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2013; Chávez et al. 2015; Szczepaniec et al. 2019). In addition, insecticide applications may 

cause pest resurgence (Prager et al. 2016) because of the destruction of natural enemies 

(Martinez et al. 2015; Morales et al. 2018). Therefore, there is an urgent need for development 

of an integrated pest management (IPM) programme including natural enemies to reduce the 

reliance on insecticides and to maintain or increase levels of control (Luna-Cruz et al. 2011; 

Liu et al. 2012; Cerón-González et al. 2014; Rojas et al. 2015). 

Biological control is an important tactic in pest management (Waage et al. 1988; 

Naranjo et al. 2015) and can avoid the negative impacts of chemical insecticides (van Lenteren 

et al. 2018). The parasitoid Tamarixia triozae (Burks) (Hymenoptera: Eulophidae) and 

predatory bug Dicyphus hesperus Knight (Hemiptera: Miridae) are two important biological 

control agents of TPP (Calvo et al. 2016). In addition, Engytatus nicotianae (Koningsberger) 

(Hemiptera: Miridae) may also have potential to control TPP (Veronesi et al. 2022a). T. triozae 

is a primary ectoparasitoid of TPP (Rojas et al. 2015; Yang et al. 2015). It has great potential 

to control TPP, particularly in greenhouse crops because of its high fecundity, short life cycle, 

and ability to kill hosts by both parasitisation and host feeding (Cerón-González et al. 2014; 

Rojas et al. 2015; Yang et al. 2015). T. triozae was introduced to New Zealand in 2016 for the 

control of TPP (EPA 2016). Preliminary studies show that released parasitoid can overwinter 

and establish self-sustaining populations in New Zealand where the climate is warming up 

(Anderson 2020; StatsNZ 2020).  

 

1.2 Relevance of research 

The success of pest biological control using parasitoids heavily relies on our knowledge about 

the biological control agents. To develop effective T. triozae mass rearing, shipment, and 

release programmes for the control of TPP, we need to understand (1) their circadian activity 

patterns, (2) the effect of adult diets with or without temporary host deprivation on their 

survival, host feeding and oviposition, (3) their life history strategies in response to host stage 

and their own age, and (4) parasitoid-host interaction behaviours.  

 

1.2.1 Circadian rhythms  

In parasitoids, circadian emergence, mating, host feeding, and oviposition are usually rhythmic 

(Walter 1988; Vogt and Nechols 1991; Hanan et al. 2009; Bertossa et al. 2010). Understanding 

circadian activity patterns of parasitoids may help develop effective field release programmes 

for biological control and make recommendations for the timing of irrigation or insecticide 
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1.4.2 Host range of Tamarixia triozae 

Tamarixia triozae is a generalist parasitoid that attacks Calophya californica Schwarz 

(Hemiptera: Calophyidae), C. nigrella Jensen (Hemiptera: Calophyidae), C. nigripennis Riley 

(Hemiptera: Calophyidae), C. triozomima Schwarz (Hemiptera: Calophyidae), Ceanothia 

ceanothi (Crawford) (Hemiptera: Psyllidae), Euglyptoneura minuta (Crawford) (Hemiptera: 

Psyllidae), Euphalerus vermiculosus Crawford (Hemiptera: Psyllidae), Pexopsylla cercocarpi 

Jensen (Hemiptera: Psyllidae), B. cockerelli (Hemiptera: Triozidae), B. minuta (Crawford) 

(Hemiptera: Triozidae), B. nigricornis (Förster) (Hemiptera: Triozidae), Trioza albifrons 

Crawford (Hemiptera: Triozidae), and T. beameri Tuthill (Hemiptera: Triozidae) (Zuparko et 

al. 2011). These host species are all members of the former family Psyllidae. 

 

1.4.3 General biology of Bactericera cockerelli and Tamarixia triozae 

1.4.3.1 Bactericera cockerelli 

Bactericera cockerelli deposits eggs on both sides of the leaves and usually along the margins 

but occasionally on the petioles and stems (Knowlton and Janes 1931). The eggs are 

transparently white or pale greenish-yellow, oblong, and attached to the leaves with short stalks 

(Essig 1917; Fig. 1.1a). B. cockerelli nymphs pass through five instars (Knowlton and Janes 

1931), prefer the abaxial leaf surface and seldom move (Lehman 1930). First-instar nymphs 

are pale yellow in colour with an orange head and abdomen (Essig 1917; Fig. 1.1b). During 

the second instar, divisions between head, thorax and abdomen are evident (Vega-Chávez 2010; 

Fig. 1.1c). During the third instar, the wing pads are evident (Fig. 1.1d) and become more 

pronounced with each subsequent moult (Munyaneza 2012; Fig. 1.1e and Fig. 1.1f). Newly 

emerged adults are pale green or light amber, but soon become darker amber (Knowlton and 

Janes 1931; Fig. 1.1g). Adult females have rounded and robust abdomen ending with a short 

ovipositor while males have sharper abdomen than females (Abdullah 2008). 

Bactericera cockerelli requires 385 and 368 degree-days to complete a life cycle on 

potato and tomato, respectively, and the lower developmental thresholds reared on potato and 

tomato are 7.1°C and 7.5°C, respectively (Tran et al. 2012). At 26.7 ± 2°C, 75 ± 5% RH and a 

photoperiod of 14:10 hours (L:D), the developmental time of this species reared on bell pepper 

is 5.9, 20.2, and 26.2 days for eggs, nymphs, and adults, respectively. Adult females can live 

for 55 days, have a pre-oviposition period of 8 days, and produce 227.3 offspring on bell pepper 

(Yang and Liu 2009). 
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Fig. 1.1 Life cycle of Bactericera cockerelli: (a) egg, (b) first instar nymph, (c) second instar 

nymph, (d) third instar nymph, (e) fourth instar nymph, (f) fifth instar nymph, and (g) adult 

(female) 
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have geniculate antennae with an enlarged end, while males do not have such end and have 

many setae along their antennae (Vega-Chávez 2010; Fig. 1.3). 

Fig. 1.2 Life cycle of Tamarixia triozae: (a) egg, (b) larva (1 day old), (c) larva (3 day old), (d) 

pupa, (e) psyllid mummy, and (f) adult (female) 
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Fig. 1.3 Adults of Tamarixia triozae: female (left) and male (right) 

 

1.4.4 Application of Tamarixia species in biological control of psyllids 

Some Tamarixia species have been used to control psyllids. For example, an augmentative 

biological control programme using T. radiata (Waterston) (Hymenoptera: Eulophidae) to 

combat the Asian citrus psyllid Diaphorina citri Kuwayama (Hemiptera: Liviidae) has been 

implemented in Mexico since 2010 (Gonzalez-Cabrera et al. 2018). T. triozae has been found 

from TPP nymphs in the field and greenhouses in Mexico and USA (Pletsch 1947; Jensen 1957; 

Lomeli-Flores and Bueno 2002) and up to 80% parasitism rate has been reported in the fields 

of Oaxaca where insecticides have not been applied extensively (Bravo and López 2007). It 

has a Type III functional response to its host density, i.e., the parasitism rate initially increases 

and then decreases with the increase of the host density, suggesting that this parasitoid is very 

likely to be an efficient biological control agent (Bernal et al. 1994; Yang et al. 2015). 

Furthermore, T. triozae has a higher population growth potential than its host (Rojas et al. 2015). 

It has been used in greenhouse crops to control TPP in North America (Workman and 

Whiteman 2009). This parasitoid has been imported and released since 2016 as a classical 

biological control agent of TPP in New Zealand (EPA 2016). Horticulture New Zealand 
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processed the request for the import and release of T. triozae, and host testing was carried out 

on seven native and one introduced species of psyllids before its release (Gardner-Gee 2012). 

 

1.4.5 Circadian activity patterns of parasitic wasps 

Organisms have evolved circadian clocks or biological clocks to synchronize their activities 

with diel rhythms and achieve a survival advantage (Panda et al. 2002). Circadian activity 

patterns are species-specific (Brown and Schmitt 2001), which may help species consuming 

the same resources reduce competition and facilitate the genetic isolation between closely 

related species (Saunders 2002; Bertossa et al. 2013; Krittika and Yadav 2019).  

 

1.4.5.1 Adult emergence, sexual maturation, and mating rhythms 

In many parasitic hymenopterans, adult emergence mainly occurs in the first few hours after 

the onset of the photophase (e.g., Kainoh 1986; Pompanon et al. 1995; He et al. 2004; Karpova 

2006; Hanan et al. 2009; Bourdais and Hance 2019; Wang et al. 2019). Such emergence 

rhythms are adaptative in diurnal insects probably because the higher air humidity and lower 

temperature in the early morning reduce water loss through the cuticle of a newly emerged 

adult and facilitate wing expansion, initial dispersal, and search for mates (Lankinen 1986; 

Fantinou et al. 1998; Marchand and McNeil 2000; Karpova 2006).  

Adult males have shorter development period but need longer time to become sexually 

mature than females in some hymenopteran parasitoids (e.g., Kainoh 1986; He et al. 2004; 

Khatri et al. 2009; Rojas et al. 2015). Consequently, males emerge earlier than females, 

indicating a protandrous nature (Pompanon et al. 1995; Quicke 1997; Morbey and Ydenberg 

2001; Bourdais and Hance 2019; Li et al. 2022). Protandry allows males to synchronize with 

sexually mature mates and increase mating success and the female to reduce the risk of death 

before reproduction (Waage and Ming 1984; Quicke 1997; Morbey and Ydenberg 2001; Khatri 

et al. 2009). In addition, in many parasitoid species (Benelli et al. 2012; Khatri 2017), mating 

predominantly occurs in the morning because cool temperatures and high humidity can reduce 

the risk of desiccation (Benelli et al. 2012), and the production of sex pheromones is maximal 

in the morning (McClure et al. 2007).  
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progeny development (Strand 1986; Gauld and Bolton 1988). To maximise offspring fitness, 

they usually prefer to lay eggs on larger hosts that provide more resources for their offspring 

(Choi et al. 2001; Liu et al. 2011). Host-feeding parasitoids often prefer larger hosts for 

parasitisation and smaller hosts for feeding (Kidd and Jervis 1991; Choi et al. 2001; 

Ebrahimifar and Jamshidnia 2022; Zhang et al. 2022).  

 

1.4.7.2 Superparasitism in relation to host stage and density 

Most parasitoids can recognize and reject parasitised hosts (Montoya et al. 2012) because 

parasitoid offspring developed on these hosts may have poor fitness (Vet et al. 1994; Potting 

et al. 1997; Jones et al. 1999). However, parasitoids may still lay eggs in or on parasitised hosts 

(van Alphen and Visser 1990), resulting in superparasitism. Therefore, superparasitism could 

be an adaptive strategy under certain conditions (van Alphen and Visser 1990; Visser et al. 

1992). For example, laying more than one egg in or on a host may ensure the survival of her 

offspring from that host (van Alphen and Visser 1990; Hanan et al. 2016). Superparasitism rate 

is often higher on older/larger hosts (Ho and Ueno 2008; Chen et al. 2023) because the fitness 

of parasitoid offspring may be greater on these hosts (Choi et al. 2001; Liu et al. 2011; Luo et 

al. 2022). In addition, superparasitism strategy may stabilize the host-parasitoid dynamics 

(Sirot and Krivan 1997). For example, parasitoids may increase superparasitism rate when host 

density is low to avoid collapse of the host population and reduce it when the host density is 

high to maximise the use of available resources (Hanan et al. 2016; Chen et al. 2023).  

 

1.4.7.3 Sex allocation in relation to host stage 

Hymenopteran parasitoids have the haplodiploid sex determination system where fertilised 

eggs develop into females and unfertilised eggs develop into males, allowing them to control 

offspring sex ratio by adjusting the proportion of fertilised eggs at oviposition (King 1988). 

The host size-dependent sex ratio model predicts that female parasitoids lay fertilised eggs on 

larger hosts and unfertilised eggs on smaller ones (Charnov et al. 1981) because the fitness of 

parasitoid offspring generally increases with host size at parasitisation (Hanan et al. 2015; 

Khatri et al. 2016; Tian et al. 2021; Luo et al. 2022), and daughter fitness generally increases 

more steeply with host size than son fitness (Charnov 1982). Overproducing males is common 

in hymenopteran parasitoid rearing and can lead to high costs in mass rearing programmes 

(Ode and Heinz 2002). Therefore, understanding sex allocation based on host size and the 
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effect of host stage at parasitisation on offspring fitness may help develop effective procedures 

for parasitoid production.  

 

1.4.8 Host stage selection and host defence behaviours 

Foraging parasitoids often encounter their hosts of various stages and sizes with different 

nutritional values and defensive abilities (Gross 1993; Cadée and van Alphen 1997; He et al. 

2011; Khatri et al. 2016). Host-feeding parasitoids thus need to rationalise their host selection 

for fitness of both their offspring and themselves (Kidd and Jervis 1991; Heimpel and Collier 

1996; Lauzière et al. 2001; Hanan et al. 2015). For example, larger or older hosts provide more 

resources for parasitoid offspring (e.g., Liu et al. 2011; Hanan et al. 2015; Wang and Aparicio 

2020; Luo et al. 2022), and smaller or younger hosts are easier to make a wound for feeding 

(Kidd and Jervis 1991; Veronesi et al. 2022a). Therefore, female parasitoids are more likely to 

accept the former for parasitism and the later for feeding. However, the expected parasitism 

and host feeding patterns may be altered by handling time associated with host defence (Gross 

1993; Cadée and van Alphen 1997; He et al. 2011; Khatri et al. 2016). Therefore, behavioural 

observation and analysis of parasitoid host selection and host defence are essential to 

understanding behavioural mechanisms behind the host stage selection. 
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2012; Cerón-González et al. 2014; Rojas et al. 2015) compatible with integrated pest 

management programs.  

Tamarixia triozae (Burks) (Hymenoptera: Eulophidae) is an important primary 

ectoparasitoid of TPP (Rojas et al. 2015; Yang et al. 2015) with potential for higher population 

increase than its host (Rojas et al. 2015) and up to 80% parasitism rate (Bravo and López 2007). 

It is an arrhenotokous synovigenic wasp, killing its hosts by both parasitisation and host feeding 

(Martinez et al. 2015; Rojas et al. 2015). A female consumes an average of 1.4 psyllid nymphs 

for each egg laid (Cerón-González et al. 2014). Females feed on all instars of host nymphs 

(Vega-Chávez 2010) to gain nutrients necessary for egg maturation (Jervis and Kidd 1986; 

Burger et al. 2005) and prefer to parasitise fourth instar nymphs (Caudillo Ruiz 2010). Each 

female lays an average of 165 eggs during her lifespan, and the pre-oviposition period and 

longevity of adult females are about two and 20 days, respectively (Rojas et al. 2015). These 

features suggest that T. triozae can be an effective biological control agent of TPP. 

Consequently, New Zealand has recently introduced and released the parasitoid for TPP control 

(Barnes 2017). However, the parasitoid is very sensitive to insecticides which may render it 

ineffective (Luna-Cruz et al. 2011; Liu et al. 2012), and recommendation for the timing of 

insecticide sprays to minimize side effects on this natural enemy is yet to be developed.  

Most organisms adjust their physiology and behaviour through their circadian clock in 

response to daily photoperiod (Panda et al. 2002; Bertossa et al. 2010; Vaze and Sharma 2013; 

Saunders 2020). For instance, adults of different parasitoid species have their own unique 

circadian activity patterns (Brown and Schmitt 2001). Species-specific circadian rhythms may 

be of adaptive significance, for example different rhythmicity can reduce competition between 

species consuming the same resources and improve the efficiency of genetic isolation between 

more closely related species (Saunders 2002; Bertossa et al. 2013). Therefore, understanding 

circadian activity patterns of pest parasitoid adults may help develop effective laboratory 

handling and field release programs for biological control. For example, the morning release 

of the squash bug egg parasitoid Gryon pennsylvanicum (Ashmead) appears to be more 

effective because it is easier for adults to find mates in the morning (Vogt and Nechols 1991). 

Due to significant overlaps in circadian oviposition patterns of Diachasmimorpha longicaudata 

(Ashmead) and Doryctobracon crawfordi (Viereck), two parasitoids of tephritid fruit flies, 

simultaneous release of both species may result in substantial competition, reducing control 

efficacy (Miranda et al. 2015).  
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and Ydenberg 2001). Furthermore, T. triozae males became sexually mature significantly later 

than females, and when offered sexually mature one-day-old mates, females were more likely 

than males to mate during the photophase of their emergence. However, when I paired one-

day-old wasps during the entire photophase, 95% of pairs mated during the first four hours of 

the photophase with > 65% of mating occurring in the first hour of the photophase (Fig. 2.2). 

These findings suggest that, unlike A. reticulatus where emergence occurs early in the morning 

and mating in the afternoon of the same day (Kainoh 1986), most T. triozae adults may not 

mate on the day of emergence, rather they are more likely to mate in the early morning of the 

following day when both sexes are sexually mature. This strategy may reduce mate-searching 

time, mating failure, and risk of predation as reported in other insects (Rymer et al. 2007) and 

allow time for T. triozae females to mature their eggs because most females begin to lay eggs 

in the third photophase following emergence (Rojas et al. 2015).  

Adults of many parasitoid species including a congeneric species T. radiata (Waterston) 

(Gebiola et al. 2018) feed on their hosts to gain nutrients necessary for egg maturation and 

production (Jervis and Kidd 1986; Burger et al. 2005; Hanan et al. 2009). I show that T. triozae 

females laid eggs only in the photophase but fed on hosts throughout the day with most host 

feeding happening during the photophase (Fig. 2.3). In some parasitoids such as Ooencyrtus 

kuwanai (Howard) (Hymenoptera: Encyrtidae) (Weseloh 1972) and A. ervi (He et al. 2004), 

oviposition occurs throughout the 24 h cycle while in others such as E. warrae (Hanan et al. 

2009), host feeding and oviposition take place in both photophase and scotophase. In the 

photophase, host feeding and oviposition in T. triozae had reverse patterns where maximum 

oviposition and minimum host feeding happened four to eight hours into the photophase (Fig. 

2.3). Although host feeding activity was generally low during the scotophase, it reached a peak 

just before its end (Fig. 2.3). These findings reveal a clear strategy that female T. triozae take 

to maximise their fitness, i.e., they have the highest host feeding rate before and after the 

oviposition peak to acquire nutrients for egg production and somatic maintenance. E. warrae 

females probably use the same strategy to achieve the best fitness because their circadian 

oviposition and host feeding activity peaks do not overlap (Hanan et al. 2009).  

In general, male harassment can reduce female fitness in insects (e.g., Sakurai and 

Kasuya 2008; Li et al. 2014). In the present study, I found that circadian mating (Fig. 2.2) and 

oviposition (Fig. 2.3) peaks mostly did not overlap in T. triozae, suggesting that males are not 

able to harass females after oviposition starts because males are active in the early morning. 

This clearly defined circadian activity pattern for host feeding and reproduction in T. triozae 
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1995; Gharalari et al. 2009; Buteler and Stadler 2011) should be considered in the integrated 

management program involving T. triozae. 

In summary, most adult T. triozae emerge in the morning with males emerging earlier 

than females and females becoming sexually mature earlier than males. Most individuals mate 

at the very beginning of the morning of the second photophase following emergence. 

Oviposition only occurs during the daytime, peaking between mid-morning and mid-afternoon. 

Host feeding has three peaks taking place in the early morning, late afternoon and dawn, 

respectively. My findings demonstrate that most mating, host feeding and oviposition activities 

do not overlap over the 24 h cycle, suggesting that T. triozae have developed strategies to 

perform different life functions at the particular times for maximal fitness gain.  
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r and shortest Dt, the second highest R0 and relatively short T. Therefore, if we aim to achieve 

immediate control of the pest when the pest population density is high, we should feed newly 

emerged wasps with water for 24 h and then immediately release them into the infested crops. 

The released wasps can kill more pest individuals within a shorter time period and quickly 

build up their own population. The life table parameters also provide references for producers 

to adjust their mass-rearing programs depending on whether they want to yield more parasitoids 

quickly or to slow production down. 

In conclusion, adult diets can affect survival and reproductive patterns of T. triozae. In 

the absence of hosts at emergence, wasps feeding on water or yeast diet cannot live for more 

than two days, which is not long enough for successful shipment. However, adult T. triozae 

feeding on honey solutions for four days or other diets for one day followed by provision of 

hosts can survive for about 21 days with similar lifetime pest killing ability. Furthermore, 

wasps feeding on water for one day before access to hosts have greater intrinsic rate of increase, 

shorter doubling time, and higher daily fecundity peak while those fed with honey or yeast for 

one day followed by host feeding for three days flatten their daily oviposition curves. These 

findings have three implications: (1) honey diet can allow at least four days for successful 

shipment of host-deprived adults without compromising host-killing ability; (2) releasing host-

deprived wasps with one-day water feeding can achieve rapid pest suppression when the pest 

population density is high, and (3) releasing host-deprived adults with one-day honey or yeast 

feeding followed by three-day host feeding can increase the establishment success and reduce 

the risk of massive removal of hosts when the pest population density is low. These 

implications can be tested under field conditions.  
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Chapter 4 

Life history and behaviour of Tamarixia triozae parasitising the tomato-

potato psyllid, Bactericera cockerelli  
 

This chapter was published in Biological Control 179:105152 (2023).  
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lay eggs for 24 h, and then removed all adults from the infested plants using an aspirator and 

transferred those plants into a nylon mesh-framed cage (65 × 50 × 50 cm, aperture size: 0.075 

mm × 0.075 mm). I placed two clean plants of similar conditions into the aluminium-framed 

cage and repeated the above process daily until I obtained sufficient nymphs of desirable instars 

for experiments. During this period, I examined the aluminium-framed cage daily and added 

new adults from the colony to assure there were about 200 adults in the cage. When the nymphs 

reached the 5th instar on the first two infested plants in the nylon mesh-framed cage, I harvested 

all nymphs from infested plants in all cages to obtain nymphs of different instars for 

experiments. I determined nymphal instars under a stereomicroscope (Leica MZ12, Germany) 

according to Vega-Chávez (2010).  

To acquire parasitoids for experiments, I randomly collected five females of T. triozae 

from the colony, released them into a plastic cylinder with a bell pepper leaf infested by 100 

4th-instar psyllid nymphs and allowed them to stay in the cylinder for 24 h. The cylinder 

consisted of two identical transparent containers (6.5 cm in diameter × 8.5 cm in height). The 

bottom container was filled with tap water and covered by a lid bearing a hole (1.0 cm in 

diameter) at the centre through which I inserted the petiole of the infested leaf. The top 

container had two holes (3 cm in diameter) covered by a metal mesh at the opposite sides of 

the wall for ventilation. I set up a total of 10 such cylinders. I collected parasitoid pupae seven 

days after oviposition and individually placed them in glass vials (5 cm in height × 1.5 cm in 

diameter) plugged with cotton wools until adult emergence. I individually introduced the newly 

emerged wasps to the glass vials with a cotton ball saturated with 10% honey solution as food 

and maintained them there for 24 h. Because both sexes become sexually mature on the day 

they emerge (Chen et al. 2020), I individually paired one-day-old virgin females and males in 

the glass vials with honey food until mating ended. Mating usually occurs within 90 mins after 

pairing and lasts about 15 mins (CC pers. observ.).  

 

4.2.3 Effect of host stage on lifetime host feeding and parasitisation  

To determine lifetime parasitism and host feeding in relation to host stage, I transferred 30 

psyllid nymphs of five different instars (6 individuals × 5 instars) onto a pepper leaf with its 

petiole embedded in water-saturated cotton wool wrapped with parafilm in a Petri dish (8.5 cm 

in diameter × 2.4 cm in height). I covered the dish with the lid bearing two holes (1 cm in 

diameter), one covered with metal mesh for ventilation and one with a cotton wool plug for 

introducing wasps. I introduced a one-day-old mated female parasitoid into the dish and 
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nymphs fed (F4,68 = 241.19, P < 0.0001) (Fig. 4.1a). They significantly preferred the 4th and 

5th to the 3rd instar nymphs for oviposition with the highest number of parasitism and eggs 

laid on the 5th instar nymphs (F2,34= 213.56, P < 0.0001 for parasitism; F2,34 = 314.12, P < 

0.0001 for eggs laid) but did not parasitise the 1st and 2nd instar nymphs (Fig. 4.1b). 

Furthermore, the parasitoids deposited significantly more eggs under the 4th and 5th instar 

nymphs (1.34 and 1.47 eggs per nymph, respectively) than under the 3rd instar nymphs (1.11 

eggs per nymph) (F2,27 = 6.46, P = 0.0051).  

 

 

 
Fig. 4.1 Mean (± SE) lifetime number of hosts fed (a), parasitised and eggs laid (b) by 

Tamarixia triozae on Bactericera cockerelli nymphs of different instars. Columns with 

different letters are significantly different (P < 0.05)  

 

Daily host feeding and parasitisation patterns varied with host stage and parasitoid age 

(Fig. 4.2, Table S4.1). Daily number of hosts fed by parasitoids on the 3rd and 2nd instar 
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nymphs peaked about six and seven days after emergence, respectively, significantly earlier 

than that on the 4th instar nymphs which peaked about 12 days after emergence (non-

overlapping 95% CLs). The host feeding peak on the 3rd instar nymphs was significantly 

higher than that on other nymph stages (non-overlapping 95% CLs). Daily parasitism on the 

4th instar nymphs peaked about five days after emergence, significantly earlier than that on the 

5th instar nymphs which peaked about six days after emergence (non-overlapping 95% CLs). 

The parasitism peak on the 5th instar nymphs was significantly higher than that on the 4th 

instar nymphs (non-overlapping 95% CLs). However, there was no significant difference in 

the width of daily host feeding and parasitism curves between instars (overlapping 95% CLs).  

 

 
Fig. 4.2 Mean (± SE) daily number of hosts fed (a) and parasitised (b) by Tamarixia triozae 

females on Bactericera cockerelli nymphs of different instars  
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4.3.2 Effect of host stage at parasitisation on parasitoid offspring fitness  

The emergence rate of parasitoid offspring significantly increased with the increase of host 

instars at parasitisation (F2,27 =21.75, P < 0.0001) (Fig. 4.3a). Both sons and daughters emerged 

from hosts parasitised at the 4th and 5th instars while only sons emerged from those parasitised 

at the 3rd instar. Emerged offspring were male-biased if the parasitoids parasitised the 4th instar 

nymphs but female-biased if parasitisation occurred at the 5th instar (F2,23 = 71.55, P < 0.0001) 

(Fig. 4.3b). I show that both host stage and parasitoid age at parasitisation affected parasitoid 

daughter emergence patterns (Fig. 4.4, Table S4.2). The highest number of daughters emerged 

from the 4th instar nymphs parasitised by four-day-old parasitoids while that occurred from 

the 5th instar nymphs parasitised by five-day-old parasitoids (non-overlapping 95% CLs). 

Daughter emergence peak from the 5th instar nymphs was significantly higher than that from 

the 4th instar nymphs (non-overlapping 95% CLs). However, there was no significant 

difference in peak width between the two instars (overlapping 95% CLs). Furthermore, 90% 

of daughters were produced from the 4th and 5th instar nymphs by the parasitoids of 3-11 days 

old.  

 

 
Fig. 4.3 Mean (± SE) emergence rate (a) and daughter percentage (b) of Tamarixia triozae 

offspring that developed from Bactericera cockerelli nymphs parasitised at different instars. 

Columns with different letters are significantly different (P < 0.05)  
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available resources. This behaviour may make the parasitoids more effective and persistent in 

the field.  

My results indicate that T. triozae females adjusted their daily feeding and parasitisation 

patterns in response to host stage and their own age. They mainly fed on the 3rd nymphs in 

their early life when they had maximum parasitism on the 4th and 5th instar hosts but they 

increased their feeding on the 4th instar nymphs after they reached mid-age and their parasitism 

sharply declined. The increase of feeding on more nutritious 4th instar nymphs at older age is 

probably due to the combination of declined fecundity and increased demand of nutrition for 

adult survival. Overall, T. triozae completed 90% of their lifetime feeding and parasitism when 

they were 17 days old. Because my experimental condition (25°C) is optimal for the 

development of both B. cockerelli (Lewis et al. 2015) and T. triozae (Vega-Chávez et al. 2016), 

my findings may provide important knowledge for development of field release programs for 

biological control of TPP under similar conditions. 

The present study reveals that although T. triozae preferred to parasitise the 4th and 5th 

instar nymphs, adults emerged from the 4th instar nymphs at parasitisation were highly male-

biased and those from the 5th instar nymphs were highly female-biased. These results strongly 

imply that the parasitoids allocate significantly more fertilised eggs to the oldest and largest 

nymphs, which was also reported in other parasitoids (e.g., Charnov et al. 1981; Favaro et al. 

2018; Pérez-Rodríguez et al. 2019). Using the 5th instar nymphs as hosts for T. triozae during 

mass rearing may thus increase daughter production and reduce rearing cost. The sex allocation 

patterns also shifted with the age of parasitoids, i.e., females laid the highest number of 

fertili sed eggs per day when they were four to five days old, with > 90% of daughters produced 

during their first half of life. I suggest that the females may maximise the use of sperm in their 

early life to ensure the survival and persistence of their next generation in the field. As a result, 

they may quickly run out of sperm as they age (Pérez-Lachaud and Hardy 1999; Santolamazza 

Carbone et al. 2007; Hu et al. 2012) and after they reach mid-age, they produce male-biased 

offspring.  

I show that regardless of the host stage at parasitisation, females had longer 

developmental time and larger body size than males, suggesting that females need more 

resources and time to build up larger body size for reproduction (King 1988, 2000; He et al. 

2005). Like other parasitoids (e.g., Liu et al. 2011; Hanan et al. 2015; Luo et al. 2022), the host 

stage affected offspring body size of both sexes in T. triozae, which increased with the increase 

of the host age at parasitisation. Furthermore, newly emerged daughters from hosts parasitised 
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Chapter 5 

Parasitoid-host interaction behaviours: a case study in the Tamarixia 

triozae-Bactericera cockerelli system 
 

This chapter was submitted to BioControl.  
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a host, she probed the host with her ovipositor between the host body and leaf surface and then 

laid egg(s) (Fig. 5.1d). Eggs were usually deposited on the ventral side of the host between the 

prothoracic and mesothoracic legs or the mesothoracic and metathoracic legs. Host defence 

behaviour to avoid attack included swaying its abdomen side to side (Fig. 5.1e) and walking 

away (Fig. 5.1f).    

 

 
Fig. 5.1 Tamarixia triozae attacking and Bactericera cockerelli defence behaviours: evaluation 

(a), piercing for feeding (b), feeding (c), oviposition probing (d), swaying to avoid attack (e), 

and escaping to avoid attack (f) 

 



65 
 
 
5.3.2 Effect of host stage on host feeding, oviposition, and host defence 

The parasitoids were more likely to encounter and evaluate the older hosts, i.e., 4th and 5th 

instar nymphs (F4,52 = 14.84, P < 0.0001 for encounter; F4,52 = 59.69, P < 0.0001 for evaluation) 

(Fig. 5.2). They pierced all instars but significantly preferred the 3rd instar nymphs for piercing 

and feeding (F4,52 = 10.52, P < 0.0001 for piercing; F4,52 = 5.01, P = 0.0017 for host feeding) 

with no feeding on the 1st instar nymphs (Fig. 5.3). The parasitoids performed oviposition 

probing on the 3rd to 5th instar nymphs but preferred 4th and 5th over 3rd instars for 

oviposition probing and only laid eggs under 4th and 5th instars (F4,52 = 42.38, P < 0.0001 for 

oviposition probing; F2,26 = 12.64, P = 0.0001 for parasitism) (Fig. 5.4).  

 

 
Fig. 5.2 Mean (± SE) number of encounters and evaluations by Tamarixia triozae on 

Bactericera cockerelli nymphs of different instars. For each category, columns with different 

letters are significantly different (P < 0.05) 

 

 
Fig. 5.3 Mean (± SE) number of piercings for feeding and hosts fed by Tamarixia triozae on 

Bactericera cockerelli nymphs of different instars. For each category, columns with different 

letters are significantly different (P < 0.05) 
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Fig. 5.4 Mean (± SE) number of oviposition probings and hosts parasitised by Tamarixia 

triozae on Bactericera cockerelli nymphs of different instars. For each category, columns with 

different letters are significantly different (P < 0.05) 

 

In response to parasitoid attack for feeding, there was no significant difference in 

frequency of host escaping between instars (F4,16 = 0.58, P = 0.6825) (Fig. 5.5a) but the 4th 

instar nymphs swayed significantly more frequently than 2nd and 3rd instars (F4,16 = 5.33, P = 

0.0063) (Fig. 5.5b). The 5th instar nymphs were significantly more active to defend themselves 

from oviposition attack than the 3rd and 4th instars (F2,23 = 5.62, P = 0.0103 for escape times; 

F2,23 = 787.53, P < 0.0001 for sway times) (Fig. 5.5). Wasps spent significantly longer time to 

handle the 4th and 5th instar nymphs for feeding than the 2nd and 3rd instar nymphs (F3,32 = 

10.88, P < 0.0001) (Fig. 5.6a) and to handle the 5th instar nymphs for oviposition than the 4th 

instars (F1,83 = 19.73, P < 0.0001) (Fig. 5.6b).  

 



67 
 
 

 
Fig. 5.5 Defence behaviour of Bactericera cockerelli nymphs of different instars in response 

to feeding and oviposition attacks by Tamarixia triozae: (a) mean (± SE) number of escapes 

and (b) mean (± SE) number of sways. For each category, columns with different letters are 

significantly different (P < 0.05) 

 

 
Fig. 5.6 Mean (± SE) handling time for feeding (a) and oviposition (b) by Tamarixia triozae 

on Bactericera cockerelli nymphs of different instars. Columns with different letters are 

significantly different (P < 0.05) 
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5.4 Discussion 

My results show that T. triozae females were significantly more likely to encounter and 

evaluate older or larger hosts (Fig. 5.2). Following evaluation of the encountered hosts, female 

wasps might pierce the hosts of all instars with her ovipositor but were significantly more likely 

to pierce and feed on the 3rd instar hosts (Fig. 5.3). T. triozae performed oviposition probing 

under the 3rd to 5th instar nymphs, significantly preferring the 4th and 5th instars to the 3rd 

instar and only laying eggs under the 4th and 5th instars (Fig. 5.4). In response to feeding 

attacks, hosts of all instars might escape at a similar frequency but those of the 3rd and 4th 

instars swayed more often (Fig. 5.5). Compared to the 3rd and 4th instar nymphs, the 5th instar 

hosts were significantly more likely to avoid oviposition attacks by escaping and swaying (Fig. 

5.5). Similarly, handling older hosts for feeding and oviposition cost the parasitoids 

significantly more time (Fig. 5.6).  

The higher probability of encountering and evaluating older hosts could be attributed 

to the fact that parasitoids can use visual and chemosensory cues to locate hosts in a short-

range (Battaglia et al. 1995, 2000; Mackauer et al. 1996; Powell et al. 1998; Weinbrenner and 

Volkl 2002; He et al. 2011) and older hosts are more visible and emit stronger semiochemicals 

(Hanan et al. 2015; Khatri et al. 2016; Bui et al. 2020). Behavioural divergence occurred after 

the evaluation phase: the females were most likely to pierce and feed on mid-aged nymphs and 

probe and parasitise late instar ones. Because T. triozae females do not feed on parasitised hosts 

or parasitise those already fed upon (Cerón-González et al. 2014; Chen et al. 2023), my findings 

suggest that this parasitoid has developed a host partitioning strategy for feeding and 

parasitisation to minimize the competition for hosts between mothers and their offspring 

(Lauzière et al. 2001), in accordance with the optimal foraging theory (Kishani Farahani et al. 

2015).  

I show that piercing the 1st instar nymphs and probing under the 3rd instar ones did not 

translate into successful feeding and oviposition, respectively. These findings suggest that T. 

triozae continues to assess the host using its ovipositor during piercing or probing because 

parasitoid ovipositors carry the sensilla that may play key roles in host stage recognition (Wong 

et al. 2021). The reduced feeding piercing and feeding on younger and older nymphs may result 

from the cost-benefit assessment by the wasp. Younger hosts have thinner integument which 

is easier to penetrate (Kidd and Jervis 1991; Veronesi et al. 2022a) and have less nutritional 

values (Kidd and Jervis 1991; Fellowes et al. 2007; Hanan et al. 2015) while the opposite is 



69 
 
 
the case for older hosts, leading to little or no feeding on younger and older hosts. Although T. 

triozae occasionally parasitises the 3rd instar nymphs, no female offspring emerge from hosts 

of this instar (Chen et al. 2023), suggesting that hosts younger than the 3rd instar do not have 

sufficient resources to sustain the parasitoid population.  

Significantly more swaying by the 3rd instar nymphs in response to feeding attacks did 

not increase the handling time by parasitoids, rather, the wasps were significantly more likely 

to pierce and feed on the hosts of this stage. On the other hand, the parasitoids spent 

significantly more time to handle the 5th instar hosts but had significantly less success in 

piercing and feeding. These findings imply that the combination of age-specific host defence 

behaviour and integument thickness determines the ultimate outcome of feeding attacks. In 

response to oviposition attacks, host defence activities and parasitoid handling time 

significantly increased with the increase of host stages. However, the parasitoids were still 

significantly more likely to perform oviposition probing on and parasitise the 4th and 5th instar 

hosts. The results suggest that T. triozae selects to parasitise older hosts regardless of host 

defence to maximise the fitness of their offspring. I support the prediction that parasitoid 

females should adopt the host selection strategies that maximise their lifetime fitness gain 

(Goubault et al. 2003; Danchin et al. 2008). 

Overall, T. triozae females are more likely to encounter and evaluate older and larger 

hosts probably due to stronger visual and chemical cues from these hosts. However, the 

encounter and evaluation frequencies do not necessarily translate into feeding and oviposition 

success. They prefer mid-aged hosts for feeding and older ones for oviposition regardless of 

stage-specific host defence behaviour. Such host partitioning strategies may maximise the 

fitness of both T. triozae adults and their offspring. I suggest that the combination of age-

specific host integument thickness and defence behaviour governs the success of feeding 

attacks while the optimal resource for offspring fitness explains host stage selection for 

oviposition. 
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few hours of photophase. These findings suggest that most matings occur in the early morning 

of the second photophase following emergence in T. triozae, which is different from A. 

reticulatus where most adults emerge in the early morning and mate in the afternoon of the 

same day (Kainoh 1986). This strategy may maximise the mating success through reducing 

mate-searching time and risk of predation as reported in other insects (Rymer et al. 2007) and 

allow time for female parasitoids to mature their eggs because this parasitoid has a pre-

oviposition period of 1.9 ± 0.8 days (Rojas et al. 2015). 

In many parasitoid species, adults feed on hosts to gain nutrients for egg maturation and 

production (Jervis and Kidd 1986; Burger et al. 2005; Hanan et al. 2009; Gebiola et al. 2018). 

I show that T. triozae females lay eggs only in the photophase with an oviposition peak between 

mid-morning and mid-afternoon, which is different with some other parasitoids such as O. 

kuwanai (Weseloh 1972) and A. ervi (He et al. 2004) where oviposition occurs throughout the 

24-h cycle. However, T. triozae females feed on their hosts throughout the day with most host-

feeding occurring during the photophase. Host feeding activities have three peaks in the early 

morning, late afternoon, and dawn, respectively. These results suggest that females have the 

highest host feeding rate before and after the oviposition peak to acquire necessary nutrients 

for egg production and somatic maintenance. Similar host feeding and oviposition patterns also 

occur in E. warrae (Hanan et al. 2009). Male harassment during oviposition can reduce female 

fitness in insects (e.g., Sakurai and Kasuya 2008; Li et al. 2014). However, T. triozae has 

developed a strategy to avoid such harassment because its diel activity peaks for mating and 

oviposition do not overlap, which could make this parasitoid a more effective biological control 

agent.  

My findings provide useful knowledge for the development of an integrated 

management programme involving T. triozae. For example, sexually mature wasps should be 

allowed to mate in the early morning of the next day following their emergence to achieve the 

highest reproductive output and best control of the psyllid. Mated and host-fed females should 

be released to the field or greenhouses in the early morning of the third day following 

emergence to achieve better control results because most T. triozae females start ovipositing 

when they are three days old (Rojas et al. 2015) and host feeding plays a significant role in egg 

production and maturation (Cerón-González et al. 2014). Alternatively, if newly emerged 

wasps need to be released to the field or greenhouses, the release should occur in the morning 

when environmental conditions are more favourable and adults are more active. This approach 

proves to be effective in the application of G. pennsylvanicum (Vogt and Nechols 1991). When 
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persistence of their next generation. Consequently, their sperm may run out quickly as they age 

(Pérez-Lachaud and Hardy 1999; Santolamazza Carbone et al. 2007; Hu et al. 2012), as 

indicated by the male-biased offspring sex ratio after they reach mid-age.   

I show that females have longer developmental time and larger body size than males 

regardless of the host stage at parasitisation, suggesting that females need more time and 

resources to build up larger body size for reproduction (King 1988, 2000; He et al. 2005). In 

accordance with other parasitoids (e.g., Liu et al. 2011; Hanan et al. 2015; Luo et al. 2022), the 

offspring body size of both sexes in T. triozae increases with the increase of the host age at 

parasitisation. Furthermore, newly emerged daughters from hosts parasitised at the 5th instar 

nymphs have higher egg load than those from hosts parasitised at the 4th instar. Therefore, like 

other parasitoids (e.g., Hu et al. 2002; Hanan et al. 2015; Li et al. 2018), larger and older hosts 

increase the fitness of T. triozae offspring.  

Parasitoids often forage simultaneously with their conspecifics within the same patch 

in nature (Visser 1995) and during mass rearing (Krüger et al. 2019). Conspecific competition 

for resources can result in diversification in resource use (Svanbäck and Bolnick 2007) and 

mutual interference may reduce female searching efficiency (Yang et al. 2015). Therefore, 

future studies on host feeding and oviposition of T. triozae in response to the interactions 

between foraging parasitoids are recommended. Investigations into potential use of more than 

one natural enemy in compatible manner may also be warranted. For example, T. triozae 

prefers middle-aged nymphs of TPP for feeding and old-aged ones for parasitism (Rojas et al. 

2015; Chen et al. 2023) while Amblydromalus limonicus (Acari: Phytoseiidae) prefers first and 

second instar nymphs for consumption (Xu and Zhang 2015). The combined use of these two 

natural enemies may thus result in better TPP control. In addition, the combined releases of T. 

triozae and E. nicotianae (Veronesi et al. 2022b) or uses of A. limonicus and the 

entomopathogenic fungus Beauveria bassiana suspension could also be a good option (Liu et 

al. 2019).   

 

6.5 Host stage selection behaviours of Tamarixia triozae and defence behaviours of 

Bactericera cockerelli 

As discussed earlier, host-feeding parasitoids often partition hosts of different stages for 

feeding and parasitisation but the behavioural mechanisms behind their host stage selections 

are largely unknown, making it difficult to evaluate parasitoid-host interactions and their 

effects on biological control success. My study presents the first report on behaviours of the 
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parasitoid-host interactions leading to successful parasitisation and feeding on hosts of different 

stages by T. triozae.  

I show that T. triozae females are more likely to encounter and evaluate older or larger 

hosts, probably due to the fact that parasitoids can use visual and chemosensory cues to locate 

hosts in a short-range (Battaglia et al. 1995, 2000; Mackauer et al. 1996; Powell et al. 1998; 

Weinbrenner and Volkl 2002; He et al. 2011) and older or larger hosts are more visible and 

emit stronger semiochemicals (Hanan et al. 2015; Khatri et al. 2016; Bui et al. 2020). After 

evaluation, female wasps may pierce the hosts of all instars but are more likely to pierce and 

feed on mid-aged nymphs. However, they perform oviposition probing under the 3rd to 5th 

instar nymphs with a preference for the 4th and 5th instars nymphs and only lay eggs under the 

4th and 5th instars. These findings support the optimal foraging theory (Kishani Farahani et al. 

2015) and explain the host partitioning strategy of T. triozae, which may minimize the 

competition for hosts between mothers and their offspring (Lauzière et al. 2001). 

My findings reveal that piercing the 1st instar hosts and probing under the 3rd instar 

hosts do not translate into successful feeding and oviposition, respectively. It is suggested that 

the wasp continues to assess the host using its ovipositor during piercing or probing because 

parasitoid ovipositors carry the sensilla that may play a significant role in host stage recognition 

(Wong et al. 2021). The reduced feeding piercing and feeding on younger and older nymphs 

may be attributed to the cost-benefit assessment by the wasp. Younger hosts are easier to 

penetrate due to their thinner integument (Kidd and Jervis 1991; Veronesi et al. 2022a) and 

have less nutritional values for offspring (Kidd and Jervis 1991; Fellowes et al. 2007; Hanan 

et al. 2015) while the opposite is the case for older ones. Chapter 4 shows that hosts younger 

than the 3rd instar do not have sufficient resources to sustain the parasitoid population because 

no female offspring emerge from hosts of this instar (Chen et al. 2023). These facts may explain 

why the parasitoid prefers mid-aged hosts for feeding and older ones for oviposition. 

In response to feeding attacks, more swaying by the 3rd instar nymphs do not increase 

the handling time by parasitoids, rather, the wasps are more likely to pierce and feed on them. 

Moreover, the parasitoids spend more time handling the 5th instar hosts for feeding but they 

have less success in piercing and feeding. These findings imply that the combination of stage-

dependent host integument thickness and defence behaviour governs the success of feeding 

attacks. Host defence activities and parasitoid handling time in response to oviposition attacks 

increase with the increase of host stages. However, the parasitoids are still more likely to probe 

and parasitise the 4th and 5th instar hosts, suggesting that the optimal resource for offspring 
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