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Abstract of a thesis submitted in partial fulfilment of the
requirements for the Degree of Ph.D.

Population phenology, life table and forecasting models of tomato-potato psyllid

(Bactericera cockerelli) and the efficiency of a selected natural enemy for its control

by

Luc The Tran

The tomato-potato psyllid (TPP), Bactericera cockerelli (Sulc) (Hemiptera:
Triozidae) is an economically important crop pest that not only causes damage through its
feeding but also transmits the bacterium, “Candidatus Liberibacter solanacearum”, which
causes zebra chip disease in potato. TPP is also associated with psyllid yellows disease of
potato, tomato and capsicum. Both zebra chip and psyllid yellows cause significant yield
losses, plant mortality, decreased quality, and increased control-related costs. This insect
invaded New Zealand in early 2006 and has now spread through most of the country.
Laboratory and field experiments were conducted to determine the population development,
phenology and life history parameters of the tomato-potato psyllid and to investigate aspects
of its control, particularly in relation to using developmental parameters for preliminary
forecasting models and investigate the efficacy and impact of a selected natural enemy.

The temperature-dependent development of TPP was studied in the laboratory at
seven constant temperatures (from 8 to 31°C) on potato and tomato. Developmental time in
days for all stages on both host species were inversely proportional to temperature between 8
and 27°C but increased at 31°C. The lower developmental thresholds for total development
of TPP were 7.1°C and 7.5°C reared on potato and tomato, respectively; and thermal
constants of 358 and 368 degree days for TPP reared on potato and tomato, respectively. The
optimum temperatures of TPP were estimated as 26.9°C and 27.1°C reared on potato and



tomato, respectively. The upper temperature thresholds were estimated as 33.9°C and 34.1°C
reared on potato and tomato, respectively.

Life table parameters can be used to compare the population growth potential of this
insect on different host plants, under different environmental conditions. These parameters
can be used to project the population growth and stage differentiation for decision making for
control of this species or for designing future studies on population dynamics. Life table
parameters of TPP reared on potato were determined in laboratory conditions at 25 +1°C, 50-
60% RH, and at a photoperiod of 16:8 (L: D) h. A life table was constructed based on results
obtained under unlimited food supply and a natural enemy free environment. The mean
developmental periods for the egg stage, nymphal stage, and total development were 6.08,
16.94, and 23.02 days, respectively. The intrinsic rate of increase, the finite rate of increase,
the net reproduction rate, the mean generation time, the life expectancy, the doubling time,
and the fecundity of TPP were determined. The implications of these findings are discussed.

Orius vicinus (Ribaut) has been reported to predate red spider mite, leathopper, and
thrips and is being investigated as a possible biological control agent for a range of pests in
New Zealand. Because B. cockerelli is one of the prey of O. vicinus, it is of scientific interest
to determine its potential for biological control of TPP. The functional response of the adult
stage of the predatory bug, O. vicinus on egg, nymphal instars 1, 2, 3, 4, and 5 of TPP and its
preference for two prey species: TPP (nymphal instars 1 and 2) and western flower thrips,
Frankliniella occidentalis (Pergande) (nymphal instars 1 and 2), were determined. The
resulting data were well described by both Type I and Il functional response models for prey
eggs and first and second instar nymphs 1- 2; and Type Il for 379, 4th and 5t" instar nymphs of
TPP. While these results do not suggest that O. vicinus could regulate a TPP population
under normal circumstances, the research suggests this species may reduce populations
below economic threshold under circumstances of inundative release under cover in a
glasshouse. The predator may have a greater biocontrol potential if release was timed to
attack the eggs and smaller nymphal stages of TPP. The predator had a slight preference for
thrips compared to the TPP at high densities of prey combinations, but despite that O. vicinus
still responded strongly to TPP.

The prediction of the first emergence and peak abundance can help researchers and

growers assess insect population development more effectively for the application of



chemical or cultural control measures or make other management decisions. Yellow sticky
traps were used to determine the population development and phenology of the TPP over 5
site-years with respect to potato crops and in relation to ambient weather conditions. The
relationship between field flight data and accumulated degree days was well described by
both the Weibull and bimodal models. However, the bimodal model described the
distribution of psyllid flight better than Weibull model. The occurrence of the first peak flight
for the 5 site-years was between 722 to 749 degree days (DD) (above 7.1°C lower threshold)
from a biofix on 1%t November and the second peak occurred from 1189 to 1264 DD after the
biofix. Although the bimodal model can provide precise predictions (within 6.6 days) for the
first peak of adult psyllids in the field, it may not find practical application in potato crops in
New Zealand due to low economic density threshold of this invasive insect species.
Therefore, | anticipate improving the model by the incorporation of developmental
parameters and events of immature stages of the psyllid based on long term data.

Results in this thesis have provided essential biological data of TPP, such as the
developmental rates and life history parameters. These results, along with an evaluation of
the functional response of O. vicinus and its potential for biological control and preliminary
forecasting models, augment the limited existing knowledge of the biology of TPP so that

further research and current management of this psyllid species can be better targeted.
Keywords: Tomato-potato psyllid (TPP), Bactericera cockerelli, temperature-dependent

development, phenology, forecasting model, life table parameters, Orius vicinus, functional

response, prey preference.
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Chapter 1  General Introduction

Biological invasions are not a recent phenomenon. They have occurred over
geological and historical time periods where species have shifted their ranges naturally in
response to moving land masses, volcanic activity and changing environmental conditions
(White et al. 2008). However, because of anthropogenic-assisted mobility, the number of
invasions and their associated impacts are increasing as species extend their ranges. As well,
environmental changes not only allow many species to extend their range but also to exert
greater impact through herbivory, predation and competition pressure (White et al. 2008).
There are many (more than 4300) introduced species (including 90 species of vertebrates,
perhaps 2200 species of invertebrates, and more than 2000 species of vascular plants) which
have become established in the wild in New Zealand (Beggs 2001). The impacts of these
alien invasive species can be particularly severe. For example, according to a New Zealand
of Institute of Economic Research study, the damage caused by a recent insect invader,
clover root weevil, could cost the economy between $0.2 billion and $1 billion annually if it
were to spread nationwide (httpZ//www.biosecurity.govt.nz/media/16-02-06/clover-root-
weevil). Alien invasive species not only threaten the economy due to the impacts on
agriculture but also threaten the country’s indigenous ecosystems and biodiversity.

Alien invasive species cause three main categories of economic impacts to agriculture
and human and animal health. First is the loss in potential economic output, for example,
losses in crop production and reductions in domesticated animal and fisheries survival,
fitness, and production (Mack et al. 2000). Second is the direct cost of combating invasions,
including all forms of quarantine, control, and eradication (Mack et al. 2000). Third is the
cost of combating invasive species that are threats to human health, either as direct agents of
disease or as vectors or carriers of disease-causing parasites (Mack et al. 2000).

The threat of invasive species to native ecosystems is from predation on native fauna,
damage to native plants by herbivores, competition for resources, habitat changes, vectors of
disease and pathogens, hybridization, and ultimately extinctions (Mack et al. 2000). A New
Zealand example of the detrimental impact of invasive species on biodiversity is the effect of
two European wasp species that were introduced in 1945 (Vespula germanica) and 1970s

(Vespula vulgaris) (Beggs 2001). These abundant invaders can reduce the standing crop of
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honeydew in beech forests by more than 90% and so compete with native birds and
invertebrates that also consume the honeydew. New invaders that are highly adaptable can
evolve in response to their interactions with native species, as well as in response to the new
abiotic environment (Mooney and Cleland 2001). For example, Huey et al. (2000) showed
that the introduction of a new fruit fly into the west coast of North America resulted in the
evolution of an apparently adaptive cline related to wing size. The developmental basis for
the cline of wing size was different in the European native populations from the invader in
North America.

Bactericera cockerelli (Sulc) (Hemiptera: Triozidae) is a recent invasive species in
New Zealand establishing early in 2006 and has now spread through most of the country
(Gill 2006, Teulon etal. 2009). Bactericera cockerelli was originally described as Trioza
cockerelli by Sulc (1909). In 1910, Crawford established a new psyllid genus Paratrioza, and
in 1911 Trioza cockerelli was assigned to Paratrioza. In 1997, Burckhardt and Lauterer
changed the genus Paratrioza to the genus Bactericera as defined by combinations of adult,
nymphal and egg characters, and changed the family name from Psyllidae to Triozidae.
According to ESA (2012), Bactericera cockerelli has two common names: the tomato psyllid
and the potato psyllid (Abdullah 2008). In New Zealand, this invasive insect is commonly
referred to as tomato-potato psyllid (TPP) (Teulon et al. 2009) and this name will be adopted
throughout this thesis.

Liu and Trumble (2006) showed that TPP could feed on species in 20 plant families.
However, until recently, this homopteran insect was reported as a pest primarily in potato and
tomato. TPP is a serious pest of solanaceous crops (Liu and Trumble 2004) and has been
reported as a key pest of potato and tomato in many of the growing areas of Western North
America (Cranshaw 1993). Both psyllid yellows and zebra chip are associated with TPP
(Sengoda 2010). Scientists speculate that psyllid yellows is caused by a toxin injected into
the plant by TPP while feeding (Sengoda 2010). However, to date, the nature of the toxin has
not been identified (Abernathy 1991, Sengoda 2010). The symptoms of psyllid yellows
include retarded growth, erectness of new growth, chlorosis, purpling of leaves, distortion of
foliage, and stimulated flower bloom (Liu and Trumble 2006). TPP is also implicated as the
primary vector of a recently identified bacterium, new to science. The Liberibacter

bacterium, ‘Candidatus Liberibacter solanacearum’, also known as ‘Ca. Liberibacter



psyllaurous’, is reported as the casual agent of zebra chip in potato (Liefting et al. 2008,
2009, Hansen et al. 2008, Crosslin and Bester 2009, Abad et al. 2009). The TPP -
Liberibacter complex affects the potato, tomato, capsicum, and tamarillo industries in New
Zealand (Thomas et al. 2011). It causes significant yield losses, plant mortality, decreased
quality of tubers and fruit, and increased control-related costs (Teulon et al. 2009). The
tomato-potato psyllid and Liberibacter have been responsible for substantial economic losses
across a wide geographic range including North America and New Zealand.

The recent arrival and the economic importance of TPP and Liberibacter in New
Zealand and interest in the biology and management of these organisms make TPP a very
suitable target for fundamental research leading to applied outcomes. Understanding how the
lifecycle of pest insect is regulated is essential to studying its population ecology, and for

forecasting population development and subsequent management.

1.1 SPECIES BIOLOGY

TPP was first described in 1909 from specimens collected from capsicum growing in
a home garden in Colorado (Sulc 1909). Life stages include eggs, five nymphal instars, and
adults (Pletsch 1947). In the United States, three to five generations have been recorded on
potato crops per year (List 1939a, Pletsch 1947). However, in a favorable year there may be
from 8 to 10 generations (Cranshaw 1993). In a very early laboratory study (temperature not
specified), the life cycle (egg to adult) of TPP was found to take between 15 and 30 days
(Knowlton and Janes 1931). The development and survival of TPP were reported to occur
from between 15.5°C and 32.2°C with optimal development occurring at 26.6°C
(Mohammad 1999). Temperatures above 30°C markedly reduce larval and adult survival
(List 1939b). TPP adults mate more than once and the first mating usually occurs about three
days after emergence (Pletsch 1947). Eggs are laid over a period of about 21 days and
females can lay up to 500 or so eggs over their lifetime (Pletsch 1947). Eggs are oval in
shape and bright yellow to orange in color. The eggs are attached to plant leaves by a stalk
and are deposited usually on the edge or underside of the leaves on the upper part of the
plants (Plate 1.1). The incubation period varies considerably with temperature but averages
about 7 days (Wallis 1955).



UGA1243125

Plate 1.1: Eggs of TPP on the edge and under side of a leaf (Photo: Whitney Cranshaw,

Colorado State University, Bugwood.org).

The nymph goes through five scale-like stages and Knowlton and James (1931)
reported that the psyllid remains a nymph for between 12-21 days but they did not cite any
temperature. The nymph is orange to yellow when newly hatched and becomes pale green
when mature (Wallis 1955) (see Plate 1.2). The nymph grows to 2mm in length and feeds on
the underside of the leaf. Wing buds appear in the third instar and become obvious in the

fourth and fifth instars (Pletsch 1947).
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Plate 1.2: Different colours between nymphal instars of TPP (Photo: Whitney
Cranshaw, Colorado State University, Bugwood.org).

Plate 1.3: Clear wings of TPP adult (Photo Source: Simon Hinkley & Ken Walker
Museum Victoria).


http://www.museum.vic.gov.au/

The adult psyllid is about 2.1 to 2.5 mm long to the tip of the wings. Itis a clear-
winged insect resembling a miniature cicada in shape (Plate 1.3). Onemerging the adults are
light green in colour. After about three days they change to black with white markings which
give them a grey appearance. These white markings are distinguishing characteristics of TPP,
particularly the broad, transverse white band on the first abdominal segment and the inverted
V-shaped white mark on the last abdominal segment (Wallis 1955). When at rest the wings
are held in a roof-like position over the abdomen, typical of hemipteran insects (Wallis 1955)
(see Plate 1.3). Psyllid feed like aphids and other hemipterans by inserting their stylets into

the plant. They suck the sap and excrete the excess water and sugar as honey dew or as a

solid waste (psyllid sugar). Psyllid sugar is the visual sign that is most likely observed on the
plants (Plate 1.4).

_ ‘ Ee W 5369934
Plate 1.4: Psyllid sugar (Photo: Whitney Cranshaw, Colorado State University,
Bugwood.org).



1.2 DEVELOPMENTAL STUDIES

Temperature plays a major regulatory role in growth and development of insects and
its influence on the life history of a pest species needs to be quantified to understand the
pest’s population dynamics (Nahrung et al. 2004). Temperature influences the development,
survival, reproduction, movement, and dynamics of insects (Huffaker et al.1999, Roy et al.
2002). Temperature can act to limit the geographic distribution of a species (Krebs 1994).
Species-specific traits, including optimal temperature and lower and upper temperature
thresholds are the most important components for biological activities (Golizadeh and
Zalucki 2012). Thus, the relationship between temperature and developmental rate is an
essential component of population dynamics and its accurate description is important for
building phenological models to predict stage specific emergence times or outbreaks, and
subsequently to develop sound control strategies (Bentz et al. 1991, Liu etal. 1995, Lactin et
al. 1995, Zilahi-balogh et al. 2003).

There have been some previous studies (List 1939b, Marin-Jarillo etal. 1995,
Abdullah 2008, Yang and Liu 2009, Yang et al. 2010) on the development of TPP but most
of them did not cover the developmental relationship in response to the full range of
temperatures. Therefore, developed a more precise description of the thermal characteristics
of a population of TPP over a large temperature range (8 - 31°C), as an initial prerequisite to
develop a comprehensive integrated pest management for this invasive insect species
(Chapter 2).

1.3 LIFE TABLE ANALYSIS

A life table is used to calculate vital statistics (Carey 1993, Southwood 1995, Harari
et al. 1997, Medeiros et al. 2000). It is a useful tool that is often used in biology to, 1)
understand patterns and causes of mortality, 2) derive certain measures that help predict the
likelihood of future growth or decline of a population, and, 3) provide useful information for
managing a population. A life table study of a pest insect allows the analysis of population
structure and stability so as to assess the likelihood of outbreak or slow population growth.

As well, the information is extremely useful for constructing more detailed population



dynamic models to further understand population growth and decline in relation to
environmental changes. Such models can be used to forecast possible population trajectories
and to ask ‘what-if’ questions.

Development of a life table for an insect requires knowledge of the rate of
development of the insect, age-specific mortality, survival of the original population with
time, and age-specific fecundity. To better manage TPP, it is crucial to understand its
occurrence and population dynamics under a range of temperatures. Because of time and
resources, a life table of TPP at a variety of different temperatures could not be constructed.
Instead, the life table parameters of TPP were investigated on potatoes at a temperature close
to optimum so that maximal values for key population parameters could be determined.
Therefore, Chapter 3 aims to provide the age-specific life table and the life history of TPP on

potato plants under optimal laboratory conditions.

1.4 BIOLOGICAL CONTROL

The use of insecticides to control TPP may decimate natural enemy populations
which can lead to more severe outbreaks. Furthermore, chemical suppression of TPP
populations requires frequent applications of insecticides (Goolsby et al. 2007a) with highly
variable results (Gharalari et al. 2009, Berry et al. 2009). In addition, TPP shows increasing
resistance to insecticides (Liu and Trumble 2007). Therefore, we cannot rely only on
insecticides to manage TPP populations. An integrated management program is an effective
and environmentally sensitive as well as sustainable approach to pest management.
According to Pedigo and Rice (2006), one of the first assessments that should be made in an
integrated pest management program is the potential role of natural enemies in controlling
pests. In pest management, natural enemies are clearly of interest because they can limit pest
damage. However, little is known about potential biological control agents available for TPP
except pathogenic fungi (Sanchez-Pena etal. 2007, Lacey et al. 2009, 2011). Investigations
of potential biological control agents for TPP are very important. There are some generalist
predators including lady beetles, Hippodamia convergens, and green lacewing that have been
identified for control of TPP but none has provided useful levels of suppression of this insect
pest in the field (Mohammad 1999, Liu and Trumble 2007). While considerable effort is



currently being put into the importation the parasitoid Tamarixia triozae (Burks)
(Hymenoptera: Eulophidae) as a biological control for TPP in New Zealand (Workman and
Whiteman 2009, Workman and Walker 2009), here | investigated O. vicinus, a potential
natural enemy, to determine its potential to reduce TPP populations of glasshouse crops
primarily through predation and prey preference.

The predatory mirid bug, O. vicinus (Ribaut) (Heteroptera: Miridae) was selected to
test in this thesis because of the following reasons:

1. This predator has a wide range of prey (Wearing and Colhoun 1999) and is a
general predator with prey species reported that include bark lice, psyllids, thrips, aphids, and
leafhoppers (Lewis and Lattin 2010).

2. O. vicinus was sourced easily and kindly supplied by John Thompson - Bioforce

Ltd Drury, New Zealand.

1.4.1 Predation functional responses

Some predators are quite specialized and feed on only one or a few closely related
prey species, but most predators are more generalized and feed on a variety of similar
organisms (Flint and Dreistadt 1998). Predators of economic importance in the control of
insect pests include beetles (Coleoptera), bugs (Hemiptera), flies (Diptera), lacewings
(Neuroptera), and wasps (Hymenoptera) (Flint and Dreistadt 1998). An important
characteristic to assess the efficiency of a predator is its consumption response to changes in
prey density. A predator consumption response to changes in prey density is described as the
predator’s functional response (Holling 1959, 1966) defined by the quantitative relationship
between the number of prey consumed per predator and the prey density. The functional
response of a predator to changes in prey density is a key factor in the population dynamics
of predator-prey systems and in natural control of pest populations (Berryman 1992). The
functional response can determine if a predator is able to regulate the density of its prey
(Schenk and Bacher 2002). It has been used to infer the basic mechanisms underlying the
interactions of predator-prey behaviour, to enhance practical predictive power for biological
control, and even to clarify co-evolutionary relationships (Fan and Petitt 1994). The predator

consumption-prey density relationship includes three types of functional response: Type I, a



linear rise to a plateau; Type Il, a curvilinear rise to a plateau; and Type Ill, a sigmoid curve
rising to a plateau (Fig. 1.1).

Arthropod predators typically display one of these three typical functional responses,
but the response may vary with crop phenology, habitat heterogeneity, age of predator, and
other biotic and abiotic factors (Parajulee et al. 2006). In a Type | functional response, the
number of prey killed increases linearly ata constant rate (proportion) up to a maximum and
remains constant as prey density further increases (Parajulee et al. 2006); the satiation
threshold (Fig. 1.1). In a Type Il functional response, the number of prey killed approaches
an asymptote hyperbolically as prey density increases (declining proportion of prey killed or
inverse density dependence) (Fig. 1.1). A Type Ill functional response (Parajulee et al. 2006)
occurs when the number of prey Killed at low prey densities approaches a sigmoid function
(increase in proportion of prey Killed up to inflection point and then a decrease in proportion
to an upper asymptote). The first part of the curve represents the density-dependent response
(Fig. 1.1). The second (or upper) part of the curve after the inflection point is the same as a
Type 1l response. Type 111 response is thought to be the only response where it is possible for
the predator to regulate a prey population (Fernandez- Arhex and Corley 2003). In other
words the predators need to remove an increasing proportion of the prey in order to check the
prey population growth.

Number of prey consumed

11

Prev density

Figure 1.1: Three types of functional response curves.
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1.4.2 The role of alternative prey in improving biological control

Most predators not only feed on a single prey species but exploit diverse prey species
and are therefore involved in a complex web of interactions (Strauss 1991). The capture and
consumption of alternative prey reduce the amount of time spent encountering the focal prey
(Chesson 1989). If the predator has no preference for either the focal or alternative species,
indirect effects occur between the two prey species depending on their local abundance. An
increased abundance of prey A may relax predation on prey B; conversely, a decrease in prey
A density may result in intensified predation on prey B (and vice versa) (Tschanz et al.
2007). However, any preference for a particular prey displayed by a predator directly affects
the control efficiency of its various different prey species (Xu and Enkegaard 2009).

Therefore, Chapter 4 examines the functional response of O. vicinus feeding on TPP
and prey preference of O. vicinus between TPP (focal prey) and western flower thrips
(alternative prey).

Unfortunately it is more difficult to control invasive species by natural enemies
because the enemy-release hypothesis states that invasive species are more successful in the
new region of invasion than in their native region due to the absence of co-evolved natural
enemies (Corlay et al. 2007). The aim of Chapter 4 was to investigate the effectiveness of O.
vicinus as a predator so that its potential to limit the TPP population can be assessed to

design sustainable controls of this serious invasive species.

1.5 FORECASTING MODELS

If an integrated pest management approach to controlling TPP is to be successful then
precise timing of spray applications against TPP is crucial as many recommended
insecticides are only efficient at certain stages of an insect’s development. More precise
timing reduces costs and the potential for resistance development as well as supports
sustainable or integrated pest management practices. As monitoring and observing
population development is time consuming, a robust timing model would assist growers to
better time both monitoring and control measures. For example, knowing when the pest is

likely to first appear and the time of its peak abundance could help growers to be more
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prepared and to more precisely assess insect population development for the application of
chemical or cultural control measures. It is for this reason that, forecasting models have been
developed for many insects (Collier and Finch 2001). Many of these models are based on
accumulated degree days (e.g. Eckenrode and Chapman 1972, Butts and McEwen 1981,
Wold and Hutchison 2003, Schaub et al. 2005, Skinner et al. 2006, Damos and Savopoulou-
Soultani 2010). Degree day models in particular can play an important role in integrated pest
management by providing a simple means of predicting insect development, and therefore
providing more precise timing for implementation of control activities. Modeling invader
dynamics and management options also facilitates the search for the best management
strategy as models help summarize relevant known aspects of a pest’s biology and ecology,
highlight uncertainties, and assess and prioritize potential control strategies through
‘computer experiments’ for field testing (Shea et al. 2006). Models also allow us to ask
questions that are hard or even impossible to answer in the field (Shea et al. 2006). Thus it is
clear that modeling approaches, if used correctly, can save valuable time and resources and
therefore this is the focus of Chapter 5.

1.6 SUMMARY OF OBJECTIVES

In summary, this PhD aims to:

1) Determine important developmental parameters that describe population growth of
B. cockerelli in relation to temperature.

2) Determine important life history parameters of B. cockerelli feeding on potatoes
under laboratory conditions.

3) Determine the efficacy of a selected natural enemy, O. vicinus, for regulation of B.
cockerelli population by laboratory experiments. With respect to predation in particular, one
hypothesis was tested: that alternative prey reduces the functional response of predators to
target prey.

4) Develop and compare forecasting models based on the relationship between the
psyllid and climate to predict population phenology, seasonal timing and potential

abundance.
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The psyllid colonies used in all experiments throughout this thesis were considered to
be free of Candidatus Liberibacter (Drayton pers. comm. Plant &Food Research, New
Zealand).
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Chapter 2 Estimating development rate and thermal requirements of tomato-potato
psyllid Bactericera cockerelli (Sulc) (Hemiptera: Triozidae) reared on

potato and tomato using linear and nonlinear models

The contents of this Chapter were published in a journal article; Tran, L.T., S.P. Worner, R.J.
Hale, and D.A.J. Teulon. 2012. Estimating development rate and thermal requirements of
Bactericera cockerelli (Hemiptera: Triozidae) reared on potato and tomato by using linear
and nonlinear models. Environ. Entomol. 41(5): 1190-1198.

2.1 ABSTRACT

The temperature-dependent development of tomato-potato psyllid (TPP), Bactericera
cockerelli, was studied in the laboratory at seven constant temperatures (8, 10, 15, 20, 23, 27,
31°C) with relative humidity of 50-60% and a photoperiod of 16L: 8D h on leaves of whole
potato and tomato plants. Developmental time in days for immature stages and total
development (egg to adult) on both host species were inversely proportional to temperature
between 8 and 27 °C but increased at 31 °C. One linear and two nonlinear models were fitted
to the data. The lower developmental thresholds, calculated using the linear model for egg,
total nymph, and total development (from oviposition to adult emergence) were 7.9, 4.2, and
7.1 °C (reared on potato) and 7.2, 5.3, and 7.5 °C (reared on tomato), respectively. The
thermal constant (K) for total development was 358 (reared on potato), and 368 (reared on
tomato) degree days (DD). Two nonlinear models, Briere and Lactin fit the data well as
measured by goodness-of-fit criteria, the residual sum of square (RSS) and Akaike
information criterion (AIC). Temperature threshold parameters for these nonlinear models
(To, Topt, and Tmax) were estimated for eggs, total nymphal stages, and total developmental
time (egg to adult). The Briere model is recommended for predicting optimum and upper
temperature thresholds, while the linear model provided the most sensible prediction of the
lower temperature threshold. Results from this study will provide basic information on the
biology of TPP and have potential for the development of predictive models of the seasonal

progress of this invasive pest.
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2.2 INTRODUCTION

The tomato-potato psyllid (TPP) (Bactericera cockerelli) is a key insect pest of potato
and tomato in many of the growing areas of western North America. This insect is also a
recent invasive species in New Zealand, having established in early 2006. It has now spread
through most of the country (Teulon et al. 2009). Even though this psyllid has been reported
to feed on species from 20 plant families (Liu and Trumble 2006), it is best known as a pest
of potato and tomato. In North America it is commonly known as the potato or tomato
psyllid (Abdullah 2008) whereas in New Zealand it is known as the tomato-potato psyllid
(TPP) (Teulon etal. 2009).

The recent arrival and the economic importance of TPP in New Zealand, its
importance as a pest in North America, and current interest in the biology and management
of the newly identified Liberibacter bacterium that it vectors, make this insect a very suitable
target for fundamental research to support applied outcomes. Understanding how the
lifecycle of this pest insect progresses, in relation to environmental factors such as
temperature, is essential for understanding its population ecology, and forecasting population
events on which to base subsequent management decisions (Nylin 2001). Itis well known
that temperature plays a major regulatory role in growth and development of insects and its
influence on the life history of a pest species needs to be quantified so that models can be
used to provide more precise predictions of the timing of population dynamics (Nahrung et
al. 2004). Modeling both the pest dynamics as well as possible management options can
facilitate the search for the best management strategy (Godfray & Waage 1991, Rees &
Paynter 1997, Shea & Kelly 1998, Shea et al. 1998, Buckley et al. 2005, Shea et al. 2005,
Shea et al. 2006). A number of previous studies have been carried out to characterize the
development of TPP. A study by List (1939) on TPP development indicated that a
temperature of 26.6°C was most favorable for psyllid development and survival but that
larval and adult survival is low above 30°C. Another study by Marin-Jarillo et al. (1995)
concluded that the lower developmental threshold of TPP is 7.0°C. In addition, Mohammad
(1999) indicated that development and survival were low below 15.5°C. Apart from these
disparate studies, little further work has been attempted to determine the full developmental

relationship of TPP in response to temperature on different hosts. Because this species has
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begun to invade regions of the world and appears to threaten others, there is a clear need for a
more detailed study of TPP development on different varieties and crops to assist greater
preparedness.

The objective of this Chapter was to determine the effect of selected constant
temperatures on the development rate of the eggs, nymphs, and total development (egg to
adult) of TPP on potato and tomato plants to determine the full development rate-temperature
relationship. The development rate-temperature relationship can then be used to estimate the
important developmental parameters, the lower and upper developmental thresholds,
optimum temperature for development, and a thermal constant (degree days) for each stage.
Determination of the developmental parameters of the psyllid will allow the use of a model
or models for prediction of the occurrence of important life stages such that more timely and

effective management actions can be carried out.

2.3 MATERIAL AND METHODS

2.3.1 Plant and insect cultures

Tomato (Yates ‘Moneymaker’) and potato plants (‘Agria’- a common potato variety
grown in New Zealand) were used in this study. The tomato seeds were germinated in trays
and after about 2 weeks the seedlings transplanted into plastic pots used for growing the
plants. Potatoes were grown from seed tubers. Tomato and potato plants were used
individually (one plant per pot) in all experiments. All potted plants were watered three times
a week.

Colonies of TPP used for this study came from Plant & Food Research, Lincoln-
Canterbury, New Zealand. All TPP were reared on potted tomato seedlings in cages (50W x
45L x 60H cm) in a controlled temperature (CT) room (25 £1°C, RH 50- 60%, and 16:8 h
light: dark). Five tomato plants were placed in each clean rearing cage and colonies were
initiated by placing psyllids on to the plants using a fine-tipped paintbrush. The colonies,
eventually comprising up to 300-500 insects, were illuminated by overhead lights (TL-D
LIFEMAX 30W/865 Cool Daylight).
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The psyllid colonies used in experiments were considered to be free of Candidatus
Liberibacter (Drayton pers. comm. Plant & Food Research, New Zealand). All adult psyllids
used in all experiments and developmental bioassays were standardized by selection of
insects with teneral coloration (light or pale green) indicating that they had emerged within
the previous 2-3 days (Knowlton and James 1931).

2.3.2 Experiments

Egg, nymph and adult development times were determined at constant temperatures
of 8°C, 10°C, 15°C, 20°C, 23°C, 27°C, and 31°C (x1). A humidity of approximately 50-60%
and constant photoperiod of 16:8 L: D were maintained at each temperature. Approximately
equal numbers of males and females (100-200 in total) were selected and placed on 10
tomato or potato plants in separate cages. Males and females were distinguished by the shape
of the apex of the abdomens (Abdullah 2008). The mature female abdomen, which
terminates with a short ovipositor, is well rounded and more robust than the male abdomen
(Plate 2.1 and 2.2). After 24 hours, plants with more than 20 eggs were selected for the
experiments. On each plant the number of eggs was reduced to 20. Three plants for each
plant species, each with 20 eggs, were placed in each of two constant temperature cabinets at
the same temperature, comprising two replicates of 60 psyllid eggs for each temperature
investigated.

Eggs and nymphs were checked daily and the position of each nymph was recorded to
follow individual development. Frequent transfer to fresh plant material was required as host
plant quality declined rapidly at the low and high part of the temperature range. Because of
the high mortality caused by the frequent transfer of very small insects onto fresh plant
material, only those insects able to complete development to adult were included in the
analysis. Developmental times and rates for all psyllids that completed development to adult
were recorded and averaged for each replicate constant temperature cabinet at each

temperature.
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Plate 2.1: Female TPP adult (Photo: Pest and Diseases Image Library, Bugwood.org).
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Plate 2.2: Male TPP adult (Photo: Pest and Diseases Image Library, Bugwood.org).
2.3.3 Temperature-dependent models for egg, nymph, and total development

The development rate curves for all stages of psyllid development were clearly
nonlinear (Figs. 2.1 and 2.2). Two types of models, linear and nonlinear, were used to
estimate important developmental parameters.

2.3.3.1 Linear modeling

First, a linear model was fitted to the data that fell within the linear portion of the
development rate curve (Figs. 2.1 and 2.2), to estimate a lower threshold for development
(To) and thermal constant in degree days (DD). | chose a linear model because both To and
the thermal constant derived from the linear development rate model are widely used for
insect phenology prediction (Worner 1992). Other considerations for using the linear model

as a parsimonious approach to modeling species phenology for practical application were, 1)
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both linear and non-linear development rate models can be sensitive to the temperature
variability and profile of a particular site and neither approach has been adequately shown to
outperform the other under all conditions, especially in oceanic climates (Worner 1988), 2)
nonlinear model performance under fluctuating conditions can be variable (Worner 1992),
and 3) there is no evidence that a single nonlinear model is better than any other under all
circumstances, especially under field conditions.

Estimation of the lower threshold for development and thermal constant was based on
linear regressions for egg, nymph, and total development over the linear range of psyllid
development versus temperature. The developmental rate (1/development time in days) vs
temperature relationship can be described by a linear equation y = a + bx, where y is
development rate (1/days), x is temperature, ais the intercept and b is the slope. The lower
temperature threshold for development (To) was estimated by solving the equation for
development rate (y) =0 (in other word To = -a/b). The number of degree-days (DD)
required for complete development (the thermal constant K) was estimated by 1/b (Campbell
et al. 1974, Worner 1988, Nahrung et al. 2008).

To fit the linear model, observed developmental rates at low and high temperatures
were constrained because of the sensitivity of the slope parameter to nonlinearity. Fitting a
straight line to unconstrained data or non-linear portion of the curve could result in
unrealistic estimates (Lamb 1992, Bergant and Trdan 2006, Walgama and Zalucki 2006).
Even slight nonlinearity around the optimum temperature will result in a slope that can give
an inaccurate lower threshold and thermal constant. In this study, nonlinearity resulted in an
unrealistic low or negative lower threshold and thermal constant for each life stage. Data
were constrained to the linear portion of the curve by constraining data at low and high
temperatures to maximize the coefficient of determination R2?that is a measure of the
variability accounted for by a straight line. The coefficient of determination is also a measure

of the quality of fit of the linear regression to the data (Zar 1999).

2.3.3.2 Nonlinear modeling

Along with the lower threshold for development, the optimal and maximal

temperatures for development make up the three cardinal temperatures for the species
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(Régniere and Logan 2003). Because the optimal and maximal temperatures are useful for
modeling both insect phenology and population dynamics, two nonlinear models were fitted
to the unconstrained data to estimate these parameters. A number of nonlinear models of
developmental rate as a function of temperature have been proposed over the decades
(Stinner et al. 1974, Logan etal. 1976, Sharpe and DeMichele. 1977, Lamb 1992, Lactin et
al. 1995, Briere et al. 1999). These models involve mathematical expressions of varying
complexity but several different models have been reported in recent studies as being useful
descriptors of insect development. However preliminary testing revealed that only two
nonlinear models, the Lactin et al. (1995) and the Briere et al. (1999) were fitted with
development for all stages of TPP. Therefore, these two models were selected to estimate the
upper temperature threshold and the optimum temperature for development of TPP.
The formulae of two models are as follows:
y = ePX — glPTm~(Tm—x)/aT] 4 )

Lactin (1995)
Where x is rearing temperature (°C), p, Tm, AT, and A are fitted parameters. The optimum
temperature for development is determined by the formula: Topt = [AT*loge(AT*p)/(1-
AT*p)] + Tm (Ramalho et al. 2009)
y = ax(X — To)(Tmax-X)12

Briere (1999)
Where x is the rearing temperature (°C), a is an empirical constant, To is the lower
development threshold; Tmax is the lethal temperature threshold. The optimum temperature is
calculated by the formula: Topt = [4 Tmax + 3 To + (16 Tmax? +9To0? — 16To Tmax)*?]/10
(Briere et al. 1999, Grout and Stoltz 2007).

2.3.3.3 Criteria for model selection

The following criteria were used to assess the performance of each model. First, the
model should describe the data accurately. Therefore, the residual sum of squares (RSS),
coefficient of determination (R?) and the Akaike information criterion (AIC) were used to
evaluate the goodness of fit (Haghani et al. 2009). A good model must explicitly include
higher values of R? and smaller values of RSS (Roy et al. 2002, Kontodimas et al. 2004) and
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AIC. While the coefficient of determination R? was used to assess goodness of fit and
determine maximum linearity in linear regression, it was not used to discriminate between
models with different numbers of parameters simply because models with more parameters
will always provide a better fit (Haghani et al. 2009). Instead, the AIC, an independent
parameter (Vucetich et al. 2002), was used; defined as:
AIC =nin (SSE/n) + 2P

Where n is the number of observations and P is the number of model parameters
including the intercept, and SSE is the sum of squares for the model error term. Second, the
model should allow estimation of parameters with biological significance (Briere etal. 1999,
Roy et al. 2002, 2003, Haghani et al. 2009). The models investigated here allowed the
estimation of key biological parameters of development which are the lower temperature

threshold, the optimal temperature, and the high temperature threshold (Roy et al. 2002).

2.3.4 Statistical analysis

The effect of temperature on development time on different hosts was analyzed using
the Tukey multiple comparison procedure (Zar 1999). Model fitting and parameter estimation
were conducted using linear and nonlinear regression functions in R (R Version 2.9.2). The
optimal temperature, the lower temperature threshold, and the high temperature threshold
were numerically evaluated from the parameter estimates in those models where no

analytical values were available (Smits et al. 2003).

2.4 RESULTS

Mean developmental time of all surviving eggs, nymphs (all instars combined), and
total development (from oviposition to adult emergence) at constant temperatures on two
different host plants (tomato and potato) are shown in Table 2.1. On both plant species, the
developmental durations of all immature stages and total development decreased in relation
to temperature as it increased from 8°C to around 27°C. Thereafter the developmental times
started to increase for all stages. There were few significant differences (p < 0.05) between

the developmental duration of the different life stages of TPP when reared on potato and
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tomato at each temperature (Table 2.1). The developmental times for TPP reared on tomato
were in general longer than on potato for total development and the immature stages. For
example, at 8°C the total development of TPP reared on potato required 90.3 days while it

took 97.8 days on tomato.

Table 2.1: Mean (x SD) development time (days) for egg, nymph and total development

of B. cockerelli reared at different temperatures on potato and tomato.

Duration time in days
Egg Nymph Total (egg-adult)

Temp Potato Tomato Potato Tomato Potato Tomato

8°C 32.15+2.91Aa33.89+2.52Aa 58.15+1.07Aa 63.56+1.13Ab 90.31+2.78Aa97.78+2.59Ab
10°C 29.04+1.52Ba 29.22+3.07Ba 38.09+4.68Ba 45.33+4.23Bb 67.13+5.07Ba 74.56+3.04Bb
15°C 17.96+1.22Ca 19.3+1.91Cb 29.04+2.36Ca 32.15+1.96Cb 47.00+3.12Ca51.45+3.22Cb
20°C 7.34+1.33DFa 7.26+1.80Da 19.17+1.77Da 20.14+2.54Da 26.51+2.66Da 27.40+3.86Da
23°C 6.28+1.95EDa 7.02+1.22Db 16.85+3.03EGa 17.71+1.57Ea 23.21+2.92Ea 24.69+2.43Eb
27°C 591+1.44Ea 6.7+1.59Db 15.23+2.30EFa 15.41+1.55Fa 21.11+2.25Fa 22.08+2.54Fa
31°C 6.38+0.96EFa 6.78+1.26Da 19.13+1.26DGa19.33+1.19DEa 25.5+1.6/DEa26.11+1.7DEa

Means within the same temperature and the same insect stage followed by the same small
letter are not significantly different. Means followed by the same capital letter on the same
plant in the same column are not significantly different (P< 0.05, TukeyHSD).
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Table 2.2: Estimated parameters of development rate for describing development of B.

cockerelli reared on potato and tomato using linear and nonlinear models.

B. cockerelli reared on potato

B. cockerelli reared on tomato

Parameter Total Egg Nymph Total Egg Nymph
Linear a -0.019927 -0.085194 -0.0134082 -0.0204283 -0.06769 -0.0169813
(0.004883) (0.03274) (0.0143392) (0.0063) (0.021632) (0.0072)
b 0.002792 0.010791 0.0032194 0.0027174 0.009373 0.0032313
(0.00025) (0.001849) (0.00073) (0.00032) (0.001222) (0.00037)
To 7.1 7.9 4.2 7.5 7.2 5.3
K 358 98.1 310 368 107 309
R? 0.97 0.85 0.83 0.95 0.90 0.95
AIC -53.9 -32.06 -40.98 -50.9 -38.69 -49.24
RSS 0.000016 0.004 0.00014 0.0000267 0.00176  0.000035
Briere a 0.0000225 0.00011  0.000025 0.0000216 0.000084 0.000027
(0.0000023) (0.000025) (0.000006) (0.0000024) (0.0000155) (0.0000035)
To -2.04 4.1 -8.4 -1.54 1.74 -4.59
(1.91) (3.001) (5.9) (1.992) (2.67) (2.71)
Tmax 33.91 33.9 34.0 34.13 34.6 34.13
(0.44) (x.177) (0.89) (0.515) (1.06) (0.5578)
Topt 26.9 275 26.4 27.1 27.8 26.9
R? 0.98 0.89 0.92 0.98 0.94 0.97
AIC -126.94 -59.9 -100.22 -126.3 -74.7 -115.34
RSS 0.000053 0.0064 0.00036  0.000056  0.00223 0.0001224

(Continued on next page)
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Table 2.2 (continued)

B. cockerelli reared on potato B. cockerelli reared on tomato
Parameter Total Egg Nymph Total Egg Nymph
Lactin p 0.00214 0.008136  0.00266  0.002059 0.007811 0.0026
(0.000159) (0.001541) (0.00036) (0.000177) (0.002055) (0.000147)
Tm 40.16 37.87 38.51 40.688 43.56 36.54
(3.5476) (7.92) (5.47) (4.479) (10.76) (3.1597)
AT 2.351 2.45 2.0974 2.4233 4.463 1.4892
(0.9677) (3.05) (1.615) (1.193) (4.576) (0.8752)
A -1.00752 -1.048783 -1.00318 -1.007745  -1.044 -1.00562
(0.0023)  (0.02435) (0.0055) (0.002546) (0.0219)  (0.002398)
To 3.5 5.9 1.2 3.7 5.6 2.2
Topt 27.6 28.0 27.6 27.8 28.0 28.2
Tmax 33.6 33.9 33.2 33.8 36.4 32.7
R? 0.98 0.88 0.92 0.97 0.93 0.97
AlC -125.74 -58.46 -100.25 -123.37 -70.73 -121.42

RSS 0.00005 0.0062  0.000312 0.0000598 0.00257  0.0000687

The value in parentheses is the standard error (SE) for each parameter.

One linear and two nonlinear models were used to determine the relationship between
developmental rate and temperature. These models fitted the data of the current study well, as
evidenced by high values of R? and small values of RSS and AIC (Table 2.2). The linear
model (Figures 2.1 (a) and 2.2 (a)) was used to estimate a lower temperature threshold and
thermal constant. Table 2.2 shows the lower threshold temperatures of egg, nymph, and total
development that are 7.9, 4.2, and 7.1°C, respectively (reared on potato) and 7.2, 5.3, and
7.5°C, respectively (reared on tomato). The two nonlinear models, Briere (1999) and Lactin
(1995), were used to estimate optimum temperatures (Topt)and upper temperature threshold
(Tmax) for development of total and immature stages of TPP on the two host plants (Table
2.2). The optimal temperature and upper temperature threshold estimated by the two
nonlinear models were nearly identical (Table 2.2). However, differences were found at the

estimations of lower threshold for the three models. The Briere (1999) estimates for the

25



lower threshold were much lower than estimates from the linear and Lactin (1995) models

except for the egg stage when reared on potato (Table 2.2).
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Figure 2.1: The fit of linear and nonlinear models to development rate data of egg, total

nymph (N1-N5) and total development (egg-adult) for B. cockerelli reared on potato

leaves as a function of temperature.
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Figure 2.2: The fit of linear and nonlinear models to development rate data of egg, total

nymph (N1-N5) and total development (egg-adult) for B. cockerelli reared on tomato

leaves as a function of temperature.

There were very high mortality rates of TPP found at 8°C and 31°C on both host
plant species (Table 2.3). At 8°C, B. cockerelli could complete their life cycle but had

extremely high mortality rates; 93% when feeding on tomato and 89% when feeding on

potato.
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Table 2.3: Mortality rates (%) of B. cockerelli feeding on potato and tomato under

laboratory conditions at different temperatures.

Mortality rates (%) (Sample size n =120)
Temperatures 8°C 10°C 15°C 20°C 23°C 27°C 31°C
Potato 89 81 81 71 67 63 87
Tomato 93 78 67 64 59 58 85

2.5 DISCUSSION

The aim of this Chapter was to estimate important developmental parameters to be
used to forecast TPP population phenology in the field. High mortality was caused by the
repeated transfer of the very small psyllids to fresh plant material necessitated by the rapid
decline in plant quality at the low and high part of the temperature range. Every attempt was
made to keep mortality of TPP to a minimum. The juvenile stages are somewhat flattened
and scale-like and difficult to remove from a leaf. However, studies of development of TPP
at the optimum temperature range report mortalities very similar to what was found in this
study. For example, Yang and Liu (2009) reported 50% mortality from egg to adult for TPP
reared on eggplant at 27°C and 66% reared on bell pepper. Abdullah (2008) reported 60%
mortality for TPP reared on tomato at 26-27° C. Also, Yang et al. (2010) reported 47%
mortality on potato at 26.7° C. To my knowledge no study reports TPP mortality at
temperatures lower than 16°C. Because of the high mortality, average developmental rates of
TPP able to complete development to adult for each constant temperature were used to fit
both linear and nonlinear developmental rate curves. There was considerable variability as
well as nonlinearity in developmental rates at low (8 and 10°C) and at high temperatures (27
and 31°C) as shown in Fig. 2.1 (b, c, e, f, h, i) and 2.2 (b, c, €, f, h, i). The lower threshold for
development and the thermal constant or degree days for complete development of the target
stage are both highly sensitive to the accuracy of developmental rate measured near the
optimal temperature. In addition to this variability, high mortality atthe low and high ends of
the temperature range gave clear justification to constrain the developmental data and use

only the linear part of the developmental relationship to estimate the linear parameters (Lamb
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1992, Bergant and Trdan 2006, Walgama and Zalucki 2006). Many authors suggest that any
evaluation of the accuracy of the lower developmental threshold should be based on its
comparison with experimental results (Jalali et al. 2010, Walgama and Zalucki 2006,
Kontodimas et al. 2004). Table 2.3 shows very high mortality of TPP (89% reared on potato
and 93% reared on tomato) at 8°C in this study. While high mortality occurred partly at low
and also high temperature for the reasons discussed, both laboratory and field observation
suggested that a lower threshold of approximately 7°C is close to where development no
longer occurs. There is only one other study (Marin-Jarillo et al. 1995) that investigated
lower temperature development for TPP. This study estimated the lower temperature
threshold to be about 7°C for the complete life cycle (egg to adult) which is confirmed in this
study, although it is not clear what developmental rate model they used to estimate the lower
temperature threshold. The most favorable temperature for development and survival of TPP
reported by List (1939) is 26.6°C. The List (1939) estimate is only slightly lower than that
estimated by two nonlinear models in this study, which was 26.9°C and 27.1°C by the Briere
and 27.6°C and 27.8°C by the Lactin when reared on potato and tomato, respectively.

Some studies also use the Briere and Lactin models to estimate the lower
developmental threshold (Roy et al. 2002, Aghdam et al. 2009, Jalali et al. 2010, Sandhu et
al. 2010, Arbab and McNeill 2011) in the hope that accounting for nonlinearity will give
greater accuracy. Accounting for nonlinearity at lower temperatures is particularly valid,
especially if it is a true reflection of underlying physiological processes (Sharpe & deMichele
1977). However, a number of researchers suggest that nonlinearity in development rates may
be caused by factors other than temperature such as a genetic effect (Lamb 1992), or
differential mortality at low temperatures and/or low temperature affecting food quality
(Campbell etal. 1974, Lamb 1992). No matter whether applying a nonlinear or linear model
to estimate a lower developmental threshold, extrapolation from the observed development
rates at low temperatures tends to occur. Lamb (1992) suggested that even if any or all of the
exogenous effects discussed above are true, extrapolation of the linear curve is still likely to
give a good approximation of the average lower threshold for the population. Lamb (1992)
also suggested that it is useful for practical purposes (as opposed to theoretical purposes) to
have a single value or lower threshold point close to where development no longer occurs. In

several studies, nonlinear models have been fitted to developmental data to confirm the lower
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temperature threshold derived from a linear regression (Roy et al. 2002, Aghdam et al. 2009,
Jalali etal. 2010). In this study, the two nonlinear models, especially the Briere model, failed
to correctly estimate the lower temperature threshold for any developmental stages of TPP
giving unrealistically low and often negative values. Despite this, based on a comparison
with experimental data for evaluating the accuracy of estimating critical temperatures
suggested by Kontodimas et al. (2004), these nonlinear models were successfully used to
estimate the optimal and upper threshold temperatures. For both host plant species, the values
for Topt generated by the Lactin model were slightly higher than those estimated by the
Briere model in most cases (Table 2.2). However, the Tmax values from the Briere model
tended to be a little higher than those generated by the Lactin model except for egg stage
reared on tomato (Tmax estimated by Lactin and Briere models were 36.4 and 34.6
respectively). Overall, the Briere model fitted the data slightly better with more negative AIC
values (Anderson 2008, p.60), lower RSS for most life stages of TPP, and a higher or equal
R2 compared with the Lactin model (Table 2.2). In conclusion, 1 suggest that the best
approach is to use the linear model to estimate the lower temperature thresholds and the
Briere model to estimate optimal and upper development parameters for the development of
TPP.

While it is possible to use a daily nonlinear developmental rate relationship to predict
TPP phenology, a more complex nonlinear model needs hourly temperatures for accurate
developmental rate accumulation. Hourly temperatures will not often be available to model
TPP phenology and it is difficult to judge whether an hourly nonlinear model would give any
advantage over a simple linear or degree day model when used for forecasting. Any error
associated with parameter estimates of a nonlinear model and/or the climate data used will
quickly accumulate (Worner 1988).

The mathematical description of the developmental rate of B. cockerelli reared on
potato and tomato in this thesis can underpin further research on population dynamics of this
pest species, but more importantly, the parameters can be used to estimate and predict the
progression of TPP populations in the field in relation to site-specific temperature profiles
such that more precise timing predictions can be made for pest management. For example,
such predictions could help optimize control decisions by identifying when TPP might be

expected to exceed an economic threshold at a particular location or when the maximal
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population of TPP is likely to be present. Indeed, as field data are collected, those data will

be used to validate and refine the models developed in this Chapter.
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Chapter 3: Life table parameters of tomato-potato psyllid (Bactericera cockerelli)

(Hemiptera: Triozidae), feeding on potato under laboratory conditions

3.1 ABSTRACT

The lifecycle of the tomato-potato psyllid (TPP), Bactericera cockerelli, was
evaluated on potato plants in the laboratory at 25+1°C, 50-60% RH, and at a photoperiod of
16:8(L: D) h at the Lincoln University, New Zealand, during June-September, 2010. The
mean pre-oviposition period was 7.87+1.35 days, and the mean oviposition period was
43.6+£14.97 days. The mean developmental period for the egg stage was 6.08+1.21 days, and
for the nymph period was 16.94+1.35 days. The mean of total developmental period was
23.02+1.67 days. The survival of eggs, nymphal stage and total development (all stages) was
71, 51, and 48%, respectively. Female mean fecundity was 388.07+£78.9 eggs per female.
Adult longevity for male and female was 34.13+£11.31 and 51.47+15.36 days, respectively.
The sex ratio was 0.52M: 0.48F. Gross reproduction (3> mx = 186.272), intrinsic rate of
increase (rm = 0.098), net reproductive rate (Ro = 73.202), mean generation time (T =43.821
days), doubling time (DT = 7.075 days), and finite rate of increase (A = 1.103) were
estimated from the laboratory data. These data together with environmental data can be used

as basis for simulation models to explore potential control methods in the field.

3.2 INTRODUCTION

The tomato-potato psyllid (TPP), Bactericera cockerelli, is a polyphagous, phloem-
feeding insect pest that is a pest of economically detrimental to cultivated solanaceous crops
in the United States, Mexico, and New Zealand (Yang and Liu 2009, Teulon et al. 2009).
This insect pest is an economically important crop pest that not only causes damage through
its feeding but also transmits the bacterium, Candidatus Liberibacter solanacearum, which
causes zebra chip disease in potato (Punya et al. 2012). The potato, Solanum tuberosum L.
(Solanaceae), is one of the most important crops for human nutrition worldwide and is a

healthy source of carbohydrates, high-quality protein, essential vitamins, minerals, and trace
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elements (Golizadeh and Razmjou 2010) and therefore pest damage to potato crops is
considered to be a serious problem.

A thorough understanding of the population dynamics of any pest insect requires the
construction of life tables (Harcourt 1969). To construct a life table, the mortality during and
between the different ages (stages) is determined, which then permits the derivation of
survivorship curves (Norris et al. 2003). Therefore, the life table of an insect pest can be used
to predict possible rates of population change, and can aid in identification of key mortality
factors operating at different ages (stages) in the life cycle.

A life table is a record of survival and reproductive rates in a population, broken
down by age, size, or developmental stage. Life tables provide comprehensive descriptions of
age-specific survival rate and fecundity of insect populations (Zied et al. 2003). As such, a
life table is a useful tool to understand patterns and causes of mortality, predicting the future
growth or decline of populations, and managing populations of pest insects such as TPP. This
tool can provide very important demographic parameters (Maia et al. 2000) such as for every
interval of age (x), the number of deaths (dx), the survivors remaining (Ix), the rate of
mortality (gx), and the expectation of further life (ex). The applications of demographic
studies allow analysis of population stability and structure and can help predict outbreak in
pest species and examine the dynamics of colonizing or invading species (Vargas et al.
1997). Such knowledge is important for the design of effective integrated pest management
programs. In addition, Carey (1993) suggested that demographic information is useful for
constructing population models to understand the dynamics of biological invasions and the
spread of parasites, viruses, and diseases.

There have been some previous studies to establish life table parameters of TPP. For
example, the life history of TPP has been studied in the laboratory and in the field for tomato
(Abdullah 2008, Mandriz et al. 2011), eggplant and bell peppers (Yang and Liu 2009) and
potatoes (Yang et al. 2010). However, the biology and life history of this insect pest on
different varieties of plant species and at different temperatures is poorly documented.
Because of this, and as part of a series of studies of TPP, the aim of this Chapter was to
measure life table parameters of TPP feeding on Agria potatoes under laboratory conditions
at a temperature close to the optimum temperature. Conducting the trial at close to optimum

temperature ensures that measured population parameters should give values close to their
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maximum, thus allowing for consideration of worst case scenarios with respect to pest
management. Because of technical constraints, an exact optimum temperature had not been
derived from developmental data described in Chapter 2. A temperature of 25 £1°C was
chosen as close to optimum temperature based on initial assessment of the developmental
data in Chapter 2. Note that there has been no change to the original estimate of an optimum
temperature of 26.7°C determined by List (1939) despite using tomato as a host and only for
nymphal development.

3.3 MATERIAL AND METHODS

3.3.1 Construction of life table

Potato (Agria) plants used in this study were grown from seed tubers. These plants, 1-
2 months old and 20-30 cm in height, were used individually (one plant per pot) in all
experiments. These potato plants were infested with psyllids by introducing adults to caged
(50W x 45L x 60H cm) plants in a controlled temperature (CT) room (25 +1°C, RH 50- 60%,
and 16:8 h light: dark) at Lincoln University, New Zealand, during June - September, 2010.
After oviposition for 24 hours, plants with more than 25 TPP eggs were selected for the
experiment. On each plant the number of eggs was reduced to 25. Four plants with 25 eggs
were placed in another cage in a constant temperature room. Therefore there were a total of
one hundred newly laid eggs (< 24h old) and these were used to determine the duration and
survival of different life stages. The survival of eggs, nymphs, and adults were recorded
daily. Nymphal stages were distinguished as described in Chapter 2.

Cup cages (made from 1.0-liter clear, plastic cups with ventilation and a 10 x 40 mm
access hole) were used to determine TPP fecundity following the method of Yang (2009).
Newly emerged psyllids (< 2h old) were collected and sexed as described by Knowlton and
Janes (1931). One individual pair (male and female) was introduced into a cup cage with a
fresh potato leaf. The leaf was kept fresh by using wet cotton wool tied to the petiole by
plastic wrap. Leaves were removed and replaced daily and the eggs on each removed leaf

were counted under a microscope. A total of 15 male-female pairs were monitored daily until

34



all psyllids died. Life tables and fecundity schedules were constructed, from which

population growth parameters were calculated.

3.3.2 Life table parameters and data analysis

Data analysis was carried out following the method by Birch (1948) and Southwood
(1978). Life tables were constructed using the following parameters:
X: the pivotal age for the age class in units of time (days)
Ix: the number of surviving individuals atthe beginning of age class x.
Lx: the number of individuals living between ages x and x+1
dx: the number of individuals dying during the age interval x; dy= ly-l,+1
100qx: percent apparent mortality; gx=d/lx
Sx:survival rate during a stage; Sy= (lx1)/ ()
Tx: total number of age x units beyond the age x; This is the sum of numbers in the L(x) column from
age x to the last row in the table.
ex: life expectancy for individuals of age x
My : age-specific fertility, the number of living females born per female in each interval class
Ro: net reproductive rate (in days). This is equal to the sum of the I,m, products, or R,=} I,m,
T: Cohort generation time (in days), approximated by T= Y x l,m,/>. 1,m, (time between the birth of
the parents to that of their progeny)
Im: The intrinsic rate of natural increase, calculated by, r,, = n(R,)/T
DT: Doubling time (in days), the number of days required by a population to double, calculated by,
DT =In(2)/r,
A: The finite capacity of increase, calculated by, A= e

After rm was computed for the original data (ran), the jackknife method (Meyer et al.
1986) was applied to estimate the variance for rm and other population parameters. The
jackknife method removes one observation from the original data set and recalculates the
statistic of interest from the truncated data set. These new estimates, or pseudo-values, form a
set of numbers from which mean values and variances can be calculated and compared
statistically (Maia et al. 2000). The steps for the application of the method are the following:

Fm(j) = M*Tail = (N-1)*Tm()
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Where n is the number of replications (n=15), and rmgj is the intrinsic rate of n-1
females. Algorithms for jackknife estimation of the means and variances were described only
for rm. Similar procedures were used for the other parameters (Ro, A, T and DT). All
calculations were carried out using Microsoft Office Excel 2003 and R software (R version
2.9.2).

3.4 RESULTS

From the 100 eggs at the beginning of the life table study, 71 eggs hatched
successfully. TPP has 5 nymphal instars before becoming an adult. Forty-eight individuals
from the original 71 survived to become adults (Table 3.1, Fig. 3.1). The life table showed
that relatively high mortality occurred during the egg and the first instar stages when
compared to other instars. This level of survivorship, 59 out of 100 (Table 3.1), is typical of
insect species (Begon and Mortimer 1981, Win et al. 2011) where there is high mortality in
the early stages. The age specific survival (Ix) and age specific fecundity (mx) of TPP are
presented in Fig. 3.1 and Fig. 3.2.
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Table 3.1: Pooled life table values for TPP fed on potato under laboratory conditions at

25+1°C, 60% RH, and 16:8 (L: D) h.

Stage x Ix Lx dx 1000« Sx Tx ex
Egg 100 85.5 29 29 71 391 3.91

Instar 1 71 65 12 16.9 83.1 305.5 4.30

Instar 2 59 58 2 3.4 96.6 240.5 4.08

Instar 3 57 55.5 3 5.3 94.7 182.5 3.20

Instar 4 54 53 2 3.7 96.3 127 2.35

Instar 5 52 50 4 7.7 92.3 74 1.42
Adult 48 24

*x: developmental stage; Ix: number of entering stage; Lx: number alive between age x and

x+1; dx: number dying in stage x; 100gx: percent apparent mortality, Sx: survival rate within
stage, Tx: total number of age x units beyond the age X, ex: life expectancy.

The means for developmental periods for each developmental stage, the longevities
for male and female adults, the pre-oviposition period, oviposition period, and female

fecundity of TPP are given in Table 3.2. The pre-oviposition period was 7.87 days with a

range of 6-11 days. The oviposition period was 43.60 ranging from 19-80 days. The total

developmental period for the pre-adult stages was 23.02 days, whereas adults lived as long as

51.47 days, and 34.13 days for female and male respectively.
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Figure 3.1: Age specific survivorship (Ix) of TPP fed on potato under laboratory
conditions at 25+1°C, 60% RH, and 16:8 (L: D) h.
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Figure 3.2: Age specific fecundity (mx) of TPP fed on potato under laboratory
conditions at 25+1°C, 60% RH, and 16:8 h (L: D).

The population growth parameters of TPP are given in Table 3.3. The intrinsic rate of
increase (rm) of TPP was 0.098, the net reproductive rate (Ro) was 73.202 offspring, the
finite rate of increase (A) was 1.103, the generation time (T) was 43.821 days, the doubling
time (DT) was 7.075 days, and the gross reproductive rate (Xmx) was 186.272 offspring. The
sex ratio of the psyllids that made it to adulthood (n=48) was 0.48F:0.52M. A mean maximal
daily fecundity of 21.7 eggs was observed for one female (Table 3.4). For the total life span,
a maximal fecundity of 576 eggs was recorded for a single female. The mean female
fecundity of TPP was 388.07 eggs per female.
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Table 3.2: Developmental time, adult longevity, pre-oviposition period, and oviposition

period in days of TPP fed on potato under laboratory conditions at 25+1 °C, 60% RH,

and 16:8 (L:D) h (Sex ratio: 48%F: 52%M).

Parameter Stage n Mean SE
Developmental time (days) Egg 71 6.08 1.21
First instar 59 3.44 0.50

Second instar 57 2.68 0.46

Third instar 54 2.76 0.43

Fourth instar 52 2.77 0.42

Fifth instar 51 5.27 0.45

Total development 48  23.02 1.67

Adult longevity (days) Male 25 34.13 11.31
Female 23 5147 15.36

Pre-oviposition period (days) Female 23 7.87 1.35
Oviposition period (days) Female 23  43.60 14.97
Fecundity (eggs/female) Female 23  388.07 78.9
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Table 3.3: Life table parameters of TPP fed on potato under laboratory conditions (25

+1°C, RH 50 - 60%, and 16:8 h light: dark).

Parameters Unit True Jackknife
calculation estimate
Gross reproduction (Y mx) 186.272
Intrinsic rate of increase 1/day 0.098 0.098 + 0.0012
(rm)

Net reproductive rate (Ro)  Females/Generation 73.202 73.207 £ 4.5539
Mean generation time (T) days 43.821 43.839 £ 0.4442
Doubling time (DT) days 7.075 7.074 £ 0.0874
Finite rate of increase (L) 1/day 1.103 1.104 £ 0.0013

Table 3.4: Life table (for females) and age-specific fecundity of TPP feeding on potato.

Egg per
X (days) Ix female My Ixmy Xlxmy
1-27 0.48
28 0.48 0.866667 0.416 0.19968 5.59104
29 0.48 2.066667 0.992 0.47616 13.80864
30 0.48 3.866667 1.856 0.89088 26.7264
31 0.48 7.933333 3.808 1.82784 56.66304
32 0.48 12.4 5.952 2.85696 91.42272
33 0.48 12.2 5.856 2.81088 92.75904

(Continued on next page)
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Table 3.4 (continued)

Egg per
X (days) Ix female My Ixmy Xlxmy

34 0.48 10.66667 5.12 2.4576 83.5584
35 0.48 13.53333 6.496 3.11808 109.1328
36 0.48 11.13333 5.344 2.56512 92.34432
37 0.48 16.2 7.776 3.73248 138.1018
38 0.48 19.73333 9.472 4.54656 172.7693
39 0.464 21.66667 10.4 4.8256 188.1984
40 0.464 15.13333 7.264 3.370496 134.8198
41 0.464 14.06667 6.752 3.132928 128.45

42 0.464 13 6.24 2.89536 121.6051
43 0.464 10.73333 5.152 2.390528 102.7927
44 0.464 11.4 5.472 2.539008 111.7164
45 0.432 12.46667 5.984 2.585088 116.329
46 0.432 13.13333 6.304 2.723328 125.2731
47 0.432 9.8 4.704 2.032128 95.51002
48 0.384 10.46667 5.024 1.929216 92.60237
49 0.384 9.866667 4.736 1.818624 89.11258
50 0.384 8.6 4.128 1.585152 79.2576
51 0.384 7.2 3.456 1.327104 67.6823
52 0.384 6.4 3.072 1.179648 61.3417
53 0.384 7.2 3.456 1.327104 70.33651
54 0.368 7.066667 3.392 1.248256 67.40582
55 0.368 5.333333 2.56 0.94208 51.8144
56 0.352 6.2 2.976 1.047552 58.66291
57 0.336 5.8 2.784 0.935424 53.31917
58 0.32 6 2.88 0.9216 53.4528
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Table 3.4 (continued)

(Continued on next page)

Egg per

X (days) Ix female My Ix My Xlxmy
59 0.32 4.333333 2.08 0.6656 39.2704
60 0.304 6.066667 2.912 0.885248 53.11488
61 0.304 6.2 2.976 0.904704 55.18694
62 0.272 5.2 2.496 0.678912 42.09254
63 0.256 3.666667 1.76 0.45056 28.38528
64 0.224 3.333333 1.6 0.3584 22.9376
65 0.208 3.866667 1.856 0.386048 25.09312
66 0.192 3.133333 1.504 0.288768 19.05869
67 0.176 2.866667 1.376 0.242176 16.22579
68 0.144 3.333333 1.6 0.2304 15.6672
69 0.144 2.6 1.248 0.179712 12.40013
70 0.144 3.8 1.824 0.262656 18.38592
71 0.144 3.6 1.728 0.248832 17.66707
72 0.144 3.533333 1.696 0.244224 17.58413
73 0.144 2.866667 1.376 0.198144 14.46451
74 0.128 3 1.44 0.18432 13.63968
75 0.128 1.333333 0.64 0.08192 6.144
76 0.112 1.333333 0.64 0.07168 5.44768
77 0.112 1.333333 0.64 0.07168 5.51936
78 0.112 1.2 0.576 0.064512 5.031936
79 0.112 0.866667 0.416 0.046592 3.680768
80 0.112 1.133333 0.544 0.060928 4.87424
81 0.096 0.466667 0.224 0.021504 1.741824
82 0.08 1 0.48 0.0384 3.1488

(Continued on next page)
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Table 3.4 (continued)

Egg per
X (days) Ix female My Ix My Xlxmy

83 0.064 0.6 0.288 0.018432 1.529856
84 0.032 0.066667 0.032 0.001024 0.086016
85 0.032 1.4 0.672 0.021504 1.82784
86 0.032 0.333333 0.16 0.00512 0.44032
87 0.032 0.866667 0.416 0.013312 1.158144
88 0.032 1 0.48 0.01536 1.35168
89 0.032 0.533333 0.256 0.008192 0.729088
90 0.032 0.4 0.192 0.006144 0.55296
91 0.032 0.4 0.192 0.006144 0.559104
92 0.016 0 0 0 0
93 0.016 0 0 0 0
94 0.016 0.266667 0.128 0.002048 0.192512

Total 186.272 73.20166 3207.75

3.5 DISCUSSION

Life table parameters, including survival rates, development, and reproductive rates

are clearly different for different temperatures and for different host plants. In previous

studies, life tables for TPP have been conducted on potato at 26.7°C (Yang et al. 2010); on

tomato at 26-27°C by Abdullah (2008) and in a greenhouse by Mandriz et al. (2011); and on
eggplant and bell pepper at 26.7°C (Yang and Liu 2009). Except for the study by Mandriz et

al. (2011), all studies of the life history of TPP were conducted under what is considered to

be the optimum temperature (26.7°C) determined by List (1939) and confirmed in Chapter 2.
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The life table in my study was conducted on potato at 25°C that was lower than optimum
temperature by nearly 2°C.

In this chapter experiment, the total developmental time of TPP (23.02 days reared on
potato at 25°C) was 3.4 days longer compared with (19.6 days reared on potato at 26.7°C) the
results of Yang et al. (2010), and 1.91 days longer compared with (21.11 days reared on
potato at 27°C) the results of Tran et al. (2012). Conversely, the adult longevity (male 34.13
days, female 51.47 days) in here was shorter than that (male 35.3 days, female 62.1 days)
reported by Yang et al. (2010). Consequently, TPP had a lower intrinsic rate of increase
(0.098) in my study compared with (0.1966) found by Yang et al. (2010). The higher
intrinsic rate of increase reported by Yang et al. (2010) was probably due to the faster
development of immature stages (shorter generation time), higher survivorship and higher
fecundity rate at the higher experimental temperature (Table 3.5). This suggested that 25°C is
not the optimal temperature for TPP. In contrast, the pre-oviposition period, and oviposition
period in my study were similar when compared with that reported by Yang et al. (2010)
(Table 3.5).

The reported total development time (egg-adult) for TPP on potato of 19.6 days
(Yang et al. 2010) is 4.5, 6.6, and 8.8 days shorter than that on bell pepper, eggplant (Yang
and Liu 2009), and tomato (Abdullad 2008), respectively, indicating that potato is a better
host plant for TPP than bell pepper, eggplant, and tomato with respect to developmental time
(Table 3.5). My study also showed that the fecundity of TPP (Table 3.5) on potato was
higher than that on eggplant (Yang and Liu 2009), and tomato (Abdullad 2008) but lower
than that on bell pepper (Yang and Liu 2009). The intrinsic rate of increase (rm) and net
reproductive rate (Ro) on my study were slightly higher than that on bell pepper (Yang and
Liu 2009), and tomato (Madriz et al. 2011) but lower than that on eggplant (Yang and Liu
2009). In addition, my study had a mean generation time of TPP higher than that on eggplant
but lower on bell pepper and tomato. These indicated that along with a greater intrinsic rate
of increase (rm) is a shorter generation time and vice versa. These results agree with to those
reported on the life table of TPP by Madriz etal. (2011).
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Table 3.5: Summary of some studies related to life history of TPP.

Abdullad Yang and Liu 2009 (at  Yang et Mystudy  Tran et al. 2012
2008 (at 26.7°C) al. 2010  (at 25°C) (at 27°C)
26-27°C) Eggplant Bell (at Potato Potato  Tomato
Tomato pepper 26.7°C)
Potato
Total 28.4 24.1 26.2 19.6 23.02 21.11 22.08
development
time (days)
Fecundity 231.8 338 403 399.7 388.1
(eggs/female)
Pre- 6.9 8.8 8.0 8.4 7.9
oviposition
period (days)
Oviposition 53 47 43.9 43.6
period (days)
Intrinsic rate 0.1099 0.088 0.1966 0.098
of increase
(rm)
Net 84.51 59 102.86 73.2
reproductive
rate (Ro)
Mortality (%) 37.7 (egg) 15.4(egg)  15.1 (egg) 46.8 29 (ego)
52.7 39.9 (1%) 57.2 (1%) (total) 41 (1%
(nymphs) 42.2 (2" 61.1 (29 43 (29
59.4 43.8 (3'9) 63.4 (3" 46 (39
(total) 44.7 (4th) 65.2 (4th) 48 (4t)
45.7 (5t 65.2 (5t) 49 (5t)
49.8 (total) 65.4 52 (total)
(total)

In this study higher mortality of TPP occurred during the egg stage and nymphal

stage 1 than other stages (Table 3.1 and Fig. 3.1). There were relatively few deaths during the

adult stage. These data were similar to the trends described in previous studies (Davis 1937,

Liu et al. 2006; Yang and Liu 2009; Madriz et al. 2011) who reported most nymphal

mortality of TPP occurred during the egg stage and early nymphal stages. The mean net

reproductive rate (Ro) of TPP was 73.2. However, | cannot compare this parameter with

other studies as the comparison of two or more populations by their net reproductive rate
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(Ro) can be misleading unless the mean lengths of the generation time are the same (Birch
1948). The same net reproductive rate (Ro) may occur in two or more populations, but their
intrinsic rates of increase may be quite different because of different generation times
(Satpute et al. 2005).

The differences in the estimated life table parameters of TPP observed in this study
compared with others discussed above are clearly due to differences in temperatures and host
plants. It is well known that temperature is the most important factor which influences the
development and reproduction of insects resulting in variable fecundity, development period,
survival rates, and life expectancy (Schowalter 2006, Siswanto et al. 2008). Host plant is also
an important factor that influences the development, survival, reproduction and life table
parameters of insects (Varley and Gradwell 1970, Greenberg et al. 2001, Hansen et al. 2004,
Liu et al. 2004). For example, Greenberg et al. (2011) reported that performance of
Spodoptera exigua (Lepidoptera: Noctuidae) was best on pigweed, worst on cabbage, and
intermediate on cotton, pepper, and sunflower. In addition, descriptions of clutch size and
number of clutches (lifetime fecundity) vary widely among studies, caused in part by diet
quality, varying temperatures and photoperiods, or differences among experimental
populations (Drankin et al. 1995, Lemos et al. 2003).

Understanding the variations of TPP population response to different host plants and
different temperatures could have useful implications for its management. In addition,
determination of life table parameters and their variation allows us to estimate maximal
responses to estimate their biotic potential under specific conditions. These data together
with environmental data can be used as basis for simulation models to explore potential
control methods in the field. In addition, a simulation model developed in such a manner
could be coupled with predator population dynamics models to develop TPP management

strategies involving biological control programs in crops.

47



Chapter 4  Functional response of Oriusvicinus (Heteroptera: Miridae), on tomato-
potato psyllid, Bactericera cockerelli (Sulc.) (Hemiptera: Triozidae) and
prey preference between tomato-potato psyllid and western flower thrips,

Frankliniella occidentalis (Pergande) (Thysanoptera: Thripidae)

4.1 ABSTRACT

Orius vicinus (Ribaut) has been reported to feed on red spider mite, leafhopper, and
thrips and is now being investigated for biological control programs for some pests in New
Zealand. The functional responses of the adult stage of the predatory bug, O. vicinus feeding
on egg, nymphal instars 1, 2, 3, 4, and 5 of the tomato-potato psyllid (TPP), Bactericera
cockerelli (Sulc.) were determined. Experiments were also conducted to determine the prey
preferences of this predatory bug between two prey species: TPP (nymphal instars 1 and 2)
and western flower thrips (Frankliniella occidentalis (Pergande)) (nymphal instars 1 and 2).
Predation experiments were conducted under laboratory conditions of 25+1°C, 60% RH and
16:8 h (L: D). Prey densities of 2, 4, 8, 16, and 32 individuals were offered to the predator
comprising ten replicates at each density. The functional response was determined using
logistic regression. The parameters of the functional response, searching efficiency (a) and
handling time (Th) were estimated by non-linear regression. The resulting data were well
described by both Type I and Il functional response models for prey eggs and first and
second instar nymphs, and Type Il for 319, 4th and 5t" instar nymphs of TPP. O. vicinus had a
slight preference for thrips compared to the psyllid at high densities of prey combinations.

4.2 INTRODUCTION
The tomato-potato psyllid (TPP), Bactericera cockerelli (Sulc) (Hemiptera:
Triozidae), is a polyphagous, phloem-feeding insect pest that is causing considerable

economic impact to cultivated solanaceous crops in the United States, Mexico, and, more

recently, in New Zealand (Liu and Trumble 2006, Munyaneza et al. 2007a,b, Teulon et al.
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2009, Yang and Liu 2009). This pest is a newly invasive pest species of vegetable and fruit
crops especially potato, tomato, capsicum and tamarillos (Solanum betaceum) in New
Zealand (Teulon et al. 2009). The tomato-potato psyllid is thought to have originated in
North America, where it is found in the United States west of the Mississippi, and southern
areas of the Canadian provinces of British Columbia, Alberta, and Saskatchewan (Wallis
1951), and also in glasshouses in Ontario (Ferguson and Shipp 2002) and Mexico. In recent
years, B. cockerelli has directly or indirectly caused serious yield losses in potato, tomato,
and pepper production in western North America (Liu and Trumble 2006, Munyaneza et al.
2007a,b, Gao et al. 2009). In addition, Zebra chip, a new and serious disease of potatoes
vectored by TPP, has caused millions of dollars in losses to the potato industry in the United
States, Mexico, Central America, and New Zealand (Munyaneza 2012). Management of this
pest is difficult because there is an increasing trend for TPP to become resistant to
insecticides at least in parts of North America (Liu and Trumble 2007) and there is concern
that the same will happen in New Zealand (Walker et al. 2012). Therefore, biological control
is a potential option for control of TPP to be integrated with other management practices
including insecticides.

Orius vicinus occurs widely in Europe. It has been recorded from eastern Turkey and
Tadzhikistan, and may also be found in northern Africa. It is not known how the species
became established in New Zealand (Lariviere and Wearing 1994). O. vicinus is a general
predator with prey species reported including bark lice, psyllids, thrips, aphids, and
leafhoppers (Lewis and Lattin 2010). Because psyllids are one of the prey of O. vicinus
(Lariviere and Wearing 1994), the functional response of this predator feeding on various
nymphal stages of TPP under laboratory condition, were determined.

Ecologists have focused extensively on functional and numerical responses of
predators as a means of assessing the impact of a natural enemy on a prey population
(Sabaghi etal. 2012). The functional response relates to the change in the predation rate with
changing prey density whereas numerical responses of the predator can be expressed in terms
of a progressive change in the number of the predator progeny in relation to increasing prey
density (Solomon 1949). A predator’s functional response to prey density plays a
fundamental role in successful biological control programs (Holling 1966; Hassell 1978;

Fathi and Ganbalani 2009). Determination of the relationship between the average number of
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prey consumed by each predator and the density of prey in a certain area is essential to judge
the efficiency of the biocontrol agent. Therefore, determining the effects of predation on a
prey population is most commonly done through the analysis of a predator’s functional
response (Huffaker and Messenger 1976, Jalalizand et al. 2011). The functional response can
be categorized into three types according to the shape of the predator consumption vs prey
density curve (Holling 1959, 1966). Most invertebrate predators demonstrate a Type Il
response, whereas the Type Ill is exhibited by both vertebrate and invertebrate predators
(Riechert and Lockley 1984). The Type Il response is supposed to be the only one that is
capable of potentially regulating a prey population (Fernandez- Arhex and Corley 2003).
However, that depends on the numerical response of the predator such that certain predators
with a Type Il response have been shown to successfully regulate a prey population. An
example of a Type Il response that results in a successful biological control is the functional
response of Trioxys complanatus feeding on Therioaphis trifolii (Hughes etal. 1992,
Fernandez- Arhex and Corley 2003). Scientists often make an initial determination of the
potential of a natural enemy by using functional response studies on individual predators
feeding on asingle patch of prey species (Flinn et al. 1985, De Clercq et al. 1998, Wells and
McPherson 1999, Lester et al. 2000, Lester and Harmsen 2002, Stewart et al. 2002,
Nachappa et al. 2006).

A number of the species in the prey range of O. vicinus are likely to coexist in crops
such as aphids and thrips. Thus, the ability of O. vicinus to prey on other pests (aphids or
thrips) may reduce the predation pressure on the target pest (TPP) intended to be controlled.
Prey preference of a predator is defined as a disproportionate attack rate on one prey species,
when more than one prey species is available (Cock 1978, Sherrat and Harvey 1993). The
prey preference of one predator is assessed by providing predators a choice of prey over a
relatively short time interval (Toft 1995, Meyling et al. 2003, Legaspi et al. 2006). This prey
preference implies an ability to distinguish between different types of prey and to choose to
take one rather than the other. Knowledge of the prey preference may help to improve the
understanding of the foraging behaviour of insect predators, which is considered to be central
to insect ecological studies (Fellowes et al. 2005). As the prey preference of a predator
directly affects the control efficiency of its various prey (Xu and Enkegaard 2009), and

western flower thrips are often found in glasshouse and are pests on the same crops as TPP
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(capsicum and tomato), the preference of O. vicinus for psyllid and western flower thrips at
various densities, was examined.

The specific objectives of this Chapter were to, 1) determine the functional response,
handling time, and attack coefficient of O. vicinus predation on B. cockerelli when prey items
were offered alone (single-prey) at different densities, and, 2) determine the feeding

preference of O. vicinus on psyllid and thrips.

4.3 MATERIAL AND METHODS

4.3.1 Insect cultures

All TPP were reared on potted tomato (Yates ‘Moneymaker’) or potato seedlings
(“Agria’) in cages in a controlled temperature (CT) room (25 £1°C, RH 60%, and 16:8 h
light: dark). The rearing cages (50W x 45L x 60H cm) had a door-like front panel that
provided a single access point to water plants and to get access to the insects. The panel
comprised a fine mesh polyester netting to provide ventilation.

O. vicinus were supplied by BioForce (Drury), a New Zealand company that rears
biological control agents (bioforce.net.nz). These predators were maintained in cages in a
controlled temperature (CT) room (25 £1°C, RH 60%, and 16:8 h light: dark). The predators
were fed with various stages of TPP reared on potato plants. To reduce the behavioural
adaptation of this predator to TPP, predators were used as soon as possible (3-5 days) after
receiving them from the supplier. All O. vicinus using in this study were adults of both sexes.

Western flower thrips (Frankliniella occidentalis (Pergande)) (nymphal instars 1 and
2) were supplied by Plant & Food Research, Lincoln, New Zealand. These thrips were
originally collected from capsicum in commercial greenhouses in Auckland. Thrips were
maintained on potted flowering chrysanthemums, Dendranthema grandiflora at Lincoln,
Canterbury. The plants used for the colony are held in two temperature-controlled perspex
boxes (six plants per box) with a temperature maintained at 25+1°C under a 16:8 h light: dark
cycle. A fresh uninfected plant was placed in each box every 3 days and the oldest plant was

removed at the same time.
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4.3.2 Experiments

4.3.2.1 Functional response of O.vicinusto TPP

The experiments were performed in the same laboratory conditions used for rearing
the predator and the TPP culture. Five densities (2, 4, 8, 16, and 32) of TPP eggs, nymphal
instars 1 and 2, nymphal instars 3 and 4, and nymphal instar 5 were randomly selected and
tested. Each adult O. vicinus (5-10 days old) was tested once only, and then discarded. For
each density, TPP were arranged evenly on the upper surface of a potato leaf then placed in
an experimental arena comprising ten 9 cm diameter Petri dishes fitted with mesh lids. The
Orius predators were starved for 24h and added singly to each Petri dish with different prey
densities and different prey stages. After 24h each predator was withdrawn from the Petri
dish and the unconsumed preys were counted. Each treatment density had 10 replicates (i.e.

10 individual O. vicinus tested at each density) and five controls without predators.

4.3.2.2 Prey preference of O. vicinus

The experiments were performed in the same laboratory conditions used for
experiments of functional response. Four density combinations of TPP (nymphal stages 1-2,
and thrips (nymphal stages 1-2) at density ratios of 4:4, 8:8, 16:16, and 32:32 were prepared.
Each adult O. vicinus (5-10 days old) was used once and then discarded. TPP and thrips were
arranged on a potato leaf in a plastic cylinder (8 cm diameter, 9 cm high). The lower surface
of the cylinder was sealed with fine mesh (for ventilation) and the upper surface of the
cylinder was covered by parafilm. The predators were starved for 24h and added singly to a
cylinder with a different prey density combination. After 24h, predators were withdrawn
from each cylinder and any unconsumed prey was counted. Each density combination had 15

replicates and four controls without predators.

4.3.3 Data analysis

4.3.3.1 Functional response of O.vicinusto TPP
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Parameters for the Type | functional response were estimated using linear regression
(Holling 1959). As mentioned by some authors (Trexler et al. 1988, Casas and Hulliger
1994, Pervez and Omkar 2005), Type Il and Type Il functional responses are usually
difficult to discriminate. A logistic regression model (1) was used to determine the shape of
each predator-prey functional response curve by considering the proportion of prey attacked
(N a/N o) as a function of the density of prey offered (N o) (Juliano 2001). The data were
fitted to a polynomial function that describes the relationship between Na/N o and N o:

N, exp(L, + LN, +L,N2 +L,N?)

N, 1+exp(L, + LN, +L,NZ+L,N3'

0

(1)

Where L o,L 1,L 2,and L 3 represent the intercept, linear, quadratic, and cubic coefficients,
respectively, as estimated using maximum likelihood tests (R version 2.9.2). If L 1 >0 and
L2 <0, then the proportion of prey consumed is assumed to be positively density dependent,
thus describing a Type Il functional response. Conversely, if L 1 <0, the proportion of prey
consumed declines linearly with the initial number of prey offered, thus describing a Type Il
functional response (Juliano 2001).

The Holling “disc equation” (2) (Holling 1959) for Type Il response and the Hassell
equation (3) (Hassell 1978) for Type 111 response were also used to estimate handling time
Th (the time spent pursuing, subduing, and consuming each prey item) and attack coefficients
a (the rate at which the predator encounters prey items per unit of prey density)
Na=(@TNoP)/(1+aThNo), (2)

Na = No{l-exp[(d+bNo)(ThNe — T)/(1+cNo)]}, (3)

Where T is the total experimental time (here T=24 h) and P is the predator density (here
P=1), and b, c, and d are constants of the function that relates a and No in a Type IlI
functional responses: a = (d+bNo)/(1+cNo). Parameters were obtained by fitting the models

to observed data using nonlinear least square regression in R (R Version 2.9.2).

4.3.3.2 Prey preference
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Predator preference was calculated using Manly’s preference index (Manly 1974).
The sum of Manly’s P for all prey species is 1 and prey species with large values of Manly’s

B indicates preference for that species.

e
loa(L
Og(Al)

B =
el eZ
|09(E) + |09(?)

2
Where B is the preference to prey Type I (here thrips), e1and ez are the number of prey of
Type I and Il (here TPP) remaining after the experiment, and A1 and A are the number of
prey Type | and Il presented to the predator. If the preference index is close to 1, the predator
prefers Type | prey, if close to O, it prefers Type Il prey. Anindex value close to 0.5 indicates
no preference. In addition, the significant difference of the prey consumed by the predator
between thrips and TPP was compared using the Tukey comparison procedure in R (R
Version 2.9.2).

4.4 RESULTS
4.4.1 Functional response

Predation data for various stages of B. cockerelli consumed by adults of O. vicinus are
presented in Table 4.1. The number of prey at different stages consumed by the predator
decreased significantly as prey increased size from egg to nymph 5 at high prey densities

offered (16 and 32). The number of prey consumed by the predator was negatively correlated

with the prey densities offered.
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Table 4.1: Mean number + SD of different stages of B. cockerelli consumed by adult O.
vicinus under laboratory conditions (25 +1°C, RH 60%, and 16:8 h light: dark).

Mean number of the prey (at different stages) consumed by the

Prey offered predator
Egg Nymph 1-2 Nymph 3-4 Nymph 5
1.9+0.316a 1.8+0.422a 1.9+0.316a 1.5+£0.707b
4 3.7£0.675a 3.7+0.675a 3.7£0.675a 3.0£0.943b
8 7.3£1.059%a 7.2+1.135ab 6.9+1.449bc 3.4+0.699d
16 14.8+1.686a 14.5+1.509ab 8.4+1.897b 3.8£1.033c
32 23.1+2.558a 21.5+3.974b 9.5+2.369c 4.1+1.100d

Means within the same prey offered followed by the same letter are not significantly different
(P< 0.05, TukeyHSD).

The functional responses of O. vicinus to the egg and nymph 1-2 stages of TPP fitted
both Type | and Il functional response (Table 4.2, Fig. 4.1).

Table 4.2: Type I and Il functional response parameters of O. vicinus predating egg and

nymph 1-2 of B. cockerelli (a is attack rate and Ty, is handling time).

Model Egg Nymph 1-2
Intercept (+SE)  Slope (#SE)  R? Intercept (+SE) Slope (+SE) R?
el 135098  071(006) 098 157(L14)  066(0.07) 0.97
a (£SE) Th (xSE) R2 a (£SE) Th #SE)  R?
Type Il

0.046 (0.003)  0.345(0.06) 0.99 0.047 (0.004) 0.434 (0.08) 0.9
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Figure 4.1: Type I and Il functional response of adult O. vicinus feeding on egg and

nymphal stages 1-2 of B. cockerelli under laboratory condition (25 £1°C, RH 60%, and
16:8 h light: dark).

Table 4.2 shows parameters of Type | and Type Il functional response of adult O.

vicinus feeding on egg and nymph 1-2 of B. cockerelli. The Type Il provided slightly better

fit based on higher R? (Table 4.2). The slopes of the linear regression, the attack rates, and

the handling times between egg and nymph 1-2 are very similar.
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The logistic regression for the predatory bug O. vicinus had a significant linear
parameter L1 <0 (Table 4.3) for nymphal stages 3-4 and nymphal stage 5 indicating the
proportion (but not number) of prey eaten by the predator declined with increasing prey
density. A declining proportion of prey eaten compared with a constant proportion (Type I,
linear response), or an increasing proportion (Type Il response) shows that the data are
appropriately described by a Type Il functional response (Table 4.4, Fig. 4.2). Therefore

Holling’s disc equation (equation 2) was used to estimate the functional response parameters.

Table 4.3: Maximum likelihood estimates (SE) for the logistic regression of proportion

of prey eaten by the predator as a function of initial prey densities.

Parameter Stages of the prey
Nymph 3-4 Nymph 5
Intercept (Lo) 2.985(0.158) 2.9427(0.902)
Linear (L1) -0.063(0.036) -0.6134(0.2163)
Quadratic (L2) -0.013(0.0024) 0.0301(0.0144)
Cubic (L3) 0.00035(0.00004) -0.0005(0.0003)

Handling time (Th) and attack rates (a) of O. vicinus feeding on nymph 3-4 and
nymph 5 of B. cockerelli are summarized in Table 4.4.

Table 4.4: Coefficients for the attack rate, handling time, and maximum predation rate
of O. vicinus feeding on B. cockerelli under laboratory condition (25 £1°C, RH 60%, and
16:8 h light: dark).

Stages of the prey

Parameters Nymph 3-4 Nymph 5
Attack rate a (1/hour) 0.06419 (0.01127) 0.0657 (0.01456)
Handling time Th (hour) 1.9548 (0.191) 5.2827 (0.38368)
Maximum predation rate (1/Th) 12.28 4.54

The values in parentheses are the standard error (SE).
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Figure 4.2: Type 1l functional response of adult O. vicinus feeding on nymph 3-4 and
nymph 5 of B. cockerelli under laboratory condition (25 +£1°C, RH 60%, and 16:8 h
light: dark).

It is clear that the handling time (Tn) per prey was longest for the larger nymph 5
(5.2827 h) than for the egg (0.34547 h), nymph 1-2(0.433602 h), and nymph 3-4 (1.9548 h)
stages of the prey (Table 4.4). The highest theoretical maximum predation rate was estimated
for the egg stage reaching 69.5 egg / 24 h followed by nymph 1-2, nymph 3-4,and nymph 5
with a maximum predation rates 55.35/ 24 h, 12.28 /24 h, and 4.5/ 24 h, respectively

4.4.2 Prey preference
Manly’s measure of preference was greater than 0.5 at all prey densities (Table 4.5,

Fig. 4.3) although only at two combinations of high prey densities (16:16 and 32:32) were
thrips significantly more preferred than psyllids (p < 0.05; Table 4.5).
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Table 4.5: Mean % (SE) of western flower thrips and TPP consumed by O. vicinus adults
during 24-h experimental period as indicated by Manly’s preference index (f) at

various densities with an equal number of thrips and TPP.

Prey densities Number of prey consumed Preference index
(Ratio 1:1) Thrips TPP B)
4:4 3.87 3.73 0.56
88 7.6 7.06 0.58
16:16 9.33 6.67 0.62"
32:32 13.13 8.4 0.64"

* B significantly different (p <0.05, Tukey HSD)

—A— Thrip
—{ [-¥ Psyllid
— Expected

0.9

0.7

05

Manly's value
l

0.3

0.1

I I I I
4 8 16 32

Prey density

Figure 4.3: Manly’s preference values for O. vicinus when offered thrips (nymph 1-2)
and psyllid (nymph 1-2) simultaneously with various densities but in a prey ratio 1:1.
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4.5 DISCUSSION

The functional response of O. vicinus suggests that O. vicinus is not only a consumer
of eggs but also nymphs of all instars of B. cockerelli. The functional responses in this study
showed that a number of eggs and nymphs in all instars of the prey eaten by the predator
greatly increased as prey density increased but at a declining rate. Although the functional
response of O. vicinus to the egg and nymphal instars 1-2 of TPP fits both Type | and Il
response, the Type Il functional response fits the data slightly better than Type | based on the
R? value (Table 4.2). Type lis a linear response, while Type Il assumes that the predation
rate increases at a decreasing rate, leveling off to a plateau. Both Type | and Il functional
responses were reported by Gitonga et al. (2002) for Orius albidipennis feeding on varying
densities of Megalurothrips sjostedti. The Type Il functional response is found to be the most
frequent in insects and Fathi and Ganbalani (2010) reported Type Il functional responses of
Orius niger to second instar Thrips tabaci, Orius minutus to second instar Thrips tabaci, and
Orius minutus to Tetranychus urticae. Examples of other studies of small insect predators are
those by Dransfield (1979) who reported that Aphidius uzbekistanicus showed a Type Il
functional response to Metopolophium dirhodum, Zamani et al. (2006) reported Type Il for
A. matricariae and A. colemani to Aphis gossypii, Fathpour et al. (2004) reported Type 1l for
D. rapae to B. brassicae, and Type Il functional response has also been reported by Tahriri et
al. (2007) for A. matricariae to A. fabae.

O. vicinus is mirid bug able to prey on eggs and all nymphal stages of TPP but its
efficiency declines as density increases (Table 4.3). The handling time is a good indicator of
consumption rate and predator efficacy because it reflects the cumulative effect of time taken
during capturing, Killing, subduing, and digesting the prey (Veerave and Baskaran 1997,
Kasap and Atlihan 2010). The handling times for the different stages of TPP were different
and in general, they increased as prey size increased. This result agrees with a study by Flinn
et al. (1985) that reported handling time of the predator Reduviolus americoferus feeding on
leafhopper and pea aphid is proportional to the size of the prey, the larger the prey longer the
time taken to eat it. Not surprisingly, longer handling times generally occur with larger prey
because predators feed longer on one prey thereby reducing the predation rate such that a

smaller proportion of the prey are eaten. Additional observations of the feeding patterns of O.
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vicinus clearly showed that the predator is less capable of catching fifth instar nymphs of B.
cockerelli than other stages of the prey. Variations in size of the prey appear to affect the
handling time. Propp (1982) observed that the 5t instar of Nabis americoferus took longer to
consume larger prey than smaller prey. Therefore, a higher handling time of the predator
feeding on instar 5 of TPP of this study is not unexpected, because instar 5 of TPP is more
than 5 times larger in body width (1.1 mm) than instar 1 (0.2 mm). With larger prey items, O.
vicinus needs to spend more time handling, subduing, Killing and digesting its prey. Clearly,
the efficiency of utilization of prey food by the predator may be most effective when O.
vicinus preys on young (egg, first, and second instar of B. cockerelli). In addition, the Type II
functional response curves showed that the proportions of TPP consumption by O. vicinus
were higher at lower densities in all stages of B. cockerelli. The decline in consumption rate
at higher densities might be due to the attainment of satiation (Mills 1982) although that
effect would be presumably be manifested in handling time when digestive pause is taken
into account. There was no shortage of prey at high densities. The higher proportion of prey
consumption at lower densities suggested that the prey would be more effective at controlling
TPP population at lower densities. A predator-prey model could confirm this capability but
unfortunately detailed information about O. vicinus population dynamics is required. A
detailed population model was beyond the scope of this thesis.

O. vicinus preferred western flower thrips (nymph 1-2) to psyllid (nymph 1-2) when
the two prey were provided at the same densities. The preference indices (B) increased with
increase of prey densities, implying that this predator exhibited density-dependent predation
on thrips and inverse density-dependent response to the psyllid. No strong switching
response was observed, where at high prey densities one prey species is not consumed due to
a predator’s preference for another prey species. Significant preferences were observed at
higher densities of both prey (16:16 and 32: 32) (Table 4.5) and this reduced the functional
response of the predator to the target prey (TPP in this case). While the predator appeared to
preferentially consume thrips, it also responded to TPP. Observations show that one O.
vicinus may consume an average of 13.1 thrips (nymph 1-2), but only 8.4 TPP (nymph 1-2)
per day. When only TPP is present in a laboratory setting, the predator clearly showed that it
can reduce the number of TPP present. However, in the field it is highly likely that predators

will encounter more than one prey species in the same habitat.
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In conclusion, from evidence of Type Il functional responses and their consumption
capacity (Table 4.1), I can suggest that O. vicinus may have a greater biocontrol potential at
lower densities of B. cockerelli. The alternate prey used in this study did not cause the
predator to switch completely and the size of the preference observed in this study may be of
little predictive value determining the effectiveness of the predator in biological control
program in the conditions of a glasshouse. This study is an initial laboratory study
undertaken to determine the functional response of O. vicinus feeding on TPP and the
preference of this predator to both thrips and TPP. It forms the basis for future research and
provides some parameters for more detailed predator prey model. However, some factors
such as plant architecture or plant traits (Krips et al. 1999, Pratt et al. 2002, Xu and
Enkegaard 2010) may affect the searching and foraging behaviour of the predator. Thus,
further studies for functional and numerical response and prey preference of O. vicinus to
thrips and psyllid will be needed for an evaluation in long-term and realistic large-scale

conditions at least in a plant.
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Chapter 5  Forecasting models for Bactericera cockerelli (Sulc) (Hemiptera:

Triozidae) based on degree days in New Zealand

5.1 ABSTRACT

The seasonal flight activity of the tomato-potato psyllid (TPP) Bactericera cockerelli
(Sulc) was studied in field potato crops using sticky traps in four locations during 3 years in
both the North and South Islands in New Zealand from November 2009 to March 2012.
Temporal distribution models describing TPP adult flight activity in the field were
constructed based on degree days (DD). The relationship between field flight data and the
models based on accumulated degree days was well described by both the Weibull and
bimodal models. However, the adult summer population development and subsequent flights
of TPP in the field showed a bimodal abundance pattern in which the first peak abundance
occurred between 722 to 749 degree days (above 7.1°C lower threshold) from a biofix on 1%
November. The second peak occurred from 1189 to 1264 DD after the biofix. Detailed
comparison and validation of each model with respect to the prediction of the timing of the
peak population suggest that the bimodal model has better practical potential than the
Weibull model for predicting the distribution of TPP in the field.

5.2 INTRODUCTION

The tomato-potato psyllid (TPP), Bactericera cockerelli (Sulc) (Hemiptera:
Triozidae), is a key economic pest of potato and tomato. This insect has recently been
identified as a vector of Candidatus Liberibacter solanacearum, the putative causal agent of
zebra chip potato disease. Zebra chip presently causes millions of dollars in losses to the
potato industry in the United States, Mexico, Central America, and New Zealand
(Munyaneza et al. 2009). In New Zealand, both the psyllid and ‘Candidatus Liberibacter’ are
now reported from potato crops in Auckland and Canterbury (Cameron et al. 2011).

Precise timing of spray applications or the introduction of biological control agents
(in crops under cover) against TPP is crucial because recommended insecticides or predators

or parasitoids are only effective at certain stages. More precise timing reduces costs and the
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potential for resistance development as well as supports sustainable or integrated pest
management practices. However, monitoring and observing the population development of
any insect are time consuming, therefore a robust phenological model would assist growers
to better time such measures (Schaub et al. 2005) and should be key to any successful pest
management program. Phenological models can identify important events in an insect life
cycle for researchers and growers to time their control practices. The identification of first
emergence and peak abundance can help researchers or growers more effectively assess
insect population development for the application of chemical or cultural control measures as
well as provide growers with information on the best time to collect biological control agents
for redistribution, or to make other management decisions (Skinner etal. 2006). For
example, Wold and Hutchison (2003) successfully used a phenology model to detect
emergence and predict a peak of adults Lygus lineolaris in the field. Baek et al. (2008)
successfully used a degree day based model to predict the time of peak occurrence of
Helicoverpa assulta in hot pepper fields. Additionally, Kumral et al. (2008) successfully
used a phenology model to predict larval emergence patterns of the olive psyllid, Euphyllura
phillyreae that could be used as a forecasting method for improved timing of insecticide
applications.

An appropriate biofix, defined as the date to begin accumulation of degree days (Flint
and Gouveia 2001) and temperature development thresholds which comprise a lower and
upper thresholds (Flint and Gouwveia 2001, Blanco and Hernandez 2006, Diaz et al. 2007,
Akotsen-Mensah et al. 2011) are required to develop basic phenology models. The lower and
upper temperature thresholds for TPP on potato have been estimated as 7.1 and 33.9°C,
respectively (Tran etal. 2012, Chapter 2). The accuracy of degree-day models can be
significantly enhanced by use of relevant biofixes that correspond to predictable biological
events (Welch et al. 1981, Nowatzki et al. 2002). Often, first trap catch is chosen as a biofix.
First trap catch can provide a good basis to calibrate the start of degree day accumulation in
the absence of more detailed biological data, or events such as host plant phenology (Worner
et al. 1995). The aim of this study was to predict the timing of population development and
the identification of peak abundance based on air temperature degree day accumulations

beginning from a biofix defined as the average date the first TPP is trapped in the field.

64



All phenology models should be calibrated or validated against observed field data
Because adult TPP are highly efficient vectors of Candidatus Liberibacter solanacearum
compared with nymphs (Buchman et al. 2011), monitoring adults has become a key to the
application of efficacious control practices wherever TPP causes problems in crops. Several
sampling tools have been used for monitoring TPP such as sweep nets, vacuum sampling,
yellow sticky traps, plant symptoms and plant sampling methods (Cranshaw and Hein 2004,
Goolsby et al. 2007a,b). Using the knowledge gained from monitoring and sampling of the
phenology and population dynamics, particularly of adult TPP, is important to refine current

control practices.

5.3 MATERIAL AND METHODS

5.3.1 Trapping sites

Data from yellow sticky trap surveys at four locations (Pukekohe, Manawatu,
Waikato and Lincoln) in New Zealand over a variable number of years were used to develop
the phenology models, and to validate them by identifying the distribution and peak periods
of adult TPP within potato crops throughout the growing season over the years 2009 to 2012.

Double-sided yellow sticky traps (each side measuring 100 x 250 mm; Bug-Scan®,
Biobest Biological Systems) were placed in potato crops. Four to five traps were placed at
canopy height of potato plants in each site. Each trap was secured at the top and bottom to a
stake and replaced weekly. Traps were stored in A4 file copy pockets to allow identification
of TPP through the clear plastic.

Trap capture data used in this study were collected in various locations throughout
New Zealand (Table 5.1) by the author as well as staff of Plant & Food Research. Data used
in this study were selected from pesticide-free potato crops. The seven data sets from a
variable number of seasons at each site comprising weekly trap catches were used to develop
and validate the models (Table 5.1). Only 5 of the 7 data sets could be used to develop
models because they covered the full flight period such that the distribution of captures over
time allowed predictions of 5, 50, 95% TPP cumulative trap captures in the field. Two data
sets (Lincoln 2009-2010 and 2010-2011) did not cover the full flight period and were not
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used to develop models. Trap count data within each week were pooled to obtain weekly trap

captures.

Table 5.1: Summary of sample sites for TPP trapping in potato crops in various
locations in New Zealand (from 2009-2012) used to develop and validate models that

predict adult TPP trap captures in the field.

Years Locations Weather station
2009-2010 Pukekohe? On site
Manawatu? Levin Aws
Waikato? Matamata, Hinuera Ews
Lincoln® Lincoln, Broadfield Ews
2010-2011 Pukekohe? On site
Lincoln® Lincoln, Broadfield Ews
2011-2012 Pukekohe? On site

aused to develop and validate models, ® used for validation only.
5.3.2 Temperature data

Air temperature data were obtained from weather station summaries published by
National Institute of Water and Atmospheric Research of New Zealand (Table 5.1). Daily
minimum and maximum temperatures for each site were interpolated from weather stations
nearest each field. Air temperature degree-days (Celsius) accumulated from the biofix

(November 1%t) were calculated according to method of Arnold (1960) where:

(Tmax + Tmin) _ (T

base
2

Degree days = ) x1day

Tmax is the daily maximum temperature (°C), Tmin is the daily minimum temperature, and
Thase IS base temperature for insect development. In this study Trase is 7.1°C (Tran et al 2012,
Chapter 2).

5.3.3 Forecasting models
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The relationship between the cumulative percentage of TPP caught in the traps and
degree days was modeled using a Weibull function and a bimodal equation. The two-
parameter Weibull function has often been used to describe the distribution of insects
completing a developmental stage in response to time or temperature (Pinder 11 etal. 1978,
Wagner et al. 1984, McBrien and Judd 1998, Wold and Hutchison 2003, Kim and Lee 2008).
The Weibull function equation is:
f(x)= 100(1-exp(-(xa)°) [1]

Where f(x) is the cumulative percentage of insects captured, x is degree-days, and a and b are
model parameters.

According to Kim et al. (2000), the Weibull function (Equation 1) can describe insect
population patterns that have a single peak. However, this function may not be adequate for
describing B. cockerelli population development because B. cockerelli populations appear to
have two strong peaks during the main growing season (e.g. Fig. 5.1). Therefore, a nonlinear
bimodal model was also fitted to the observed data using the matched-asymptotic method
(Vollset etal.1991). This bimodal model has been successfully used to describe spring
emergence pattern of Carposina sasakii by Kim et al. (2000), and flight activity of adult
Helicoverpa assulta by Baek et al (2008). For this model, the equations of two sigmoid
functions are combined. The two functions, with matched asymptote define the final model.
The first function, that describes the first peak, is represented by a sigmoid equation
(Equation 2).

Where X is time in degree days, a is transition height which is the height of the first
peak, b = transition center which is time in degree days at 50% trap captures of the first peak,
and c is a parameter controlling the steepness of the first peak curve.

The second function is a logistic equation (Equation 3) and describes the second peak.

d
f2(x) = —1+(x/g)f [3]

Where d is transition height, in other words is the height of the second peak (= 100 —

a), g is the transition center which is the time in degree days at 50% trap captures of the

second peak, and f is a parameter controlling the steepness of the second peak curve.
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A combination of these two functions (Equation 4) is

1

1+exp(— Xc_b)

f3(x) = af

d X
+()+ )T} [4]
a b+e
The parameters are defined as follows: a is the height of the first peak, d is the height
of the second peak (= 100- a), b is time in degree-days of the first peak, c and f are
parameters controlling the steepness of the first and second peak, respectively, and e is time

in degree days between the first and second peaks.

5.3.4 Parameter estimates

The average first trap catch over all sites was chosen as a biofix (November 1%), in
the absence of more detailed biological data or events such as host plant phenology.

Data from 5 sites: Pukekohe 2009-2010, Pukekohe 2010-2011, Pukekohe 2011-2012,
Manawatu 2009-2010, and Waikato 2009-2010 (Table 5.1) were used to develop the models.
Data from the field trap catches from 2009 to 2012 were converted to cumulative
proportions. Models were parameterized on the weekly cumulative trap captures (dependent
variable) and cumulative degree days (independent variable) calculated from the biofix
(November 1%). Because of year to year variability in population numbers (Fig. 5.1,
Appendix 1-7) the weekly trap capture data were normalized within each year by calculating
the proportion of weekly trap capture of the total trap capture within the year. Parameters of

models were estimated using nonlinear regression functions in R (R Version 2.9.2).
5.3.5 Validation of models

Each model was validated using leave-one-out cross-validation (Cawley and Talbot
2004, Lankin-Vega et al. 2008). Use of a separate data set for model validation allowed the
generation of a data set that is independent of the data used to develop the DD models.

For leave-one-out validation 4 site-years were combined to develop a model then the
remaining site-year was used for model validation. The result was five different data sets to

use to develop five different models and five site-years for model validation as follows:
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1) Combined 4 site-years (Pukekohe 2009-2010, Pukekohe 2010-2011, Pukekohe
2011-2012, and Waikato 2009-2010)to develop the model and used Manawatu 2009-2010 to
validate the model (called Manawatu 09-10 model).

2) Combined 4 site-years (Pukekohe 2009-2010, Pukekohe 2010-2011, Pukekohe
2011-2012, Manawatu 2009-2010) to develop the model and used Waikato 2009-2010 to
validate the model (called Waikato 09-10 model).

3) Combined 4 site-years (Pukekohe 2010-2011, Pukekohe 2011-2012, Manawatu
2009-2010, and Waikato 2009-2010) to develop the model and used Pukekohe 2009-2010 to
validate the model (called Pukekohe 09-10 model).

4) Combined 4 site-years (Pukekohe 2009-2010, Pukekohe 2011-2012, Manawatu
2009-2010, and Waikato 2009-2010)to develop the model and used Pukekohe 2010-2011 to
validate the model (called Pukekohe 10-11 model).

5) Combined 4 site-years (Pukekohe 2009-2010, Pukekohe 2010-2011, Manawatu
2009-2010, and Waikato 2009-2010) to develop the model and used Pukekohe 2011-2012 to
validate the model (called Pukekohe 11-12 model).

The first peaks in Lincoln 09-10 and Lincoln 10-11 were not available because |
started trapping after the time of first peak occurrence (see Appendix 1-7). However, because
Lincoln 09-10and Lincoln 10-11 were therefore independent data sets (that is, they were not
used in constructing the models) they were useful for model validation. Both Lincoln data
sets were used to validate each of the other five models separately.

The degree day accumulation for separate data sets and the parameters for each model
were inserted into the Weibull and bimodal models to calculate the predicted rate of TPP trap
captures. One way of comparing models between sites and years is to determine the
relationship between predicted and observed trap captures using linear regression (Nowatzki
et al. 2002, Borchert et al. 2004, Damos and Savopoulou-Soultani 2010). Models can be
compared by comparing the slope and y-intercept values between observed and predicted
trap catches. Linear regression also gives an idea of goodness of fit that is normally
determined by calculating the coefficient of determination (R?). Moreover, the fit of the
Weibull and bimodal models can also be compared statistically based on Akaike’s
information criterion (AIC). A simple practical comparison between observed and predicted

values in calendar dates was also used to further validate models.
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5.4 RESULTS

5.4.1 Forecasting models

The Weibull function explained 98 - 99% of the variability between cumulative
percentage trap captures and accumulated degree days for TPP. The bimodal function
explained 99% of the variability between degree days accumulated and cumulative
percentage trap captures for TPP (Table 5.2 and Fig. 5.2). Estimated parameters for the
bimodal distribution for TPP in Table 5.2 showed that the parameter a, the height of
cumulative first peak, was from 40.85 to 50.09%. Thus, about 49.91 to 59.15% of cumulative
percentage trap captures occurred during second peak period. The first peak (b) and the
second peak (parameters b + e) occurred between 722 to 749 DD and 1189 to 1264 DD post-
biofix, respectively. The Weibull model did not adequately describe two apparent peaks of
TPP trap captures in the field, and its prediction of 50% of total trap captures over the season
ranged from 955 to 1050 DD a less precise prediction compared with the observed data than
an estimate of 950 to 1105 DD when using bimodal model (Table 5.3).
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Figure 5.1: Number of TPP per trap per week in different locations from 2009 to 2012.
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Table 5.2: Parameter estimates resulting from Weibull and bimodal analysis of B.

cockerelli adults caught in sticky traps at 5 locations-years. The values in parentheses

are standard error (SE).

Models
Models Parameters Manawatu ~ Waikato ~ Pukekohe  Pukekohe  Pukekohe
09-10 09-10 09-10 10-11 11-12
Weibull a 1128.14  1054.19 1154.49 1085.50 1154.39
(9.39)  (8.00) (12.26) (7.12) (10.63)
b 3.69 3.79 3.71 3.79 3.89
(0.15)  (0.15) (0.2) (0.13) (0.19)
Bimodal a 40.85 50.09 43.49 42.99 41.43
(1.25)  (1.15) (0.4) (0.72) (0.65)
b 721.99 734.57 743.09 728.06 749.28
(6.13)  (4.71) (2.35) (2.81) (3.54)
c 76.43 79.38 78.51 72.81 75.61
(3.66)  (2.66) (1.63) (1.53) (2.33)
d 65.15 53.56 59.08 61.27 62.06
(2.24)  (1.56) 0.7) (1.06) 1.1
e 517.38  454.06 521.41 463.04 504.34
(6.26)  (3.53) (2.42) (2.17) (3.48)
f -11.12 -12.80 -15.6 -10.53 -14.12
(0.62)  (0.6) (0.37) (0.27) (0.46)
AIC Weibull 150 144 164 137 158
Bimodal 62 52 27 16 43
R? Weibull 0.980 0.992 0.981 0.992 0.980
Bimodal 0.999 0.999 0.999 0.999 0.999

The two models estimated that 5, 25, 50, 75, and 95% cumulative trap captures over
the sites and seasons should occur at between 480-540, 760-840, 955-1050, 1150-1260, and
1410-1550 DD post-biofix, respectively for Weibull model; and at 560-600, 735-780, 950-
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1105, 1175-1275, and 1350-1430 DD postbiofix, respectively for bimodal model (Table 5.3).
Although the Weibull distribution showed excellent fit to the data, its prediction accumulated

degree days deviated more from observed than those of the bimodal distribution (Table 5.3).

Table 5.3: Observed and predicted in DD (minimal and maximal range for all sites) at

given adult TPP trap captures of B. cockerelli.

Cumulative percent Observed Bimodal prediction ~ Weibull prediction
of TPP
5% 570 - 605 560-600 480-540
25% 730-760 735-780 760-840
50% 950-1100 950-1105 955-1050
75% 1180-1275 1175-1275 1150-1260
95% 1350-1450 1350-1430 1410-1550

Linear regression statistics for observed versus predicted cumulative percentages of
adult TPP trap captures are presented in Table 5.4. These statistics also show both bimodal
and Weibull models fit the data well as shown by this method and as indicated by high values
of the coefficient of determination R? ranged from 0.80 to 0.99 (Table 5.4).

On the whole, the bimodal function describes the observed data better than the
Weibull function and has a smaller AIC and slightly higher R? than the Weibull model (Table
5.2). Of greater importance, however, is that the bimodal function describes and estimates
two peaks of TPP flights as indicated by trap captures, with the first peak occurring from 722
to 749 DD, and the second peak from about 1189 to 1264 DD after biofix (Table 5.5).
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Table 5.4: Regressionstatistics for predicted versus observed adult trap captures for B.

cockerelli in different locations.

Models Slope Intercept R? P-values
Manawatu Bimodal 0.88+0.019 157+1.19 0.99 1.7E-16
09-10 Weibull 0.86 £ 0.029 2717 0.98 5.87E-14
Waikato Bimodal 1.04+0.124 18.5245.73 0.83 7.88E-07
09-10 Weibull 0.98+0.129 20.21+5.96 0.80 2.32E-06
Pukekohe Bimodal 0.63+0.028 1.74+1.49 0.98 1.47E-10
09-10 Weibull 0.68+0.016 1.13+0.87 0.99 1.89E-13
Pukekohe Bimodal 0.99+0.064 7.92+3.79 0.94 4.01E-11
10-11 Weibull 0.96+0.07 9.57+4.21 0.92 3.63E-10
Pukekohe Bimodal 0.74+0.028 -3.09+£1.40 0.97 1.96E-16
11-12 Weibull 0.74+0.04 -2.91+£1.76 0.96 1.09E-14

5.4.2 Model validation

The leave-one-out cross-validation described in the methods created five independent

data sets to validate five models (Table 5.5). Model validation shows that the Manawatu 09-

10 models can predict very well the first and second peak of TPP trap captures with the error

smaller than 3.8 days (Table 5.5). The least effective of the five models is Pukekohe 10-11

model that predicted the second peak of TPP trap captures with the maximum error of 15.9

days (Table 5.5). In Table 5.5, | used data collected in Lincoln, Canterbury for validation

only.
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Table 5.5: Model validation using independent data set (leave-one-out cross-validation)

by degree day (DD) and day (d) (Early predictions produced positive values and late

predictions produced negative values).

Models Peak  Observed Predicted Observed-Predicted

Manawatu 09-10 1% 686 DD 722 DD -36 DD (-3.8 d)

2nd 1211 DD 1239 DD -28 DD (-2.9 d)
Waikato 09-10 1st 757 DD 735 DD +22 DD (+2.2 d)

2nd 1283 DD 1189 DD +94 DD (+9.4 d)
Pukekohe 09-10 1st 775 DD 743 DD +32 DD (+3 d)

2nd 1102 DD 1264 DD -162 DD (-15d)
Pukekohe 10-11 1st 799 DD 728 DD +71 DD (+6.6 d)

2nd 1363 DD 1191 DD +172 DD (+15.9 d)
Pukekohe 11-12 1st 775 DD 749 DD +26 DD (+2.4 d)

2nd 1118 DD 1253 DD -135DD (-12.5d)
“Lincoln 09-10 1st NA NA NA

2nd 1218 DD 1189-1264 DD  -46t0 29 DD (-5.6 t0 3.6 d)
*Lincoln 10-11 1st NA NA NA

2nd 1260.5DD  1189-1264 DD -4.5t0 71 DD (-0.6 t0 8.7 d)

* Lincoln 09-10and Lincoln 10-11 are not models but were used for validation of all other
five models. It is for this reason that a range of values are presented here, this range

encompasses output from all five model validations.
NA is not available because traps placed after the first peak at Lincoln, Canterbury and these
data were not used to develop models.
Days were converted from DD (average daily DD above 7.1 °C from 1%t November to 31
March for three years in Lincoln, Manawatu, Pukekohe, and Waikato as 8.1; 9.5; 10.8; and
10.0 DD, respectively).
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Figure 5.3: Difference between running average temperature and rainfall deviation for
each seasoncompared with the average over the three seasons at Pukekohe.

The differences between the annual running average temperatures and rainfall for
each season at Pukekohe compared with the average over the three seasons are shown in
Figure 5.3. The red horizontal line is the average temperature and rainfall over the three
seasons. The red vertical bars are the weekly trap catches. The blue lines are the running
average (averaged daily over the previous seven days to smooth the trace) temperature
differences and the green line the running average rainfall deviations.

Clearly, timing of warm, cold, wet and dry periods influences population numbers. In
Figure 5.3, the 2009-10 season was cooler overall, influencing degree day accumulation. The
2011-12 season had very warm temperatures in early winter as well as October November
and December resulting in high DD accumulation compared with the 2009-10 season.

However, for that season (2011-2012) population numbers were very low probably because it
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was very wet with colder temperatures over late December, January and February (Fig. 5.3).
Figure 5.3 also shows that mean weekly catch of psyllid adults in sticky traps is affected by
precipitation and temperature. For example, the second peak trap captures of psyllids for the
2010-2011 warm-dry season was 287 psyllids per trap per week, in contrast, only 30 psyllids
per trap per week for the 2011-2012 cold-wet season in Pukekohe (Fig. 5.1 and 5.3).
However, no relationship between the timing of the first or second peaks of psyllid trap
captures and precipitation was found. Although Pukekohe 2011-2012 had a much higher
amount of rainfall, the first and second peak of psyllid trap captures occurred earlier than that
of Pukekohe 2010-2011.

5.5 DISCUSSION

Degree day models can play important roles in integrated pest management by
providing a means of predicting insect development, and therefore providing more precise
timing for implementation of control activities (Broatch et al. 2006). The results of this study
show that the trap capture pattern of psyllids during summer can be predicted using degree
days. Depending on years and locations, the population of psyllid adults was first captured in
traps in late October to early November, with two peaks in abundance over the growing
season. The first peak occurs in late January to early February, the second peak in early to
late March. Numbers gradually decline until the crops desiccated.

In general, there was a good fit between observed and predicted data for B. cockerelli
trap captures in all sites, the parameters of the two models vary between years and locations.
However, such variation is not unexpected, because errors such as temperature
measurements, and sample estimates of population sizes varied among data collection in
different sites and years. Regardless of the errors and other difficulties that caused the model
predictions to deviate from observed values during the growing season, all slopes and
intercepts of regressions were still very similar to each other for each site-year and still
within reasonable limits (Borchert et al. 2004, Damos and Savopoulou-Soultani 2010).
However, the comparison between predicted and observed trap catches (Table 5.3) showed
that the Weibull was less accurate than the bimodal model. For example, at 5 percent of

cumulative psyllid trap captures, observed values ranged from 570 — 605 DD, bimodal
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predicted values ranged from 560 — 600 DD (within the range of observation), and Weibull
predicted values ranged from 480 — 540 DD (outside the range of observation). Based on the
overall performance of two models, the results showed that the bimodal distribution can
predict better than the Weibull model with smaller AIC and higher values of RZ in most cases
(Table 5.2).

Many applied entomology models that attempt to predict the timing and abundance of
insects are based on temperature only. Graphical representations such as those presented in
Figure 5.3 based on normalized data, can help interpret population dynamics expressed as a
time series in relation to other important environmental variables. Including other variables
such as precipitation may help explain fluctuations in population abundance over sites and
seasons to indicate interesting hypotheses and useful future research to refine initial models.

The first peak of psyllid trap captures could be predicted by the bimodal model with
at most an error of 6.6 days. More variation was found for the second peak with the greatest
error being 15.9 days (Table 5.5). This is probably due to the greater overlap of psyllid
generations at that time making it more difficult to identify the true peak in psyllid
abundance.

For the bimodal model to be useful for pest management it is likely that data of
several years and a separate model for each region are required. Because of the need for more
regional data and because the economic threshold for TPP is low due to rapid transmission of
Liberibacter (Lacey et al. 2011), the bimodal model may have limited practical application.
The most important event is to predict the beginning of the flight period in each region for
control purposes before population build up. A more practical application for degree day
accumulations is discussed in Chapter 6. The bimodal model however may be used to predict
the first peak and second peak of adult psyllid in the fields in New Zealand.

In summary, for the data available for this study the bimodal distribution model
appears to provide the better model than Weibull model of adult psyllid abundance as
indicated by trap captures. In particular, the bimodal model can provide precise predictions
for the first peak of adult psyllid compared with calendar days. For many insects, precise
timing of population development and peak abundances are extremely important for growers
to make decisions to enable them to synchronize scouting with other management activities

related to insect developmental stages. While, the bimodal model developed in this study

78



may not find practical application in potato crops in New Zealand in its present form, In the
future, the model could be improved by the addition of developmental parameters and events
of immature stages of the psyllid based on long term data on a wide range of potato crops in
different sites and years. | anticipate that further data observations can help to refine the
models predict more precisely the first occurrence of TPP on the crop to assist improved

management of TPP in the field.
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Chapter 6 General discussion

6.1 OVERVIEW OF THE STUDY

Bactericera cockerelli (Sulc) has been a major pest of solanaceous crops for decades
(Butler and Trumble 2012). The historical distribution of this serious pest was America
(Wallis 1951), namely Central America (Secor & Rivera-Varas 2004) and the southern
United States (Munyaneza et al. 2007a). More recently, this insect invaded and became an
important pest in New Zealand (Gill 2006, Teulon et al. 2009). Many studies have been
conducted to determine the relationship of this pest to plant injury and to develop
management strategies to alleviate the damage caused by this pest in a wide variety of
solanaceous plants (Butler and Trumble 2012). Studies in the past decade have focused on
the genetic variability in this invasive species, the interactions between this insect and the
pathogen (Candidatus Liberibacter solanacearum) it carries, and the potential of the insect
and the pathogen to cause economic damage to crop plants (Butler and Trumble 2012). The
population dynamics of this insect has not been documented very well and is needed for
more detailed study of development of this insect to assist greater preparedness for control.
Because of this the objectives of this thesis were to: 1) determine important developmental
parameters that describe population growth of TPP in relation to temperature; 2) determine
important life history parameters of B. cockerelli feeding on potatoes under laboratory
condition; 3) determine the efficacy of a selected natural enemy, O. vicinus for regulation of
TPP population, potentially in glasshouses particularly in the presence of alternative prey,
and, 4) develop and compare forecasting models based on the relationship between the
psyllid and climate to predict population phenology, seasonal timing and potential
abundance.

The research comprised both laboratory experiments and field studies. In Chapter 2,
experiments were performed in controlled temperature cabinets to determine the temperature-
dependent development of TPP. Life table parameters of this psyllid were determined and
described in Chapter 3. The functional response and prey preference of predatory O. vicinus

feeding on psyllid and thrips were outlined in Chapter 4. In Chapter 5, field monitoring data
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of psyllid trap captures around New Zealand were combined with accumulated degree days

to develop preliminary forecasting models of psyllid in the field.

6.2 TEMPERATURE-DEPENDENT DEVELOPMENT

One of the critical areas of knowledge for any pest species that is relevant for its
management is to determine its developmental rate over a range of temperatures. Such
information can then be used to relate development to temperature through physiological
time (in this case degree days) that can often give a more accurate estimate of important life
cycle events over different seasons and locations compared with calendar days or
chronological time. Thermal summations or degree days have been used successfully over
many Yyears for forecasting insect development and phenology to form the basis of
management decisions (Worner and Penman 1983, Kuhrt et al. 2006).

The developmental time and survival rate of B. cockerelli were assessed on potato
and tomato plants over a range of temperatures in the laboratory. As expected the
developmental duration of all psyllid stages was affected by temperature. Based on those
development times, regression analysis was used to estimate the lower and upper temperature
thresholds, the optimum temperature, and the degree day requirements for psyllid
development. Regression models were fitted to the development rates versus temperature
data for the psyllid egg stage, nymphal stage, and total development (egg-adult), respectively.
All were well described by linear regression equations as indicated by high R? values
(ranging from 0.83 to 0.97). The lower temperature threshold estimated for total development
was 7.1°C reared on potato and 7.5°C reared on tomato. The number of degree days required
for the psyllid to complete the egg-adult developmental period, based on estimates of
development at constant temperatures, was 358 DD for psyllids reared on potato and 368 DD
reared on tomato. The optimum and upper temperature threshold were estimated by nonlinear
models. The Briere nonlinear model was found to provide a slightly better fit than the Lactin
nonlinear model with optimum temperatures of 26.9°C for psyllids reared on potato and
27.1°C for psyllids reared on tomato. Upper temperature thresholds were estimated as 33.9°C
for psyllids reared on potato and 34.1°C on tomato. The approach chosen to estimate the

lower temperature threshold for B. cockerelli was the linear model while the Briere nonlinear
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model was used to estimate the optimum temperature and upper temperature threshold for the
development of TPP. These lower and upper temperature thresholds are key developmental
parameters that, along with degree day requirements, are used to develop temperature-based
phenology models. The phenology models have long been used as part of decision support
systems to help growers predict spray timing or begin pest scouting (Welch et al. 1978,
Worner and Penmanl1983, also see http//www.nappfast.org/). Practical use of degree day
models is described in more detail below.

There was very high mortality (90%) of TPP at 8°C reinforcing the idea for a lower
threshold for development around 7.1° C. This suggests that B. cockerelli may not be very
cold tolerant and needs to find a refugia to survive during cold periods. Mean temperatures
over the winter season in New Zealand in sites where field data were collected in this study
were 8.9, 10.1, 9.2, and 6.8°C for Waikato, Pukekohe, Manawatu, and Canterbury,
respectively. This may explain why TPP is only found in small numbers on its secondary
hosts in the field at this time in many parts of New Zealand.

As far as can be ascertained, there is only one other study (Marin-Jarillo et al. 1995)
that estimated the lower temperature threshold (7.0°C) and thermal requirement (355 DD) of
B. cockerelli on tomato. These estimates were confirmed by this research, however, Marin-
Jarillo et al. (1995) did not specify the humidity and photoperiod in which their study was
carried out. Also they used a smaller range of temperature (16-29°C) than this study (8-
31°C). In addition, the Marin-Jarillo et al. (1995) study did not estimate an optimum
temperature or upper temperature threshold. Ovwerall, this study confirmed the lower
temperature threshold and provided an estimate of an optimum temperature and the upper
temperature threshold of TPP’s development. Such information can be used in more detailed
models of population projection and was originally used as a guide for carrying out life table

studies at near optimum conditions.

6.3 LIFE TABLE PARAMETERS

The development of a laboratory rearing method for B. cockerelli enabled the basic

demographic parameters of this species to be determined. These parameters can underpin

useful applications: analyzing population stability and structure, estimating extinction
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probabilities, predicting life history evolution, predicting outbreak in pest species, and
examining the dynamics of colonizing or invading species (Vargas et al. 1997, Haghani et al.
2006). Demographic information may also be useful in constructing population models
(Carey 1993) and understanding interactions with other insect pests and natural enemies
(Omer etal. 1996). Life table parameters such as reproduction, fecundity, oviposition, and
lifespan for B. cockerelli were determined on potato at a constant temperature of 25°C
(Chapter 3). While there have been some studies to determine the life history parameters of
TPP at different temperatures and on different plant species (eg. Yang and Liu 2009, Yang et
al. 2010), the data in my study are among the most extensive established for TPP. While
temperature is the most important factor in determining the rate of development, the host
plant species is also important to life history. Different host plant species often vary in
suitability for specific insects in terms of their effects on survival, development, and
reproductive rate (Yang and Liu 2009). For example, development time was shorter and
survival greater when B. cockerelli were fed on eggplant compared with bell pepper (Yang
and Liu 2009). Under laboratory conditions in this current study it was determined that
potato is a better host plant for B. cockerelli immatures than tomato, based on shorter
developmental times (Chapter 2, Tran et al. 2012). Along with the studies of Yang et al.
(2010) and Yang and Liu (2009), I further confirmed that potato is a better host plant for B.
cockerelli immatures than eggplant and bell pepper.

With respect to TPP survivorship and mortality on potato in laboratory studies, the
highest mortality occurred during the egg stage (29%) followed by the first instar (17%) in
my study, as is known for many insects (Begon and Mortimer 1981, Win et al. 2011). Over
94% of the 5! instar TPP successfully became adults. The pre-oviposition period was 7.9
days (141 DD) with a range from 6-11 days (107-197 DD). Interestingly, the oviposition
period, 43.6 days (780 DD), with a range from 19-80 days (340-1432 DD) in my study is
similar to that of Yang et al. (2010) who reported that the oviposition period of TPP reared
on potato was 43.9 days. Such a long oviposition period may partly explain why there are
always overlapping generations of psyllids in the field over asingle growing season. Collett
(2000) reported that growth and development of other psyllid nymphs occur throughout most
of the year. The total developmental period for pre-adult stages was 23.02 days at 25°C,
whereas adults lived as long as 51.47 days, and 34.13 days for female and male respectively
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at this temperature. Such adult longevity may help explain why, along with other cardiaspine
psyllid species (brown lace lerp) studied by Collett (2000), TPP is likely to have overlapping
generations in the field in favorable environments.

A mean maximum oviposition rate of 21.7 eggs per day was observed for one female
of B. cockerelli (Table 3.4). The mean total oviposition of one female was 388 eggs (Chapter
3). The levels of fecundity of TPP observed in this study is very close to that determined by
Yang et al. (2010) who reported a total individual fecundity (of TPP reared on potato at 26.7
+2°C) of 400 eggs. Data presented here falls within the range of cardiaspine psyllid species
reported as ranging from 45 to 700 eggs per female by Collett (2000). The net reproductive
rate or the average number of offspring a female would have during her lifetime is an
important indicator of population dynamics (Varley and Gradwell 1970, Kumral et al. 2007).
It is a key statistic that summarizes the physiological capability of an animal relative to its
reproductive capacity (Kumral et al. 2007). Comparison of net reproductive rate often
provides considerable insight beyond that available from the independent analysis of
individual life history parameters (Liu et al. 2004). For example, the net reproductive rate
may reflect the potential of a certain host plant to increase TPP fitness and therefore
population size. The net reproductive rate (Ro) of B. cockerelli on potato was found to be
73.2+4.5, indicating that B. cockerelli is capable of increasing its population numbers hugely
within a generation despite a high mortality rate (46%) in the egg and first instar stage. The
net reproductive rate observed in this study was higher than that reported by Yang and Liu
(2009) on bell pepper (Ro = 59), and on tomato (Ro = 7 - 12.40) reported by Madriz et al.
(2011) but lower than that reported by Yang and Liu (2009) for TPP reared on eggplant (Ro
= 84.51). With respect to its potato host, the net reproductive rate (Ro = 73.2) observed in
this study was much lower than the Ro =102.9 observed in the study by Yang et al. (2010) of
TPP on potato. The difference may be due to the difference between the temperatures used in
two studies. The current study was carried out at 25°C while the study by Yang et al. (2010)
was carried out at 26.7°C. The cohort life table in this study was constructed based on an
unlimited food supply in the environment free from natural enemies. Therefore, predators or
parasitoids are not included as mortality factors on TPP development. Further studies are

needed to elucidate more specifically the importance of mortality factors as a result of natural
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enemy populations and their ability to provide biological control for TPP on crops under field

and glasshouse conditions.

6.4 FUNCTIONAL RESPONSE AND PREY PREFERENCE

Predators play an important role in biological control and thus can be economically
important within production systems (Siddique 1985). Orius vicinus is a generalist predator
of several phytophagous pest species including bark lice, psyllids, thrips, aphids, and
leafhoppers (Lewis and Lattin 2010). This predator was suggested to be an effective
biological control agent against pests in apple and stonefruit orchards in New Zealand, and in
greenhouses if mass-reared and released (Lariviere and Wearing 1994).

| evaluated the potential of the predatory bug O. vicicnus as a potential biological
control of B. cockerelli and especially in glasshouses. Two aspects were studied: 1) the
functional response of O. vicinus to varying densities of B. cockerelli; 2) the prey preference
of O. vicinus between psyllid and western flower thrips at various densities. Functional
response analyses are often used to compare two or more candidate biological control agents.
The most effective biological control agent is expected to be one that exhibits Type IlI
functional response (Murdoch and Oaten 1975). In this study, O. vicinus exhibited Type Il
functional response (Chapter 4), which means that the predation rate or the proportion of
population predated decreases with an increase in B. cockerelli density. A Type Il functional
response indicates an inverse density-dependent relationship between the predator and the
host populations, and thus such predators are thought not able to regulate a prey population.
An effective predator must remove an increasing proportion of the prey population as it
grows to be able to regulate it thereby producing stable population dynamics. Based on this
theoretical prediction, it seems O. vicinus would not be expected to be an effective biological
control agent of TPP. One might expect that the Type Il response of O. vicinus will mean that
there are likely to be frequent outbreaks and crashes in the host and predator populations
predicted by inversely density-dependent population dynamics. However, this functional
response study was conducted in closed Petri dishes. According to Van Lenteren and Bakker
(1977), many studies on functional response in laboratory may suffer from the artificiality of

laboratory experimentation.
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In addition, if the TPP population greatly exceeds the relatively low level at which the
predatory bugs are satiated, then the predators are unlikely to be effective against the psyllid.
The functional responses of predators tend to level off due to satiation, causing the maximum
predation rate to settle at much lower values than expected from the predator’s time budget
for handling and searching (Sabelis 1992, Isikber 2005). Therefore, this could limit the
success of TPP control by O. vicinus.

The functional response of the predator to the target prey is dependent on species of
alternative prey (Musthapa 2010), where the presence of the alternative prey can affect the
number of target prey eaten by predators. One obvious effect is that the pursuit, capture and
consumption of alternative prey reduce the encounter time available for predators towards the
target prey (Chesson 1989). For example, consumption of corn earworm eggs (target prey)
by big-eyed bugs (predator) dropped over fivefold when pea aphids (alternative prey) were
present, from an average of 11.18 to 2.00 (Eubanks and Denno 2000). In the case of abundant
alternative prey species, predators may develop a search pattern resulting in a preference for
the more common species (Murdoch and Oaten 1975, Tschanz et al. 2007). In population
dynamics studies, prey switching is usually modeled as a sigmoid functional response and it
may play an important role in elevating the persistence of predator-prey systems (Van Baalen
et al. 2001). Switching occurs when predators change to alternative prey when the density of
their preferred prey is low (Murdoch 1969). In the current study, the predator O. vicinus
preferentially consumed the western flower thrips over the target prey TPP. While the
predator appeared to preferentially consume the thrips, O. vicinus also responded to TPP. In
the more straight forward functional response experiments with only TPP, the predator
clearly showed that it may have potential to reduce a TPP population especially the juvenile
stages under circumstances of inundative release in a glasshouse. However, to fully
determine that potential, would require further research to determine the numerical response
of the predator to predation. Knowledge of the numerical response would allow the impact of
predator consumption on prey populations using the combination of functional and numerical
response, to be assessed. It is possible that the combination of functional and numerical
responses of the predator will result in a direct density dependent response where an
increasing proportion of prey are predated (up to some level) asthe prey population increases

and thus the population is regulated.
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In this study, the functional response and the effects of alternative prey of O. vicinus
alone may only give an indicative predictive value in determining effectiveness of the
predator in a biological control program of TPP. However, the responses do indicate that this
predator will consume both TPP and thrips. This means that the predators can remain in the
crop and maintain themselves on thrips (or similar non-target prey) if the TPP population is
at low density. While laboratory experiments with single- prey and two-prey systems, may
not give completely confident predictions about the effectiveness of O. vicinus for
augmentative biological control of TPP in a greenhouse or field, nevertheless, the functional
responses of O. vicinus feeding on TPP and prey preference of this predator on thrips and
TPP serve as a useful guideline for estimating the potential impact of this predator on both

thrips and TPP populations and for the design of further studies.

6.5 MONITORING

Phenological models are useful for predicting the timing of events in an insect's life-
cycle for pesticide or natural enemy applications or monitoring assessments. The main
purpose of the models described in Chapter 5 is to allow growers or entomologists to predict
the time of peak flight activity of adult TPP in the field in order to attempt to better target
spray applications. This may lead to a reduced number of applications. Because adult psyllids
are highly efficient vectors of Candidatus Liberibacter solanacearum compared with TPP
nymphs (Buchman et al. 2011), the particular focus in the TPP forecasting models and
monitoring data used in this study was to estimate the timing of adult TPP peak flight activity
in a number of critical sites around New Zealand.

Monitoring TPP was carried out at weekly intervals during growing seasons for three
years (2009-2010, 2010-2011, and 2011-2012) using yellow sticky traps in unsprayed potato
crops in various locations in New Zealand. The phenological pattern of TPP indicates that
adult TPP have two peaks in abundance during a potato growing season in the field. The time
of the first peak has important implications for timing of control measures as the peak egg
infestation of TPP is reported to be related to the trend of adult trap captures (Walker et al.
2011). The pre-oviposition period of TPP is 7.87+1.35 days under laboratory condition at
25°C (Chapter 3) suggesting that under optimum conditions the first peak of TPP eggs might
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be one week after the first peak in adult abundance. Because the average temperature at the
first adult TPP peak from late January to early February (Chapter 5) is around 20 °C and egg
incubation needs aboput 7 to 8 days (Chapter 2, Tran et al. 2012), we can use this
information to estimate the time of maximal abundance of 1% instars of TPP in the field. For
example, the first adult TPP peak on 5" February under environmental conditions of around
20°C, provides an estimate of the time of maximal abundance of 1% instars based on the total
time of pre-oviposition period and incubation period of 7.87 + 7.34 = 15.21 days after 5t
February (Assuming the pre-oviposition period at 20°C as same as at 25°C).

The research in this thesis contributes new knowledge about the life cycle of this
psyllid species and has identified areas in the knowledge base for further research. In
addition to continuing to increase understanding of TPP biology and ecology, future research
needs to develop action thresholds for the control of this species appropriate for the various
crop management systems. Also accumulating more detailed knowledge about the
interactions of the psyllid, the disease it vectors and its host plants and natural enemies will
be important. Such research, should lead to more sustainable management of this pest. For
example, in the present study I estimated the developmental threshold of B. cockerelli to be
7.1°C reared on potato and 7.5 °C for psyllids reared on tomato, with a thermal budget of 358
degree days on potato and 368 degree days on tomato. Using this data we can estimate
approximately how many generations of B. cockerelli might occur per year for specific sites
throughout New Zealand. Figure 6.1 shows the number of generations of TPP in different
potato growing sites in New Zealand. For early crop potatoes at Pukekohe only 0.8
generations occur from July 1% until potato emergence (Fig. 6.1) and 1.8 generations on the
crop (emergence to harvest). For main crop potatoes at Pukekohe, 2 generations occur from
July 1%t until potato emergence and 5.2 generations on the crop. In contrast, for the main crop
in the cooler temperatures in Canterbury only 0.7 generations occur before potato emergence,
and only 3.8 generations on the crop. Note that Pukekohe has potato hosts available much

longer than that in Canterbury due to an early crop in addition to main crop.
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1 July to potato emergence Potato emergence to harvest

Pukekohe + 0.8 Generations Pukekohe -+ 1.8 Generations
(early) + 290 Degree Days (early) + 661 Degree Days
Pukekohe * 2.0 Generations Pukekohe * 5.2 Generations
(main) « 720 Degree Days (main) + 1870 Degree Days
* 1.1 Generation + 4.1 Generations
Manawatu . 405 pegree Days Manawatu . 1450 pegree Days
+ 0.7 Generation + 3.8 Generations
Canterbu '
Y . 262 Degree Days Canterbury | 1354 Degree Days

Based on weather data from 20022012

Pukekohe - early: emergence 15 Sep, harvest 15 Dec
Pukekohe - main: emergence 21 Mov, harvest 31 May
Manawatu — main: emergence 27 Oct, harvest 7 Apr
Canterbury — main: emergence 27 Oct harvest 15 Apr

Figure 6.1: Degree days available and number of generations of TPP on potato crops at

different sites in New Zealand. Degree days are calculated from July 15t

To show the potential variability of TPP phenology, the estimated dates on which
each generation (egg to adult) completes for Pukekohe over a range of years is shown in
Figure 6.2. For the 2011-12 season, TPP development is nearly 1 month ahead compared
with other years. For example, the third generation occurs on 30th December for the 2011-12
season compared with 24th January in the 2009-2010 season.

Because the economic threshold for TPP is low due to rapid transmission of
Liberibacter as discussed in Chapter 5, the predictions of the first and second peak of adult
TPP in the field may be of limited practical application. In other words, the limitation of the
forecasting models in this thesis is the inability to forecast the first occurrence of adult TPP
in the field. Accurate prediction of the first occurrence of TPP is essential for its
management. To overcome this limitation, clearly more data is required to refine and validate
the degree day and other forecasting models described in Chapter 5. More long term
monitoring data of adult TPP and plant phenology (including phenology of secondary hosts)
is needed at various locations and years. Since plant development is also temperature

dependent, monitoring potato plant phenology, such as emergence dates can be used to track
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and adjust degree day accumulation, as well as provide potential biofix to predict TPP
activity. Additionally, there may be opportunities to use the detailed life cycle parameters in
a more detailed population model that can show projections and possibilities of population

dynamics under different environmental conditions.

2':1%9- ) ) . 1 (17} . 2(15%)  3(24m  4(23) 5 (3"
2E:11ﬂ- i : i 1(18™ _ 2(6™  3(™ 4™  5(8%
2{:;1- 1(5m) 2 (24 y (30 - 4 (2ndy 5(7T™)
Manth Jul Aug Sep Oct MNow Dec Jan Feb Mar

Generations from 1 July based on Degree Days Accumulation for Pukekohe

Figure 6.2 Estimated dates on which each generation (egg to adult) completes for

Pukekohe based on accumulated degree days.

6.6 SUMMARY

With regard to the objectives of this thesis which were given in the introduction (Section 6.1)
the following conclusions were reached:

e Various details of the temperature-dependent development of TPP have been
elucidated. These include the thermal constant, the optimum temperature, and the
upper and lower temperature thresholds of the egg, nymph, and total development
(egg to adult) (Chapter 2).

e From the life tables constructed using the data obtained from laboratory experiments,
important information on the life history parameters that regulate the population
dynamics of TPP has been determined and discussed in Chapter 3.

e The Type Iand Il functional responses of predatory bug O. vicinus feeding on TPP at
various stages were determined. This study also indicated that O. vicinus has a
preference for thrips over TPP but that preference is not strong.

e The timing of adult psyllid population development in the field at various locations in

New Zealand has been investigated by using phenology models. A bimodal model
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described and estimated two peaks of TPP flights as indicated by trap captures, with
the first peak occurring from 722 to 749 DD, and the second peak from about 1189 to
1264 DD after biofix for the data available in this study.

6.7 RECOMMENDATIONS FOR FUTURE RESEARCH

e Studies of the temperature-dependent development of TPP on various plant hosts
such as bell pepper and eggplant are required because these plants are hosts of TPP
and this thesis suggested that development of TPP varied depends on host plant
species.

e There is evidence that TPP can vector Liberibacter throughout a crop very rapidly. As
TPP is an important vector of Liberibacter and a significant proportion of some TPP
populations will be infected with Liberibacter it is important that the temperature-
dependent development of TPP infested with Candidatus Liberibacter in laboratory
conditions is determined.

e The detailed life cycle parameters could be used in a more detailed population model
that can show projections and possibilities of population dynamics under different
environmental conditions.

e To better predict the impact of O. vicinus on psyllid populations, the functional
response of this predator bug and its preference on thrips and TPP should be studied
under more natural laboratory conditions or in the greenhouses where the predator is
allowed to determine their movement and residence time in particular areas.
Additionally, so that the true effectiveness of this predator can be determined or
modeled, the numerical response of O. vicinus to predation needs to be quantified.

e Because the economic threshold for TPP is low due to apparent rapid transmission of
Liberibacter, the timing of first flight of TPP in the field is the most important for
future work to determine. Despite the potential of the DD method for forecasting,
particularly the first flight, and pest management, further research on TPP
development at varying temperatures is required to establish more precisely DD

requirements in the field. The development and refinement of effective forecasting
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systems requires large amounts of both accurate long-term data on pest incidence and

climate variables, collected over a wide geographic area.
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Appendices

Appendix 1: Number of B. cockerelli per trap for one week at Pukekohe 2009-2010.

Week ending TPP/Trap Cumulative proportion ADD
22/12/09 2.458333 0.538125 354
30/12/09 4.958333 1.623495 427

5/1/10 4.625 2.635899 482
12/1/10 4.458333 3.611821 538
19/1/10 22.625 8.564393 612
26/1/10 52.16667 19.98358 688
02/02/10 60.75 33.28165 775
9/2/10 51.125 44.47282 856
16/2/10 39.83333 53.19227 940
24/2/10 64.75 67.36593 1034
02/3/10 77.875 84.41263 1102
09/3/10 45.20833 94.30865 1170
16/3/10 26 100 1235

ADD is accumulated degree days started from biofix 1t November.
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Appendix 2: Number of B. cockerelli per trap for one week at Pukekohe 2010-2011.

Week ending TPP/Trap Cumulative proportion ADD
02/11/10 1 0.0815 11.9
09/11/10 1.5 0.203749 53.3
16/11/10 1.25 0.305623 109.2
23/11/10 0.25 0.325998 171.4
30/11/10 3 0.570497 236.9

7/12/10 4.75 0.95762 307.7
14/12/10 6.75 1.507742 382.5
21/12/10 8.25 2.180114 471.4
30/12/10 15.25 3.422983 567.2
06/01/11 23.5 5.338223 650.6
11/01/11 107.25 14.07905 711.6
18/01/11 119 23.77751 799.8
25/01/11 44.75 27.42461 876.4
01/02/11 36.75 30.41972 954.9
08/02/11 39.5 33.63896 1048.1
15/02/11 16 34.94295 1123.7
22/02/11 72.5 40.85167 1218
01/03/11 174.75 55.09372 1294.2
08/03/11 286.5 78.44336 1363.7
15/03/11 159.5 91.44254 1430.7
22/03/11 17 92.82804 1505.4
29/03/11 235 94.74328 1577.3
06/04/11 7.5 95.35452 1642.5
12/04/11 17 96.74002 1688.1
19/04/11 195 98.32926 1740.3
26/04/11 10.5 99.185 1794.8
03/05/11 6 99.674 1843.5

(Continued on next page)
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Appendix 2 (continued)

Week ending TPP/Trap Cumulative proportion ADD
10/05/11 35 99.95925 1896.6
17/05/11 0.5 100 1952.8

ADD is accumulated degree days started from biofix 15t November.
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Appendix 3: Number of B. cockerelli per trap for one week at Pukekohe 2011-2012.

Week ending TPP/Trap Cumulative proportion ADD
29/11/11 0 0 229
6/12/11 1 0.454588 301
13/12/11 0.75 0.795529 372
18/12/11 2.1 1.750163 419
22/12/11 2.138889 2.722476 456
27/12/11 6.65 5.745485 508
30/12/11 2.916667 7.071366 544
4/1/12 4.59375 9.159629 601
6/1/12 17.9375 17.3138 625
10/1/12 6.5625 20.29703 668
12/1/12 21 29.84337 691
17/1/12 6.825 32.94594 743
20/1/12 21.29167 42.62487 775
24/1/12 11.59375 47.89525 812
1/2/12 12.35938 53.51367 895
712112 12.25 59.08237 959
13/2/12 25.08333 70.48495 1027
21/2/12 30.40625 84.30726 1118
29/2/12 13.5625 90.4726 1204
6/3/12 9.333333 94.71542 1246
13/3/12 11.625 100 1317

ADD is accumulated degree days started from biofix 1t November.
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Appendix 4: Number of B. cockerelli per trap for one week at Manawatu 2009-2010.

Week ending TPP/Trap Cumulative proportion ADD
28/12/09 0.25 0.108342 421
4/01/10 0.75 0.433369 489
11/01/10 1 0.866739 548
18/01/10 4.5 2.816901 605
25/01/10 31.75 16.57638 686
1/02/10 18.25 24.48537 772
8/02/10 42.25 42.79523 852
15/02/10 15.75 49.6208 930
22/02/10 11 54.38787 1008
1/03/10 10.75 59.04659 1086
8/03/10 16.25 66.08884 1154
15/03/10 31 79.52329 1211
22/03/10 20.5 88.40737 1267
29/03/10 8 91.87432 1329
5/04/10 16.75 99.13326 1380
12/04/10 2 100 1405

ADD is accumulated

degree days started from biofix 15t November.
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Appendix 5: Number of B. cockerelli per trap for one week at Waikato 2009-2010.

Week ending TPP/Trap Cumulative proportion ADD
21/12/09 0.25 0.2331 393
28/12/09 0.5 0.699301 464
4/01/10 0.75 1.398601 538
11/01/10 0.33 1.706294 599
18/01/10 1.67 3.263403 673
25/01/10 8.5 11.18881 757
1/02/10 6.75 17.48252 848
8/02/10 2.25 19.58042 942
15/02/10 2 21.44522 1035
22/02/10 3 24.24242 1120
1/03/10 4 27.97203 1204
8/03/10 27 53.14685 1283
15/03/10 21 72.72727 1351
22/03/10 3 75.52448 1410
29/03/10 13.25 87.87879 1475
5/04/10 13 100 1532

ADD is accumulated

degree days started from biofix 15 November.
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Appendix 6: Number of B. cockerelli per trap for one week at Lincoln 2009-2010.

Week ending TPP/Trap Cumulative proportion ADD
8/2/10 1.4 1.02221 7275
15/2/10 26 2 534501 792
2212110 38 4.826446 849.5
1/3110 4.4 8.907833 918.5
8/3/10 7.2 12.23441 9915
15/3/10 27 20.36546 1048
2213110 19 2777113 11005
29/3/10 20.6 411713 1157
5/4/10 39.4 60.47976 1218
12/4110 18.4 7256317 12615
19/4/10 36 90.0648 12985
26/4/10 222 100 13495

ADD is accumulated degree days started from biofix 1t November.
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Appendix 7: Number of B. cockerelli per trap for one week at Lincoln 2010-2011.

Week ending TPP/Trap Cumulative proportion ADD
1/2/11 7.4 2.957634 799.5
8/2/11 7.6 5.995204 873
15/2/11 8.4 9.352518 947

22/2/11 8 12.54996 1017
1/3/11 18 19.7442 1081.5
8/3/11 19 27.33813 1140.5
15/3/11 25.6 37.56994 1203

22/3/11 58.8 61.07114 1260.5

29/3/11 43 78.25739 1310.5
5/4/11 32.6 91.28697 1354
12/4/11 9 94.88409 1389
19/4/11 12.8 100 1419

ADD is accumulated

degree days started from biofix 1t November.
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