bait 

trap 

Site 3 

Bailongqiao, 

Jinhua; 

ca. 40 

hectares 

Semi-

mountainous 

area: 

29°5′40″N, 

119°30′37″E, 

elevation 60m 

Single cropping rice, 

mechanical transplanting 

Yongyou 

15 

Passion fruit 

Sesame 

(death) 

Okra 

 

 

14 May, seeding; 

24 June, passion fruit 

transplant; 

20 June, okra transplant 

18 June, transplant, density: 

25*12cm; 

6 November, harvest. 

1 July, 3% Methylamino abamectin benzoate 750g, 2% 

Lufenuron 750g, 30% (25% Pymetrozine + 5% 

Clothianidin) 600g; 

29 July, 3% Abamectin 1500ml, 2% Lufenuron 1500g; 

15 August, 3% Methylamino abamectin benzoate 750g, 

Lufenuron 1500g, 30% (25% Pymetrozine + 5% 

Clothianidin) 750g; 

24 August, 3% Methylamino abamectin benzoate 750g, 

2% Lufenuron 1500ml, 30% (25% Pymetrozine + 5% 

Clothianidin) 750g; 

15 September, 5% Abamectin 1875ml, 2% Lufenuron 

1500ml, 30% (25% Pymetrozine + 5% Clothianidin) 

1200g. 

Yellow stick 

trap; 

sweeping; 

BPH egg bait 

trap 

 

Site 4 

Tangxi, 

Jinhua 

ca. 30 

hectares 

Semi-

mountainous 

area: 

29°0′47″N, 

119°23′11″E, 

elevation 70m 

Second cropping rice, 

mechanical transplanting 

Yongyou 

1540 

Passion fruit 

(death) 

Sesame 

Okra 

24 June, seeding; 

28 June, passion fruit 

transplant; 

3 July, sesame and okra 

seeding; 15 July, transplant, 

density: 25*12cm; 

28 November, harvest. 

17 August, 25% Pymetrozine 300g; 

8 September, 20% Chlorantraniliprole 300ml, 25% 

Pymetrozine 600g 

Yellow stick 

trap; 

sweeping; 

BPH egg bait 

trap 

Site 1 Plain area: Single cropping rice, Yongyou Passion fruit 20 May, seeding; 14 July, 80% (20% Nitenpyram + 60% Pymetrozine) Yellow stick 
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2018 

Shangxiahu, 

Zhuji; 

ca. 150 

hectares 

29°49′50.73″N, 

120°23′10.64″E, 

elevation 7m 

mechanical transplanting 12 Sesame 

Okra 

 

20 May, passion fruit 

transplant 

10 June, sesame and okra 

transplant; 

15 June, transplant, density: 

30*20cm; 

6 November, harvest. 

150g, 5% Abamectin 3000ml 

28 August, 5% Abamectin 3000ml, 80% (20% 

Nitenpyram + 60% Pymetrozine) 150g 

13 September, 5% Abamectin 1500ml, 20% 

Chlorantraniliprole 150ml 

trap; 

sweeping 

Site 2 

Xinjian, 

Jinyun; 

ca. 30 

hectares 

Mountain area: 

28°42′13″N, 

120°0′20″E, 

elevation 170m 

Single cropping rice, 

mechanical transplanting 

Yongyou 

1540 

Passion fruit 

Sesame 

Okra 

 

9 May, seeding; 

2 June, transplant, density: 

25*12cm; 

4 June, passion fruit, 

sesame and okra transplant; 

22 October, harvest. 

6 July, 10% Imidacloprid 300g; 

2 September, 25% Pymetrozine 300g 

Yellow stick 

trap; 

sweeping 

Site 3 

Bailongqiao, 

Jinhua; 

ca. 40 

hectares 

Semi-

mountainous 

area: 

29°5′40″N, 

119°30′37″E, 

elevation 60m 

Single cropping rice, 

mechanical transplanting 

Yongyou 

1540 

Passion fruit 

Sesame 

Okra 

Basil 

Mung Bean 

20 May, passion fruit 

transplant; 

21 May, seeding; 

5 June, sesame, okra, basil, 

mung Bean seeding 

13 June, transplant, density: 

25*12cm; 

18 October, harvest. 

 

17 July, 6% (1.7% Abamectin + 4.3% 

Chlorantraniliprole) 300ml, 80% (20% Nitenpyram + 

60% Pymetrozine) 150g; 

9 August, 6% (1.7% Abamectin + 4.3% 

Chlorantraniliprole) 300ml; 

31August, 6% (1.7% Abamectin + 4.3% 

Chlorantraniliprole) 300ml, 80% (20% Nitenpyram + 

60% Pymetrozine) 150g; 

10 September, 6% (1.7% Abamectin + 4.3% 

Chlorantraniliprole) 300ml, 80% (20% Nitenpyram + 

60% Pymetrozine) 150g 

Malaise trap 

Site 4 

Tangxi, 

Jinhua; 

ca. 30 

hectares 

 

Semi-

mountainous 

area: 

29°0′47″N, 

119°23′11″E, 

elevation 70m 

Second cropping rice, 

mechanical transplanting 

Yongyou 

1540 

Passion fruit 

Sesame 

Okra 

Mung bean 

12 May, passion fruit 

transplant; 

1 July, seeding; 

2 July, sesame, okra, mung 

Bean seeding; 

25 July, transplant, density: 

25*12cm; 

14 November, harvest. 

16 August, 40% (20% Chlorantraniliprole +20% 

Thiamethoxam) 225g, 34% (5.7% Spinetoram +28.3% 

methoxyfenozide) 375ml 

15 September, 6% (1.7% Abamectin +4.3% 

Chlorantraniliprole) 750ml 

Yellow stick 

trap; 

sweeping 

 

 

 

 

Table 5.2. Details of plant species tested for utility in the rice field experiments. 
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Plant species 
common 

name 
 Family  

Inflorescence 

type 

Flower 

form 

Flower 

colour 
corolla shape Extrafloral Origin Value 

Sesamum 

indicum 
Sesame Pedaliaceae raceme 

tubular-

shaped 
white labiate No 

Native variety, Jinhua, 

China 29.0833°N, 

119.650° E 

oil crop 

Abelmoschus 

esculentus  
Okra Malvaceae solitary 

disc-bowl 

shaped 
yellow roseform Yes Proprietary seed 

commercial 

crop 

Passiflora 

edulia 

Passion 

fruit 
Passifloraceae cyme 

disc-bowl 

shaped 
white roseform Yes Proprietary seedling 

commercial 

crop 

Ocimum 

basilicum 

var. 

citriodorum 

Basil Labiatae panicle 
labiate-

shaped 
white labiate No Proprietary seed 

commercial 

crop  

Vigna 

radiata  

Mung 

Bean 
Fabaceae raceme 

flag-

shaped 
yellow papilionaceous Yes 

Native variety, Jinhua, 

China 29.0833°N, 

119.650° E 

grain crop 
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Table 5.3. Details of data analysis for each data capture method. 

Sampling method  Response variable  Fixed factors  Random factors Error Link 

Bait trap Parasitic rate  
treatment + sampling time + position + 

position : sampling time  
(1 | rice type)  Gamma inverse  

Yellow stick trap           
  planthopper egg parasitoids (PEP)  treatment + sampling time  (1 | rice type) + (1 | site / position) nbinom2   log  

  egg parasitoids of Lepidoptera (EPL) 
treatment + sampling time + position + 

position : sampling time  
(1 | rice type) + (1 | year) nbinom2   log  

  larva parasitoids of Lepidoptera (LPL) treatment + position  
(1 | rice type) + (1 | year / sampling time) + (1 | 

site) 
nbinom2   log  

  pupa parasitoids of Lepidoptera (PPL) 
treatment + sampling time + position + 

position : sampling time  
(1 | year) + (1 | site) nbinom2   log  

  pupa parasitoids of Diptera (PPD) treatment  (1 | year) nbinom1    log  

  Amounts of parasitoid wasps (AP) treatment 
(1 | rice type) + (1 | year / sampling time) + (1 | 

site) 
nbinom2   log  

  Anagrus nilaparvatae (AN)  treatment + sampling time  (1 | rice type) + (1 | site / position) nbinom1    log  

  Trichogramma chilonis (TC) 
treatment + sampling time + position + 

position : sampling time  
(1 | rice type) + (1 | year) + (1 | site) nbinom2   log  

  Copidosomopsis sp. (CS) treatment + position  
(1 | rice type) + (1 | year / sampling time) + (1 | 

site) 
nbinom1    log  

  Trichogramma japonicum (TJ) 
treatment + sampling time + position + 

position : sampling time  
(1 | rice type) + (1 | year) + (1 | site) nbinom1    log  

Sweeping           

  Herbivore insects (HI) 
treatment + sampling time + position + 

treatment : sampling time  
(1 | rice type) + (1 | year) + (1 | site) nbinom2   log  

  Neutral insects (NI) treatment * sampling time (1 | rice type) + (1 | year) + (1 | site) nbinom2   log  
  Arthropod predators (IP) treatment * sampling time  (1 | year) + (1 | site) nbinom2   log  
  Parasitoid wasps (PW)  treatment   (1 | year)  nbinom2   log  
  Rice planthoppers (RPH) treatment * sampling time (1 | rice type) + (1 | site / position) nbinom2   log  
  Lepidopterous pests (LPEST)  treatment * sampling time (1 | rice type) + (1 | year) + (1 | site) nbinom1    log  
  Tetragnatha spp. (TSS) treatment * sampling time (1 | rice type) + (1 | site) nbinom2   log  
  Other spiders (OS) treatment * sampling time (1 | rice type) + (1 | year) + (1 | site / position) nbinom2   log  
  Egg parasitoids (EP) treatment * sampling time  (1 | site) nbinom2   log  
  Larva parasitoids (LP) treatment  (1 | year / sampling time) + (1 | site / position) nbinom2   log  

  Pupa parasitoids (PP) treatment  
(1 | rice type) + (1 | year / sampling time) + (1 | 

site) 
nbinom1    log  

  Trichogramma japonicum (TJ) 
treatment + sampling time + position + 
treatment : sampling time + position : 

sampling time  
(1 | rice type) + (1 | year) + (1 | site) nbinom1    log  

  Copidosomopsis sp. (CS) treatment  
(1 | rice type) + (1 | year / sampling time) + (1 | 

site) 
nbinom2   log  
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  Apanteles cypris (AC) treatment  
(1 | rice type) + (1 | year / sampling time) + (1 | 

site) 
nbinom2   log  

  Anagrus nilaparvatae (AN) 
treatment + sampling time + position + 

treatment : sampling time  
 (1 | site) nbinom1    log  

  Trichogramma chilonis (TC) treatment * sampling time  (1 | site) nbinom1    log  

  Cotesia ruficrus (CR) 
treatment + sampling time + position + 

treatment : sampling time  
 (1 | year) + (1 | site) nbinom1    log  

Malaise trap           
  Herbivore insects (HI)  treatment + sampling time   (1 | position) nbinom2    log  

  Neutral insects (NI)  treatment + sampling time   (1 | position) nbinom2    log  
  Arthropod predators (IP)  treatment   (1 | sampling time) nbinom2    log  
  Parasitoid wasps (PW)   treatment + sampling time   (1 | position) nbinom2    log  
  Rice planthoppers (RPH)  treatment  (1 | sampling time) nbinom1    log  
  Lepidopterous pests (LPEST)  treatment + sampling time  (1 | position) nbinom2    log  
  Tetragnatha spp. (TSS)  treatment + sampling time (1 | position) nbinom1    log  
  Other spiders (OS)  treatment  (1 | sampling time) nbinom1    log  
  Ochthera sauteri Cresson (OSC)  treatment * sampling time (1 | position) nbinom2    log  
  Egg parasitoids (EP)  treatment + sampling time (1 | position) nbinom2    log  
  Larva parasitoids (LP)  treatment  (1 | sampling time) nbinom2    log  
  Pupa parasitoids (PP)  treatment  (1 | sampling time) nbinom2    log  

  Parasitoids of Lepidopterous pest 
(PLP) 

treatment + sampling time (1 | position) nbinom2    log  

  Parasitoids of Hemiptera pest (PHP) treatment + sampling time (1 | position) nbinom2    log  
  Parasitoids of Diptera pest (PDP) treatment   (1 | sampling time) nbinom2    log  
  Trichogramma japonicum (TJ)  treatment  (1 | sampling time) nbinom1    log  
  Trichogramma chilonis (TC) treatment + sampling time (1 | position) nbinom1    log  
  Anagrus nilaparvatae (AN)  treatment + sampling time (1 | position) nbinom1    log  
  Copidosomopsis sp. (CS)  treatment  (1 | sampling time) nbinom2    log  
  Telenomus spp. (TS) treatment + sampling time (1 | position) nbinom2    log  
  Apanteles cypris (AC)  treatment  (1 | sampling time) nbinom1    log  
  Cotesia ruficrus (CR) treatment + position  (1 | sampling time) nbinom1    log  
  Cotesia chilonis (Matsumura) (CC)  treatment + sampling time (1 | position) nbinom2    log  
  Dryinidae spp. (DS) treatment + position  (1 | sampling time) nbinom2    log  
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5.2.5. Data collation and analyses  

In order to analyse the effect of flowering plants on the arthropod functional groups, 

especially for the natural enemies, data from all the four sites was gathered, and pooled 

analyses based on each different sampling method (except the Malaise trap data). 

Parasitoids from the yellow sticky traps were assigned to one of five functional groups 

for analyses: planthopper egg parasitoids, egg parasitoids of Lepidoptera, larval 

parasitoids of Lepidoptera, pupal parasitoids of Lepidoptera (according to the host stage 

at parasitoids emergence) and pupal parasitoids of Diptera (according to the host stage at 

parasitoids emergence). More generally, arthropods were sorted to the categories: 

herbivorous insects, neutral insects, arthropod predators, parasitoid wasps, egg 

parasitoids, larval parasitoids, pupa parasitoids, spiders Tetragnathidae (the most 

common spiders), other spiders, planthoppers and lepidopterous pests from the sweep 

netting. Each was subject to analysis. Insects from the Malaise traps were assigned to one 

of the following functional groups for analyses: herbivorous insects, neutral insects, 

arthropod predators, parasitoid wasps, egg parasitoids, larval parasitoids, pupa parasitoids, 

planthopper egg parasitoids, egg parasitoids of Lepidoptera, larval parasitoids of 

Lepidoptera, pupa parasitoids of Lepidoptera (according to the host stage at parasitoids 

emergence), Tetragnathidae, other spiders, planthoppers and lepidopterous pests. The 

species of important parasitoids of rice pest were also subject to analyses. 

The effects of different flower species, distance from the crop margin, and sample date 

on functional groups as well as the bait plant parasitism data were analysed using a 

generalised linear model (GLM) or generalised linear mixed-effects model (GLMM). 

Before the GLMM analyses, the error distribution of the response variables was tested 

using goodness-of-fit tests. GLMs with Poisson distribution were conducted using the R 

function ‘glm’ in the library of ‘lme4’ for the analyses (Bates et al. 2014). In cases of 

overdispersion or heteroscedasticity of residuals between predictor levels, I fitted 

GLMMs with a negative binomial error distribution using the R function ‘glmmTMB’ in 

the library of ‘glmmTMB’ for the analyses (Magnusson et al. 2017). During model 

selection, the full model of GLM or GLMM was used as the starting model and then 

compared against all lower-level models. The treatment (flower species) was as the fixed 

factor, and the type of rice cropping, the year of sampling, the site of sampling were as 

the random factors in the model in the pooled analysis. The distance from the crop margin 

and sample date on functional groups were as fixed factors or random factors, which were 
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chosen based on the best model selection. Models of GLMM from R function ‘glmmTMB’ 

were ranked respectively based on their Akaike information criterion (AIC) value, the one 

with the lowest value in each series models chosen as the best model. If two or more 

models were within two delta AIC of each other, then the one with the lower number of 

degrees of freedom was used. Details on the analyses used are given in Table 5.3. The 

ANOVAs and post hoc test (Tukey contrasts) were conducted using R function ‘emmeans’ 

and ‘lsmeans’. All statistical analyses were performed with R (R Team 2019).  

5.3. Results  

5.3.1. Field assessment of parasitism 

The best-fit model indicated that parasitism of planthopper eggs on bait plants was 

significantly enhanced by the presence of passion fruit (ANOVA:  = 24.962, df = 3, P < 

0.001) (Fig.5.5A, APPENDIX 4.1). Parasitism rates were not significantly different 

between near the boundary of rice fields and the centre of rice fields (ANOVA:  = 0.266, 

df = 1, P = 0.605) (Fig. 5.5B, APPENDIX 4.1), as well as between the rice tillering stage 

and milking stage (ANOVA:  = 1.800, df = 1, P = 0.180), nevertheless, a significantly 

higher parasitism rate was found for the single cropping rice (Fig. 5.5C and 5.5D) 

(APPENDIX 4.1).  
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Figure 5.5. A: parasitism rate on sentinel bait plants in the rice field bordering earthen bunds 

planted with nothing (CK), Okra, passion fruit, or sesame; B: parasitism rate on sentinel bait 

plants different distance in the rice fields of from field margin; C: parasitism rate on sentinel bait 

plants in the field of different rice stage; D: parasitism rate on sentinel bait plants in the different 

type of rice fields. Error bars represent the standard error of the mean. Different letters indicate 

significant differences (P < 0.05) between treatments by ANOVA (Tukey post hoc comparison). 

 

5.3.2. Field assessment of arthropod presence 

5.3.2.1. Aerial insect catches 

The two-year multiple site experiments showed that catches of planthopper egg 

parasitoids adults were significantly higher in the mung bean treatment and passion fruit 

treatment than that in the control treatment (ANOVA:  = 18.325, df = 4, P = 0.001) (Fig. 

5.6A, APPENDIX 4.1). The egg parasitoids of Lepidoptera pest caught from the 

treatments of mung bean, okra, passion fruit and sesame were all significantly higher than 

that in the control fields (ANOVA:  = 38.177, df = 4, P < 0.001) (Fig5.6B, APPENDIX 

4.1). The larval parasitoids and pupal parasitoids of Lepidoptera pests that were caught 

from the sesame treatment were significantly higher than that in the control treatment, but 

significantly fewer larval and pupal parasitoids were caught from the mung bean 

treatment that in the control treatment (ANOVA, larval parasitoids : = 118.936, df = 4, 

P < 0.001; pupal parasitoids:  = 30.897, df = 4, P < 0.001) (Fig. 5.6C & 5.6D, 

A 

C 

B 

D 
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APPENDIX 4.1). Few pupal parasitoids of Dipteran pests were caught from the rice fields, 

and no significant effect was found (ANOVA:  = 1.865, df = 4, P = 0.761) (Fig. 5.6E, 

APPENDIX 4.1). Numbers of parasitoids caught by yellow sticky traps were significantly 

higher in the rice fields bordered by sesame and okra than that in the control fields 

(ANOVA:  = 146.000, df = 4, P < 0.001) (Fig. 5.6F, APPENDIX 4.1), which was similar 

for larval parasitoids of Lepidoptera pests (Fig. 5.6C, APPENDIX 4.1). Significantly 

higher numbers of the primary egg parasitoid of lepidopteran pests, T. japonicum were 

caught by yellow sticky traps in the rice fields bordered by passion fruit (27.6% of the 

total number of egg parasitoids of lepidopteran pests) and mung bean (38.78% of the total 

number of egg parasitoids of lepidopteran pests) than that in the control fields (ANOVA: 

 = 24.156, df = 4, P < 0.001) (Fig. 5.7A &5.7B, APPENDIX 4.1), but numbers of T. 

chilonis, another egg parasitoid of lepidopteran pests (over 40% of the total number of 

egg parasitoids of lepidopteran pests), were no significant difference among the 

treatments (Fig. 5.7B, APPENDIX 4.1). Numbers of the main egg parasitoid of rice 

planthoppers A. nilaparvatae were significantly higher in the rice fields bordered by mung 

bean (42.9% of the total number of egg parasitoids of rice planthoppers) and passion fruit 

(50.0% of the total number of egg parasitoids of rice planthoppers) than that in the control 

fields (ANOVA:  = 15.208, df = 4, P = 0.004) (Fig. 5.7C, APPENDIX 4.1). The main 

larval parasitoid of lepidopteran pests Copidosomopsis sp. were significantly more 

numerous in the rice fields bordered by okra (86.7% of the total number of larval 

parasitoid of lepidopteran pests) and sesame (80.0% of the total number of larval 

parasitoid of lepidopteran pests) than that in the control fields, however, which were 

significantly lower in the rice fields bordered by mung bean and passion fruit than that in 

the control fields (ANOVA:  = 94.701, df = 4, P < 0.001) (Fig. 5.7D, APPENDIX 4.1).  



109 

 

 

 
Figure 5.6. Numbers of different parasitoid wasp functional group caught by yellow stick trap in the treatments of control (CK), mung bean, okra, passion fruit, or 

sesame on the bordering earthen bunds. A: planthopper egg parasitoids functional group (PEP); B: egg parasitoids of Lepidoptera pest functional group (EPL); C: 

larva parasitoids of Lepidoptera pest functional group (LPL); D: pupa parasitoids of Lepidoptera pest functional group (PPL); E: pupa parasitoids of Diptera pest 

functional group (PPD); F: Amounts of all parasitoid wasps (AP). Error bars represent the standard error of the mean. Different letters indicate significant differences 

(P < 0.05) between treatments by ANOVA (Tukey post hoc comparison).
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Figure 5.7. Numbers of the main parasitoid wasps caught by yellow stick trap in the treatments 

of control (CK), mung bean, okra, passion fruit, or sesame on the bordering earthen bunds. A: 

Trichogramma japonicum (TJ), an egg parasitoid of Lepidoptera pest; B: Trichogramma chilonis 

(TC), an egg parasitoid of Lepidoptera pest; C: Anagrus nilaparvatae (AN) an egg parasitoid of 

rice planthoppers; D: Copidosomopsis sp. (CS), a larval parasitoid of Lepidoptera pest. Error bars 

represent the standard error of the mean. Different letters indicate significant differences (P < 

0.05) between treatments by ANOVA (Tukey post hoc comparison). 

 

5.3.2.2. Crop canopy arthropod catches 

For sweep net data, the best-fit models indicated that catches of herbivorous insects were 

significantly higher in the mung bean treatment than in the passion fruit treatment, but 

not significantly different among other treatments (ANOVA:  = 10.445, df = 4, P = 0.034) 

(Fig. 5.8A, APPENDIX 4.1). Numbers of rice planthoppers were also not significantly 

different among the control treatment and the four plant treatments (ANOVA:  = 8.934, 

df = 4, P = 0.063) (Fig. 5.8B, APPENDIX 4.1). The numbers of Lepidoptera pests were 

very low, and no differences among the treatments were found (Fig. 5.8C). Catches of 

neutral insects (mainly Chironomus spp.) in the sesame treatment were significantly 

higher than that in the control treatment (ANOVA:  = 45.131, df = 4, P < 0.001) (Fig. 

5.8D, APPENDIX 4.1). No significant differences were found among treatments for 

catches of arthropod predators, dominated by spiders (Fig. 5.8E, APPENDIX 4.1), as well 

as for catches of Tetragnathidae (Fig. 5.8F, APPENDIX 4.1). The category of other 

spiders (excluding Tetragnathidae) was significantly higher in the okra, sesame and 

passion fruit treatments than that in the control and mung bean treatments (ANOVA:  = 
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22.956, df = 4, P < 0.001) (Fig. 5.8G, APPENDIX 4.1). Catches of parasitoids were 

significantly higher in the sesame than control treatments (ANOVA:  = 20.163, df = 4, 

P < 0.001) (Fig. 5.8H, APPENDIX 4.1), especially for the egg parasitoids and the larval 

parasitoids (ANOVA: egg parasitoids,  = 16.920, df = 4, P = 0.002; larval parasitoids,  

= 33.061, df = 4, P < 0.001) (Fig. 5.9A & 5.9B, APPENDIX 4.1) and Copidosomopsis sp. 

(the main larval parasitoids of lepidopteran pests) (ANOVA:  = 24.227, df = 4, P < 0.001) 

(Fig. 5.9D, APPENDIX 4.1). However, catches of the larval parasitoids and 

Copidosomopsis sp. were significantly lower in the mung bean than that the other 

treatments (Fig. 5.9B & 5.9D, APPENDIX 4.1). The numbers of the egg parasitoid, T. 

japonicum were very low with no significant differences among the treatments (Fig. 5.9C, 

APPENDIX 4.1). 

The type of rice and the rice stage were the important facts related to the populations of 

arthropods (Fig. 5.10A & 5.10C, APPENDIX 4.1). But catches of arthropod functional 

groups at different distances to the rice field margins were similar (Fig. 5.10B, 

APPENDIX 4.1). 
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Figure 5.8. Numbers of different arthropod functional group caught by sweeping net in the 

treatments of control (CK), mung bean, okra, passion fruit, or sesame on the bordering earthen 

bunds. A: Herbivore insects (HI) group; B: Rice planthoppers (RPH) group; C: Lepidoptera pest 

(LPEST) group; D: Neutral insects (NI) group; E: Arthropod predators (IP) group; F: 

Tetragnathidae spiders (TSS) group; G: Other spiders (OS) group; H: Parasitoid wasps (PW) 

group. Error bars represent the standard error of the mean. Different letters indicate significant 

differences (P < 0.05) between treatments by ANOVA (Tukey post hoc comparison). 
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Figure 5.9. Numbers of different parasitoid wasp functional group and the main parasitoid wasps 

caught by sweeping net in the treatments of control (CK), mung bean, okra, passion fruit, or 

sesame on the bordering earthen bunds. A: egg parasitoids functional group (EP); B: larva 

parasitoids functional group (LP); C: Trichogramma japonicum (TJ), an egg parasitoid of 

Lepidoptera pest; D: Copidosomopsis sp. (CS), a larval parasitoid of Lepidoptera pest. Error bars 

represent the standard error of the mean. Different letters indicate significant differences (P < 

0.05) between treatments by ANOVA (Tukey post hoc comparison). 

 

Figure 5.10. A: Numbers of different arthropod functional group in the different type of rice fields; 

B: Numbers of different arthropod functional group of different distance in the rice fields of from 

field margin; C: Numbers of different arthropod functional group in the field of different rice 

stage. HI: Herbivore insect group; NI: Neutral insect group; IP: Arthropod predator group; AP: 

Amounts of all parasitoid group; RPH: Rice planthoppers group; LPEST: Lepidoptera pest group. 

Error bars represent the standard error of the mean. 

A 

C 

B 
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5.3.2.3. Arthropod catches by Malaise traps 

For Malaise traps at site 3 in 2018, the best-fit models indicated that only catches of 

herbivore insects in the passion fruit treatment were significantly higher than that in the 

control treatment (ANOVA:  = 19.778, df = 5, P < 0.001) (Fig. 5.11A, APPENDIX 4.2). 

Catches of neutral insects (mainly Chironomus spp.) in the treatments of mung bean, 

passion fruit and sesame were significantly higher than that in the control rice fields 

(ANOVA:  = 38.919, df = 5, P < 0.001) (Fig. 5.11B, APPENDIX 4.2). Catches of 

arthropod predators (dominated by spiders) in the lemon basil, mung bean, passion fruit 

and sesame treatments were significantly higher than that in control (ANOVA:  = 20.991, 

df = 5, P = 0.001) (Fig. 5.11C, APPENDIX 4.2). Catches of Ochthera sauteri Cresson, a 

predatory fly, in the lemon basil, mung bean and sesame treatments were significantly 

higher than that in control (ANOVA:  = 24.588, df = 5, P < 0.001) (Fig. 5.13A, 

APPENDIX 4.2). Catches of Tetragnathidae were very low and no differences among the 

treatments (Fig. 5.13B, APPENDIX 4.2). Catches of spiders (except Tetragnathidae) in 

the lemon basil and passion fruit treatments were significantly higher than that in the 

control (ANOVA:  = 33.874, df = 5, P < 0.001) (Fig. 5.13C, APPENDIX 4.2).  

All the five flowering plants had a significant effect on total catches of parasitoids, and 

the highest mean was in the passion fruit treatment, which was significantly higher than 

that in the mung bean and okra treatments (ANOVA:  = 177.350, df = 5, P < 0.001) (Fig. 

5.11D, APPENDIX 4.2). Catches of egg parasitoids functional group in the rice fields 

planted with lemon basil, mung bean, passion fruit and sesame treatments were 

significantly higher than that in the control rice fields (ANOVA:  = 146.780, df = 5, P < 

0.001) (Fig. 5.12A, APPENDIX 4.2), as well as larval parasitoids functional group  

(ANOVA:  = 91.516, df = 5, P < 0.001) (5.12B, APPENDIX 4.2), pupa parasitoids 

functional group (ANOVA:  = 31.006, df = 5, P < 0.001) (Fig. 5.12C, APPENDIX 4.2), 

parasitoids of Lepidoptera pests (ANOVA:  = 110.060, df = 5, P < 0.001) (Fig. 5.12D, 

APPENDIX 4.2.), parasitoids of Hemiptera pests (ANOVA:  = 140.220, df = 5, P < 

0.001) (Fig. 5.12E, APPENDIX 4.2), parasitoids of Diptera pests (ANOVA:  = 28.872, 

df = 5, P < 0.001) (Fig. 5.12F, APPENDIX 4.2). Only catches of larval parasitoids 

functional group and parasitoids of Lepidoptera pest in the okra treatment were 

significantly higher in number than that in the control (Fig. 5.12B &5.12D, APPENDIX 



115 

 

4.2). Lepidoptera pests also benefited from lemon basil, okra, passion fruit and sesame  

(ANOVA:  = 21.423, df = 5, P = 0.001) (5.11F, APPENDIX 4.2), but rice planthoppers 

did not benefit from any of the five flowering plants (ANOVA:  = 8.216, df = 5, P = 

0.145) (Fig. 5.11E, APPENDIX 4.2).  

A significant effect was found of all the tested flowering plants, except okra, on the egg 

parasitoid of planthopper A. nilaparvatae (ANOVA:  = 90.189, df = 5, P < 0.001) (Fig. 

5.13D, APPENDIX 4.2), and the egg parasitoid of Lepidoptera pests, T. japonicum 

(ANOVA:  = 26.195, df = 5, P < 0.001) (Fig. 5.13G, APPENDIX 4.2). A significant 

effect was found by passion fruit and sesame on the larval parasitoids of Lepidoptera pest, 

Copidosomopsis sp. (ANOVA:  = 27.101, df = 5, P < 0.001) (Fig. 5.13E, APPENDIX 

4.2), and only catches of T. chilonis in the passion fruit treatment were significantly higher 

than that in the control (ANOVA:  = 22.292, df = 5, P < 0.001) (Fig. 5.13F, APPENDIX 

4.2). Moreover, significant effects were found for lemon basil and passion fruit treatments 

on Telenomus spp. (ANOVA:  = 45.585, df = 5, P < 0.001) (Fig. 5.13H, APPENDIX 

4.2), as well as Cotesia chilonis, a larval parasitoid of Lepidoptera pests (ANOVA:  = 

37.438, df = 5, P < 0.001) (Fig. 5.13J, APPENDIX 4.2). Significant effects were also 

found among the tested flowering plants on Cotesia ruficrus; catches in the lemon basil 

and sesame treatments were significantly higher than others (ANOVA:  = 1780.364, df 

= 5, P < 0.001) (Fig. 5.13I, APPENDIX 4.2). No significant effect was found of among 

the five plants on the planthopper nymph ectoparasitoids, Dryinidae spp. (APPENDIX 

4.2), and the larval parasitoid of Lepidoptera pests, Apanteles cypris (APPENDIX 4.2).  

Rice growth stage was one of the important effects on populations of functional arthropod 

group. The highest amount of parasitoid wasps were caught at the rice milking stage, 

whilst arthropod predators were caught in the highest numbers at the rice seeding stage 

(Fig. 5.14B & 5.14C, APPENDIX 4.2). Similar numbers of arthropods based on 

functional groups were found at each distance from the rice field margins (Fig. 5.14A, 

APPENDIX 4.2). 
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Figure 5.11. Numbers of different arthropod functional group caught by Malaise trap in the treatments of control (CK), lemon basil (LM), mung bean (MB), okra (O), 

passion fruit (PF), or sesame (S) on the bordering earthen bunds in 2018. A: Herbivore insects (HI) group; B: Neutral insects (NI) group; C: Arthropod predators (IP) 

group; D: Parasitoid wasps (PW) group; E: Rice planthoppers (RPH) group; F: Lepidoptera pests (LPEST) group. Error bars represent the standard error of the mean. 

Different letters indicate significant differences (P < 0.05) between treatments by ANOVA (Tukey post hoc comparison). 
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Figure 5.12. Numbers of different parasitoid wasp functional group caught by malaise trap in the treatments of control (CK), lemon basil (LM), mung bean (MB), 

okra (O), passion fruit (PF), or sesame (S) on the bordering earthen bunds in 2018. A: egg parasitoids functional group (EP); B: larva parasitoids functional group (LP); 

C: pupa parasitoids functional group (PP); D: parasitoids of Lepidoptera pest (PLP); E: parasitoids of Hemiptera pest (PHP); F: parasitoids of Diptera pest (PDP). 

Error bars represent the standard error of the mean. Different letters indicate significant differences (P < 0.05) between treatments by ANOVA (Tukey post hoc 

comparison). 
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Figure 5.13. Numbers of different functional group and the main parasitoid wasps caught by malaise trap in the treatments of control (CK), lemon basil (LM), mung 

bean (MB), okra (O), passion fruit (PF), or sesame (S) on the bordering earthen bunds in 2018. A: Ochthera sauteri Cresson (OSC), a predatory fly; B: Tetragnatha 

spp. (TSS) group; C: Other spiders (OS) group; D: Anagrus nilaparvatae (AN), an egg parasitoid of planthopper; E: Copidosomopsis sp. (CS), a larval parasitoid of 

Lepidoptera pest; F: Trichogramma chilonis (TC), an egg parasitoid of Lepidoptera pest; G: Trichogramma japonicum (TJ), an egg parasitoid of Lepidoptera pest; H: 

Telenomus spp. (TS), an egg parasitoid of Lepidoptera pest; I: Cotesia ruficrus (CR), a larval parasitoid of Lepidoptera pest; J: Cotesia chilonis (CC), a larval parasitoid 

of Lepidoptera pest. Error bars represent the standard error of the mean. Different letters indicate significant differences (P < 0.05) between treatments by ANOVA 

(Tukey post hoc comparison). 
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Figure 5.14. A: Numbers of different arthropod functional group caught by malaise trap in the rice fields of from field margin, HI: Herbivore insects group; NI: Neutral 

insects group; IP: Arthropod predators group; PW: Parasitoid wasps group; RPH: Rice planthoppers group; LPEST: Lepidoptera pests group; B: Numbers of Neutral 

insects (NI) group of different distance caught by Malaise trap in the field of different rice stage; C: Numbers of different arthropod functional group caught by malaise 

trap in the field of different rice stage, HI: Herbivore insects group; IP: Arthropod predators group; PW: Parasitoid wasps group; RPH: Rice planthoppers group; 

LPEST: Lepidoptera pests group. Error bars represent the standard error of the mean. 

A 

C 
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5.4. Discussion 

The multi-point field analysis showed that passion fruit when planted as a field border, 

significantly enhanced the parasitism of planthopper eggs in the rice fields. There was, 

however, a significant effect of rice cropping pattern. The parasitism rate in the single 

cropping rice was significantly higher than the second cropping of the double cropping 

rice. This effect may be due to the earlier planting time of the single cropping rice (since 

about May to June) compared with that of the second cropping of the double rice (since 

at the end of July to early August). Because of the appropriate temperature (about 20 ℃) 

and humidity (rainy) in May and June, as well as the hosts (BPHs) prefer the single 

cropping rice, all these factors are more suitable for the colonization and reproduction of 

planthopper egg parasitoids. Sesame enhanced the population of the total parasitoids. 

However, there were differences among the different parasitoid functional groups and 

individual parasitoid species. Sesame enhanced the numbers of lepidopteran pest 

parasitoids, including egg parasitoids, larval parasitoids and pupal parasitoids, the 

numbers of the main larval parasitoid Copidosomopsis sp., as well as numbers of 

parasitoid wasps, other spiders (excluding Tetragnathidae), and neutral insects of crop 

canopy arthropods. Okra enhanced the numbers of the total parasitoids, the egg 

parasitoids of lepidopteran pest, and the numbers of the main larval parasitoid 

Copidosomopsis sp., as well as the numbers of other spiders (excluding Tetragnathidae). 

Mung bean enhanced the numbers of lepidopteran pest egg parasitoids, the numbers of 

egg parasitoids of rice planthoppers, the numbers of the two species of main egg 

parasitoids (A. nilaparvatae and T. japonicum). Passion fruit enhanced the numbers of 

egg parasitoids of lepidopteran pest, the numbers of egg parasitoids of rice planthoppers, 

the numbers of the two species of main egg parasitoids (T. chilonis and T. japonicum). 

Results of Malaise trap monitoring showed that sesame, lemon basil, mung bean, okra 

and passion fruit significantly enhanced the numbers of parasitoid wasps including the 

egg parasitoids of rice planthoppers and lepidopteran pests (except okra), the larval 

parasitoids lepidopteran pests, the pupal parasitoids of lepidopteran pests and dipterous 

pests (except okra), the parasitoids of lepidopteran pests functional group, especially for 

the two species of main egg parasitoids (A. nilaparvatae and T. japonicum) (except okra), 

and the main larval parasitoid, Cotesia ruficrus. Sesame and passion fruit significantly 

enhanced the population of another main larval parasitoid, Copidosomopsis sp.. Also, 

sesame, lemon basil, mung bean and passion fruit significantly enhanced the population 

of arthropod predators, as well as the numbers of neutral insects. Moreover, sesame, 
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lemon basil and mung bean significantly enhanced the numbers of Ochthera sauteri, a 

predatory fly. Lemon basil and passion fruit significantly enhanced the numbers of spiders 

(except Tetragnathidae).  

The establishment of flower strips in the crop agroecosystem is one of the most common 

habitat management techniques that can promote conservation biological control of 

ecosystem services (Gurr et al. 2016, Gurr et al. 2017, Hatt et al. 2018, Jaworski et al. 

2019, Shields et al. 2018). Nevertheless, the beneficial effects are not always present. This 

chapter focused on exploiting extrafloral and floral nectar plants to provide ecosystem 

services for the subtropical rice fields on the bunds surrounding rice crops, to 

experimentally test the general principle generalized from Chapter 3 and Chapter 4. 

Unquestionably, agricultural practices (i.e. pesticide use, harvesting) negatively affect 

natural enemy populations in fields (Hanson et al. 2017) and the potential for biological 

control (Geiger et al. 2010). The results of this chapter revealed that even with different 

agricultural practices, different rice varieties and cropping patterns, and different district 

among the four sites (Table 5.1), similar, positive results from flowering plants borders 

were evident (APPENDIX. 5). This is important because it is rare for field evaluations of 

habitat manipulation to extend across this diversity and numbers of sites within cropping 

system. Most studies are much more limited in scope (though see Gurr et al. (2016), work 

in which the present author was involved prior to this PhD study). Accordingly, the robust 

finding of positive effects across time and space is of ecological and agronomic 

significance because it indicates the generalizability of the effects.  

The results of chapter 3 and chapter 4 show that plants with compound umbel were the 

optimal nectar plant type, but these were not included in the field studies as none of the 

available species matched the rice-growing season (May to October) (Table 4.1). 

Nonetheless, other inflorescence types, which were a positive correlation (raceme, cyme 

and panicle) or no positive correlation (solitary) with parasitoids’ longevity or fecundity, 

were used (Table 5.2). The results revealed that, though okra (with a solitary inflorescence) 

improved the population of some parasitoids, the effects were weaker than for passion 

fruit, sesame or lemon basil. The earlier laboratory experiment showed that okra did not 

benefit parasitoids (see chapter 4). Little nectar but much pollen was found on okra 

flowers (personal observations). However, the field results showed that okra had a 

positive effect on some parasitoids. A possible explanation for this apparent discrepancy 

between laboratory and field results is that okra plants have extrafloral nectaries, as do as 

mung bean and passion fruit (Table 5.2). Accordingly, some natural enemies of pests 
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could benefit from the extrafloral nectaries. Extrafloral nectar has previously been noted 

for the potential for enhancing the performance of natural enemies (Jones et al. 2017, 

Rezende et al. 2014). A recent field study by Horgan et al. (2019) showed a similar result 

that mung bean had a positive effect on key predators and parasitoids of rice insect pests, 

and as well as on lepidopteran and grain-sucking pests in the adjacent rice. Extrafloral 

nectar does, however, seem to have the potentially higher risks than flower nectar, as the 

extrafloral is so widespread in agricultural ecosystems (Jones et al. 2017) and most of 

lepidopteran pests are nocturnal (Kawahara et al. 2018) when extra-floral nectar is more 

accessible. Accordingly, Lepidoptera pests have better access to extrafloral nectar than to 

flower nectar.  

The Malaise trap study showed that all the five flowering plants benefitted Lepidoptera 

pests, especially in the early growing season of rice, but all at low populations 

(APPENDIX 5). There was no serious damage of the rice field (or yield loss) in these 

treatments compared with the control during the experiment. By introducing a new plant 

to the rice system, the microenvironment near the rice field border with the new plant will 

be changed, which is likely to be more suitable for arthropod biodiversity, thus may 

enhance ecosystem services of their capability for conservation biological control. The 

rice leaf folder Cnaphalocrocis medinalis, an important migratory rice pest, prefers 

gathering in the non-crop habitats (especially the thick gramineous grass areas) around 

the rice field, before migrating into the rice field in sub-tropical areas (Zheng et al. 2017). 

In addition, some studies also show that C. medinalis could visit Amaranthus viridis, 

ligustrum lucidum, Gossypium hirsutum, and Vitex cannabifolia to access the nectar or 

extrafloral successfully to satisfy their nutritional needs (Zhang et al. 1980; Wu 1991). 

Previous laboratory studies show that sesame (S. indicum) flowers have no benefit for the 

adult longevity and fecundity of rice pink stem borer (Sesamia inferens) and rice striped 

stem borer (Chilo suppressalis) (Zhu et al. 2015), as well as the two rice leaf folders, 

Cnaphalocrocis medinalis and Marasmia patnalis (Zhu et al. 2014). Furthermore, the 

recent studies also show that sesame flowers do not affect adult longevities and 

fecundities of six Lepidoptera pest species of a major crop, except that the diamondback 

(Plutella xylostella) females laid more eggs when fed on sesame flowers (Liu et al. 2017). 

This suggests that while Malaise traps showed higher levels of activity (and possible 

density) for Lepidoptera adults, these are likely not able to access border plant nectar and 

were recorded not to be causing elevated levels of crop damage. 

This chapter used three different methods to sample of arthropod presence in the rice field, 
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as there is no single method that is optimal for all taxa and life stages. Yellow sticky traps 

were most efficient to monitor the smaller sized parasitoids whilst sweep netting was 

more efficient to monitor the larger parasitoids and many predators. Malaise traps were 

useful for aerial insects but are logistically demanding and costly. 

Overall, these field results indicate that the presence of flowering plants did not always 

increase the population of all the natural enemies. This highlights the importance of 

selecting optimal plant species in habitat management, whether by fieldwork as in this 

present chapter or, potentially by laboratory or traits-based selection criteria as explored 

in other chapters. The present work shows that extrafloral nectar must also be taken into 

consideration. 
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6 Chapter Six: Patterns of Volatile Compound Emission among 

Parasitoid-Attracting Angiosperms 

6.1. Introduction 

Plant flowers pass on information to attract mutualists or to repel antagonists through 

olfactory (scent), visual (colour and shape), and even acoustic (echolocation) channels 

(Gonzalez-Terrazas et al. 2016, Kantsa et al. 2019, Kunze and Gumbert 2001, Leonard et 

al. 2011, Raguso 2004a). Among these, volatile organic compounds (VOCs) of flowers, 

‘floral scents’, are the language of communication between plants and flower visitors 

(Pellmyr and Thien 1986). These VOCs have a low molecular weight and high steam 

pressure at normal temperatures, allowing them to freely be released into the environment 

(Pichersky et al. 2006). VOCs of flowers have three major classes: terpenoids, aromatic 

compounds, and fatty acid derivatives, as well as a small amount of sulphur- and nitrogen-

containing compounds (Muhlemann et al. 2014). Flower visitors potentially discriminate 

VOCs emitted by the different flower parts (such as petals, pollen, nectar) from random 

information to make decisions on foraging, mating, or defending for floral plants 

(Muhlemann et al. 2014, Raguso 2008, Schiestl 2015).  

VOCs of floral plants attract flower visitors by two strategies (Burkle and Runyon 2019, 

Hossaert-McKey et al. 2010). First, generalisation by use of common VOCs of plant 

flowers, which are synthesised through biosynthetic pathways and exist widely among 

plants, yet form specific composition ratios of VOCs (Bruce et al. 2005, Burkle and 

Runyon 2019). These VOCs include various fatty acid derivatives and terpenes, such as 

benzaldehyde, benzyl alcohol, linalool, ocimene and farnesene (Muhlemann et al. 2014, 

Raguso 2004b, Schiestl 2015). Second, specialisation by use of particular VOCs are often 

produced by the decomposition of secondary plant metabolism to achieve specificity and 

include aromatic compounds (Dötterl et al. 2005, Kantsa et al. 2019, Raguso 2004b). It is 

a major challenge in neurophysiology and behaviour to understand how these VOCs 

affect flower visitors (Galizia and Menzel 2000). Some plant flowers (e.g. Lamiaceae) 

tend to produce terpene-based VOCs, but other flowers (e.g. Araceae) tend to produce 

sulphur-containing VOCs (Raguso et al. 2015). VOCs of flowers may act as a critical 

component in flower attraction, such as linalool and benzeneacetaldehyde, which are key 
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attractants for many moth and solitary bee species (Borg-Karlson et al. 1993, 

Cunningham et al. 2006, Korada 2017).  

Relative to floral plants themselves, not all floral visitors are pollinators (Irwin et al. 2010, 

Kevan and Baker 1983); floral larceny is very common among floral visitors (Inouye 

1980). Hymenoptera insects, including bees, wasps and ants, are the most common 

thieves (Irwin et al. 2010, Kevan and Baker 1983). Most parasitoid species visit flowering 

plants (Jervis et al. 1993) and feed on floral nectar as adults, and this can improve their 

key life-history parameters, especially longevity and realised fecundity (Gurr et al. 2017, 

Lu et al. 2014, Zemenick et al. 2019). Most parasitoid species feed on a narrow range of 

flower species (Tooker and Hanks 2000). Patt et al. (1997) demonstrated that while 

Edovum puttleri feeds on the nectar of a large number of flowers, Pediobius foveolatus 

feeds on a very restricted set of flower species. Kantsa et al. (2019) assembled the insect 

VOC meta-network and found three positive associations linkage patterns: Megachilidae 

bees and sesquiterpenes; Apidae and Andrenidae bees and aromatic compounds; 

predatory wasps and specific terpenoids (Kantsa et al. 2019). To date, however, we have 

only a preliminary understanding of the chemical ecology of parasitoid attraction to 

suitable flowers (Foti et al. 2017). 

The VOCs of plant flower play important roles in parasitoids foraging for flower sources 

(Wäckers 1994). In this chapter, a series of common plant species flowers’ VOCs are 

analysed, and based on the results from chapter 4, (in which it was found that plant 

inflorescence architecture was the most important trait affecting the extent of benefit to 

parasitoid longevity and fecundity), address the following questions;1) does any common 

compound exist widely in the plant flowers belonging to the same plant inflorescence 

which could significantly enhance parasitoids, and, help explain the strong benefit to 

parasitoids of certain inflorescence forms?, 2) is the VOCs chemical composition of a 

given species’ flowers relatively stable, irrespective of the flower colour?, 3) is the VOCs 

chemical composition relatively stable among plants sharing a given flower colour, 

irrespective of the plant taxa?, and 4) is any particular VOC associated with extrafloral 

nectaries? 

6.2. Material and methods 

6.2.1. Plants 

Flowering plant shoots of candidate plant species (see Table 1) were studied in China at 
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the experimental station of Jinhua Plant Protection Station in Jinhua City, Zhejiang 

Province (29.0165°N, 119.626°E). Plants were collected from the nursery gardens near 

the experimental station of Jinhua Plant Protection Station, except the flowering plants of 

umbelanterna (Lantana camara L.) which were bought from the flower market in Jinhua 

(Table 1). Shoots were collected randomly before 9 am on the day of study from each 

plant (one shoot per plant). 

6.2.2. Volatile collection 

The freshly collected flowers were tiled on a disposable polystyrene Petri dish (D: 7cm) 

moisturised by a layer of absorbent cotton with ultrapure water and where then placed 

individually into an open headspace sampling system (Analytical Research System, 

Gainesville, FL) (Fu et al. 2019, Li et al. 2012). The volatiles was continuously collected 

from a glass chamber (D: 11cm; H: 45cm) by pumping air (0.8 L/min) from the glass 

chamber through a Super-Q volatile collection trap for 24 h under the fluorescent lighting 

(30W, 6500K, PHILIPS) and eluted by 300 μL methylene chloride. Each plant species 

had three replicates tested simultaneously. These experiments were conducted from June 

to October in 2017 and April to October in 2018, according to the flowering time of plant 

species. If the species of plant flower was diclinous, the staminate flower was used. A 

Petri dish with a layer of absorbent cotton with ultrapure water only treatment was used 

as the control treatment (CK). 

The same method was used in a study of different colour flower volatiles of Zinnia 

elegans and Cosmos bipinnata, and the volatile collection Luffa cylindrica and Passiflora 

edulia with and without extrafloral nectaries. Luffa cylindrica vine with extrafloral 

nectaries (about 5cm), L. cylindrica vine without extrafloral nectary (about 5cm, the 

nectaries were removed by knife), P. edulia petiole with extrafloral nectaries (about 5cm), 

and P. edulia petiole without extrafloral nectary were used. Three of the vines or petioles 

were kept on a disposable polystyrene Petri dish moistened by a layer of absorbent cotton 

with ultrapure water as described above. The volatile collection methods were the same 

as described above on flowers.  

Before each experiment, the open headspace sampling system and the Super-Q volatile 

collection trap were washed repeatedly with n-hexane and ultrapure water and dried. 
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6.2.3. GC-MS analysis 

Volatile compounds were analysed by GC-MS/MS (Agilent Technologies 7890B GC-MS 

system). The chromatographic column of GC-MS was HP-5MS (30 m×0.250 mm, 

1909IS-433UI, Agilent Technologies. Inc. California, USA) (Liu and Fu 2018). For GC-

MS analysis (Jiang et al. 2015, Liu and Fu 2018), the injection temperature was 250 °C 

at the splitless mode and a temperature gradient of 5 °C/min from 50 °C (hold 3 min) to 

250 °C. The electronic impact (EI) mode was at 70 eV. All MS data were collected from 

40 to 400 m/z. The compounds were identified by searching the NIST 14.0 database.  

6.2.4. Statistical analyses 

If the results of the GC analysis had a distinct difference among the three repeats of each 

flower species, the outlier was discarded. The compounds that the match factors were >80 

identified by the authentic standard, and existed simultaneously among the three repeats 

of each plant species flower sample were picked out, then discarded the same compounds 

with the control treatment (CK). Finally, the remaining compounds were used as the 

VOCs of each plant flower sample. The relative percentage of each compound was 

calculated based on its relative GC peak area. The VOCs of each plant flower sample was 

divided into the major groups defined by biosynthetic origin following Knudsen et al. 

(2006) (i.e., aromatic compounds, terpenoids, fatty acid derivatives and nitrogen-

containing compound) for later analysis. The relationships between plant inflorescence 

form and the major VOC groups were analysed by generalised linear models (GLM) with 

the binomial distribution (logit link function). If the data were overdispersed, a negative 

binomial distribution function (quasibinomial, logit link function) was selected. All 

statistical analyses were conducted with R software (R Core Team 2017). 
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Table 6.1. flower plant species used in the experiment 

Common name species Family Inflorescence Colour 
Month of flowering (Jan=1 – Dec=12) 

1 2 3 4 5 6 7 8 9 10 11 12 

Garden cosmos Cosmos bipinnata  Compositae Capitulum Yellow      6 #         

Sulfur cosmos  Cosmos sulphureus Compositae Capitulum Yellow      6 #         

Garland chrysanthemum 
Chrysanthemum 

coronarium 
Compositae Capitulum Yellow      6 8       

False daisy Eclipta prostrata Compositae Capitulum White       7 10       

Common zinnia  Zinnia elegans Compositae Capitulum Red      6 9        

Oriental paperbush Edgeworthia chrysantha Thymelaeaceae Capitulum Yellow  2 3          

Celery Apium graveolens Apiaceae Compound umbel White    4 7          

Monnier's snowparsley Cnidium monnieri Apiaceae Compound umbel White    4 7          

Cilantro Coriandrum sativum Apiaceae Compound umbel White    4 7          

Chinese celery Oenanthe javanica Apiaceae Compound umbel White      6 7      

Hedge parsleys Torilis scabra  Apiaceae Compound umbel White    4 7          

Red Robin  Photinia × fraseri  Rosaceae Compound umbel White     5 7        

China star jasmine 
Trachelospermum 

jasminoides  
Apocynaceae Corymb White   3 7            

Multiflora rose 
Rosa. multiflora. var. 

cathayensis 
Rosaceae Corymb Red     5 6       

China rose Rosa chinensis  Rosaceae Corymb Red    4 10             

Starflower Borago officinalis Borraginaceae Cyme Purple     5 9          

Elderberry Sambucus williamsii Caprifoliaceae  Cyme White               

Passion fruit Passiflora edulia Passifloraceae Cyme White     5 #            

Bigleaf hydrangea Hydrangea macrophylla  Saxifragaceae Cyme White      6 8       

Paulownia Paulownia fortunei Scrophulariaceae Cyme White               

Sesame Sesamum indicum Pedaliaceae  Cyme White       7 9      

Annual fleabane Erigeron annuus Compositae Panicle White      6 8       

 Lemon Basil  
Ocimum basilicum var. 

citriodorum  
Labiatae Panicle White       7 9      

Buckwheat Fagopyrum esculentum  Polygonaceae Panicle White     5 9          

Celery-leaved buttercup  Ranunculus sceleratus   Ranunculaceae Panicle Yellow     5 8         
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Asiatic sweetleaf  Symplocos paniculata  Symplocaceae Panicle White     5 #           

Chinese trumpet creeper Campsis grandiflora  Bignoniaceae Panicle Red     5 8         

Canola Brassia campestris  Brassicaceae Raceme Yellow   3 5          

White radish Raphanus sativus  Brassicaceae Raceme White               

Smooth luffa Luffa cylindrica Cucurbitaceae Raceme Yellow       7 10       

Ridged luffa Luffa acutangula Cucurbitaceae Raceme Yellow        8 #     

Azalea Rhododendron simsii Ericaceae Raceme Red    4 5        

Milkvetch Astragalus sinicus  Fabaceae Raceme Purple  2 6             

Soy Glycine max   Fabaceae  Raceme purple               

Pea  Pisum sativum  Fabaceae Raceme White    4 5        

 Thermospsis chinensis   Fabaceae  Raceme Yellow              

White clover Trifolium repens   Fabaceae  Raceme White     5 #           

 Rosemary Rosmarinus officinalis Labiatae Raceme Purple              

Mauritius thorn Caesalpinia decapetala  Leguminosae Raceme Yellow              

Knotweed Polygonum orientale  Polygonaceae Raceme Red      6 9        

 Lysimachia candida  Primulaceae Raceme White     5 7        

Pomelo Citrus maxima  Rutaceae Raceme White    4 5        

Japanese mazus Mazus japonicus  Scrophulariaceae Raceme Purple    4 10             

Black nightshade Solanum nigrum  Solanaceae Raceme White         9 11    

Cucumber Cucumis sativus Cucurbitaceae Solitary Yellow      6 7      

Pumpkin Cucurbita moschata Cucurbitaceae Solitary Yellow     5 7        

Okra Abelmoschus esculentus  Malvaceae Solitary Yellow     5 9          

 Rubus corchorifolius  Rosaceae Solitary White               

Eggplant 
Solanum melongena var. 

serpentinum 
Solanaceae Solitary Purple      6 8       

Umbelanterna Lantana camara Verbenaceae Umbel Yellow       4 10               
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Figure 6.1. Matrix illustrating the presence of flower volatile organic compounds (VOCs) (rows) across flower plant species (columns) categorised by 

inflorescence form. Each small dark spot represents one VOC of one flower plant species. 
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Figure 6.2. Matrix illustrating the presence of flower volatile organic compounds (VOCs) (rows) across flower plant species (columns) categorised by 

taxonomic family. Each small dark spot represents one VOC of one flower plant species. 
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Figure 6.3. Histogram graphs illustrating the data distribution of the flower major groups volatile organic compounds (VOCs) with different inflorescence. A: 

The data distribution of fatty acid derivatives (FA) with 8 different inflorescences; B: The data distribution of Aromatic compounds (AC) with 8 different 

inflorescences; C: The data distribution of terpenoids (T) with 8 different inflorescences; and D: The data distribution of nitrogen-containing compounds (NC) 

with 8 different inflorescences. 
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Figure 6.4. Box-plots illustrating the relative percentage of flower volatile organic compounds (VOCs) with different inflorescence. A: the volatile organic 

compounds (VOCs) of fatty acid derivatives (FA) group; B: the volatile organic compounds (VOCs) of aromatic compounds (AC) group; C: the volatile organic 

compounds (VOCs) of terpenoids (T) group; D: the volatile organic compounds (VOCs) of nitrogen-containing compounds (NC) group. The asterisk shows the 

significant difference between the two treatments (GLM, t-test, P<0.05). 
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6.3. Results  

6.3.1. Flower volatiles by plant inflorescence type 

A total of 347 volatile compounds were detected across the 49 flower plant species 

consisting of 8 different types of plant inflorescences (Fig. 6.1). The results showed no 

evidence of any common compounds characterising species that had a particular 

inflorescence form (Fig. 6.1). Indeed, even when plants were categorised by taxonomic 

family, patterns of VOCs were idiosyncratic (Fig. 6.2). 

6.3.1.1 Fatty acid derivatives 

The data distribution of fatty acid derivatives showed that the relative percentage of these 

VOCs was lower on compound umbel, solitary and umbel plants (Fig. 6.3A). Plant 

inflorescence type had a significant effect on the relative percentage of fatty acid 

derivatives (GLM, quasibinomial: df = 7; F = 2.339; P=0.028) (Fig. 6.4A). However, 

only the relative percentage of fatty acid derivatives with the inflorescence of panicle was 

significantly high than that of compound umbel (GLM, quasibinomial: t = 2.844; P=0.005) 

(Fig. 6.4A). 

6.3.1.2 Aromatic compounds 

The data distribution of aromatic compounds showed that the relative percentage of these 

VOCs was lower on all the tested plant inflorescences, except umbel and cyme (Fig. 6.3B). 

Plant inflorescence had no significant effect on the relative percentage of aromatic 

compounds (GLM, quasibinomial: df = 7; F = 1.279; P=0.266) (Fig. 6.4B).  

6.3.1.3. Terpenoids 

The distribution of terpenoids showed that the relative percentage of terpenoids was lower 

on the plant inflorescence of panicle and raceme (Fig. 6.3C). Plant inflorescence had no 

significant effect on the relative percentage of terpenoids (GLM, quasibinomial: df = 7; 

F = 1.872; P=0.080) (Fig. 6.4C). However, when specific to each inflorescence, the 

relative percentage of terpenoids with the inflorescence of compound umbel was 

significantly higher than that of cyme (GLM, quasibinomial: t = -1.981; P=0.05), panicle 

(GLM, quasibinomial: t = -2.095; P=0.038) and raceme (GLM, quasibinomial: t = -2.095; 

P=0.038) (Fig. 6.4C). 
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6.3.1.4. Nitrogen-containing compounds 

The distribution of nitrogen-containing compounds showed that the relative percentage 

of these VOCs was low on all the tested plant inflorescences (Fig. 6.3D). Plant 

inflorescence had no significant effect on the relative percentage of nitrogen-containing 

compounds (GLM, quasibinomial: df = 7; F = 2.065; P=0.05) (Fig. 6.4D).  

6.3.2. Stability of chemical composition across flower species when compared to 

flower colour 

VOCs of different colour flowers of Zinnia elegans were not uniform, and only two 

volatile compounds were detected in all the five colour flowers: cyclohexane, decyl- and 

longifolene (Table 6.2). Of the five colour flowers of Z. elegans sampled for flower 

volatiles, only trace amounts of sulphur-containing compounds were detected from purple 

flowers. The VOCs of Z. elegans had two main categories (Fig. 6.5). Plant colour had a 

significant effect on the relative percentage of fatty acid derivatives (GLM, quasibinomial: 

df = 4; F = 6.031; P=0.010) (Fig. 6.6A) and terpenoids (GLM, quasibinomial: df = 4; F 

= 5.914; P=0.010) (Fig. 6.6B). The relative percentage of fatty acid derivatives of the 

purple flower was higher than in other colours (Fig.6.4A, 6.6A). In contrast, the relative 

percentage of terpenoids of the purple flower was lower than other colours (Figs. 6.5B, 

6.6B).  

 
Figure 6.5. Histogram graphs illustrating the data distribution of Zinnia elegans different colour 

flower volatile organic compounds (VOCs). A) The data distribution of fatty acid derivatives (FA) 

with different flower colour; B) The data distribution of terpenoids (T) with different flower 

colour. 
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Table 6.2. The relative amount (%) VOCs of different colour flower of Zinnia elegans  
Compound Formula Purple (n=3) Red (n=3) Yellow (n=3) White (n=3) Pink (n=3) 

Fatty acid derivatives       
n-Nonylcyclohexane C15H30 8.15±4.90    
Cyclohexane, decyl- C16H32 15.90±13.19 32.44±9.52 52.52±10.39 25.13±6.61 29.26±2.04 

Carbonic acid, eicosyl 

vinyl ester C23H44O3 58.96±29.50    
Terpenoids       
Caryophyllene C15H24    48.08±24.32 

Cyclohexane, 1-ethenyl-

1-methyl-2,4-bis(1-

methylethenyl)-, [1S-

(1.alpha.,2.beta.,4.beta.)]- C15H24 8.16±4.73 38.85±18.14  27.00±4.14 

Germacrene D C15H24     19.97±1.86 

Longifolene C15H24 8.10±7.10 28.71±8.90 47.48±10.39 26.79±18.41 23.78±3.19 

Sulphur containing 

compounds       
Sulfurous acid, 2-

Ethylhexyl hexyl ester C14H30O3S 0.73±0.37       

 
Figure 6.6. Box-plots illustrating the relative percentage of flower volatile organic compounds 

(VOCs) with different colour Zinnia elegans flower. A: the volatile organic compounds (VOCs) 

of fatty acid derivatives (FA) group; B: the volatile organic compounds (VOCs) of terpenoids (T) 

group. 

 

Similar results were found for pink and purple Cosmos bipinnata (Table 6.3). Two 

volatile compounds were detected of the pink and purple colour flowers, 2,6-dimethyl-

1,3,5,7-octatetraene, E, E- and caryophyllene (Table 6.3). The VOCs of this flower also 

had two main categories and higher relative percentage on fatty acid derivatives and lower 

on terpenoids (Fig.6.7). 
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Table 6.3. The relative amount (%) VOCs of the different colour flower of Cosmos 

bipinnata  
Compound Formula Pink (2) Purple (3) 

Fatty acid derivatives    
Cyclopropane, pentyl- C8H16  4.10±2.15 

2,6-Dimethyl-1,3,5,7-octatetraene, E,E- C10H14 70.61±11.59 75.35±3.52 

1,3,8-p-Menthatriene C10H14   3.86±0.51 

n-Nonylcyclohexane C15H30 2.41±1.10 

Cyclohexane, decyl- C16H32 1.75±0.60 

Cedrane, 8-propoxy- C18H32O 6.39±3.28 

Behenic alcohol C22H46O  1.79±0.90 

Carbonic acid, eicosyl vinyl ester C23H44O3   
Terpenoids    
1,3,6-Octatriene, 3,7-dimethyl-, (Z)- C10H16 4.16±1.81 7.53±0.94 

Bicyclo[3.1.0]hexane, 4-methylene-1-(1-

methylethyl)- C10H16 10.95±3.05 

Cyclohexene, 4-methylene-1-(1-methylethyl)- C10H16   4.42±1.75 

Caryophyllene C15H24 2.81±1.43 2.94±0.08 

Cyclohexane, 1-ethenyl-1-methyl-2,4-bis(1-

methylethenyl)-, [1S-(1.alpha.,2.beta.,4.beta.)]- C15H24   
Germacrene D C15H24   
Longifolene C15H24 0.92±0.31 

 

 
Figure 6.7. Box-plots illustrating the relative percentage of flower volatile organic compounds 

(VOCs) with different colour Cosmos bipinnata flower. A: the volatile organic compounds (VOCs) 

of fatty acid derivatives (FA) group; B: the volatile organic compounds (VOCs) of terpenoids (T) 

group. 
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6.3.3. Stability of chemical composition of VOCs among plants sharing a given 

flower colour, irrespective of the plant taxa 

The congenerics, Luffa cylindrica and L. acutangular have yellow flowers (Table 6.4). 

However, the VOCs from two species’ flowers differed greatly (Table 6.5). Luffa 

acutangular flowers exuded much more compounds than L. cylindrica, and most of them 

were terpenoids, while most of VOCs of L. cylindrica were aromatic compounds (Table 

6.5). 

Table 6.4. The traits of Luffa acutangula and Luffa cylindrica  

Species Common name Family Colour Florescence Flowering time 

Luffa cylindrica  Smooth luffa Cucurbitaceae Yellow July-October After 6:00 AM 

Luffa acutangula Ridged luffa Cucurbitaceae Yellow August-October After 4:00 PM 

 

Table 6.5. The relative amount (%) VOCs of Luffa acutangula and Luffa cylindrica flowers 

Compound Formula Luffa acutangula (n=3) Luffa cylindrica (n=3) 

Fatty acid derivatives    
(E)-4,8-Dimethylnona-1,3,7-triene C11H18 1.49±0.23  
1-Heptanol, 2,4-diethyl- C11H24O  17.97±9.02 

1-Dodecanol C12H26O  9.54±1.89 

Aromatic compounds    
2H-Pyran-3-ol, 6-ethenyltetrahydro-

2,2,6-trimethyl-, acetate, trans- C12H20O3 1.22±0.03  
Phthalic acid, hept-4-yl isobutyl ester C19H28O4  72.49±7.41 

Terpenoids    
2H-Pyran-3(4H)-one, 6-

ethenyldihydro-2,2,6-trimethyl- C10H16O2 78.60±2.86  
Linalool C10H18O 4.50±0.24  
Eucalyptol C10H18O   
trans-Linalool oxide (furanoid) C10H18O2 12.28±2.09  
.alpha.-Farnesene C15H24 1.91±0.58  

 

6.3.4. VOCs associated with extrafloral nectaries 

The compounds exuded from L. cylindrica flowers were similar to those from L. 

cylindrica vines with extrafloral nectaries (Figs. 6.8A & 6.8B, Table 6.6), except the latter 

exuded one additional compound, phthalic acid, 6-ethyl-3-octyl butyl ester. The three 

plant tissues, vine with extrafloral nectary, vine without extrafloral nectary, and flower, 

had one common compound, phthalic acid, hept-4-yl isobutyl ester, and only the vine 

without extrafloral nectaries exuded the terpenoid compound, butylated hydroxytoluene 

(Table 6.6). 

The compounds exuded from Passiflora edulia flower were very different and more 

copious than from the tissues of petiole with extrafloral nectary and petiole without 
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extrafloral nectary (Fig. 6.9, Table 6.7). The tissues of petiole with extrafloral nectary and 

petiole without extrafloral nectary exuded three same compounds, 2,4-dimethyl-1-

heptene, phthalic acid, hept-4-yl isobutyl ester, and di-epi-.alpha.-cedrene-(I), while the 

petiole with extrafloral nectary exuded two unique aromatic compounds, benzene, 1-

methyl-4-(1,2,2-trimethylcyclopentyl)-, (R)-, and phthalic acid, butyl tridec-2-yn-1-yl 

ester (Table 6.7). 

Table 6.6. The relative amount (%) VOCs of different plant tissue of Luffa cylindrica  

Compound Formula 

Vine with 

extrafloral 

nectary (n=3) 

Vine without 

extrafloral 

nectary (n=3) 

Flower 

(n=3) 

Fatty acid derivatives     

1-Heptanol, 2,4-diethyl- C11H24O 9.07±4.60  17.97±9.02 

1-Dodecanol C12H26O 7.47±4.21  9.54±1.89 

Aromatic compounds     

Phthalic acid, hept-4-yl isobutyl ester C19H28O4 42.98±1.42 64.43±32.28 72.49±7.41 

Phthalic acid, 6-ethyl-3-octyl butyl ester C22H34O4 40.48±7.41   

Terpenoids     

Butylated Hydroxytoluene C15H24O  35.57±32.28  

Limonen-6-ol, pivalate C15H24O2       

 

 

 

 
Figure 6.8. Gas chromatography (GC) results. A: Luffa cylindrica flower; B: L. cylindrica vine 

with extrafloral nectary; C: L. cylindrica vine without extrafloral nectary. 

A 

B 
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Table 6.7. The relative amount (%) VOCs of different plant tissue of Passiflora edulia 

Compound Formula 

petiole with 

extrafloral 

nectary (n=3) 

petiole without 

extrafloral 

nectary (n=3) 

Flower (n=3) 

Fatty acid derivatives     

2,4-Dimethyl-1-heptene C9H18 6.79±2.17 38.44±23.48  

Cyclohexane, 1,1,3-trimethyl- C9H18   3.56±2.31 

Heptane, 2,4-dimethyl- C9H20  11.04±5.70  

2,2,4,4-Tetramethyl0 C12H26   4.16±0.87 

1-Decanol, 2-hexyl- C16H34O   1.51±0.94 

Cedrane, 8-propoxy- C18H32O   6.80±2.03 

Hexadecanoic acid, ethyl ester C18H36O2    5.46±2.73 

Octadecanoic acid, ethyl ester C20H40O2   4.21±1.56 

9-Tricosene, (Z)- C23H46    3.78±1.18 

Aromatic compounds     

Benzene, 1,4-dimethoxy- C8H10O2    32.68±13.98 

2H-Pyran-3-ol, 6-ethenyltetrahydro-

2,2,6-trimethyl-, acetate, trans- 
C12H20O3    

Benzene, 1-methyl-4-(1,2,2-

trimethylcyclopentyl)-, (R)- 
C15H22 18.35±0.44   

1,1'-Biphenyl, 3,4-diethyl- C16H18   2.75±1.84 

Phthalic acid, hept-4-yl isobutyl 

ester 
C19H28O4 50.58±7.90 45.00±22.96  

Phthalic acid, butyl tridec-2-yn-1-yl 

ester 
C25H36O4 19.52±8.63   

Terpenoids     

1,3,6-Octatriene, 3,7-dimethyl-, (Z)- C10H16   11.92±3.26 

4,7-Methano-1H-indene, octahydro- C10H16   5.74±0.30 

Eucalyptol C10H18O    1.94±1.05 

Caryophyllene C15H24   12.79±1.72 

Di-epi-.alpha.-cedrene-(I) C15H24 4.77±0.99 5.52±3.03  

Limonen-6-ol, pivalate C15H24O2     2.69±1.55 
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Figure 6.9. Gas chromatography (GC) result of (A) Passiflora edulia flower; (B) P. edulia petiole 

with extrafloral nectary, and (C) P. edulia petiole without extrafloral nectary. 
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6.4. Discussion 

This study explored the correlation of flower VOCs with the ecological traits of plants, 

especially, the flower inflorescence. Overall, the plant inflorescence form had no strong 

correlation with the flower VOCs, the flower VOCs of different flower colour, and same 

genus but different species  showed great differences, as did the VOCs from different 

plant tissues. There was no common compound from plant flowers with similar types of 

inflorescence structure, but flowers with panicle inflorescence volatilized significantly 

higher fatty acid derivatives than the compound umbel inflorescence. Plant inflorescence 

structure did not correlate with flower VOCs of aromatic compounds, terpenoids and 

nitrogen-containing compounds.  

It is a common measure to use nectar plants to provide nutritional resources to enhance 

the function of natural enemies in conservation biological control (CBC). Studies of 

understanding of the functions and evolution of floral scent (in the wider context than 

parasitoid responses) have made great progress, yet one of the challenges, as 

demonstrated here, is that VOCs of a flower may contain dozens of compounds, many of 

which have the potential to influence visitor responses (Raguso et al. 2015). It is unknown 

which factors are most important for plant selection and whether differences in natural 

enemy responses result from differences in VOCs of floral, nectar quality and quantity, 

or other factors. These results show no common compound existed widely among the 

plant species which could benefit natural enemies of pests.  

In previous studies, researchers reveal that linalool is a common VOC of flowers and 

could play the role of attractant or deterrent properties on Lepidoptera insect (Korada 

2017), and the role of sex, aggregation pheromone, or defensive on solitary bees (Schiestl 

2010). Another common VOC of flower, benzaldehyde, also can play different roles, such 

as the sex pheromone in males of several species Lepidoptera, the aggregation pheromone 

in grasshoppers, and the alarm pheromone in stingless bee (Schiestl 2010). There may 

exist a relationship for flower VOCs among the plant groups, like that Lamiaceae plant 

flowers tend to produce terpene-based VOCs and other groups tend to produce other 

compounds (Raguso et al. 2015). Schiestl (2010) found that Lepidoptera-pollinated plant 

flowers were abundant in some typical volatile compounds such as phenylacetaldehyde, 

benzaldehyde, linalool, ocimene, limonene, and sulcatone, and bee-pollinated flowers are 

more variable, but monoterpenes are often the dominant compounds. (Schiestl 2010).  
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The panicle inflorescence plant flower in this study volatilized higher fatty acid 

derivatives than that of compound umbel, though the role of volatile fatty acid derivatives 

from flowers is not so important as aromatic compounds and terpenoids from flowers on 

chemical communication with flower visitors, such as terpenoids, which are the most 

abundant group of floral volatiles and have multiple biological functions (Abbas et al. 

2017). The differences in the proportions of terpenoids cause the characteristics of the 

floral fragrances, among which pinene, ocimene, limonene, sabinene and myrcene 

dominated (Borg-Karlson et al. 1993). 

Generally, the most efficient way for flower visitors to find their host plant is when using 

both visual (e.g. colour, size) and olfactory (VOCs) signals and very few studies have 

focused on comparing visual and olfactory signals. Flower colour alone may not suffice 

as an identifying clue for flower visitors (Schiestl 2015). Burger et al. (2010) found that 

Hoplitis adunca bees are more strongly attracted by the blue colour flowers than by 

olfactory (Burger et al. 2010). Dötterl et al. (2011) found that Macropis bees preferred 

olfactory over visual signals (Dötterl et al. 2011). The flower colour may affect the 

composition of flower VOCs, such as benzenoids and phenylpropanoids, which have 

direct relations to flower colours (Junker and Blüthgen 2010). In this study, the 

composition of flower VOCs was different with diverse flowers of Zinnia elegans. Flower 

colour had a significant correlation with the VOCs of fatty acid derivatives group and 

terpenoids group. Besides flower colour, the flower nectary seemed to be the key source 

of volatiles, the nectar, which can volatilize aromatic compounds and other compounds, 

play an important role on insect attracted (Custódio et al. 2006). Importantly, flowers of 

a single species may have varied markedly in the component and concentration of volatile 

(Cunningham et al. 2004, Custódio et al. 2006). Varassin et al. (2001) report that the 

Passiflora floral volatile compounds show a greater chemical diversity among the species 

and benzenoid alcohols are the main compounds. These results also show that even plants 

from the same genus and with the same flower colour differ.  

The sex of flower and the phenological shifts in flowering time are also the important 

factors that affect both the component and the relative abundances of the flower volatiles. 

In general, the VOCs volatilized by the female flower is different from male flowers 

(Pichersky et al. 1994). Custódio et al. (2006) found that the volatile compounds in male 

and hermaphrodite flowers were more abundant in the stage of the mature flowers and 

pollen still on the anther (stage III), and the female flowers were in the stage when nectar 
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and stigmatic fluids are secreted (stage IV) (Custódio et al. 2006). 

VOCs are a by-product of plant metabolism (Schiestl 2015), and different floral parts may 

produce different volatiles (Dötterl and Jürgens 2005, Friberg et al. 2013). The differences 

of component and the relative abundances in the volatiles emitted from different plant 

parts may be important for flower visitors in effectively locating the flower nutrition 

resource (Dobson 2017, Raguso et al. 2015). The compounds in this study exuded from 

different plant tissues were quite different, especially the compounds exuded from 

Passiflora edulia flower were much different and more than the tissues of petiole with 

extrafloral nectary and petiole without extrafloral nectary (Table 6.7). However, which 

compounds play an important role in attracting natural enemies of pests still needs future 

research.  

Understanding how nectar foraging insects, especially the natural enemies of insect pests, 

learn from the flower odour is a major challenge in CBC. Flower odour learning by insects 

has been shown to influence the behaviour of butterflies (Lewis 1993), moths 

(Cunningham et al. 1998), honeybee (Farina et al. 2005) and parasitoids (Foti et al. 2017). 

VOCs of flowers have been shown to enhance the nectar foraging insects’ visual 

discrimination of objects, and the memory formation and retrieval (Kantsa et al. 2019). 

Learning flower odour has a strong influence on the preference of nectar foraging insects 

for floral odours and can improve the nectar foraging insect recognition to flower species, 

which they have previously received rewards (Cunningham et al. 2004). Like insect 

pollinators, parasitoids also can learn a wide range of volatiles (Lewis and Takasu 1990). 

Flower odour learning allows parasitoids to focus on the key cues (Meiners et al. 2003).  

Studies on the effects of flower VOCs on the natural enemy of insect pest are few in 

number relative to the studies on insect pollinators. The Apiaceae, with the trait of 

richness in nectar and easily accessible to anthophilous insects, play an important 

ecological role as food plants for parasitic Hymenoptera (Borg-Karlson et al. 1993). 

Pastinaca sativa (Apiaceae) is highly attractive to parasitic Hymenoptera (Leius 1960). 

Trissolcus basalis (Hymenoptera: Platygastridae), an egg parasitoid of stink bugs, is 

strongly attracted by buckwheat flower odour (Foti et al. 2017). Cotesia vestalis 

(Hymenoptera: Braconidae), a solitary larval endoparasitoid, is strongly attracted by 

Brassica rapa (Kugimiya et al. 2010). Diachasmimorpha longicaudata (Hymenoptera: 

Braconidae) is known to be attracted by alyssum scent, which is dominated by 

benzaldehyde and aromatic ketone acetophenone (Rohrig et al. 2008). Aphidius ervi 
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(Hymenoptera: Braconidae) is attracted by the common floral volatile linalool (Du et al. 

1998). The ladybeetle Harmonia axyridis (Coleoptera: Coccinellidae), is attracted by the 

Sophora japonica flower odour component, nonanal (Xiu et al. 2019). Foti et al. (2017) 

suggest that even though Trissolcus basalis has no positive correlation between fecundity 

enhancement and attraction in basil, flowering basil is still a useful floral resource in CBC, 

as parasitoids could associate odours with positive experiences. Their study also reveals 

that the offered flowering resources do not need to be highly attractive to natural enemies, 

if with other desirable traits, such as long flowering time or a mix of flower species (Foti 

et al. 2017). In addition, parasitoids behaviour may be influenced by many other factors, 

such as a herbivore-infested plant to parasitoids (Desurmont and Schiestl 2017).  

With the rapid development of bioassays involving gas chromatography-

electroantennogram detection (GC-EAD) (Foti et al. 2017, Xiu et al. 2019) or gas 

chromatography-electroantennogram detection-mass spectrometry (GC-EAD-MS) 

further advances are likely in coming years in our understanding of the relationship 

between flower VOCs and natural enemies use in CBC. 
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7 Chapter Seven: General Discussion and Conclusions 

7.1. General discussion 

This thesis has explored a new pathway for selection of plants for use in habitat 

manipulation for conservation biological control. The focus has been on promoting 

parasitoids using nectar plants in ecological engineering for rice pest suppression. 

However, this technique could be applied across a wider range of plant food crops and 

pest-natural enemies interactions. The review of existing scientific literature on ecological 

engineering for pest suppression (Chapter 1 & Chapter 2) generated a hybrid meta-

analysis of published literature, employing Bayesian network analysis. The aim was to 

identify plant and parasitoid traits could predict effects on parasitoid performance 

(Chapter 3). Then, a series of longevity and fecundity tests of different parasitoids 

exposed to different plant species under laboratory conditions was conducted. Data were 

analysed in relation to the ecological traits of the parasitoid and plant species. This work 

aimed at providing an evidence base free of publication bias and that constituted an 

empirical test of the findings from Chapter 3’s meta-analysis. It also extended Chapter 3 

by examining the effects of additional plant resources (extrafloral and plant tissue) on the 

general principle for nectar plants selection (Chapter 4). In the second set of experiments 

(Chapter 5), a focus was made on experimentally testing the general principle for 

selecting nectar plants and examining the effects of candidate nectar plant on pests by the 

typical rice field. The third set of experiments (Chapter 6), focused on volatile organic 

compounds of flowers; a factor that could not be included in the earlier meta-analysis 

because of the paucity of published literature. 

7.1.1. Ecological engineering for rice pest suppression in China. A review 

Since its inception, the ecological engineering concept has been developed rapidly and 

advanced into extensive use quickly to meet the enormous environmental challenges 

faced in China and around the world (Jones 2012, Mitsch 2012, Zheng et al. 2016b). 

Agroecological engineering is a significant, potential contributor to sustainable 

agricultural production (Rey et al. 2015, Sun and Qi 2017). The basic principles of 

agroecological engineering, formulated as 11 principles from the 12 guidelines of 

ecological engineering, have proved useful for practitioners and researchers to overcome 

the negative influences of agricultural intensification, such as biodiversity loss in 

agroecosystems, and associated declines in biocontrol services and efficient nutrient 
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cycling (Brooker et al. 2015, Jørgensen and Nielsen 1996, Wan et al. 2017). Ecosystem 

services, recognised as a major component linking society and ecosystems, support all 

dimensions of human wellbeing (Dangles and Casas 2019, Schröter et al. 2019). One of 

the principal themes in sustainable agriculture is managing agricultural landscapes to 

support biodiversity and ecosystem services (Martin et al. 2019). As the provider of 

ecosystem services, invertebrates, especially insects, have profound and well-identified 

influences on many ecosystem services, including biological control (Dangles and Casas 

2019). Ecological engineering for pest suppression, further refined from agroecological 

engineering, involves a range of environment-benign approaches to deliver pest 

suppression (Gurr et al. 2012a). Ecological engineering for pest suppression provides a 

methodical, strategic framework and constitutes an attractive option for the design of 

sustainable agroecosystem. Over the past decade, research, demonstration and extension 

of ecological engineering for pest suppression has been conducted in many cropping 

systems (Chandrasekar et al. 2017, Horgan 2017, Meena et al. 2017, Satyagopal et al. 

2015, Settele et al. 2019, Usha et al. 2019), including in rice cropping systems in China 

(Lu et al. 2015).  

A major component of ecological engineering for rice pest suppression is habitat 

management by manipulating vegetation including winter fallow seasons and planting 

alternative crops and nectar-producing flowering plants on the rice bunds. The main 

objectives are to conserve and promote arthropod natural enemies and thus reduce the 

need for insecticide use, especially in the early crop stages. Related techniques include 

the use of sex pheromone trapping and trap plants to directly impact pests, and mass 

releasing biological agents such as parasitoids. These practices, together with the 

reductions in pesticide use that they allow, increase biodiversity in the rice systems that 

contribute significantly enhance biological control. After a decade of laboratory and field 

research followed by on-farm demonstrations, ecological engineering for rice pest 

suppression has shown growth in both the underlying body of theory and practical 

adoption. In China, ecological engineering for rice pest suppression has been 

recommended as one of the key strategies for sustainable management of rice pests by 

the National Agriculture Technology Extension and Service Centre (NATESC) since 2013 

and been listed as a national recommended technology by Ministry of Agriculture and 

Rural Affairs (MOARA) of China since 2014 (MOARA 2014). As the Chinese 

government is attaching great importance to the development of sustainable agriculture, 

ecological engineering for pest control will be developed further. Ecological engineering 
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for rice pest suppression also has been explored in other parts of Asian rice production 

systems (Ginigaddara 2018), such as Philippines (Horgan 2017), Vietnam (Settele et al. 

2019; Settele and Settle 2018), Bangladesh (Ali et al. 2019) and India (Chandrasekar et 

al. 2017). With the developing of research and extension, ecological engineering for rice 

pest suppression will become a more prevalent pest management strategy in the future. 

7.1.2. Exploring the ecological traits relevance of parasitoid wasps and nectariferous 

plants for conservation biological control: a hybrid meta-analysis 

As one of the main measures of ecological engineering for pest suppression by providing 

ecosystem services in agriculture, nectar plants can nourish natural enemies of pests and 

thereby promote the ecosystem service of biological control (Gurr et al. 2017). An 

increasing number of experiments have sought to increase the ecosystem service of 

biological pest suppression by providing nectar plants, including many laboratory studies 

screening candidate nectar plants for parasitoid nutrition since the early 1970s (Shahjahan 

1974). It is clear that the simple heuristic of all flowers promoting the longevity of all 

parasitoids is misleading (Lu et al. 2014). For example, some plant flowers are 

unattractive to natural enemies while some of those that are attractive have nectaries that 

are inaccessible or nectar that is unsuitable (Jervis et al. 1993, Wäckers and van Rijn 

2012). Accordingly, an understanding of how to select the ideal nectar-providing plant to 

enhance natural enemies has become an important topic of theoretical and empirical 

research (Gurr et al. 2017, Lu et al. 2014). To date, however, the selection of optimal 

plants has been reliant on laborious testing of multiple candidate species for use in each 

new agroecosystem. Predicting success based on traits is of huge potential utility to 

generate generalizable rules that might avoid the need to experimentally evaluate a large 

number of candidate plant species that may be of potential use in a crop-pest-parasitoid 

system (Russell 2015). In this chapter, a hybrid meta-analysis of published literature, 

employing Bayesian network (BN) analysis was reported to identify the particular plant 

and parasitoid traits that were most predictive of promoted or suppressed parasitoid 

performance. Unlike earlier analyses focusing on taxonomic categories, I analysed effect 

sizes in relation to the ecological traits of parasitoids and plants. The flower colour, 

inflorescence type, flower form, symmetry type, corolla depth, numbers of stamens, 

corolla shape, uni- or bisexual, nectary location, host-arthropod taxon, parasitization stage 

and parasitic position of the host (endo/ectoparasitism), were positively related to 

parasitoid longevity enhancement from access to flowers in the single floral species or 
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parasitoid trait analysis. However, when combining all the candidate traits in the BN 

model analysis to find the best combination traits for parasitoid longevity enhancement 

from access to flowers, the inflorescence type, corolla depth, and parasitoid fecundity 

were the important traits, among which inflorescence type was the most important trait. 

This succeeded in generating the first generalizable guidelines for selecting nectar plants 

as well as appropriate parasitoid targets for the enhancement of biological control. Within 

the guidelines, optimal outcomes resulted when plants with compound umbel or raceme 

inflorescences and shallow corollas were combined with fecund parasitoids. Though this 

represents only the beginning of a capacity to circumvents the need for laborious 

screening of candidate plant species, our capacity to do this with greater fitness and 

precision will increase in the future as the availability of traits data improves for 

parasitoids and plants. Indeed, a caveat of the present analysis is that it only included 

traits that had relatively complete data from the available literature. Other traits that may 

be important, such as the amount and quality of nectar and components of plant volatiles 

(Benelli et al. 2017, Foti et al. 2017, Irwin et al. 2014), were data deficient so were not 

included. Among the other traits likely to be important are the volatile organic compounds 

produced by flowers, and this was explored in Chapter 6. Such additional traits will help 

explain the significant residual heterogeneity in the meta-analysis. Future improvements 

to improve the model should accommodate these traits as data become available. 

Naturally, research is needed into whether trait-based method predictions generated by 

studies such as this are borne out under the field conditions. Accordingly, I did a series of 

experimental test for selecting nectar plants and examining the effects of candidate nectar 

plant on pests on the typical crop (paddy) field in chapter 5.  

More widely, this type of ecological trait-based analysis opens a new avenue for 

optimising the delivery of other types of ecosystem services. 

7.1.3. Laboratory studies exploring the relevance of the ecological traits of parasitoid 

wasps and nectariferous plants  

In Chapter 3, I analysed effect sizes in relation to the ecological traits of parasitoids and 

plants. The optimal outcomes resulted when plants with compound umbel or raceme 

inflorescences and shallow corollas were combined with fecund parasitoids. However, 

the shortcoming of Chapter 3 is that it is subject to publication bias. That meta-analysis 

was also confined to parasitoid longevity as the response variable. Information on realised 

fecundity was not sufficiently available from the literature. Therefore, in chapter 4, a 
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series of longevity and fecundity tests of different parasitoids with different plant species 

under laboratory conditions were used to conduct a wide-ranging study of diverse 

parasitoids and plants that will provide an evidence base that extends to realised fecundity 

and is free of bias so allows an empirical test of the findings from Chapter 3’s meta-

analysis. It also afforded the opportunity to examine the effects of other traits (the 

parasitoid host, the geographical population of parasitoids, or the colour), and plant 

resources (extrafloral and plant tissue) on the general principle for nectar plants selection. 

The experiments confirmed that not all flowers benefit all parasitoids. The literature had 

already suggested that some flowers may be unattractive to parasitoids, while some of 

those that are attractive have nectaries that are inaccessible or nectar that is unsuitable 

(Jervis et al. 1993, Wäckers and van Rijn 2012). The integrated analysis (the full meta-

analysis) results in this chapter showed that flower treatments had strong positive effects 

on the longevity and fecundity of parasitoid wasps, but there were significant residual 

heterogeneities in the integrated analysis, despite the fact that all tests were under the 

similar laboratory conditions. In contrast, the earlier meta-analysis analysis used studies 

from the literature that used differing laboratory conditions, and that was likely to have 

let to heterogeneity in the meta-analysis results. The finding of residual heterogeneity in 

the present chapter means that other factors, intrinsic to the tested plants and parasitoids 

were responsible. Notwithstanding the possible influences of various factors, the only 

trait that was significantly positively related to the longevity and fecundity of parasitoid 

wasps across observations was the plant inflorescence type. Compound umbel was the 

most positively predictive of parasitoid longevity and fecundity enhancement. 

Importantly, this was the same as the meta-analysis of the literature review in chapter 3. 

However, the results showed no effect of potential fecundity of parasitoid wasps, and this 

differed from the meta-analysis of the literature review. The inflorescence types of 

capitulum, solitary and spike showed no (or weak) positive effect on parasitoid longevity 

and fecundity. Besides, the traits of parasitoid body size were not the important factors 

affected the parasitoid longevity and fecundity when feeding on flowering plants. In 

addition, the parasitoids from a different host, or target to a different host, or from the 

different geographical region showed no significantly different results when feeding on 

flowering plants. However, extrafloral of Passiflora edulia had the similar positive results 

with P. edulia flower on parasitoid longevity, the positive effect on parasitoid fecundity 

of P. edulia flower treatment was significantly higher than extrafloral of P. edulia, and 

Ocimum basilicum var. citriodorum plants without flowers had a weak positive effect on 
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the fecundity of parasitoids. Collectively this set of results suggests that the traits of 

flowering plants may – in general – be more important than are parasitoid traits. 

Extrafloral nectar can be quite different in composition to the floral nectar of the same 

plant (Lundgren 2009), providing lower nutritional values compared with flower nectar 

and pollen, in part because it may contain secondary plant compounds (Heil 2011, 

Wäckers 2005). My research showed that extrafloral nectar of P. edulia led to positive 

effects on parasitoid longevity but was not as beneficial as floral nectar. However, 

extrafloral nectar of P. edulia may be a more important source of sugar than floral nectar 

in the agroecosystem, as its presence does not rely on the production flowers which are 

present for much shorter periods of the growing season than are extrafloral nectaries of P. 

edulia, as well as the fact that the diurnal flowering time of each P. edulia flower is less 

than 8h (personal observation). Parasitoid wasps can feed on other parts of flowering 

plants (Lu et al. 2014). However, the nutritional value of other plant tissues and exudates 

may be lower, as my experiment results showed that O. basilicum var. citriodorum plant 

without flower had a weak positive effect on the fecundity of parasitoids. Basil (O. 

basilicum var. citriodorum) plant does not have extraflorals, the only nutrition from O. 

basilicum var. citriodorum plant without flower that the parasitoids could meet was foliar 

exudate on the surface. 

The research reported in this chapter was confined to exploring the morphological traits 

(except the potential parasitoid fecundity) both of flowering plant and parasitoids. Other 

traits that may also be important, such as the nectar and volatiles were not considered. 

Later, in chapter 6, the effects of volatiles of flowers were analysed in relation to the 

correlation with longevity and fecundity of parasitoids.  

When interpreting the findings from this chapter, it is important to consider the wider 

context. Agro-ecosystems involve multiple trophic interactions other than nectar plants 

and parasitoids. Accordingly, providing flowering plants in an agroecosystem may also 

benefit pest performance, increasing the risk of crop damage (Kehrli and Bacher 2008, 

Wäckers et al. 2007). In chapter 5, the risk of insect pest under the agricultural crop 

system was assessed.  

 



152 

 

7.1.4. Exploiting extrafloral and floral nectar plants to provide ecosystem services 

in subtropical rice 

Rice, a staple food for more than half of the world’s population (Chauhan et al. 2017, 

Yuan 2014), has been intensively cultivated in Asia since the Green revolution in the 

1960s and has changed managed landscapes (Heong et al. 2015). The most important 

herbivore pests on subtropical rice plant are rice planthoppers, rice stem borers, and the 

rice leaf folder (Lou et al. 2013). Intensive rice production with the primary goal of 

achieving high yield is characterised by applying large amounts of chemical fertilisers 

and pesticides which can lead to a series of negative outcomes (Rashid et al. 2017, Wang 

and Peng 2017, Zhou et al. 2016). In this chapter, I focused on exploiting extrafloral and 

floral nectar plants to provide ecosystem services for the subtropical rice fields on the 

bunds surrounding rice crops. Two-year-long experiments were conducted on five 

commercial farms in Zhejiang province, located in the east of China, including five 

different nectar plant with different combinations of traits (Table 5.2). Here I was not able 

to use plants with compound umbel (the type most strongly associated with parasitoid 

benefit) because the blooming period of available species with this trait did not match the 

rice-growing season (May to October) (Table 4.1). Plants with compound umbel were the 

optimal nectar plant revealed both by meta-analysis (chapter 3) and the series of longevity 

and fecundity tests of different parasitoid with different plant species under laboratory 

conditions (chapter 4). Notwithstanding this limitation, other inflorescence types, which 

were a positive correlation (raceme, cyme and panicle) or no positive correlation (solitary) 

with parasitoids’ longevity or fecundity, were used in the field studies. The impacts of 

extrafloral and floral nectar plants on in-crop numbers of key natural enemy guilds and 

the effects on pests were surveyed. 

I gathered all four sites’ data and found that passion fruit (Passiflora edulia) could 

enhance the parasitism of planthopper eggs in the rice field. The plants with inflorescence 

types of raceme (sesame and mung bean), cyme (passion fruit) and panicle (lemon basil) 

significantly enhanced the densities of parasitoid wasps more so than did the plant with 

the solitary inflorescence type (okra) within yellow stick trap catches. For the crop canopy 

arthropods, sesame not only enhanced the numbers of parasitoid wasp functional group 
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but also improved the spider functional group (except Tetragnathidae) and the neutral 

insect functional group. However, mung bean also increased the numbers of herbivore 

insects (but not the main rice pest species). 

The results of an additional experiment, monitoring arthropods population dynamics by 

Malaise traps, showed that sesame, lemon basil, mung bean, okra and passion fruit 

significantly enhanced the numbers of parasitoid wasp functional groups. However, 

sesame, lemon basil, okra and passion fruit benefitted lepidopterous pest, especially at 

the early growing season of rice, albeit at low population densities (APPENDIX 2), and 

no elevation to crop injury was found. The finding of elevated Lepidoptera numbers was 

surprising because previous laboratory studies showed that sesame flowers have no 

benefit for the adult longevity and fecundity of rice pink stem borer (Sesamia inferens) 

and rice striped stem borer (Chilo suppressalis) (Zhu et al. 2015a), as well as the two rice 

leaf folder species, Cnaphalocrocis medinalis and Marasmia patnalis (Zhu et al. 2014). 

Furthermore, recent studies showed that sesame flowers do not affect adult longevities 

and fecundities of six Lepidoptera pest species of other major crops, with the single 

exception of diamondback (Plutella xylostella L.), the females of which laid more eggs 

when fed on sesame flowers (APPENDIX 4.2). Further studies are necessary to measure 

the extent of benefit of nectar plants to pests and to understand the conditions under which 

this can translate to crop damage. 

7.1.5. Patterns of volatile compound emission among parasitoid-attracting 

angiosperms 

Not all floral visitors are pollinators (Irwin et al. 2010, Kevan and Baker 1983); floral 

larceny is very common among floral visitors (Inouye 1980). Hymenoptera insects, 

including bees, wasps, and ants, are the most common ‘thieves’ (Irwin et al. 2010, Kevan 

and Baker 1983). Most parasitoid species visit flowering plants (Jervis et al. 1993) and 

feed on floral nectar as adults (Gurr et al. 2017, Lu et al. 2014, Zemenick et al. 2019). 

However, it is still unknown which factors are most important for plant selection and 

whether differences in natural enemy responses result from differences in VOCs of floral, 

nectar quality and quantity, or other factors. Undoubtedly, volatile organic compounds 

(VOCs) and plant flower play important roles in parasitoid foraging for flower sources 

(Wäckers 1994). In this chapter, I analysed a series of common plant species flowers’ 

VOCs, processed these data based on the results from chapter 4, in which it was found 

that the trait of plant inflorescence architecture was the most important factor affecting 



154 

 

the extent of benefit to parasitoid longevity and fecundity, addressing the questions on the 

correlation of flower VOCs with the ecological traits of plants, especially the flower 

inflorescence. 

I found that no common compound existed widely in the plant flowers belonging to the 

same plant inflorescence type, but the flowers with a panicle form inflorescence 

volatilized significantly higher fatty acid derivatives than did compound umbel plants. 

The plant inflorescence type did not correlate with flower VOCs of aromatic compounds, 

terpenoids and nitrogen-containing compounds. Indeed, VOCs were found to be 

inconsistent within plant species; flowers of the different colour flower varieties of Zinnia 

elegans were not precisely the same. Overall, the plant inflorescence form had a weak 

correlation with the flower VOCs. There were differences in the VOCs among plants of 

the same species but with different flower colours, as well as among plants of the same 

genus and same colour but different species. There were also differing VOCs from 

different plant tissues from the same plant. Clearly, more work with a wider range of plant 

species is required to fully understand the interplay between plan traits, plant taxa and 

their respective patterns of VOC production. 

Schiestl (2010) found that Lepidoptera-pollinated plant flowers were abundant in some 

typical volatile compounds such as phenylacetaldehyde, benzaldehyde, linalool, ocimene, 

limonene, and sulcatone, and bee-pollinated flowers are more variable, but monoterpenes 

are often the dominant compounds. My results show that the panicle inflorescence plant 

flower volatilized higher fatty acid derivatives than that of compound umbel, though the 

role of volatile fatty acid derivatives from flowers is not so important as aromatic 

compounds and terpenoids from flowers, on chemical communication with flower 

visitors, such as terpenoids, which are the most abundant group of floral volatiles and 

have multiple biological functions (Abbas et al. 2017). Generally, the most efficient way 

for flower visitors to find their host plant is when using both visual (e.g. colour, size) and 

olfactory (VOCs) signals, but flower colour alone may not suffice as an identifying clue 

for flower visitors (Schiestl 2015). Nevertheless, very few studies have focused on 

comparing visual and olfactory signals. Flower colour may affect the composition of 

flower VOCs, such as benzenoids and phenylpropanoids, which have direct relations to 
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flower colours (Junker and Blüthgen 2010). The results of this chapter also show that the 

composition of flower VOCs was different with the diverse flower of Zinnia elegans. 

Besides flower colour, the flower nectary seemed to be the key source of volatiles, the 

nectar, which can volatilize aromatic compounds and other compounds, play an important 

role on insect attracted (Custódio et al. 2006). Varassin et al. (2001) report that the 

Passiflora floral volatile compounds show a greater chemical diversity among the species 

and benzenoid alcohols are the main compounds (Varassin et al. 2001). My results also 

show that even plants from the same genus and with the same flower colour differ. The 

differences of component and the relative abundances in the volatiles emitted from 

different plant parts may be important for flower visitors in effectively locating the flower 

nutrition resource (Dobson 2017, Raguso et al. 2015). My results also show that the 

compounds exuded from different plant tissues were quite different, especially the 

compounds exuded from Passiflora edulia flower were much different and more than the 

tissues of petiole with extrafloral nectary and petiole without extrafloral nectary. However, 

which compounds play an important role in attracting natural enemies of pests still need 

future research.  

On the other side, learning flower odour has a strong influence on the preference of nectar 

foraging insects for floral odours, and can improve the nectar foraging insect recognition 

to flower species, which they have previously received rewards (Cunningham et al. 2004). 

Understanding how nectar foraging insects, especially the natural enemy of insect pest, 

learn from the flower odour is a major challenge in conservation biological control. 
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7.2. Conclusion 

These research studies highlight the importance of understanding parasitoid-nectar source 

interactions in ecological engineering. Unlike earlier analyses focusing on taxonomic 

categories, I analysed effect sizes in relation to the ecological traits of parasitoids and 

plants by the available literature. This generated the first generalizable guidelines for 

selecting nectar plants as well as appropriate parasitoid targets for the enhancement of 

biological control. Within the trait-based guidelines, optimal outcomes resulted when 

plants with compound umbel or raceme inflorescences and shallow corollas were 

combined with fecund parasitoids. The later empirical test, free of publication bias further 

showed that the only trait that is significantly positively related to the longevity and 

fecundity of parasitoid wasps across observations is the plant inflorescence type. 

Compound umbel is the most positively predictive of parasitoid longevity and fecundity 

enhancement. The inflorescence types of the capitulum, solitary and spike show no (or 

weak) positive effect on parasitoid longevity and fecundity. The traits of parasitoid wasps, 

which from a different host (or target to a different host, or different geographical 

population) show no significantly different results when feeding flowering plants. 

However, extrafloral may have similar positive results with the flower on parasitoid 

longevity, but not on parasitoid fecundity. The field test demonstrated that plant 

inflorescence type is the most important plant trait on selecting nectar plants for 

ecological engineering for pest suppression, but that extrafloral should also be assessed. 

The plant inflorescence form has a weak correlation with the flower VOCs. Besides, the 

plant VOCs test demonstrated that the VOCs of the same species plant but different flower 

colour, and the same genus with the same colour but different species, all showed great 

differences, as did the VOCs from different plant tissues. 

As indicated above, this work has strengthened the foundation for future use of ecological 

engineering techniques, particularly in relation to understanding the basis for nectar plant-

parasitoid interactions. Accordingly, the major contribution of these results to the urgent 

need for ecological intensification of agriculture is to better guide the selection of optimal 

nectar plants for use in promoting the ecosystem service of biological control. Whilst the 

setting of the research has been sub-tropical rice in China, and the implications are much 
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wider-reaching. The guidelines generated by my meta-analysis and supported by my 

experimental work. Importantly, this body of work serves to open a new methodological 

approach to guide the sub-discipline of conservation biological control.   
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APPENDIX 2 Additional Information for Publication in 

Chapter Three 

Supplementary Table 

Table S3.1. The literature datum (1967–2017) searching methods and results in each database.  

 

 

 

 

 

Keywords 

Web of 

Science  

(All 

Databases) 

Scopus  

(Article title, 

Abstract, 

Keywords; 

All-access 

type) 

Science 

Direct  

(Find 

articles with 

keywords 

anywhere) 

Wiley 

Online 

Library  

(Find articles 

with 

keywords 

anywhere) 

 CNKI  

(Find 

articles with 

keywords 

anywhere) 

‘Flowering 

Plant’ AND 

‘Parasitoid* 

3622 164 986 3159 4 

‘Parasitoid*’ 

AND ‘Flower’ 
3701 428 1747 3108 15 

‘Parasitoid*’ 

AND ‘Floral*’ 
326 206 735 1096 16 

 ‘Parasitoid*’ 

AND ‘Nectar’ 
405 286 1050 1389 36 

‘Natural 

Enemy’ AND 

‘Floral*’ 

623 169 889 1389 91 

‘Parasitoid*’ 

AND 

‘Inflorescence’ 

83 67 243 530 0 
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Supplementary Figures 

 

Figure S3.1. Funnel plots showing the relationship between effect size and standard error of the 

longevity of parasitic Hymenoptera (306 studies). 
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Figure S3.2. Effect size (Hedges’ d) estimates and 95% CIs showing the effects of all 306 studies 

from Supplementary Data. Positive values of d indicate an enhancement to the longevity of 

parasitoid wasp in response to access to a flowering plant species. 

 

 



192 

 

References 

Shahjahan M, Erigeron flowers as a food and attractive odor source for Peristenus pseudopallipes, 

a braconid parasitoid of the tarnished plant bug. Environmental entomology 3:69–72 (1974). 

Syme PD, The effects of flowers on the longevity and fecundity of two native parasites of the 

European pine shoot moth in Ontario. Environmental Entomology 4:337–346 (1975). 

Syme PD, Observations on the longevity and fecundity of Orgilus obscurator (Hymenoptera: 

Braconidae) and the effects of certain foods on longevity. The Canadian Entomologist 

109:995–1000 (1977). 

Hagley EAC and Barber DR, Effect of food sources on the longevity and fecundity of Pholetesor 

ornigis (Weed) (Hymenoptera: Braconidae). The Canadian Entomologist 124:341–346 

(1992). 

Idris AB and Grafius E, Wildflowers as nectar sources for Diadegma insulare (Hymenoptera: 

Ichneumonidae), a parasitoid of diamondback moth (Lepidoptera: Yponomeutidae). 

Environmental Entomology 24:1726–1735 (1995). 

Orr DB and Pleasants JM, The potential of native prairie plant species to enhance the effectiveness 

of the Ostrinia nubilalis parasitoid Macrocentrus grandii. Journal of the Kansas 

Entomological Society 69:133–143 (1996). 

Baggen LR and Gurr GM, The influence of food on Copidosoma koehleri (Hymenoptera: 

Encyrtidae), and the use of flowering plants as a habitat management tool to enhance 

biological control of potato moth, Phthorimaea operculella (Lepidoptera: Gelechiidae). 

Biological Control 11:9–17 (1998). 

Baggen LR, Gurr GM and Meats A, Flowers in tri-trophic systems: mechanisms allowing 

selective exploitation by insect natural enemies for conservation biological control. 

Entomologia Experimentalis et Applicata 91:155–161 (1999). 

Johanowicz DL and Mitchell ER, Effects of sweet alyssum flowers on the longevity of the 

parasitoid wasps Cotesia marginiventris (Hymenoptera: Braconidae) and Diadegma 

insulare (Hymenoptera: Ichneumonidae). The Florida Entomologist 83:41–47 (2000). 

Jacob HS and Evans EW, Influence of carbohydrate foods and mating on longevity of the 

parasitoid Bathyplectes curculionis (Hymenoptera: Ichneumonidae). Environmental 

Entomology 29:1088–1095 (2000). 

Manojlovic B, Zabel A, Stankovic S and Kostic M, Additional diet of the parasitoids 

(Hymenoptera: Braconidae) and the parasitizing of the Elm Bark Beetle (Coleoptera: 

Scolytidae). Anzeiger für Schädlingskunde 74:66–71 (2001). 

Wratten SD et al., Effects of flowers on parasitoid longevity and fecundity. New Zealand Plant 

Protection 56:239–245 (2003). 

Davies AP, Ceballo FA and Walter GH, Is the potential of Coccidoxenoides perminutus, a 

mealybug parasitoid, limited by climatic or nutritional factors? Biological Control 31:181–

188 (2004). 



193 

 

Berndt LA and Wratten SD, Effects of alyssum flowers on the longevity, fecundity, and sex ratio 

of the leafroller parasitoid Dolichogenidea tasmanica. Biological control: theory and 

applications in pest management 32:65–69 (2005). 

Rahat S, Gurr GM, Wratten SD, Mo J and Neeson R, Effect of plant nectars on adult longevity of 

the stinkbug parasitoid, Trissolcus basalis. International journal of pest management 

51:321–324 (2005). 

Begum M, Gurr GM, Wratten SD, Hedberg PR and Nicol HI, Using selective food plants to 

maximize biological control of vineyard pests. Journal of Applied Ecology 43:547–554 

(2006). 

Irvin NA et al., The effects of floral understoreys on parasitism of leafrollers (Lepidoptera: 

Tortricidae) on apples in New Zealand. Agricultural and Forest Entomology 8:25–34 (2006). 

Lavandero Icaza B, Wratten SD, Didham RK and Gurr GM, Increasing floral diversity for 

selective enhancement of biological control agents: A double-edged sward? Basic and 

Applied Ecology 7:236–243 (2006). 

Vattala HD, Wratten SD, Phillips CB and Wäckers FL, The influence of flower morphology and 

nectar quality on the longevity of a parasitoid biological control agent. Biological Control 

39:179–185 (2006). 

Wanner H, Gu H and Dorn S, Nutritional value of floral nectar sources for flight in the parasitoid 

wasp, Cotesia glomerata. Physiological Entomology 31:127–133 (2006). 

Fuchsberg JR, Yong TH, Losey JE, Carter ME and Hoffmann MP, Evaluation of corn leaf aphid 

(Rhopalosiphum maidis; Homoptera: Aphididae) honeydew as a food source for the egg 

parasitoid Trichogramma ostriniae (Hymenoptera: Trichogrammatidae). Biological Control 

40:230–236 (2007). 

Irvin NA and Hoddle MS, Evaluation of floral resources for enhancement of fitness of 

Gonatocerus ashmeadi, an egg parasitoid of the glassy-winged sharpshooter, Homalodisca 

vitripennis. Biological control 40:80–88 (2007). 

Wade MR and Wratten SD, Excised or intact inflorescences? Methodological effects on parasitoid 

wasp longevity. Biological Control 40:347–354 (2007). 

Williams L and Hendrix DL, Comparing different floral resources on the longevity of a parasitic 

wasp. Agricultural and Forest Entomology 10:23–28 (2008). 

Kehrli P and Bacher S, Differential effects of flower feeding in an insect host-parasitoid system. 

Basic and Applied Ecology 9:709–717 (2008). 

Lee JC and Heimpel GE, Effect of floral nectar, water, and feeding frequency on Cotesia 

glomerata longevity. BioControl 53:289–294 (2008). 

Witting-Bissinger BE, Orr DB and Linker HM, Effects of floral resources on fitness of the 

parasitoids Trichogramma exiguum (Hymenoptera: Trichogrammatidae) and Cotesia 

congregata (Hymenoptera: Braconidae). Biological Control 47:180–186 (2008). 

Winkler K, Wäckers FL, Kaufman LV, Larraz V and van Lenteren JC, Nectar exploitation by 

herbivores and their parasitoids is a function of flower species and relative humidity. 



194 

 

Biological Control 50 (2009). 

Kugimiya S, Uefune M, Shimoda T and Takabayashi J, Orientation of the parasitic wasp, Cotesia 

vestalis (Haliday) (Hymenoptera: Braconidae), to visual and olfactory cues of field mustard 

flowers, Brassica rapa L. (Brassicaceae), to exploit food sources. Applied Entomology and 

Zoology 45, 369–375 (2010). 

Guo XL, Wang DS, He YR and Luo YL, Effects of different nutritional resources on longevity 

and fecundity of Trichogrammatoidea bactrae Nagaraja. Chinese Journal of Biological 

Control 27: 448–452 (2011). (in Chinese) 

Nilsson U, Rännbäck LM, Anderson P, Eriksson A and Rämert B, Comparison of nectar use and 

preference in the parasitoid Trybliographa rapae (Hymenoptera: Figitidae) and its host, the 

cabbage root fly, Delia radicum (Diptera: Anthomyiidae). Biocontrol science and 

technology 21:1117–1132 (2011). 

Nafziger Jr TD and Fadamiro HY, Suitability of some farmscaping plants as nectar sources for 

the parasitoid wasp, Microplitis croceipes (Hymenoptera: Braconidae): Effects on longevity 

and body nutrients. Biological Control 56:225–229 (2011). 

Walton NJ and Isaacs R, Survival of three commercially available natural enemies exposed to 

Michigan wildflowers. Environmental entomology 40:1177–1182 (2011). 

Tunҫbilek AŞ, Ҫinar N and Canpolat Ü, Effects of artificial diets and floral nectar on longevity 

and progeny production of Trichogramma euproctidis Girault (Hymenoptera: 

Trichogrammatidae). Turkish Journal of Entomology 36 (2012). 

Géneau CE, Wäckers FL, Luka H, Daniel C and Balmer O, Selective flowers to enhance 

biological control of cabbage pests by parasitoids. Basic and Applied Ecology 13:85–93 

(2012). 

Balzan MV and Wäckers FL, Flowers to selectively enhance the fitness of a host-feeding 

parasitoid: Adult feeding by Tuta absoluta and its parasitoid Necremnus artynes. Biological 

Control 67:21–31 (2013). 

Aduba OL, Olson DM, Ruberson JR, Hartel PG and Potter TL, Flowering plant effects on adults 

of the stink bug parasitoid Aridelus rufotestaceus (Hymenoptera: Braconidae). Biological 

Control 67:344–349 (2013). 

Zhu PY et al., Laboratory screening supports the selection of sesame (Sesamum indicum) to 

enhance Anagrus spp. parasitoids (Hymenoptera: Mymaridae) of rice planthoppers. 

Biological Control 64:83–89 (2013). 

Sigsgaard L et al., The effect of floral resources on parasitoid and host longevity: Prospects for 

conservation biological control in strawberries. Journal of insect science 13:104 (2013). 

Irvin NA, Pinckard TR, Perring TM and Hoddle MS, Evaluating the potential of buckwheat and 

cahaba vetch as nectar producing cover crops for enhancing biological control of 

Homalodisca vitripennis in California vineyards. Biological Control 76:10–18 (2014). 

Araj SE and Wratten SD, Comparing existing weeds and commonly used insectary plants as floral 

resources for a parasitoid. Biological Control 81:15–20 (2015). 



195 

 

Çinar N, Bakir S and Tuncbilek AS, Comparative effects of flower nectar and artificial diets on 

some biological aspects of the parasitoid species Bracon hebetor (Say.) (Hymenoptera: 

Braconidae). Egyptian Journal of Biological Pest Control 25: 233 (2015). 

Irvin NA and Hoddle MS, The effect of buckwheat flowers and cahaba vetch extrafloral nectaries 

on fitness of the vine mealybug parasitoid Anagyrus pseudococci (Hymenotpera: Encyrtidae). 

Florida Entomologist 98:237–242 (2015). 

Zhu PY et al., Selective enhancement of parasitoids of rice Lepidoptera pests by sesame 

(Sesamum indicum) flowers. BioControl 60:157–167 (2015). 

Furtado C et al., Evaluating potential olive orchard sugar food sources for the olive fly parasitoid 

Psyttalia concolor. BioControl 61:473–483 (2016). 

Charles JJ and Paine TD, Fitness effects of food resources on the polyphagous aphid parasitoid, 

Aphidius colemani Viereck (Hymenoptera: Braconidae: Aphidiinae). PloS One 11: 

e0147551 (2016). 

da Silva Camilo S et al., Do floral resources in Eucalyptus plantations affect fitness parameters 

of the parasitoid Palmistichus elaeisis (Hymenoptera: Eulophidae)? Phytoparasitica 

44:651–659 (2016). 

Zhao YY et al., Feasibility of Trifolium repens and Oxalis corniculata as the nectar resource plant 

to Trichogramma chilonis. Acta Agriculturae Zhejiangensis 29:106–112 (2017).(in Chinese) 

Liu K et al., Effects of sesame nectar on longevity and fecundity of seven Lepidoptera and 

survival of four parasitoid species commonly found in agricultural ecosystems. Journal of 

Integrative Agriculture 16:2534–2546 (2017). 

 

 

 

 

 

 

 

 

 

 

 

 



196 

 

APPENDIX 3 Laboratorial Results of Parasitoids Feeding on 

Different Flower in Chapter Four 

APPENDIX 3.1 Results of parasitoids longevity (Hours for 

Trichogramma and Anagrus, days for others) 

Cotesia chilonis  

 Flower 

Female   Male 

mean SE   mean SE 

Taraxacum mongolicum  2.07 0.05  2.10 0.09 
Hydrangea macrophylla  2.07 0.05  2.10 0.06 
Salvia plebeia 2.10 0.06  2.00 0.00 
Borago officinalis 2.10 0.06  2.07 0.08 
Houttuynia cordata 2.10 0.09  2.10 0.10 
Edgeworthia chrysantha 2.23 0.08  2.10 0.06 
Youngia japonica 2.27 0.08  2.03 0.03 
Geranium carolinianum 2.33 0.09  2.00 0.00 
Crepidiastrum denticulatum 2.57 0.12  2.60 0.12 
Capsicum annuum 2.63 0.19  2.23 0.09 
Solanum nigrum 2.73 0.11  2.03 0.03 
Trifolium repens 2.77 0.12  3.30 0.18 
Citrus maxima 2.83 0.12  2.33 0.13 
Rosa. multiflora var. cathayensis 2.87 0.08  2.67 0.13 
Rosa chinensis 2.87 0.08  2.07 0.05 
Cucumis sativus  3.00 0.15  2.03 0.18 
Erigeron annuus 3.00 0.14  2.90 0.15 
Brassia campestris 3.10 0.10  2.53 0.16 
Pisum sativum  3.13 0.19  2.73 0.10 
Allium cepa  3.13 0.10  2.80 0.10 
Ranunculus sceleratus 3.17 0.08  2.00 0.00 
Torilis scabra 3.17 0.10  3.03 0.12 
Trachelospermum jasminoides  3.30 0.15  2.87 0.09 
Coriandrum sativum  3.47 0.15  3.13 0.13 
Brassica cretica 3.50 0.11  3.10 0.10 
Astragalus sinicus  3.57 0.10  3.20 0.11 
Rhododendron simsii  3.60 0.11  3.00 0.13 
Lysimachia candida  3.63 0.30  3.77 0.20 
Chrysanthemum coronarium  3.73 0.14  3.17 0.16 
Apium graveolens 3.77 0.20  2.87 0.13 
Symplocos paniculata  3.90 0.30  2.90 0.09 
Photinia × fraseri 3.93 0.14  2.90 0.06 
Cnidium monnieri 4.07 0.13  3.97 0.18 
Pittosporum tobira 4.47 0.29  3.17 0.16 
10% honey 4.13 0.14   4.13 0.14 
water 2.40 0.18   2.10 0.18 
Luffa acutangula 3.60 0.10  3.73 0.18 
Zinnia elegans 4.00 0.14  3.10 0.16 
Cosmos sulphureus 4.03 0.18  3.57 0.15 
Cosmos bipinnata  4.10 0.22  3.57 0.16 
Ageratum conyzoides  5.53 0.26  5.20 0.30 
Luffa cylindrica  6.30 0.39  4.77 0.21 
Fagopyrum esculentum 6.73 0.37  4.70 0.22 
Ocimum basilicum var. citriodorum  7.20 0.24  6.67 0.24 
Passiflora edulia 6.10 0.31  5.97 0.30 
extrafloral of Passiflora edulia 6.90 0.39  6.07 0.25 
10% honey 11.23 0.50   6.60 0.33 
water 3.83 0.26   2.83 0.14 
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Spalangia endius 

 Flower 

Female   Male 

mean SE   mean SE 

Solanum melongena var. serpentinum  11.00 0.60  12.07 0.78 

Kalanchoe blossfeldiana  12.53 0.98  11.10 0.66 

Phaseolus vulgaris 12.53 0.55  11.10 0.45 

Angelonia salicariifolia  12.93 0.81  11.60 0.70 

Polygonum orientale 13.27 0.36  12.80 0.51 

Gypsophila paniculata 13.53 0.63  16.23 1.02 

Rosa chinensis  13.57 0.73  11.03 0.53 

Lantana camara  14.13 0.32  12.10 0.61 

Chamelaucium uncinatum  14.87 0.58  11.70 0.74 

Pterocypsela indica 14.97 0.71  14.03 0.67 

Campsis grandiflora 15.10 0.47  14.77 0.50 

Ocimum basilicum var. citriodorum  15.47 1.27  13.40 0.51 

Bidens pilosa 16.07 0.99  12.77 0.63 

Fagopyrum esculentum  16.67 0.96  13.57 0.62 

Ageratum conyzoides  16.97 0.48  14.10 0.69 

Cosmos sulphureus 17.60 0.76  12.97 0.58 

Sesamum indicum 17.97 0.95  13.83 0.35 

Camellia sinensis 18.40 1.75  17.57 1.00 

Lindernia crustacea 18.57 1.00  15.50 0.51 

Erigeron annuus 18.77 1.71  14.37 0.61 

Luffa cylindrica 19.10 0.93  17.27 0.84 

Mazus japonicus 19.47 1.62  14.00 0.77 

Mentha suaveolens  19.73 0.99  19.53 0.92 

Trifolium repens 20.37 1.84  13.20 0.94 

Allium tuberosum 20.87 1.36  20.30 1.91 

Vigna radiata 24.10 1.36  21.87 1.29 

Passiflora edulia 20.30 1.13  17.30 1.43 

extrafloral of Passiflora edulia 27.17 1.11  18.53 1.02 

10% honey 30.00 1.95   21.60 1.10 

water 12.70 0.73   11.23 0.75 

 

Anastatus japonicus 

 Flower 
Female   Male 

mean SE   mean SE 

Cucurbita moschata 2.70 0.13  2.73 0.12 
Eclipta prostrata 2.97 0.19  2.93 0.14 
Abelmoschus esculentus  4.63 0.15  4.20 0.15 
Trifolium repens  4.97 0.23  3.57 0.22 
Cosmos bipinnata  5.13 0.06  5.10 0.06 
Ageratum conyzoides 5.23 0.08  5.30 0.09 
Sesamum indicum 5.67 0.29  6.07 0.44 
Ocimum basilicum var. citriodorum  6.23 0.18  5.90 0.13 
Luffa cylindrica  6.83 0.27  4.27 0.17 
Mazus japonicus 7.43 0.72  4.67 0.18 
Borago officinalis 8.07 0.69  5.90 0.20 
Lysimachia candida  9.57 0.48  7.47 0.29 
Daucus carota 11.27 1.50  11.83 1.15 
Fagopyrum esculentum 22.17 1.72  9.53 0.55 
Leonurus artemisia 23.37 1.16  21.50 1.29 
Cnidium monnieri 24.87 1.13  27.90 1.42 
Torilis scabra  31.17 1.85  11.93 0.58 
Campsis grandiflora  32.50 3.35  30.70 2.52 
Oenanthe javanica 38.17 1.98  25.77 1.39 
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Passiflora edulia 28.07 1.77  26.90 1.99 
extrafloral of Passiflora edulia 38.13 2.78  29.53 2.05 
10% honey 50.53 2.98   30.73 3.54 
water 4.80 0.10   3.47 0.16 

 

Macrocentrus cingulum  

 Flower 

Female   Male 

mean SE   mean SE 

Angelonia salicariifolia  3.27 0.24  3.40 0.20 

Pterocypsela indica 3.40 0.20  3.40 0.20 

Chamelaucium uncinatum  3.47 0.27  2.50 0.19 

Cosmos sulphureus 3.50 0.33  3.43 0.31 

Kalanchoe blossfeldiana 3.70 0.17  3.70 0.17 

Cosmos bipinnata 3.93 0.43  3.83 0.41 

Ocimum basilicum var. citriodorum  4.13 0.24  4.13 0.24 

Lantana camara  4.17 0.26  3.90 0.27 

Polygonum orientale 4.83 0.23  3.97 0.21 

Ageratum conyzoides 4.97 0.40  4.97 0.40 

Gypsophila paniculata 5.47 0.32  4.10 0.20 

Mazus japonicus  5.53 0.50  7.27 0.46 

Trifolium repens  6.00 0.23  4.10 0.22 

Exacum affine  6.30 0.23  5.13 0.31 

Luffa cylindrica 6.93 0.25  6.17 0.26 

Allium tuberosum  11.17 0.56  10.57 0.54 

Passiflora edulia 7.20 0.59  4.70 0.29 

extrafloral of Passiflora edulia 9.37 0.64  8.03 0.54 

10% honey 10.00 0.56   10.83 0.51 

water 3.83 0.26   3.87 0.26 

 

Microplitis mediator  

 Flower 

Female   Male 

mean SE   mean SE 

Lantana camara 3.33 0.11  3.70 0.17 

Kalanchoe blossfeldiana 3.47 0.12  3.07 0.12 

Angelonia salicariifolia  3.57 0.22  3.30 0.16 

Exacum affine  4.17 0.16  3.67 0.12 

Cosmos sulphureus 4.30 0.18  4.23 0.17 

Luffa cylindrica 5.37 0.32  4.70 0.40 

Mentha suaveolens 5.43 0.32  4.30 0.15 

Gypsophila paniculata  5.83 0.23  5.03 0.21 

Campsis grandiflora 7.93 0.41  5.23 0.18 

Ageratum conyzoides  11.30 0.63  6.67 0.42 

Ocimum basilicum var. citriodorum  14.23 0.85  14.47 0.82 

Passiflora edulia 7.83 0.44  5.07 0.14 

extrafloral of Passiflora edulia 15.30 0.92  12.07 0.55 

10% honey 12.47 0.69   13.00 0.68 

water 3.50 0.13   3.77 0.14 

 

 

Oomyzus sokolowskii 

 Flower 

Female   Male 

mean SE   mean SE 
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Fagopyrum esculentum  18.80 1.52  17.90 1.34 

Cnidium monnieri  35.53 3.59  27.20 2.40 

10% honey  43.77 4.74   44.17 4.21 

water 5.33 0.19   5.70 0.22 

 

Habrobracon hebetor  

Flower 

Female   Male 

mean SE   mean SE 

Fagopyrum esculentum  23.20 2.20  28.13 2.18 

Cnidium monnieri 25.07 1.84  31.87 1.48 

Torilis scabra  33.03 1.71  30.90 1.65 

10% honey 44.03 2.26   44.00 2.07 

water 5.13 0.16   5.83 0.24 

 

Anastatus fulloi 

 Flower 

Female   Male 

mean SE   mean SE 

Angelonia salicariifolia 3.30 0.19  2.40 0.19 

Kalanchoe blossfeldiana  3.97 0.16  4.50 0.20 

Pterocypsela indica 4.27 0.28  4.10 0.26 

Ageratum conyzoides  4.43 0.21  4.00 0.17 

Lantana camara  4.87 0.34  3.37 0.18 

Exacum affine  5.90 0.45  5.43 0.45 

Ocimum basilicum var. citriodorum  8.43 0.57  7.80 0.47 

Patrinia villosa 10.53 0.66  9.03 0.61 

Passiflora edulia 7.03 0.41  6.20 0.35 

extrafloral of Passiflora edulia 8.00 0.56  7.13 0.45 

10% honey 15.90 1.04   14.40 0.74 

water 3.13 0.16   3.70 0.17 

 

Nasonia vitripennis  

 Flower 

Female   Male 

mean SE   mean SE 

Abelmoschus esculentus  3.30 0.22  3.20 0.28 

Cucumis sativus 3.43 0.24  3.17 0.22 

Phaseolus vulgaris 3.50 0.18  3.63 0.24 

Solanum melongena var. serpentinum 3.70 0.22  4.17 0.23 

Cosmos sulphureus 5.20 0.38  4.83 0.45 

Ocimum basilicum var. citriodorum  5.60 0.37  4.27 0.18 

Ageratum conyzoides 6.23 0.25  5.63 0.30 

Luffa cylindrica  7.20 0.47  4.77 0.30 

Campsis grandiflora  7.77 0.34  4.67 0.38 

Allium tuberosum 9.20 0.35  7.57 0.52 

Osmanthus fragrans 10.07 0.59  7.60 0.57 

Fagopyrum esculentum  11.83 0.98  11.63 0.70 

10% honey 14.13 0.84   6.70 0.52 

water 4.37 0.20   2.90 0.30 

 

 

Cotesia vestalis 

 Flower 

Female   Male 

mean SE   mean SE 
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Erigeron annuus 2.37 0.11  2.27 0.10 

Taraxacum mongolicum 2.43 0.11  2.43 0.10 

Trifolium repens  3.23 0.14  3.23 0.11 

Ocimum basilicum var. citriodorum  3.30 0.11  3.00 0.15 

Luffa cylindrica 3.30 0.10  3.50 0.15 

Fagopyrum esculentum 8.30 0.24  6.80 0.17 

Cnidium monnieri 12.30 0.47  9.87 0.45 

Torilis scabra 12.63 0.74  16.47 0.99 

Campsis grandiflora 17.00 1.34  16.90 1.30 

10% honey 18.33 1.33   17.67 1.22 

water 2.63 0.09   2.47 0.10 

 

 

Trissolcus halyomorphae  

 Flower 

Female 

mean SE 

Angelonia salicariifolia 9.33 0.63 

Ocimum basilicum var. citriodorum  23.67 1.65 

Passiflora edulia 25.97 1.69 

Campsis grandiflora 28.30 1.90 

Cnidium monnieri 34.27 1.99 

10% honey 51.40 3.04 

water 10.13 0.68 

 

 

Pteromalus puparum 

 Flower 

Female 

mean SE 

Trifolium repens  2.13 0.06 

Ocimum basilicum var. citriodorum  2.73 0.14 

Cosmos sulphureus 2.93 0.16 

Erigeron annuus 6.30 0.67 

Fagopyrum esculentum 19.57 1.53 

Torilis scabra 27.07 2.14 

Cnidium monnieri 29.67 1.94 

Campsis grandiflora 33.13 3.84 

Oenanthe javanica 39.20 1.12 

10% honey 40.70 2.65 

water 2.53 0.11 

 

Anagrus nilaparvatae 

 Flower 

Female 

mean SE 

Ocimum basilicum var. citriodorum  28.00 2.08 

Luffa acutangula 38.00 4.99 

Luffa cylindrica 40.80 6.15 

Ageratum conyzoides  44.40 4.86 

Campsis grandiflora 46.40 6.64 

10% honey 70.80 9.11 

water 28.40 2.58 

Kalanchoe blossfeldiana 24.40 1.70 

Cosmos sulphureus 27.60 3.25 

Cosmos bipinnata  28.40 3.18 
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Angelonia salicariifolia 30.00 3.41 

Lantana camara 35.60 4.55 

Exacum affine  39.60 4.71 

Fagopyrum esculentum  43.20 5.56 
Passiflora edulia 45.60 4.45 

Gypsophila paniculata  46.00 5.61 

Lysimachia candida  49.20 5.74 
extrafloral of Passiflora edulia 51.60 5.46 

Torilis scabra 51.60 6.57 

Cnidium monnieri 53.60 6.43 

Allium tuberosum 54.00 6.60 

10% honey 68.80 9.48 

water 25.20 2.43 

 
Trichogramma dendrolimi  

  Female   Male 
Flower mean SE   mean SE 
Cucumis sativus 20.40 2.33  25.60 3.54 
Erigeron annuus 21.60 2.54  28.00 3.08 
Solanum nigrum 22.00 2.00  18.80 2.10 
Cosmos sulphureus 23.20 2.54  28.80 3.52 
Ranunculus sceleratus 23.60 1.98  24.80 3.51 
Cucurbita moschata 26.00 2.85  33.20 4.09 
Cosmos bipinnata 26.00 3.55  26.80 3.36 
Solanum lycopersicum 26.80 2.67  30.40 4.81 
Eclipta prostrata  31.20 3.76  27.60 2.80 
Borago officinalis 32.80 3.56  30.40 3.77 
Leonurus artemisia 38.80 5.30  37.20 4.58 
Lysimachia candida 42.40 3.54  44.80 3.31 
Daucus carota 44.80 5.07  37.60 4.77 
Trifolium repens 46.40 6.35  44.00 4.67 
Oenanthe javanica 48.00 4.38  50.00 4.45 
Cnidium monnieri 54.40 5.87  54.00 7.50 
Fagopyrum esculentum  61.60 6.32  56.00 4.56 
10% honey 181.20 27.63   170.40 30.09 
water 27.20 1.64   27.20 3.51 
Solanum melongena var. serpentinum 22.00 1.82  26.80 2.86 
Capsicum annuum 24.80 2.67  25.60 2.71 
Vigna unguiculata 29.20 2.54  26.40 1.64 
Abelmoschus esculentus 32.00 2.97  24.40 3.49 
Luffa cylindrica 46.80 5.74  47.20 5.49 
Sesamum indicum 46.80 5.08  44.40 4.68 
Ageratum conyzoides  49.60 4.55  32.00 2.60 
Ocimum basilicum var. citriodorum  52.00 5.32  43.20 4.94 
10% honey 75.20 6.57   73.60 7.04 
water 26.80 2.48   21.60 2.01 

 

Trichogramma japonicum  

  Female   Male 
Flower mean SE   mean SE 

Ranunculus sceleratus 30.40 3.49  30.00 4.34 
Cucumis sativus 31.20 3.57  29.60 2.90 
Solanum nigrum  32.40 2.92  31.20 2.94 
Solanum lycopersicum 33.20 3.04  28.80 3.22 
Cucurbita moschata  33.20 3.25  20.40 2.33 
Erigeron annuus 34.40 3.90  27.20 2.74 
Astragalus sinicus 36.00 3.56  37.20 3.11 
Trifolium repens 40.40 1.89  40.00 2.39 
Borago officinalis 45.60 4.53  40.00 3.08 
Oenanthe javanica 47.20 4.53  44.40 4.79 
Cnidium monnieri 52.00 4.29  51.20 4.38 
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Lysimachia candida 55.20 7.99  46.40 4.98 
10% honey 192.00 20.55   169.60 22.40 
10% honey 213.20 6.75   190.80 10.20 
water 26.00 2.79   23.60 2.07 
Solanum melongena var. serpentinum 24.80 1.42  24.00 2.19 
Capsicum annuum  26.40 1.83  22.00 2.00 
Vigna unguiculata  27.60 2.40  24.40 1.80 
Ageratum conyzoides 48.00 3.75  46.80 5.01 
Campsis grandiflora 53.60 6.04  55.60 6.50 
10% honey 71.60 7.42   65.60 6.82 
water 26.40 2.01   20.40 1.83 
Zinnia elegans 26.00 1.91  22.40 2.30 
Cosmos bipinnata 34.80 5.08  34.80 3.85 
Ocimum basilicum var. citriodorum   39.20 2.54  54.80 6.95 
Cosmos sulphureus 40.40 4.28  36.80 3.88 
Sesamum indicum 44.00 5.79  44.40 4.13 
Abelmoschus esculentus  44.40 4.33  48.40 5.02 
Luffa acutangula 50.00 7.23  43.20 3.98 
Fagopyrum esculentum  51.60 6.25  51.60 4.71 
Luffa cylindrica 54.40 5.60  56.00 5.93 
10% honey 76.40 7.73   73.60 7.01 
water 24.00 1.76   21.60 2.67 

 
Trichogramma ostriniae 

  Female   Male 
Flower mean SE   mean SE 
Ranunculus sceleratus 23.20 2.54  21.20 2.02 
Solanum lycopersicum 30.00 4.38  30.80 4.34 
Capsicum annuum 32.00 4.04  34.80 3.32 
Trifolium repens 33.20 3.46  28.80 3.57 
Abelmoschus esculentus 34.40 4.28  35.20 4.09 
Solanum melongena var. serpentinum 36.00 3.97  38.00 4.56 
Cucumis sativus 38.00 3.50  34.80 3.71 
Daucus carota 46.80 5.59  47.20 5.36 
Torilis scabra  51.20 3.41  58.80 7.18 
Cnidium monnieri 54.40 5.66  58.00 6.59 
Oenanthe javanica  63.60 5.73  78.00 10.24 
Campsis grandiflora 94.80 10.20  82.40 11.44 
10% honey 234.40 14.93   156.80 16.01 
water 30.40 4.03   34.40 4.16 
Cosmos bipinnata 30.40 1.89  44.00 4.08 
Luffa cylindrica 34.80 2.43  39.20 3.25 
Ocimum basilicum var. citriodorum  34.80 2.63  36.80 2.86 
Fagopyrum esculentum 36.80 2.40  45.20 3.88 
Ageratum conyzoides  46.00 5.67  42.00 4.97 
Luffa acutangula 47.60 3.01  45.20 3.20 
Cosmos sulphureus 49.60 8.17  40.00 3.24 
10% honey 81.13 16.30   66.00 8.72 
water 28.40 1.24   26.40 1.53 

 

Trichogramma bilingensis 

  Female   Male 

Flower mean SE   mean SE 

Capsicum annuum  27.60 2.86  26.80 2.40 

Abelmoschus esculentus 30.80 3.56  28.80 3.16 

Ageratum conyzoides 39.60 2.92  36.80 3.88 

Luffa cylindrica 41.20 4.09  38.00 3.82 

Sesamum indicum 44.40 5.03  40.00 4.52 

Ocimum basilicum var. citriodorum  48.40 5.57  41.60 4.44 

Campsis grandiflora 49.60 5.35  42.40 3.95 

10% honey 75.20 6.88   74.80 7.68 

water 26.00 2.53   25.60 1.89 

Oenanthe javanica 47.20 6.85  51.20 6.05 
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Cnidium monnieri  58.40 7.39  51.20 6.77 

10% honey 75.20 7.45   80.00 6.38 

water 24.40 2.38   26.00 2.32 

 

Trichogramma chilonis 

  Female   Male 

Flower mean SE   mean SE 

Vigna unguiculata 23.20 2.92  22.40 2.15 

Solanum melongena var. serpentinum 27.60 2.86  22.00 2.60 

Abelmoschus esculentus 38.40 4.29  33.20 3.88 

Luffa cylindrica 41.20 4.49  39.20 5.00 

Ageratum conyzoides 44.00 4.82  40.80 4.39 

Sesamum indicum 45.20 4.34  43.60 3.77 

Campsis grandiflora 47.60 5.25  36.80 3.83 

Luffa acutangula 55.20 4.76  52.00 3.96 

10% honey 78.00 7.81   68.80 6.65 

water 24.80 3.41   22.80 2.13 

Capsicum annuum 20.00 2.46  24.00 3.46 

Zinnia elegans 20.80 1.84  21.60 2.25 

Cosmos bipinnata 28.40 3.86  25.20 2.13 

Cosmos sulphureus 36.00 4.10  33.20 3.15 

Ocimum basilicum var. citriodorum  50.00 4.29  43.20 4.07 

Fagopyrum esculentum 51.60 5.03  40.00 4.13 

10% honey 70.80 6.83   64.00 5.42 

water 21.20 2.67   20.00 2.08 

Oenanthe javanica 72.00 8.20  68.40 10.02 

Cnidium monnieri 81.60 5.33  74.80 3.97 

10% honey 219.20 15.84   201.20 16.48 

water 24.80 3.46   28.40 4.32 

 

 

T. chilonis from Thailand 

  Female   Male 

Flower mean SE   mean SE 

Abelmoschus esculentus 34.40 4.48  44.00 3.78 

Campsis grandiflora 44.80 6.46  52.00 7.12 

Luffa cylindrica 46.00 3.78  52.80 6.06 

Cnidium monnieri  53.60 7.01  50.40 7.17 

10% honey 66.00 7.38   69.20 7.72 

water 29.20 3.83   36.80 3.65 

Solanum melongena var. serpentinum 22.80 2.36  22.40 1.70 

Capsicum annuum 23.60 1.80  22.00 1.91 

Ageratum conyzoides 40.80 4.31  35.20 5.13 

Ocimum basilicum var. citriodorum  44.00 4.37  35.20 4.09 

10% honey 69.60 7.05   63.20 5.79 

water 20.80 2.40   20.40 2.01 

 

T. chilonis from Lin’an 

  Female   Male 

Flower mean SE   mean SE 

Vigna unguiculata 22.80 1.96  23.60 2.30 

Capsicum annuum 23.20 1.64  24.80 2.48 

Solanum melongena var. serpentinum 26.80 2.18  23.20 2.02 

Sesamum indicum 34.80 3.89  41.60 4.85 

Luffa cylindrica  36.80 4.30  38.00 3.24 

Luffa acutangula 37.60 3.82  43.20 4.87 
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Abelmoschus esculentus 38.00 4.00  44.40 5.20 

Ageratum conyzoides  44.40 5.52  46.80 4.91 

Ocimum basilicum var. citriodorum 45.20 3.97  51.20 5.07 

Campsis grandiflora 51.60 4.64  49.20 4.51 

10% honey 80.00 8.83   66.80 8.80 

water 24.40 1.80   23.60 1.80 

Oenanthe javanica 70.40 7.82  50.80 6.05 

Cnidium monnieri 74.40 6.54  58.00 6.41 

10% honey 109.20 9.07   75.60 6.72 

water 24.80 3.46   25.60 3.39 

 

T. chilonis from Anji 

  Female   Male 

Flower mean SE   mean SE 

Abelmoschus esculentus 18.40 1.49  15.20 1.84 

Luffa cylindrica 23.20 2.40  26.40 4.37 

Oenanthe javanica 29.20 3.31  30.40 3.95 

Campsis grandiflora 37.60 5.51  43.60 4.55 

10% honey 53.60 4.92   69.20 7.38 

water 18.00 1.85   15.20 1.74 

 

 

T. japonicum from Jinhua 

  Female   Male 

Flower mean SE   mean SE 

Solanum melongena var. serpentinum 25.20 1.68  27.60 2.67 

Capsicum annuum 26.00 2.60  25.20 2.05 

Abelmoschus esculentus 32.80 2.86  30.80 2.74 

Ageratum conyzoides  38.80 3.41  39.20 4.30 

Ocimum basilicum var. citriodorum  41.60 5.57  43.20 4.27 

Luffa cylindrica 42.00 3.97  38.40 3.55 

Sesamum indicum 42.80 5.03  39.60 4.29 

Campsis grandiflora 44.00 5.45  42.40 3.95 

10% honey 76.40 6.94   78.00 7.70 

water 24.80 2.02   26.00 1.82 

Oenanthe javanica 56.40 7.02  50.00 5.90 

Cnidium monnieri 67.60 7.37  55.60 6.10 

10% honey 84.40 7.69   78.80 6.75 

water 24.80 3.36   24.00 2.03 

 

T. japonicum from Linhai 

  Female   Male 

Flower mean SE   mean SE 

Abelmoschus esculentus 20.80 2.48  29.60 3.12 

Luffa cylindrica 34.00 4.25  30.80 4.05 

Oenanthe javanica 44.00 5.09  41.20 5.10 
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Campsis grandiflora 46.00 5.09  42.40 4.98 

10% honey 70.40 4.59   86.53 9.35 

water 20.40 1.83   20.80 1.93 

 

T. chilonis from Ostrinia nubilalis 

  Female   Male 

Flower mean SE   mean SE 

Ageratum conyzoides 38.00 4.33  34.40 4.08 

Luffa acutangula 39.20 4.86  45.20 5.36 

Luffa cylindrica 39.60 5.20  49.07 6.21 

Ocimum basilicum var. citriodorum  42.40 5.93  54.80 7.68 

Cosmos sulphureus 44.00 5.99  33.20 5.17 

Cosmos bipinnata 49.20 6.12  36.00 5.52 

Fagopyrum esculentum 71.20 10.89  54.00 8.07 

10% honey 82.80 10.23   75.20 10.11 

water 29.60 2.38   26.40 1.41 

 

T. chilonis from Antheraea pernyi 

  Female   Male 

Flower mean SE   mean SE 

Cosmos bipinnata 31.20 3.71  36.00 5.52 

Luffa acutangula 35.60 3.68  40.00 4.04 

Cosmos sulphureus 37.20 4.65  27.20 2.02 

Ageratum conyzoides  38.00 4.17  34.40 4.63 

Ocimum basilicum var. citriodorum  44.00 7.23  46.40 5.48 

Luffa cylindrica 46.00 5.58  47.20 5.91 

Fagopyrum esculentum 60.40 8.49  49.20 6.83 

10% honey 77.20 9.38   72.00 7.83 

water 26.80 2.26   24.80 1.84 

 

APPENDIX 3.2 Results of parasitoids fecundity 

Trichogramma japonicum 

Host Corcyra cephalonica eggs 

 Flower mean SE 

Solanum melongena var. serpentinum 3.69 0.40 

Capsicum annuum L. 3.79 0.39 

Ocimum basilicum var. citriodorum without flower 4.37 0.39 

Abelmoschus esculentus 4.92 0.62 

Ageratum conyzoides  5.20 0.35 

Ocimum basilicum var. citriodorum 6.04 0.42 

Luffa cylindrica 6.31 0.53 

Campsis grandiflora 6.95 0.43 

10% honey 8.13 0.31 

water 3.99 0.36 

Zinnia elegans 4.32 0.40 
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Cosmos sulphureus 5.33 0.47 

Cosmos bipinnata  5.51 0.44 

Luffa acutangula 6.09 0.35 

Sesamum indicum 6.32 0.37 

Fagopyrum esculentum  6.75 0.74 

10% honey 8.55 0.94 

water 4.20 0.34 

Allium tuberosum 10.01 1.03 

Trifolium repens 11.05 1.41 

Passiflora edulia 18.04 1.93 

Cnidium monnieri 19.03 1.48 

Oenanthe javanica  19.44 1.47 

10% honey 19.76 1.27 

water 5.32 0.67 

 

 

Trichogramma dendrolimi  
Host Corcyra cephalonica eggs 

Flower mean SE 

Capsicum annuum 3.56 0.31 

Solanum melongena var. serpentinum 4.20 0.33 

Ocimum basilicum var. citriodorum without flower 5.69 0.51 

Abelmoschus esculentus 5.93 0.47 

Luffa acutangula 6.39 0.53 

Luffa cylindrica  6.41 0.53 

Ageratum conyzoides  6.65 0.32 

Ocimum basilicum var. citriodorum 7.05 0.71 

Campsis grandiflora 7.37 0.52 

Sesamum indicum 7.68 0.59 

10% honey 13.83 0.61 

water 4.12 0.32 

Cosmos sulphureus 4.40 0.73 

Cosmos bipinnata  6.19 1.05 

Trifolium repens 8.55 0.89 

extrafloral of Passiflora edulia 11.97 0.99 

Passiflora edulia 14.79 0.85 

Fagopyrum esculentum 22.01 3.67 

Torilis scabra  30.93 5.24 

Cnidium monnieri 42.73 4.44 

10% honey 59.84 4.95 

water 4.63 0.37 

 

Trichogramma chilonis  

Host Corcyra cephalonica eggs 

Flower mean SE 

Capsicum annuum  3.57 0.39 

Solanum melongena var. serpentinum 3.60 0.44 

Ocimum basilicum var. citriodorum without flower 5.55 0.44 

Abelmoschus esculentus 6.17 0.59 

Luffa cylindrica 6.75 0.74 

Ageratum conyzoides 6.91 0.50 

Ocimum basilicum var. citriodorum 7.97 0.69 

Campsis grandiflora 8.92 0.89 
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Sesamum indicum 10.07 0.82 

Luffa acutangula 11.12 0.84 

10% honey 13.01 0.98 

water 3.73 0.34 

Allium tuberosum 9.44 1.24 

Trifolium repens 10.80 1.35 

Passiflora edulia 18.48 1.84 

Oenanthe javanica 19.48 1.64 

Cnidium monnieri 20.36 2.10 

10% honey 16.65 1.49 

water 3.56 0.61 

 

 

 

T. chilonis from Thailand 

Host Corcyra cephalonica eggs 

  mean SE 

Solanum melongena var. serpentinum 3.56 0.36 

Capsicum annuum 4.13 0.37 

Ocimum basilicum var. citriodorum without flower 4.29 0.28 

Ageratum conyzoides 5.76 0.53 

Sesamum indicum 6.01 0.60 

Luffa acutangula 6.59 0.42 

Ocimum basilicum var. citriodorum 6.65 0.42 

Luffa cylindrica 6.92 0.90 

Abelmoschus esculentus 7.35 0.56 

Campsis grandiflora 7.89 0.63 

10% honey 12.03 0.73 

water 3.67 0.40 

Allium tuberosum  13.83 1.77 

Cnidium monnieri 17.25 1.72 

Passiflora edulia 19.04 1.75 

extrafloral of Passiflora edulia 14.09 1.54 

10% honey 21.30 0.82 

water 6.47 0.79 

 

 

T. chilonis from Lin’an 

Host Corcyra cephalonica eggs 

Flower mean SE 

Vigna unguiculata 3.65 0.39 

Solanum melongena var. serpentinum 4.41 0.50 

Ocimum basilicum var. citriodorum without flower 4.51 0.48 

Capsicum annuum 4.60 0.37 

Abelmoschus esculentus 5.55 0.49 

Sesamum indicum 6.57 0.67 

Ocimum basilicum var. citriodorum 6.71 0.56 

Luffa acutangula 6.72 0.52 

Luffa cylindrica 6.87 0.49 
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Ageratum conyzoides  6.99 0.57 

Campsis grandiflora 7.08 0.52 

10% honey 8.95 0.74 

water 4.12 0.39 

Allium tuberosum 9.37 1.70 

Cnidium monnieri 17.65 2.24 

Passiflora edulia 21.43 1.17 

extrafloral of Passiflora edulia 13.47 1.46 

10% honey 25.64 2.37 

water 5.97 0.82 

 

T. chilonis from Ostrinia nubilalis 

Host Corcyra cephalonica eggs 

  mean SE 

Ocimum basilicum var. citriodorum 8.12 1.20 

Cosmos sulphureus 8.51 0.87 

Cosmos bipinnata  9.07 1.02 

Ageratum conyzoides 9.09 1.01 

Fagopyrum esculentum 10.49 1.04 

Luffa acutangula 11.24 0.90 

Luffa cylindrica 11.84 1.13 

10% honey 13.48 0.95 

water 5.85 0.72 

 

T. chilonis from Corcyra cephalonica 

Host Corcyra cephalonica eggs 

  mean SE 

Zinnia elegans 4.55 0.47 

Cosmos bipinnata  6.71 0.54 

Cosmos sulphureus 7.79 0.61 

Ageratum conyzoides 7.87 0.51 

Ocimum basilicum var. citriodorum 8.11 0.69 

Fagopyrum esculentum 10.05 1.08 

10% honey 11.13 0.66 

water 4.39 0.45 

 
T. chilonis from Corcyra cephalonica 

Host Ostrinia nubilalis eggs 

  mean SE 

Zinnia elegans 1.91 0.14 
Cosmos bipinnata  2.57 0.14 
Cosmos sulphureus 2.60 0.14 
Ageratum conyzoides 2.61 0.19 
Ocimum basilicum var. citriodorum 2.63 0.23 
Fagopyrum esculentum  2.79 0.16 
10% honey 3.64 0.19 
water 1.73 0.14 

 

Trichogramma ostriniae 

Host Corcyra cephalonica eggs 

  mean SE 

Ageratum conyzoides  8.08 0.59 

Luffa acutangula 9.03 0.77 

Fagopyrum esculentum 9.11 0.75 

Ocimum basilicum var. citriodorum 9.17 0.70 
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Luffa cylindrica 9.96 1.16 

Torilis scabra 18.51 1.23 

Cnidium monnieri 20.36 2.00 

10% honey 26.99 2.31 

water 5.39 0.53 

 

Trichogramma ostriniae 

Host Ostrinia nubilalis eggs 

  mean SE 

Ageratum conyzoides  4.03 0.20 

Ocimum basilicum var. citriodorum 4.13 0.22 

Luffa acutangula 4.21 0.22 

Luffa cylindrica 4.25 0.28 

Fagopyrum esculentum  5.09 0.27 

10% honey 5.77 0.56 

water 2.81 0.29 

 

Anagrus nilaparvatae 

Host BPH eggs 

  Fecundity   Total BPH eggs 

  mean SE   mean SE 

Ocimum basilicum var. citriodorum without 

flower 20.53 1.03  111.47 2.47 

Ocimum basilicum var. citriodorum 25.93 1.10  110.87 2.93 

SgLuffa acutangula 36.33 1.42  129.60 4.71 

Luffa cylindrica 29.53 1.83  117.47 3.94 

Abelmoschus esculentus 23.53 1.35  110.80 3.66 

Campsis grandiflora 27.80 1.73  112.93 2.74 

10% honey 33.80 1.35   112.47 2.76 

water 19.40 0.97   117.27 3.82 

Allium tuberosum 32.00 2.16  107.47 6.90 

Cnidium monnieri 35.40 1.76  117.67 5.47 

Passiflora edulia 34.13 1.90  135.60 5.76 

extrafloral of Passiflora edulia 30.53 1.78  114.60 3.00 

10% honey 37.07 1.71   122.13 6.61 

water 18.47 1.26   105.40 4.32 
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APPENDIX 4. Results from the Best Models for Each Metric of Experiments in Chapter Five 

APPENDIX 4.1. Results from the best models for each metric of Multi-site experiments. 

Coefficients of the Best Models - The following table is for the coefficients from the best model for each metric. We calculated metrics pertaining to model fit, including 

marginal and conditional R2. The marginal R2 (R2m) is the variance explained by the fixed effects in the model, whereas the conditional R2 (R2c) is the variance explained by 

both the fixed and the random effects. 

Method Metric Term Int SE Z p group R2m R2c 

Bait trap 

 Parasitic rate Model: Parasitic rate ~ treatment + sampling time + position + position : sampling time + (1 | rice type) 0.427 0.984 

    (Intercept) 7.847 1.599 4.906 <0.001 fixed     

    Treatment / Okra -1.184 0.500 -2.369 0.018 fixed     

    Treatment / Passion fruit  -2.068 0.528 -3.920 <0.001 fixed     

    Treatment / Sesame -2.648 0.703 -3.767 <0.001 fixed     

    Sampling time / Tillering stage (ST/T) 1.123 0.515 2.181 0.029 fixed     

    Position / Near bundary (P/NB) 4.501 0.973 4.624 <0.001 fixed     

    ST/T : P/NB -6.524 1.099 -5.937 <0.001 fixed     

     Rice type  4.693 0.191     random     

Yellow stick trap 

  Planthopper egg parasitoids (PEP) PEP ~ treatment + sampling time + (1 | rice type) + (1 | site / position) 0.283 0.601 

    (Intercept) 1.745 0.450 3.880 <0.001 fixed     

    Treatment/Mung Bean 0.464 0.218 2.130 0.033 fixed     

    Treatment/Okra 0.108 0.117 0.923 0.356 fixed     

    Treatment Passion fruit  0.525 0.137 3.823 <0.001 fixed     

    Treatment/Sesame 0.259 0.123 2.109 0.035 fixed     

    Sampling time / booting -1.628 0.118 -13.779 <0.001 fixed     

    Sampling time / flowering -0.880 0.110 -7.995 <0.001 fixed     

    Sampling time / milking  -1.713 0.145 -11.830 <0.001 fixed     

     Rice type  0.271 0.020     random     

     Position : site 0.168 0.016     random     

     Site  0.139 0.014     random     

  Egg parasitoids of Lepidoptera (EPL) EPL ~ treatment + sampling time + position + position : sampling time + (1 | rice type) + (1 | year) 0.438 0.564 

    (Intercept) 2.226 0.289 7.694 <0.001 fixed     

    Treatment/Mung Bean 0.580 0.188 3.092 0.002 fixed     

    Treatment / Okra 0.321 0.089 3.606 <0.001 fixed     



211 

 

   Treatment / Passion fruit  0.603 0.105 5.763 <0.001 fixed     

   Treatment / Sesame 0.373 0.094 3.952 <0.001 fixed     

    Sampling time / booting -1.233 0.122 -10.121 <0.001 fixed     

    Sampling time / flowering -0.292 0.115 -2.547 0.011 fixed     

    Sampling time / milking  -1.502 0.146 -10.295 <0.001 fixed     

    Position / Near bundary 0.024 0.117 0.206 0.837 fixed     

    ST/B : P/NB 0.041 0.178 0.230 0.818 fixed     

    ST/F : P/NB 0.092 0.166 0.556 0.578 fixed     

    ST/M : P/NB -0.504 0.225 -2.239 0.025 fixed     

     Rice type  0.033 0.007     random     

    Year 0.116 0.013     random     

  Larva parasitoids of Lepidoptera (LPL) LPL ~ treatment + position + (1 | rice type) + (1 | year / sampling time) + (1 | site) 0.038 0.878 

    (Intercept) 2.339 1.061 2.206 0.027 fixed     

    Treatment / Mung Bean 0.190 0.238 0.798 0.425 fixed     

    Treatment / Okra 0.708 0.099 7.180 <0.001 fixed     

    Treatment / Passion fruit  0.930 0.120 7.719 <0.001 fixed     

    Treatment / Sesame 1.012 0.103 9.848 <0.001 fixed     

    Position / Near bundary 0.262 0.074 3.519 <0.001 fixed     

     Rice type  0.152 0.015     random     

    Sampling time : year 1.301 0.044     random     

    Year 0.879 0.036     random     

    Site 1.756 0.051     random     

  Pupa parasitoids of Lepidoptera (PPL) PPL ~ treatment + sampling time + position + position : sampling time + (1 | year) + (1 | site) 0.223 0.492 

    (Intercept) -1.638 0.596 -2.747 0.006 fixed     

    Treatment / Mung Bean -2.243 0.847 -2.469 0.008 fixed     

    Treatment / Okra 0.548 0.222 2.464 0.014 fixed     

    Treatment / Passion fruit  0.384 0.293 1.312 0.190 fixed     

    Treatment / Sesame 1.005 0.226 4.450 <0.001 fixed     

    Sampling time / booting (ST/B) 1.123 0.314 3.575 <0.001 fixed     

    Sampling time / flowering (ST/F) 0.478 0.329 1.450 0.147 fixed     

    Sampling time / milking (ST/M) -0.296 0.399 -0.741 0.459 fixed     

    Position / Near bundary (P/NB) 1.542 0.339 4.552 <0.001 fixed     

    ST/B : P/NB -1.398 0.438 -3.192 0.001 fixed     

    ST/F : P/NB -1.796 0.468 -3.840 <0.001 fixed     

    ST/M : P/NB -0.861 0.543 -1.586 0.113 fixed     

    Site 0.661 0.031     random     

    Year 0.205 0.017     random     

  Pupa parasitoids of Diptera (PPD) PPD ~ treatment + (1 | year) 0.005 0.172 

    (Intercept) -0.353 0.365 -0.966 0.334 fixed     

    Treatment / Mung Bean 0.415 0.356 1.165 0.244 fixed     

    Treatment / Okra 0.054 0.140 0.386 0.700 fixed     
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    Treatment / Passion fruit  0.119 0.176 0.675 0.500 fixed     

    Treatment / Sesame 0.129 0.150 0.863 0.388 fixed     

    Year 0.244 0.019     random     

  Amounts of parasitoid wasps (AP) AP ~ treatment + (1 | rice type) + (1 | year / sampling time) + (1 | site) 0.063 0.791 

    (Intercept) 3.266 0.711 4.592 <0.001 fixed     

    Treatment / Mung Bean 0.475 0.185 2.559 0.011 fixed     

    Treatment / Okra 0.627 0.082 7.631 <0.001 fixed     

    Treatment / Passion fruit  0.876 0.099 8.829 <0.001 fixed     

    Treatment / Sesame 0.956 0.088 10.906 <0.001 fixed     

     Rice type  0.272 0.020     random     

    Sampling time : year 0.609 0.030     random     

    Year 0.382 0.024     random     

    Site 0.393 0.024     random     

  Trichogramma chilonis (TC) treatment + sampling time + position + position : sampling time + (1 | rice type) + (1 | year) + (1 | site) 0.404 0.723 

    (Intercept) 1.268 0.693 1.828 0.067 fixed     

    Treatment / Mung Bean 0.112 0.343 0.327 0.744 fixed     

    Treatment / Okra 0.171 0.156 1.097 0.273 fixed     

    Treatment / Passion fruit  0.550 0.189 2.904 0.004 fixed     

    Treatment / Sesame 0.339 0.167 2.030 0.042 fixed     

    Sampling time / booting (ST/B) -0.814 0.215 -3.777 <0.001 fixed     

    Sampling time / flowering (ST/F) 0.286 0.208 1.374 0.169 fixed     

    Sampling time / milking (ST/M) -2.276 0.291 -7.818 <0.001 fixed     

    Position / Near bundary (P/NB) 0.106 0.202 0.523 0.601 fixed     

    ST/B : P/NB -0.184 0.311 -0.593 0.553 fixed     

    ST/F : P/NB -0.024 0.281 -0.087 0.931 fixed     

    ST/M : P/NB -1.619 0.587 -2.756 0.006 fixed     

     Rice type  0.457 0.026     random     

    Site 0.579 0.029     random     

    Year 0.148 0.015     random     

  Copidosomopsis sp. (CS) CS ~ treatment + position + (1 | rice type) + (1 | year / sampling time) + (1 | site) 0.030 0.742 

    (Intercept) 2.475 0.931 2.657 0.008 fixed     

    Treatment / Mung Bean -0.169 0.397 -0.424 0.671 fixed     

    Treatment / Okra 0.646 0.097 6.690 <0.001 fixed     

    Treatment / Passion fruit  0.771 0.152 5.088 <0.001 fixed     

    Treatment / Sesame 0.878 0.095 9.229 <0.001 fixed     

    Position / Near bundary (P/NB) 0.166 0.073 2.276 0.023 fixed     

     Rice type  0.640 0.031     random     

    Sampling time : year 1.810 0.052     random     

    Year 0.217 0.018     random     

    Site 0.794 0.034     random     

  Anagrus nilaparvatae (AN) AN ~ treatment + sampling time + (1 | rice type) + (1 | site / position) 0.176 0.674 
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    (Intercept) 0.939 0.732 1.283 0.199 fixed     

    Treatment / Mung Bean 0.369 0.196 1.883 0.060 fixed     

    Treatment / Okra 0.153 0.129 1.181 0.238 fixed     

    Treatment / Passion fruit  0.493 0.141 3.498 <0.001 fixed     

    Treatment / Sesame 0.341 0.138 2.470 0.014 fixed     

    Sampling time / booting (ST/B) -1.668 0.144 -11.603 <0.001 fixed     

    Sampling time / flowering (ST/F) -0.617 0.108 -5.734 <0.001 fixed     

    Sampling time / milking (ST/M) -1.785 0.202 -8.833 <0.001 fixed     

     Rice type  0.580 0.029     random     

    Position : site 0.244 0.019     random     

    Site 0.801 0.034     random     

  Trichogramma japonicum (TJ) TJ ~ treatment + sampling time + position + position:sampling time  + (1 | rice type) + (1 | year) + (1 | site) 0.276 0.766 

    (Intercept) 1.072 0.921 1.164 0.245 fixed     

    Treatment / Mung Bean 0.473 0.221 2.135 0.033 fixed     

    Treatment / Okra 0.229 0.148 1.545 0.122 fixed     

    Treatment / Passion fruit  0.751 0.157 4.770 <0.001 fixed     

    Treatment / Sesame 0.357 0.155 2.309 0.021 fixed     

    Sampling time / booting (ST/B) -2.213 0.235 -9.441 <0.001 fixed     

    Sampling time / flowering (ST/F) -1.345 0.175 -7.692 <0.001 fixed     

    Sampling time / milking (ST/M) -2.346 0.350 -6.702 <0.001 fixed     

    Position / Near bundary -0.251 0.128 -1.968 0.423 fixed     

    ST/B : P/NB 0.608 0.309 1.972 0.049 fixed     

    ST/F : P/NB 0.369 0.246 1.499 0.134 fixed     

    ST/M : P/NB -1.229 0.792 -1.552 0.121 fixed     

     Rice type  1.054 0.040     random     

    Site 0.952 0.038     random     

    Year 0.129 0.014     random     

Sweeping                   

  Herbivore insects (HI) HI ~ treatment + sampling time + position + treatment : sampling time + + (1 | rice type) + (1 | year) + (1 | site) 0.119 0.655 

    (Intercept) 4.934 0.621 7.947 <0.001 fixed     

    Treatment / Mung Bean (T/MB) -2.334 0.332 -7.029 <0.001 fixed     

    Treatment / Okra (T/O) 0.045 0.167 0.270 0.787 fixed     

    Treatment / Passion fruit (T/P) -0.958 0.202 -4.735 <0.001 fixed     

    Treatment / Sesame (T/S) -0.032 0.174 -0.184 0.854 fixed     

    Sampling time / booting (ST/B) -0.714 0.168 -4.238 <0.001 fixed     

    Sampling time / flowering (ST/F) -0.473 0.171 -2.772 0.006 fixed     

    Sampling time / milking (ST/M) -1.153 0.178 -6.492 <0.001 fixed     

    Position / Near bundary -0.139 0.065 -2.138 0.033 fixed     

    T/MB : ST/B 2.170 0.453 4.788 <0.001 fixed     

    T/O : ST/B -0.254 0.240 -1.060 0.289 fixed     

    T/P: ST/B 1.554 0.277 5.608 <0.001 fixed     



214 

 

    T/S : ST/B 0.036 0.245 0.148 0.883 fixed     

    T/MB: ST/F 2.952 0.453 6.519 <0.001 fixed     

    T/O: ST/F -0.062 0.234 -0.265 0.791 fixed     

    T/P : ST/F 1.190 0.276 4.317 <0.001 fixed     

    T/S : ST/F 0.055 0.244 0.227 0.821 fixed     

    T/MB: ST/M 2.516 0.457 5.511 <0.001 fixed     

    T/O: ST/M 0.592 0.245 2.415 0.016 fixed     

    T/P : ST/M 1.411 0.282 4.999 <0.001 fixed     

    T/S : ST/M 0.144 0.258 0.557 0.578 fixed     

     Rice type  0.583 0.029     random     

    Site 0.166 0.015     random     

    Year 0.070 0.010     random     

  Neutral insects (NI) NI ~ treatment * sampling time + (1 | rice type) + (1 | year) + (1 | site) 0.260 0.454 

    (Intercept) 4.430 0.300 14.783 <0.001 fixed     

    Treatment / Mung Bean -0.931 0.297 -3.131 0.002 fixed     

    Treatment / Okra 0.352 0.152 2.320 0.020 fixed     

    Treatment / Passion fruit  -0.557 0.180 -3.131 0.002 fixed     

    Treatment / Sesame 1.334 0.159 8.416 <0.001 fixed     

    Sampling time / booting (ST/B) -0.068 0.150 -0.452 0.651 fixed     

    Sampling time / flowering (ST/F) -0.244 0.152 -1.610 0.107 fixed     

    Sampling time / milking (ST/M) -0.731 0.160 -4.564 <0.001 fixed     

    T/MB : ST/B 1.281 0.407 3.147 0.002 fixed     

    T/O : ST/B -0.134 0.215 -0.622 0.534 fixed     

    T/P: ST/B 1.038 0.247 4.201 <0.001 fixed     

    T/S : ST/B -1.226 0.221 -5.537 <0.001 fixed     

    T/MB: ST/F 0.956 0.408 2.341 0.019 fixed     

    T/O: ST/F -0.302 0.213 -1.418 0.156 fixed     

    T/P : ST/F 0.849 0.248 3.419 0.001 fixed     

    T/S : ST/F -1.148 0.223 -5.145 <0.001 fixed     

    T/MB: ST/M 0.615 0.413 1.488 0.137 fixed     

    T/O: ST/M 0.073 0.223 0.329 0.742 fixed     

    T/P : ST/M 1.044 0.254 4.116 <0.001 fixed     

    T/S : ST/M -1.020 0.236 -4.327 <0.001 fixed     

     Rice type  0.126 0.013     random     

    Site 0.024 0.006     random     

    Year 0.011 0.004     random     

  Arthropod predators (IP) IP ~ treatment * sampling time + (1 | year) + (1 | site) 0.233 0.401 

    (Intercept) 3.606 0.255 14.156 <0.001 fixed     

    Treatment / Mung Bean -2.566 0.343 -7.490 <0.001 fixed     

    Treatment / Okra 0.162 0.158 1.028 0.304 fixed     

    Treatment / Passion fruit  -0.522 0.192 -2.718 0.007 fixed     
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    Treatment / Sesame 0.210 0.165 1.273 0.203 fixed     

    Sampling time / booting (ST/B) -0.790 0.162 -4.826 <0.001 fixed     

    Sampling time / flowering (ST/F) -0.248 0.161 -1.538 0.124 fixed     

    Sampling time / milking (ST/M) -0.928 0.170 -5.445 <0.001 fixed     

    T/MB : ST/B 1.752 0.460 3.812 <0.001 fixed     

    T/O : ST/B -0.201 0.230 -0.877 0.380 fixed     

    T/P: ST/B 0.975 0.264 3.695 <0.001 fixed     

    T/S : ST/B 0.008 0.234 0.035 0.972 fixed     

    T/MB: ST/F 2.753 0.451 6.108 <0.001 fixed     

    T/O: ST/F -0.340 0.224 -1.518 0.129 fixed     

    T/P : ST/F 0.959 0.261 3.674 <0.001 fixed     

    T/S : ST/F -0.193 0.232 -0.832 0.406 fixed     

    T/MB: ST/M 2.841 0.456 6.232 <0.001 fixed     

    T/O: ST/M 0.276 0.234 1.179 0.239 fixed     

    T/P : ST/M 0.969 0.268 3.609 <0.001 fixed     

    T/S : ST/M 0.109 0.246 0.444 0.657 fixed     

    Year 0.067 0.010     random     

    Site 0.070 0.010     random     

  Parasitoid wasps (PW) PW ~ treatment + (1 | year) 0.045 0.054 

    (Intercept) 3.304 0.114 28.919 <0.001 fixed     

    Treatment / Mung Bean -0.005 0.256 -0.018 0.986 fixed     

    Treatment / Okra 0.216 0.129 1.671 0.095 fixed     

    Treatment / Passion fruit  0.251 0.165 1.528 0.127 fixed     

    Treatment / Sesame 0.576 0.134 4.300 <0.001 fixed     

    Year 0.009 0.036     random     

  Rice planthoppers (RPH) RPH ~ treatment * sampling time + (1 | rice type) + (1 | site / position) 0.216 0.504 

    (Intercept) 3.973 0.437 9.090 <0.001 fixed     

    Treatment / Mung Bean -2.491 0.432 -5.773 <0.001 fixed     

    Treatment / Okra -0.058 0.219 -0.263 0.792 fixed     

    Treatment / Passion fruit  -1.741 0.274 -6.354 <0.001 fixed     

    Treatment / Sesame -0.082 0.229 -0.360 0.719 fixed     

    Sampling time / booting (ST/B) -0.999 0.224 -4.464 <0.001 fixed     

    Sampling time / flowering (ST/F) -0.802 0.226 -3.551 <0.001 fixed     

    Sampling time / milking (ST/M) -1.560 0.240 -6.513 <0.001 fixed     

    T/MB : ST/B 2.446 0.598 4.089 <0.001 fixed     

    T/O : ST/B -0.201 0.317 -0.635 0.525 fixed     

    T/P: ST/B 2.304 0.376 6.132 <0.001 fixed     

    T/S : ST/B -0.033 0.326 -0.101 0.920 fixed     

    T/MB: ST/F 3.368 0.597 5.645 <0.001 fixed     

    T/O: ST/F -0.128 0.311 -0.411 0.681 fixed     

    T/P : ST/F 1.936 0.372 5.204 <0.001 fixed     
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    T/S : ST/F -0.209 0.324 -0.645 0.519 fixed     

    T/MB: ST/M 1.732 0.607 2.854 0.004 fixed     

    T/O: ST/M 0.450 0.327 1.378 0.168 fixed     

    T/P : ST/M 1.973 0.384 5.139 <0.001 fixed     

    T/S : ST/M -0.140 0.347 -0.403 0.687 fixed     

     Rice type  0.223 0.018     random     

    Position : site  0.041 0.008     random     

    Site 0.197 0.017     random     

  Lepidopterous pests (LPEST) LPEST ~ treatment * sampling time + (1 | rice type) + (1 | year) + (1 | site) 0.701 0.832 

    (Intercept) 2.222 0.535 4.156 <0.001 fixed     

    Treatment / Mung Bean -1.073 0.585 -1.834 0.067 fixed     

    Treatment / Okra 0.008 0.161 0.048 0.961 fixed     

    Treatment / Passion fruit  -0.538 0.233 -2.305 0.021 fixed     

    Treatment / Sesame 0.021 0.174 0.122 0.903 fixed     

    Sampling time / booting (ST/B) -0.698 0.182 -3.831 <0.001 fixed     

    Sampling time / flowering (ST/F) -0.991 0.200 -4.958 <0.001 fixed     

    Sampling time / milking (ST/M) -2.459 0.373 -6.603 <0.001 fixed     

    T/MB : ST/B 1.238 0.757 1.636 0.102 fixed     

    T/O : ST/B -0.072 0.263 -0.275 0.784 fixed     

    T/P: ST/B 0.903 0.324 2.787 0.005 fixed     

    T/S : ST/B 0.000 0.270 0.001 0.999 fixed     

    T/MB: ST/F 2.912 0.658 4.424 <0.001 fixed     

    T/O: ST/F -0.062 0.277 -0.222 0.824 fixed     

    T/P : ST/F 1.248 0.328 3.800 <0.001 fixed     

    T/S : ST/F -0.005 0.293 -0.018 0.986 fixed     

    T/MB: ST/M -14.340 2252.000 -0.006 0.995 fixed     

    T/O: ST/M -0.052 0.524 -0.099 0.921 fixed     

    T/P : ST/M 0.726 0.565 1.284 0.199 fixed     

    T/S : ST/M 0.154 0.565 0.273 0.785 fixed     

     Rice type  0.245 0.019     random     

    Year 0.104 0.012     random     

    Site 0.387 0.023     random     

  Tetragnatha spp. (TSS) TSS ~ treatment * sampling time + (1 | rice type) + (1 | site) 0.200 0.752 

    (Intercept) 2.760 0.735 3.754 <0.001 fixed     

    Treatment / Mung Bean -2.312 0.464 -4.988 <0.001 fixed     

    Treatment / Okra -0.228 0.234 -0.977 0.329 fixed     

    Treatment / Passion fruit  -1.269 0.288 -4.407 <0.001 fixed     

    Treatment / Sesame -0.181 0.244 -0.741 0.459 fixed     

    Sampling time / booting (ST/B) -1.223 0.251 -4.869 <0.001 fixed     

    Sampling time / flowering (ST/F) -0.323 0.238 -1.356 0.175 fixed     

    Sampling time / milking (ST/M) -2.044 0.272 -7.510 <0.001 fixed     
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    T/MB : ST/B 2.158 0.637 3.386 0.001 fixed     

    T/O : ST/B -0.587 0.357 -1.645 0.100 fixed     

    T/P: ST/B 1.618 0.399 4.056 <0.001 fixed     

    T/S : ST/B -0.132 0.355 -0.373 0.709 fixed     

    T/MB: ST/F 2.174 0.627 3.470 0.001 fixed     

    T/O: ST/F -0.622 0.331 -1.879 0.060 fixed     

    T/P : ST/F 1.378 0.390 3.533 <0.001 fixed     

    T/S : ST/F -0.132 0.342 -0.385 0.700 fixed     

    T/MB: ST/M 0.743 0.719 1.034 0.301 fixed     

    T/O: ST/M 0.444 0.361 1.227 0.220 fixed     

    T/P : ST/M 1.241 0.418 2.967 0.003 fixed     

    T/S : ST/M -0.376 0.404 -0.930 0.352 fixed     

     Rice type  0.146 0.014     random     

    Site 1.758 0.050     random     

  Other spiders (OS) OS ~ treatment * sampling time + (1 | rice type) + (1 | year) + (1 | site / position) 0.137 0.634 

    (Intercept) 2.100 0.568 3.700 <0.001 fixed     

    Treatment / Mung Bean -3.083 0.676 -4.559 <0.001 fixed     

    Treatment / Okra 0.345 0.182 1.897 0.058 fixed     

    Treatment / Passion fruit  -0.236 0.225 -1.050 0.294 fixed     

    Treatment / Sesame 0.363 0.190 1.912 0.056 fixed     

    Sampling time / booting (ST/B) -0.160 0.184 -0.867 0.386 fixed     

    Sampling time / flowering (ST/F) -0.123 0.190 -0.647 0.518 fixed     

    Sampling time / milking (ST/M) -0.156 0.195 -0.801 0.423 fixed     

    T/MB : ST/B 1.319 0.815 1.618 0.106 fixed     

    T/O : ST/B -0.220 0.263 -0.836 0.403 fixed     

    T/P: ST/B 0.375 0.302 1.241 0.214 fixed     

    T/S : ST/B -0.021 0.268 -0.080 0.937 fixed     

    T/MB: ST/F 3.799 0.750 5.067 <0.001 fixed     

    T/O: ST/F -0.034 0.257 -0.132 0.895 fixed     

    T/P : ST/F 1.190 0.300 3.965 <0.001 fixed     

    T/S : ST/F 0.052 0.266 0.196 0.844 fixed     

    T/MB: ST/M 3.912 0.751 5.206 <0.001 fixed     

    T/O: ST/M 0.070 0.268 0.261 0.794 fixed     

    T/P : ST/M 0.787 0.305 2.579 0.010 fixed     

    T/S : ST/M -0.006 0.281 -0.020 0.984 fixed     

    Rice type  0.400 0.024     random     

    Year 0.002 0.002     random     

    Position : site  0.055 0.009     random     

    Site 0.366 0.023     random     

  Egg parasitoids (EP) EP ~    treatment * sampling time + (1 | site) 0.266 0.553 

    (Intercept) 2.625 0.460 5.700 <0.001 fixed     
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    Treatment / Mung Bean -0.966 0.536 -1.803 0.071 fixed     

    Treatment / Okra 0.474 0.276 1.717 0.086 fixed     

    Treatment / Passion fruit  -0.242 0.321 -0.754 0.451 fixed     

    Treatment / Sesame 0.558 0.286 1.949 0.051 fixed     

    Sampling time / booting (ST/B) -1.577 0.292 -5.401 <0.001 fixed     

    Sampling time / flowering (ST/F) -0.510 0.284 -1.792 0.073 fixed     

    Sampling time / milking (ST/M) -1.898 0.309 -6.135 <0.001 fixed     

    T/MB : ST/B 0.431 0.772 0.558 0.577 fixed     

    T/O : ST/B -0.806 0.413 -1.952 0.051 fixed     

    T/P: ST/B 1.006 0.465 2.165 0.030 fixed     

    T/S : ST/B -0.486 0.414 -1.176 0.239 fixed     

    T/MB: ST/F 2.286 0.739 3.092 0.002 fixed     

    T/O: ST/F -0.474 0.390 -1.213 0.225 fixed     

    T/P : ST/F 0.925 0.451 2.054 0.040 fixed     

    T/S : ST/F -0.454 0.404 -1.125 0.261 fixed     

    T/MB: ST/M 1.110 0.770 1.441 0.150 fixed     

    T/O: ST/M 0.578 0.417 1.386 0.166 fixed     

    T/P : ST/M 1.677 0.469 3.573 <0.001 fixed     

    T/S : ST/M 0.261 0.435 0.599 0.549 fixed     

    Site 0.685 0.026     random     

  Larva parasitoids (LP) LP ~ treatment + (1 | year / sampling time) + (1 | site / position) 0.025 0.688 

    (Intercept) 2.110 0.571 3.695 <0.001 fixed     

    Treatment / Mung Bean -0.156 0.246 -0.637 0.524 fixed     

    Treatment / Okra 0.142 0.118 1.209 0.227 fixed     

    Treatment / Passion fruit  0.644 0.144 4.472 <0.001 fixed     

    Treatment / Sesame 0.475 0.124 3.839 <0.001 fixed     

    sampling time : year 1.014 0.038     random     

    Year 0.068 0.010     random     

    Position : site  0.028 0.006     random     

    Site 0.618 0.030     random     

  Pupa parasitoids (PP) PP ~ treatment + (1 | rice type) + (1 | year / sampling time) + (1 | site) 0.005 0.343 

    (Intercept) -0.222 0.597 -0.371 0.710 fixed     

    Treatment / Mung Bean -0.552 0.531 -1.041 0.298 fixed     

    Treatment / Okra -0.154 0.173 -0.893 0.372 fixed     

    Treatment / Passion fruit  -0.113 0.244 -0.462 0.644 fixed     

    Treatment / Sesame -0.073 0.179 -0.406 0.685 fixed     

     Rice type  0.273 0.020           

    Sampling time : year 0.157 0.015     random     

    Year 0.222 0.018     random     

    Site 0.277 0.020     random     
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  Trichogramma japonicum (TJ) 
TJ ~ treatment + sampling time + position + treatment : sampling time + position:sampling time  + (1 | rice type) 

+ (1 | year) + (1 | site) 
0.351 0.742 

    (Intercept) 2.490 1.065 2.338 0.019 fixed     

    Treatment / Mung Bean -2.043 0.804 -2.540 0.011 fixed     

    Treatment / Okra 0.498 0.394 1.267 0.205 fixed     

    Treatment / Passion fruit  -0.337 0.493 -0.683 0.494 fixed     

    Treatment / Sesame 0.341 0.408 0.836 0.403 fixed     

    Sampling time / booting (ST/B) -2.809 0.521 -5.397 <0.001 fixed     

    Sampling time / flowering (ST/F) -1.782 0.499 -3.570 <0.001 fixed     

    Sampling time / milking (ST/M) -3.445 0.585 -5.892 <0.001 fixed     

    Position / Near bundary (P/NB) 0.261 0.306 0.853 0.393 fixed     

    T/MB : ST/B 0.616 1.250 0.492 0.622 fixed     

    T/O : ST/B -0.212 0.687 -0.309 0.757 fixed     

    T/P: ST/B 1.935 0.753 2.569 0.010 fixed     

    T/S : ST/B -0.428 0.694 -0.616 0.538 fixed     

    T/MB: ST/F 3.185 1.078 2.955 0.003 fixed     

    T/O: ST/F -0.753 0.569 -1.324 0.186 fixed     

    T/P : ST/F 1.013 0.672 1.507 0.132 fixed     

    T/S : ST/F -0.223 0.592 -0.376 0.707 fixed     

    T/MB: ST/M 1.123 1.262 0.890 0.374 fixed     

    T/O: ST/M 0.983 0.660 1.488 0.137 fixed     

    T/P : ST/M 2.255 0.741 3.045 0.002 fixed     

    T/S : ST/M 0.969 0.698 1.388 0.165 fixed     

    ST/B : P/NB -1.494 0.518 -2.887 0.004 fixed     

    ST/F : P/NB -0.386 0.431 -0.895 0.371 fixed     

    ST/M : P/NB -0.897 0.484 -1.853 0.064 fixed     

     Rice type  0.936 0.036     random     

    Site 0.896 0.036     random     

    Year 0.588 0.029     random     

  Copidosomopsis sp. (CS) CS ~ treatment + (1 | rice type) + (1 | year / sampling time) + (1 | site) 0.017 0.830 

    (Intercept) 0.434 1.216 0.357 0.721 fixed     

    Treatment / Mung Bean -0.085 0.408 -0.210 0.834 fixed     

    Treatment / Okra 0.304 0.184 1.652 0.099 fixed     

    Treatment / Passion fruit  1.050 0.235 4.471 <0.001 fixed     

    Treatment / Sesame 0.488 0.187 2.608 0.009 fixed     

     Rice type  0.998 0.038     random     

    Sampling time : year 3.269 0.068     random     

    Year 0.259 0.019     random     

    Site 1.670 0.049     random     

  Apanteles cypris (AC) AC ~ treatment + (1 | rice type) + (1 | year / sampling time) + (1 | site) 0.013 0.548 
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    (Intercept) -0.689 0.734 -0.938 0.348 fixed     

    Treatment / Mung Bean 0.474 0.437 1.085 0.278 fixed     

    Treatment / Okra -0.072 0.219 -0.328 0.743 fixed     

    Treatment / Passion fruit  0.444 0.280 1.586 0.113 fixed     

    Treatment / Sesame 0.320 0.235 1.359 0.174 fixed     

     Rice type  0.362 0.023     random     

    Sampling time : year 1.109 0.040     random     

    Year 0.283 0.020     random     

    Site 0.189 0.016     random     

  Anagrus nilaparvatae (AN) AN ~ treatment + sampling time + position + treatment:sampling time  + (1 | site) 0.796 0.802 

    (Intercept) 0.891 0.244 3.649 <0.001 fixed     

    Treatment / Mung Bean 0.134 0.468 0.286 0.775 fixed     

    Treatment / Okra 0.281 0.255 1.099 0.272 fixed     

    Treatment / Passion fruit  0.037 0.305 0.122 0.903 fixed     

    Treatment / Sesame 0.424 0.257 1.647 0.100 fixed     

    Sampling time / booting (ST/B) -2.142 0.533 -4.017 <0.001 fixed     

    Sampling time / flowering (ST/F) -1.010 0.365 -2.765 0.006 fixed     

    Sampling time / milking (ST/M) -2.325 0.607 -3.831 <0.001 fixed     

    Position / Near bundary (P/NB) -0.240 0.151 -1.588 0.112 fixed     

    T/MB : ST/B -17.585 6712 -0.003 0.998 fixed     

    T/O : ST/B -1.657 1.147 -1.445 0.148 fixed     

    T/P: ST/B 0.499 0.769 0.648 0.517 fixed     

    T/S : ST/B 0.065 0.694 0.094 0.925 fixed     

    T/MB: ST/F 1.995 0.624 3.194 0.001 fixed     

    T/O: ST/F -1.133 0.602 -1.880 0.060 fixed     

    T/P : ST/F 0.548 0.544 1.008 0.313 fixed     

    T/S : ST/F -1.133 0.602 -1.881 0.060 fixed     

    T/MB: ST/M -16.826 5032 -0.003 0.997 fixed     

    T/O: ST/M -0.294 0.855 -0.343 0.731 fixed     

    T/P : ST/M -0.716 1.194 -0.599 0.549 fixed     

    T/S : ST/M -0.636 0.948 -0.672 0.502 fixed     

    Site 0.056 0.009     random     

  Trichogramma chilonis (TC) TC ~ treatment * sampling time + (1 | site) 0.933 0.939 

    (Intercept) 0.561 0..344 1.632 0.103 fixed     

    Treatment / Mung Bean -19.400 8670 -0.002 0.998 fixed     

    Treatment / Okra 0.145 0.321 0.451 0.652 fixed     

    Treatment / Passion fruit  -1.045 0.548 -1.906 0.057 fixed     

    Treatment / Sesame 0.173 0.338 0.513 0.608 fixed     

    Sampling time / booting (ST/B) -1.565 0.549 -2.853 0.004 fixed     

    Sampling time / flowering (ST/F) -0.283 0.357 -0.792 0.428 fixed     

    Sampling time / milking (ST/M) -2.320 0.743 -3.123 0.002 fixed     
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    T/MB : ST/B -3.251 96710 <0.001 1.000 fixed     

    T/O : ST/B -18.460 4478 -0.004 0.997 fixed     

    T/P: ST/B 1.465 0.893 1.640 0.101 fixed     

    T/S : ST/B 0.402 0.726 0.553 0.580 fixed     

    T/MB: ST/F 21.340 8668 0.002 0.998 fixed     

    T/O: ST/F -0.185 0.504 -0.366 0.714 fixed     

    T/P : ST/F 1.638 0.670 2.445 0.014 fixed     

    T/S : ST/F 0.080 0.511 0.156 0.876 fixed     

    T/MB: ST/M -2.132 80750 <0.001 1.000 fixed     

    T/O: ST/M -0.134 1.050 -0.128 0.898 fixed     

    T/P : ST/M 1.884 1.064 1.770 0.077 fixed     

    T/S : ST/M 0.459 0.972 0.472 0.637 fixed     

    Site 0.223 0.018     random     

  Cotesia ruficrus (CR) CR ~ treatment + sampling time + position + treatment : sampling time  + (1 | year) + (1 | site) 0.839 0.892 

    (Intercept) -1.731 0.661 -2.619 0.009 fixed     

    Treatment / Mung Bean -15.210 3919.000 -0.004 0.997 fixed     

    Treatment / Okra 0.394 0.415 0.950 0.342 fixed     

    Treatment / Passion fruit  -0.173 0.598 -0.289 0.772 fixed     

    Treatment / Sesame -0.479 0.553 -0.865 0.387 fixed     

    Sampling time / booting (ST/B) 0.167 0.429 0.389 0.697 fixed     

    Sampling time / flowering (ST/F) 0.973 0.377 2.579 0.010 fixed     

    Sampling time / milking (ST/M) -1.231 0.780 -1.578 0.115 fixed     

    Position / Near bundary 0.320 0.151 2.122 0.034 fixed     

    T/MB : ST/B -9.117 344200 <0.001 1.000 fixed     

    T/O : ST/B -0.376 0.587 -0.640 0.522 fixed     

    T/P: ST/B 1.572 0.696 2.258 0.024 fixed     

    T/S : ST/B 0.645 0.693 0.931 0.352 fixed     

    T/MB: ST/F 15.800 3919 0.004 0.997 fixed     

    T/O: ST/F -0.362 0.510 -0.710 0.478 fixed     

    T/P : ST/F -0.141 0.703 -0.200 0.841 fixed     

    T/S : ST/F 0.748 0.624 1.198 0.231 fixed     

    T/MB: ST/M -3.909 51360 <0.001 1.000 fixed     

    T/O: ST/M 1.161 0.884 1.313 0.189 fixed     

    T/P : ST/M 0.453 1.163 0.389 0.697 fixed     

    T/S : ST/M 2.357 0.975 2.419 0.016 fixed     

    Site 0.534 0.027     random     

    Year 0.371 0.023     random     
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APPENDIX 4.2. Results from the best models for each metric of the additional experiment using by malaise trap. 

Coefficients of the Best Models - The following table is for the coefficients from the best model for each metric. We calculated metrics pertaining to model fit, including 

marginal and conditional R2. The marginal R2 (R2m) is the variance explained by the fixed effects in the model, whereas the conditional R2 (R2c) is the variance 

explained by both the fixed and the random effects. 

Metric Term Int SE Z p group R2m R2c 

Herbivore insects (HI) HI ~ treatment + sampling time + (1| position) 0.508 0.521 
 (Intercept) 3.87 0.112 34.65 <0.001 fixed   

 Treatment / Lemon Basil (T/L) 0.206 0.102 2.02 0.043 fixed   

 Treatment / Mung beans (T/M) 0.212 0.102 2.08 0.038 fixed   

 Treatment / Okra (T/O) 0.12 0.103 1.16 0.245 fixed   

 Treatment / Passion fruit (T/P) 0.436 0.102 4.28 <0.001 fixed   

 Treatment / Sesame (T/S) 0.182 0.103 1.76 0.078 fixed   

 Sampling time / Tillering1 (S/T1) -0.324 0.099 -3.27 0.001 fixed   

 Sampling time / Tillering2 (S/T2) -1.234 0.103 -11.94 <0.001 fixed   

 Sampling time / Booting (S/B) -1.276 0.103 -12.39 <0.001 fixed   

 Sampling time / Flowering (S/F)  -0.866 0.101 -8.59 <0.001 fixed   

 Sampling time / Milking (S/M)  -0.69 0.1 -6.89 <0.001 fixed   

 Position  0.006 0.005   random   

Neutral insects (NI) NI ~ treatment + sampling time + (1| position) 0.786 0.787 
 (Intercept) 7.421 0.09 82.18 <0.001 fixed   

 Treatment / Lemon Basil (T/L) 0.189 0.091 2.08 0.038 fixed   

 Treatment / Mung beans (T/M) 0.37 0.091 4.08 <0.001 fixed   

 Treatment / Okra (T/O) 0.07 0.091 0.77 0.442 fixed   

 Treatment / Passion fruit (T/P) 0.384 0.091 4.2 <0.001 fixed   

 Treatment / Sesame (T/S) 0.435 0.092 4.71 <0.001 fixed   

 Sampling time / Tillering1 (S/T1) -1.458 0.091 -15.86 <0.001 fixed   

 Sampling time / Tillering2 (S/T2) -0.542 0.092 -5.87 <0.001 fixed   

 Sampling time / Booting (S/B) -1.854 0.093 -20 <0.001 fixed   

 Sampling time / Flowering (S/F)  -2.273 0.092 -24.63 <0.001 fixed   

 Sampling time / Milking (S/M)  -1.87 0.092 -20.28 <0.001 fixed   

 Position 0.001 0.002   random   
         

Arthropod predators (IP) IP ~ treatment + (1| sampling time) 0.018 0.799 
 (Intercept) 3.443 0.362 9.508 <0.001 fixed   

 Treatment / Lemon Basil (T/L) 0.294 0.098 3.011 0.003 fixed   

 Treatment / Mung beans (T/M) 0.335 0.098 3.435 0.001 fixed   

 Treatment / Okra (T/O) 0.16 0.098 1.62 0.11 fixed   



224 

 

 Treatment / Passion fruit (T/P) 0.299 0.098 3.052 0.002 fixed   

 Treatment / Sesame (T/S) 0.39 0.098 3.969 <0.001 fixed   

 Sampling time 0.757 0.052   random   

Parasitoid wasps (PW) PW ~ treatment + sampling time + (1| position) 0.815 0.819 
 (Intercept) 4.687 0.085 58.27 <0.001 fixed   

 Treatment / Lemon Basil (T/L) 0.735 0.079 9.26 <0.001 fixed   

 Treatment / Mung beans (T/M) 0.543 0.08 6.82 <0.001 fixed   

 Treatment / Okra (T/O) 0.324 0.08 4.03 <0.001 fixed   

 Treatment / Passion fruit (T/P) 0.937 0.08 11.78 <0.001 fixed   

 Treatment / Sesame (T/S) 0.712 0.08 8.88 <0.001 fixed   

 Sampling time / Tillering1 (S/T1) -0.323 0.08 -4.09 <0.001 fixed   

 Sampling time / Tillering2 (S/T2) -1.074 0.08 -13.36 <0.001 fixed   

 Sampling time / Booting (S/B) -1.171 0.08 -14.59 <0.001 fixed   

 Sampling time / Flowering (S/F)  -1.052 0.08 -13.16 <0.001 fixed   

 Sampling time / Milking (S/M)  0.785 0.078 10.01 <0.001 fixed   

 Position 0.003 0.003   random   

Rice planthoppers (RPH) RPH ~ treatment + (1| sampling time) 0.012 0.493 
 (Intercept) 0.619 0.44 1.407 0.159 fixed   

 Treatment / Lemon Basil (T/L) 0.182 0.21 0.867 0.386 fixed   

 Treatment / Mung beans (T/M) 0.06 0.214 0.281 0.779 fixed   

 Treatment / Okra (T/O) 0.119 0.214 0.556 0.578 fixed   

 Treatment / Passion fruit (T/P) 0.477 0.198 2.409 0.016 fixed   

 Treatment / Sesame (T/S) 0.076 0.222 0.343 0.732 fixed   

 Sampling time 0.989 0.059   random   

Lepidopterous pests (LPEST) LPEST ~ treatment + sampling time + (1| position) 0.618 0.636 
 (Intercept) 2.659 0.161 16.559 <0.001 fixed   

 Treatment / Lemon Basil (T/L) 0.437 0.142 3.077 0.002 fixed   

 Treatment / Mung beans (T/M) 0.39 0.143 2.721 0.007 fixed   

 Treatment / Okra (T/O) 0.421 0.142 2.956 0.003 fixed   

 Treatment / Passion fruit (T/P) 0.637 0.142 4.482 <0.001 fixed   

 Treatment / Sesame (T/S) 0.463 0.145 3.204 0.001 fixed   

 Sampling time / Tillering1 (S/T1) 0.226 0.126 1.787 0.074 fixed   

 Sampling time / Tillering2 (S/T2) -1.325 0.138 -9.586 <0.001 fixed   

 Sampling time / Booting (S/B) -1.344 0.138 -9.739 <0.001 fixed   

 Sampling time / Flowering (S/F)  -1.627 0.142 -11.463 <0.001 fixed   

 Sampling time / Milking (S/M)  -1.47 0.14 -10.519 <0.001 fixed   

 Position 0.017 0.008   random   

Tetragnatha spp. (TSS) TSS ~ treatment + sampling time + (1| position) 0.428 0.437 
 (Intercept) -1.01 0.352 -2.871 0.004 fixed   

 Treatment / Lemon Basil (T/L) 0.276 0.263 1.046 0.294 fixed   

 Treatment / Mung beans (T/M) 0.387 0.255 1.52 0.129 fixed   
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 Treatment / Okra (T/O) 0.052 0.278 0.186 0.853 fixed   

 Treatment / Passion fruit (T/P) 0.27 0.263 1.029 0.304 fixed   

 Treatment / Sesame (T/S) -0.023 0.278 -0.085 0.933 fixed   

 Sampling time / Tillering1 (S/T1) 1.266 0.324 3.904 <0.001 fixed   

 Sampling time / Tillering2 (S/T2) 0.519 0.369 1.405 0.16 fixed   

 Sampling time / Booting (S/B) 1.867 0.31 6.023 <0.001 fixed   

 Sampling time / Flowering (S/F)  0.95 0.338 2.812 0.005 fixed   

 Sampling time / Milking (S/M)  -0.83 0.497 -1.668 0.095 fixed   

 Position 0.016 0.007   random   

Other spiders (OS) OS ~ treatment + (1| sampling time) 0.047 0.595 
 (Intercept) 1.238 0.357 3.468 <0.001 fixed   

 Treatment / Lemon Basil (T/L) 0.432 0.147 2.945 0.003 fixed   

 Treatment / Mung beans (T/M) 0.38 0.149 2.543 0.011 fixed   

 Treatment / Okra (T/O) -0.033 0.165 -0.198 0.843 fixed   

 Treatment / Passion fruit (T/P) 0.654 0.142 4.62 <0.001 fixed   

 Treatment / Sesame (T/S) 0.331 0.152 2.177 0.03 fixed   

 Sampling time 0.677 0.049   random   

Ochthera sauteri Cresson (OSC) OSC ~ treatment * sampling time + (1| position) 0.669 0.67 
 (Intercept) 1.68006 0.40483 4.15 <0.001 fixed   

 Treatment / Lemon Basil (T/L) 3.01525 0.55191 5.463 <0.001 fixed   

 Treatment / Mung beans (T/M) 2.30269 0.55623 4.14 <0.001 fixed   

 Treatment / Okra (T/O) 0.24629 0.58724 0.419 0.675 fixed   

 Treatment / Passion fruit (T/P) 0.62271 0.56183 1.108 0.267 fixed   

 Treatment / Sesame (T/S) 1.18218 0.59922 1.973 0.049 fixed   

 Sampling time / Tillering1 (S/T1) -0.23098 0.57894 -0.399 0.69 fixed   

 Sampling time / Tillering2 (S/T2) -1.81305 0.66812 -2.714 0.007 fixed   

 Sampling time / Booting (S/B) -2.37056 0.74613 -3.177 0.001 fixed   

 Sampling time / Flowering (S/F)  -1.68105 0.65383 -2.571 0.01 fixed   

 Sampling time / Milking (S/M)  -2.37333 0.74361 -3.192 0.001 fixed   

 T/L : S/T1 -3.2817 0.80652 -4.069 <0.001 fixed   

 T/M : S/T1 -2.27576 0.80196 -2.838 0.005 fixed   

 T/O : S/T1 0.65297 0.82344 0.793 0.428 fixed   

 T/P : S/T1 -0.78303 0.81246 -0.964 0.335 fixed   

 T/S : S/T1 -0.65135 0.83055 -0.784 0.433 fixed   

 T/L : S/T2 -2.56755 0.90891 -2.825 0.005 fixed   

 T/M : S/T2 -2.30379 0.93396 -2.467 0.014 fixed   

 T/O : S/T2 0.58001 0.91097 0.637 0.524 fixed   

 T/P : S/T2 -1.05025 1.00469 -1.045 0.296 fixed   

 T/S : S/T2 -0.42006 0.92074 -0.456 0.649 fixed   

 T/L : S/B -1.63477 0.95394 -1.714 0.087 fixed   

 T/M : S/B -1.1254 0.95555 -1.178 0.239 fixed   
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 T/O : S/B -0.24906 1.06271 -0.234 0.815 fixed   

 T/P : S/B  0.0668 0.98794 0.068 0.946 fixed   

 T/S : S/B  0.20027 0.97832 0.205 0.838 fixed   

 T/L : S/F -2.20559 0.8752 -2.52 0.012 fixed   

 T/M : S/F -1.01379 0.86629 -1.17 0.242 fixed   

 T/O : S/F -0.58189 0.98389 -0.591 0.554 fixed   

 T/P : S/F  0.79698 0.86568 0.921 0.357 fixed   

 T/S : S/F  0.57066 0.88604 0.644 0.52 fixed   

 T/L : S/M -3.30373 1.08081 -3.057 0.002 fixed   

 T/M : S/M -1.12802 0.95437 -1.182 0.237 fixed   

 T/O : S/M 0.56529 0.99218 0.57 0.569 fixed   

 T/P : S/M  0.07057 0.98474 0.072 0.943 fixed   

 T/S : S/M  -0.96089 1.04429 -0.92 0.358 fixed   

 Position 0.001 0.002   random   

Egg parasitoids (EP) EP ~ treatment +sampling time + (1| position) 0.687 0.714 
 (Intercept) 4.105 0.145 28.291 <0.001 fixed   

 Treatment / Lemon Basil (T/L) 0.82 0.107 7.664 <0.001 fixed   

 Treatment / Mung beans (T/M) 0.636 0.107 5.928 <0.001 fixed   

 Treatment / Okra (T/O) 0.231 0.109 2.118 0.034 fixed   

 Treatment / Passion fruit (T/P) 1.11 0.107 10.367 <0.001 fixed   

 Treatment / Sesame (T/S) 0.801 0.108 7.42 <0.001 fixed   

 Sampling time / Tillering1 (S/T1) -0.398 0.104 -3.821 <0.001 fixed   

 Sampling time / Tillering2 (S/T2) -1.081 0.106 -10.202 <0.001 fixed   

 Sampling time / Booting (S/B) -1.518 0.107 -14.164 <0.001 fixed   

 Sampling time / Flowering (S/F)  -1.824 0.109 -16.809 <0.001 fixed   

 Sampling time / Milking (S/M)  -0.58 0.105 -5.532 <0.001 fixed   

 Position 0.021 0.009   random   

Larva parasitoids (LP) LP ~ treatment + (1| sampling time) 0.071 0.811 
 (Intercept) 3.408 0.371 9.182 <0.001 fixed   

 Treatment / Lemon Basil (T/L) 0.685 0.1 6.876 <0.001 fixed   

 Treatment / Mung beans (T/M) 0.401 0.1 3.993 <0.001 fixed   

 Treatment / Okra (T/O) 0.34 0.1 3.363 0.001 fixed   

 Treatment / Passion fruit (T/P) 0.858 0.1 8.6 <0.001 fixed   

 Treatment / Sesame (T/S) 0.607 0.1 6.011 <0.001 fixed   

 Sampling time 0.795 0.053   random   

Pupa parasitoids (PP) PP ~ treatment + (1| sampling time) 0.048 0.661 
 (Intercept) 1.991 0.3 6.632 <0.001 fixed   

 Treatment / Lemon Basil (T/L) 0.498 0.119 4.18 <0.001 fixed   

 Treatment / Mung beans (T/M) 0.477 0.119 3.994 <0.001 fixed   

 Treatment / Okra (T/O) 0.26 0.122 2.132 0.033 fixed   

 Treatment / Passion fruit (T/P) 0.538 0.12 4.501 <0.001 fixed   
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 Treatment / Sesame (T/S) 0.523 0.121 4.325 <0.001 fixed   

 Sampling time 0.494 0.042   random   

Trichogramma japonicum (TJ) TJ ~ treatment + (1| sampling time) 0.092 0.485 
 (Intercept) -1.208 0.452 -2.674 0.008 fixed   

 Treatment / Lemon Basil (T/L) 0.989 0.296 3.335 0.001 fixed   

 Treatment / Mung beans (T/M) 1.059 0.291 3.636 <0.001 fixed   

 Treatment / Okra (T/O) 0.698 0.312 2.236 0.025 fixed   

 Treatment / Passion fruit (T/P) 1.332 0.282 4.719 <0.001 fixed   

 Treatment / Sesame (T/S) 1.159 0.293 3.963 <0.001 fixed   

 Sampling time 0.812 0.053   random   

Anagrus nilaparvatae (AN) AN ~ treatment + sampling time + (1| position) 0.687 0.688 
 (Intercept) 3.691 0.122 30.26 <0.001 fixed   

 Treatment / Lemon Basil (T/L) 0.779 0.137 5.698 <0.001 fixed   

 Treatment / Mung beans (T/M) 0.822 0.137 6.014 <0.001 fixed   

 Treatment / Okra (T/O) 0.319 0.15 2.128 0.033 fixed   

 Treatment / Passion fruit (T/P) 1.038 0.132 7.838 <0.001 fixed   

 Treatment / Sesame (T/S) 0.996 0.136 7.336 <0.001 fixed   

 Sampling time / Tillering1 (S/T1) -0.853 0.098 -8.718 <0.001 fixed   

 Sampling time / Tillering2 (S/T2) -1.094 0.106 -10.347 <0.001 fixed   

 Sampling time / Booting (S/B) -1.713 0.127 -13.534 <0.001 fixed   

 Sampling time / Flowering (S/F)  -2.499 0.166 -15.041 <0.001 fixed   

 Sampling time / Milking (S/M)  -1.191 0.108 -11.018 <0.001 fixed   

 Position 0.001 0.001   random   

Cotesia ruficrus (CR) CR ~ treatment + position + (1| sampling time) 0.198 0.947 
 (Intercept) 0.097 0.612 0.16 0.874 fixed   

 Treatment / Lemon Basil (T/L) 2.179 0.069 31.46 <0.001 fixed   

 Treatment / Mung beans (T/M) 1.125 0.076 14.88 <0.001 fixed   

 Treatment / Okra (T/O) 1.668 0.072 23.29 <0.001 fixed   

 Treatment / Passion fruit (T/P) 1.688 0.071 23.62 <0.001 fixed   

 Treatment / Sesame (T/S) 2.232 0.069 32.31 <0.001 fixed   

 Position / near boundary (P/B) -0.066 0.023 -2.88 0.004 fixed   

 Sampling time 2.213 0.088   random   

Copidosomopsis sp. (CS) CS ~ treatment + (1| sampling time) 0.037 0.742 
 (Intercept) 1.37 0.5 2.737 0.006 fixed   

 Treatment / Lemon Basil (T/L) 0.504 0.181 2.789 0.005 fixed   

 Treatment / Mung beans (T/M) 0.422 0.183 2.304 0.021 fixed   

 Treatment / Okra (T/O) 0.436 0.181 2.406 0.016 fixed   

 Treatment / Passion fruit (T/P) 0.622 0.179 3.467 <0.001 fixed   

 Treatment / Sesame (T/S) 0.916 0.182 5.033 <0.001 fixed   

 Sampling time 1.396 0.07   random   

Apanteles cypris (AC) AC ~ treatment + (1| sampling time) 0.024 0.072 
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 (Intercept) -0.689 0.273 -2.527 0.012    

 Treatment / Lemon Basil (T/L) -0.156 0.353 -0.442 0.658    

 Treatment / Mung beans (T/M) 0.335 0.319 1.051 0.293    

 Treatment / Okra (T/O) -0.142 0.356 -0.4 0.69    

 Treatment / Passion fruit (T/P) 0.28 0.325 0.861 0.389    

 Treatment / Sesame (T/S) -0.015 0.358 -0.042 0.967    

 sampling time 0.072 0.016      

Parasitoids of Lepidopterous pest (PLP) PLP ~ treatment + sampling time + (1| position) 0.822 0.823 
 (Intercept) 3.073 0.099 30.897 <0.001 fixed   

 Treatment / Lemon Basil (T/L) 0.761 0.099 7.719 <0.001 fixed   

 Treatment / Mung beans (T/M) 0.507 0.1 5.087 <0.001 fixed   

 Treatment / Okra (T/O) 0.397 0.1 3.956 <0.001 fixed   

 Treatment / Passion fruit (T/P) 0.955 0.099 9.651 <0.001 fixed   

 Treatment / Sesame (T/S) 0.619 0.1 6.179 <0.001 fixed   

 Sampling time / Tillering1 (S/T1) 0.052 0.099 0.528 0.597 fixed   

 Sampling time / Tillering2 (S/T2) -0.728 0.103 -7.086 <0.001 fixed   

 Sampling time / Booting (S/B) -0.148 0.01 -1.49 0.136 fixed   

 Sampling time / Flowering (S/F)  0.052 0.099 0.53 0.596 fixed   

 Sampling time / Milking (S/M)  2.114 0.097 21.864 <0.001 fixed   

 Position 0.001 0.002   random   

Trichogramma chilonis (TC) TC ~ treatment + sampling time + (1| position) 0.479 0.482 
 (Intercept) 0.96 0.206 4.668 <0.001 fixed   

 Treatment / Lemon Basil (T/L) 0.444 0.219 2.031 0.042 fixed   

 Treatment / Mung beans (T/M) 0.507 0.214 2.37 0.018 fixed   

 Treatment / Okra (T/O) 0.086 0.243 0.353 0.724 fixed   

 Treatment / Passion fruit (T/P) 0.831 0.204 4.083 <0.001 fixed   

 Treatment / Sesame (T/S) 0.469 0.219 2.143 0.032 fixed   

 Sampling time / Tillering1 (S/T1) 0.523 0.15 3.49 <0.001 fixed   

 Sampling time / Tillering2 (S/T2) -1.674 0.282 -5.943 <0.001 fixed   

 Sampling time / Booting (S/B) -0.606 0.193 -3.149 0.002 fixed   

 Sampling time / Flowering (S/F)  -1.441 0.258 -5.588 <0.001 fixed   

 Sampling time / Milking (S/M)  -1.087 0.227 -4.788 <0.001 fixed   

 Position 0.005 0.004   random   

Parasitoids of Hemiptera pest (PHP) PHP ~ treatment + sampling time + (1| position) 0.762 0.777 
 (Intercept) 4.242 0.124 34.09 <0.001 fixed   

 Treatment / Lemon Basil (T/L) 0.767 0.099 7.77 <0.001 fixed   

 Treatment / Mung beans (T/M) 0.564 0.099 5.69 <0.001 fixed   

 Treatment / Okra (T/O) 0.224 0.101 2.23 0.026 fixed   

 Treatment / Passion fruit (T/P) 1.007 0.099 10.2 <0.001 fixed   

 Treatment / Sesame (T/S) 0.698 0.1 7 <0.001 fixed   

 Sampling time / Tillering1 (S/T1) -0.377 0.096 -3.94 <0.001 fixed   
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 Sampling time / Tillering2 (S/T2) -1.172 0.098 -12.01 <0.001 fixed   

 Sampling time / Booting (S/B) -1.591 0.099 -16.1 <0.001 fixed   

 Sampling time / Flowering (S/F)  -2.023 0.101 -20.1 <0.001 fixed   

 Sampling time / Milking (S/M)  -0.266 0.096 -2.78 0.005 fixed   

 Position 0.013 0.007   random   

 Block     
 

  

Parasitoids of Diptera pest (PDP) PDP ~ treatment + (1| sampling time) 0.043 0.675 
 (Intercept) 1.927 0.313 6.152 <0.001 fixed   

 Treatment / Lemon Basil (T/L) 0.478 0.121 3.965 <0.001 fixed   

 Treatment / Mung beans (T/M) 0.465 0.121 3.851 <0.001 fixed   

 Treatment / Okra (T/O) 0.21 0.124 1.699 0.089 fixed   

 Treatment / Passion fruit (T/P) 0.472 0.121 3.893 <0.001 fixed   

 Treatment / Sesame (T/S) 0.525 0.122 4.288 <0.001 fixed   

 Sampling time     random   

Telenomus spp. (TS) TS ~ treatment + sampling time + (1| position) 0.398 0.549 
 (Intercept) 1.519 0.3 5.062 <0.001 fixed   

 Treatment / Lemon Basil (T/L) 0.763 0.149 5.127 <0.001 fixed   

 Treatment / Mung beans (T/M) 0.322 0.152 2.107 0.035 fixed   

 Treatment / Okra (T/O) 0.068 0.156 0.435 0.664 fixed   

 Treatment / Passion fruit (T/P) 0.648 0.151 4.299 <0.001 fixed   

 Treatment / Sesame (T/S) 0.14 0.156 0.895 0.371 fixed   

 Sampling time / Tillering1 (S/T1) 0.588 0.152 3.854 <0.001 fixed   

 Sampling time / Tillering2 (S/T2) 0.126 0.156 0.805 0.421 fixed   

 Sampling time / Booting (S/B) -0.119 0.158 -0.751 0.453 fixed   

 Sampling time / Flowering (S/F)  -0.28 0.16 -1.75 0.08 fixed   

 Sampling time / Milking (S/M)  1.245 0.15 8.3 <0.001 fixed   

 Position 0.134 0.022   random   

Cotesia chilonis (CC) CC ~ treatment + sampling time + (1| position) 0.831 0.834 
 (Intercept) 1.346 0.207 6.513 <0.001 fixed   

 Treatment / Lemon Basil (T/L) 0.831 0.21 3.957 <0.001 fixed   

 Treatment / Mung beans (T/M) 0.363 0.212 1.711 0.087 fixed   

 Treatment / Okra (T/O) 0.31 0.214 1.445 0.148 fixed   

 Treatment / Passion fruit (T/P) 1.007 0.206 4.887 <0.001 fixed   

 Treatment / Sesame (T/S) 0.14 0.215 0.651 0.515 fixed   

 Sampling time / Tillering1 (S/T1) -0.387 0.204 -1.899 0.058 fixed   

 Sampling time / Tillering2 (S/T2) -2.796 0.306 -9.13 <0.001 fixed   

 Sampling time / Booting (S/B) -0.217 0.202 -1.077 0.281 fixed   

 Sampling time / Flowering (S/F)  0.911 0.195 4.671 <0.001 fixed   

 Sampling time / Milking (S/M)  2.764 0.192 14.362 <0.001 fixed   

 Position 0.008 0.005   random   

Dryinidae spp. DS ~ treatment + position + (1| sampling time) 0.004 0.538 
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 (Intercept) -0.552 0.567 -0.973 0.33 fixed   

 Treatment / Lemon Basil (T/L) 0.079 0.323 0.246 0.806 fixed   

 Treatment / Mung beans (T/M) 0.26 0.323 0.806 0.42 fixed   

 Treatment / Okra (T/O) 0.039 0.341 0.113 0.91 fixed   

 Treatment / Passion fruit (T/P) 0.122 0.321 0.38 0.704 fixed   

 Treatment / Sesame (T/S) 0.009 0.326 0.027 0.979 fixed   

 Position / Near bundary -0.095 0.189 -0.5 0.617 fixed   

  Sampling time 1.524 0.073     random     
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APPENDIX 5 Population Dynamics of Arthropods from 

Different Rice Fields in Chapter Fiver 

APPENDIX 5.1. Number of arthropods caught by sweeping net  
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APPENDIX 5.2. Number of arthropods caught by yellow stick trap 
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APPENDIX 5.3 Number of arthropods caught by Malaise trap  
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APPENDIX 6 Key Arthropods in Rice Field Ecosystems 

APPENDIX 6.1. Pests 
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APPENDIX 6.2. Natural enemies 

APPENDIX 6.2.1. Predators 
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APPENDIX 6.2.2. Parasitoids 
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APPENDIX 6.3. Neutral insects 
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APPENDIX 7 Photographs of Experimental Process 

 

Longevity test of Trichogramma parasitoids (in preparation) 

 
Fecundity test of Trichogramma parasitoids (in preparation) 

 

Parasitised (black) by Trichogramma parasitoids and unparasitized (white) rice moth eggs.  
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Longevity test of parasitoids feeding on different flowering bunch  

 

Parasitoid fecundity test of Anagrus nilaparvatae  
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Rice-stem borer Chilo suppressalis collecting from rice fields  

 

Rice-stem borer C. suppressalis inhabiting in the rice stem  

 

Rice-stem borer C. suppressalis and parasitoid cocoons of Cotesia chilonis 
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Acquisition unit of flower volatile organic compounds (VOCs)  

 

The flower of Luffa cylindrica for VOCs collecting 
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The flower of Sesamum indicum for VOCs collecting 

 
The flower and flower nectar of Luffa cylindrica 

 

The flower and flower nectar of Brassia rapa 

 
The flower and flower nectar of Edgeworthia chrysantha 

 



291 

 

 

Parasitoid wasp visiting Passiflora edulia flower 

 

Parasitoid wasps visiting Passiflora edulia extrafloral nectaries  

 

Parasitoid wasp visiting Passiflora edulia extrafloral nectaries 
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Arthropods monitoring by malaise traps in rice fields 

 

Rice field experiment with basil (Ocimum basilicum var. citriodorum) on ridge 

 

Yellow stick trap samples from rice fields 

 


