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ABSTRACT 

Pickleworm (Diaphania nitidalis Cramer) is a major pest of cucurbits.  This 

study investigated the potential of using squash (Cucurbita pepo L.), as a trap crop 

and watermelon (Citrullus lanatus [Thunb.] Matsum. & Nakai) as an intercrop in a 

push-pull cropping approach to manage pickleworm on cantaloupe (Cucumis melo 

L.).  A series of oviposition and larval preference experiments were conducted.  

Females preferred to lay their eggs on a squash plant, to a watermelon or 

cantaloupe plant when presented with all three.  Females were not averse to laying 

their eggs on watermelon; though the non-cucurbit, bean, stimulated reduced 

oviposition.  While neonate larvae may be capable of moving between plants they do 

not have a feeding preference between squash, cantaloupe, or watermelon.  Overall 

squash has the potential to be an effective trap crop, however a non-cucurbit, such 

as bean, would be better suited than watermelon as a potential intercrop in this 

system.    

 

 

 

 

 

 

 

 

 

 

 
 



 iv 

TABLE OF CONTENTS 

 

ABSTRACT .................................................................................................................................................... iii 
LIST OF TABLES ......................................................................................................................................... vi 
LIST OF FIGURES ....................................................................................................................................... vii 
LIST OF PLATES ......................................................................................................................................... viii 
CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW ....................................................... 1 
              Pickleworm .................................................................................................................................... 1 
              Life History .................................................................................................................................... 3 
               Egg ....................................................................................................................................... 3 
  Larva................................................................................................................................... 4 

Pupa .................................................................................................................................... 5 
Adult ................................................................................................................................... 6 

 Host Plant Range .......................................................................................................................... 7 
 Pest Management ........................................................................................................................ 7 
 Chemical ........................................................................................................................... 8 
 Predators .......................................................................................................................... 10 
 Parasitoids ....................................................................................................................... 11 
 Pathogens ......................................................................................................................... 12 
 Host Plant Resistance .................................................................................................. 13 
 Cultural Management .................................................................................................. 16 
 Trap Cropping ................................................................................................................ 16 
 Research Objectives ..................................................................................................... 23 
CHAPTER 2. PICKLEWORM OVIPOSITION PREFERENCES WITH IMPLICATIONS FOR 
A POTENTIAL PUSH-PULL CROPPING MANAGEMENT APPROACH ..................................... 24 
 Introduction ................................................................................................................................... 24 
 Materials and Methods .............................................................................................................. 27 
  Insect Colony ................................................................................................................... 27 
  Plants Used ...................................................................................................................... 27 
  Adult Female Longevity .............................................................................................. 28 
  Cucurbit Variety Preference...................................................................................... 29 
  Plant Species Preference ............................................................................................ 31 
  Whole Plant Greenhouse Experiment ................................................................... 32 
  Data Analysis ................................................................................................................... 33 
 Results ............................................................................................................................................. 34 
  Adult Female Longevity .............................................................................................. 34 
  Cucurbit Variety Preference...................................................................................... 35 
  Plant Species Preference ............................................................................................ 38 
 Discussion....................................................................................................................................... 40 
  Plant Species Preferences .......................................................................................... 40 
  The Push-Pull System for Pickleworm Management ...................................... 43 
  Variety Preferences ...................................................................................................... 44 
  Adult Female Longevity .............................................................................................. 45 
  Importance of Methodology ...................................................................................... 46 
  



 v 

CHAPTER 3. NEONATE PICKLEWORM LARVAL FEEDING PREFERENCES AND 
CAPABILITIES WITH IMPLICATIONS FOR THE EFFECTIVENESS OF POLYCULTURE 
FOR PEST MANAGEMENT ...................................................................................................................... 48 
 Introduction ................................................................................................................................... 48 
 Materials and Methods .............................................................................................................. 50 
  Neonate Larvae Longevity ......................................................................................... 50 
  Neonate Larval Movement ........................................................................................ 51 
  Neonate Larvae Feeding Preference ...................................................................... 51 
 Results ............................................................................................................................................. 54 
  Neonate Larvae Longevity ......................................................................................... 54 
  Neonate Larval Movement ........................................................................................ 55 
  Neonate Larvae Feeding Preference ...................................................................... 56 
   Orientation ........................................................................................................ 56 
   Settlement .......................................................................................................... 59 
 Discussion....................................................................................................................................... 61 
CHAPTER 4. GENERAL DISCUSSION .................................................................................................. 65 
APPEDIX A. PLATES .................................................................................................................................. 72 
APPENDIX B. PICKLEWORM COLONY MAINTENANCE .............................................................. 78 
BIBLIOGRAPHY ........................................................................................................................................... 79 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 vi 

LIST OF TABLES 

Table 2.1. Varieties investigated within each cucurbit plant species .................................... 29 

Table 2.2. Average (± SE) number of eggs laid, average percent of total eggs laid on 
leaves, average number of egg masses, and average number of eggs per egg mass 
oviposited by pickleworm when given the choice of seven squash (C. pepo) varieties . 36 
 
Table 2.3. Average (± SE) number of eggs laid, average percent of total eggs laid on 
leaves, average number of egg masses, and average number of eggs per egg mass 
oviposited by pickleworm when given the choice of three cantaloupe (C. melo) 
varieties ......................................................................................................................................................... 37 
 
Table 2.4. Average (± SE) number of eggs laid, average percent of total eggs laid on 
leaves, average number of egg masses, and average number of eggs per egg mass 
oviposited by pickleworm when given the choice of three watermelon (C. lanatus) 
varieties ......................................................................................................................................................... 37 
 
Table 2.5. Average (± SE) number of eggs laid, average percent of total eggs laid on 
leaves, average number of egg masses, and average number of eggs per egg mass 
oviposited by pickleworm when given the choice of a leaf of each Cocozelle Squash, 
Trinity Cantaloupe, and Crimson Sweet Watermelon ................................................................. 38 
 
Table 2.6. Average (± SE) number of total eggs laid by females and the average 
percent of eggs laid on the cage vs. on leaves in different female choice situations ....... 39 
 
Table 2.7. Average (± SE) number of eggs laid, average percent of total eggs laid on 
leaves, average number of egg masses, and average number of eggs per egg mass 
oviposited by pickleworm when given the choice of a plant of each Cocozelle Squash, 
Trinity Cantaloupe, and Crimson Sweet Watermelon under greenhouse conditions .... 40 

 

 

 

 

 

 

 

 

 

 



 vii 

LIST OF FIGURES 

Figure 2.1. Adult female longevity when provided with different diets .............................. 35 

Figure 3.1. Neonate longevity without food and after being fed for 24 hours ................... 55 

Figure 3.2. Time it takes neonate larvae to travel 30cm ............................................................ 56 

Figure 3.3. Percent of orientation to diets of larvae with different feeding 
experiences .................................................................................................................................................. 58 
 
Figure 3.4. Percent of settlement on diets of larvae with different feeding 
experiences .................................................................................................................................................. 61 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 viii 

LIST OF PLATES 
 

Plate I. Pickleworm egg around 0.8mm in size, the eyespots of larva are visible ............ 72  
 
Plate II. Pickleworm larva with characteristic spots, which are lost after the 4th 
instar ............................................................................................................................................................... 72 
 
Plate III. 5th instar pickleworm larvae in a cucumber fruit ....................................................... 73 
 
Plate IV. Pickleworm pupa ..................................................................................................................... 73 
 
Plate V. Male pickleworm moth ........................................................................................................... 73 
 
Plate VI. Female pickleworm moth ..................................................................................................... 74 
 
Plate VII. Cylindrical cage, constructed using wooden quilting hoops, wooden rods, 
and clear plastic vinyl, with a plastic vinyl cover secured by binder clips .......................... 74 
 
Plate VIII. Cylindrical cage with a leaf, still attached to the plant, from each of the 
seven squash varieties tested ............................................................................................................... 75 
 
Plate IX. From left to right, a cantaloupe, squash, and watermelon leaf, the 
cantaloupe and watermelon leaves are the 5th leaf from the growing tip of the plant 
while the squash leaf is the 3rd ............................................................................................................. 75 
 
Plate X. Cylindrical cage with a leaf, still attached to the plant, of each squash, 
cantaloupe, and watermelon inside ................................................................................................... 76 
 
Plate XI. Mesh cage in greenhouse containing a squash, cantaloupe, and watermelon 
plant, each the same age ......................................................................................................................... 76 
 
Plate XII. Forming cantaloupe fruit with pickleworm eggs ....................................................... 77 
 
Plate XIII. Petri dish with a choice of 5 food discs spaced at equal-distances from one 
another ........................................................................................................................................................... 77 
 
Plate XIV. 2.5 cm food discs in separate 3.5 x 5.5 x 3cm plastic boxes that were 
sealed with plastic lids ............................................................................................................................. 77 



 1 

CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 

 Pickleworm, Diaphania nitidalis Cramer (Lepidoptera: Crambidae), is a 

significant pest of cucurbit crops in North and South America.  The recent incursion 

of pickleworm to the Hawaiian Islands has significantly impacted the local 

production of highly valuable squash and melon crops.  Although alternatives to 

insecticide use for pest management have been explored in the eastern U.S. an 

integrated pest management approach that decreases reliance on insecticides is still 

elusive.  Even so, these approaches may not be useful for management of 

pickleworm in the unique production systems found in Hawai i necessitating 

localized research.  Fundamental to the development of any pest management 

approach is an understanding of the biology and ecology of a pest organism.  The 

work presented in this thesis describes the biology and behavior of pickleworm 

adults and larvae in relation to host plant preferences with the aim to evaluate the 

potential for a push-pull intercropping system to manage this pest.  The remainder 

of this chapter presents a review of the literature and research already conducted 

on pickleworm biology and management with an explanation of how a push-pull 

system may be implemented and a statement of research objectives.   

 

Pickleworm 

In 1782, Cramer and Stoll were the first to describe the insect commonly 

known as pickleworm under the name Phalaena nitidalis (Fulton 1947).  Since then 

this insect has held several names including Phakellura nitidalis, Phacellura nitidalis, 
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Eudioptis nitidalis, and Margaronia nitidalis until reaching its currently accepted 

name Diaphania nitidalis (Quaintance 1901).   

Pickleworm has been found in North, Central, and South America in addition 

to the West Indies, consequently it is considered an American Species (Quaintance 

1901, Smith 1911, Van Balen 1976).  Most Diaphania spp. have a neotropical 

distribution, with a few species, including pickleworm, extending into North 

America (Clavijo Albertos 1990).  However, the origin and native range of 

pickleworm is unclear and it appears to be expanding its North American and 

western range.  This movement of pickleworm has been traced primarily because of 

its status as a pest.     

The first published report of pickleworm as an agricultural pest of 

cucumbers was made in 1869 (Walsh and Riley 1869).  This insect received its 

common name “pickleworm” from  iley because the larvae were frequently found 

in processed pickles (Smith 1911, Fulton 1947).  A second report came out in 1871, 

by Glover who documented the damage done by pickleworms on squash grown in 

Florida (Quaintance 1901, Fulton 1947, Lynch 1999).  By the time A.L. Quainantance 

wrote a detailed bulletin in 1901, pickleworm was found in “ ichigan,  llinois, 

Delaware, District of Columbia, Virginia, Missouri, Kansas, Kentucky, Tennessee, 

 orth Carolina,  outh Carolina,  eorgia, and  lorida” (Quaintance 1901).  Later, in 

1956, Reid and Cuthbert stated that pickleworm had been found in all states east of 

the Mississippi  iver, except for “ assachusetts,  ermont,  ew  ampshire, and 

 aine,” as well as in “ exas, Kansas,  ebraska,  owa,  issouri,  rkansas, and 

 ouisiana” (Reid and Cuthbert 1956).  Although found in northern states 
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pickleworm populations only grow to damaging numbers in these places 

occasionally, whereas in the South Atlantic and Gulf Coast States pickleworms are a 

serious pest every year (Reid and Cuthbert 1956).  In addition to the U.S., the 

presence of pickleworm has been documented internationally in the following 

places: Canada, The West Indies, Puerto Rico, Panama, French Guiana, Brazil, Peru, 

and Columbia (Quaintance 1901, Fulton 1947, Dupree et al. 1955). 

The U.S. State of Hawai i is the most recent addition to the pickleworm’s 

distribution.  Pickleworm larvae were first found attacking cucumber fruits on the 

island of O ahu in November 2003 (Heu et al. 2005).  Now, this insect is widely 

distributed on the island of O ahu damaging multiple species of cultivated cucurbits 

and has been found on the islands of Kaua i, Hawai i (The Big Island), and Maui (Heu 

et al. 2005), thus populating four of the eight main Hawaiian Islands.   

 

Life History 

 Several complete descriptions have been written on the life cycle of 

pickleworm, one of the first was by Quaintance (1901), followed by Smith (1911), 

Fulton (1947), and Dupree et al. (1955).  Several others have been written since 

then (Reid and Cuthbert 1956, Canerday and Dilbeck 1968), with one more recent 

study done by Van Balen in 1976.  As a holometabolous insect, the pickleworm has 

four main life stages: egg, larva, pupa, and adult (Plates I-VI).   

Egg  

Pickleworm eggs are relatively small ranging from 0.4 to 0.8mm (Plate I) 

(Van Balen 1976).  The eggs have an irregular shape and often conform to each 
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other as well as to the surrounding plant hairs (Fulton 1947, Van Balen 1976).  The 

eggs are laid singly or in clusters of two to seven (Van Balen 1976) on hairy parts of 

the plant such as the flower buds, flowers, growing stems, and new leaves (Fulton 

1947, Dupree et al. 1955, Van Balen 1976).  When the eggs are first deposited they 

are a pearl white color.  Over a period of twenty-four hours the eggs change color to 

become yellowish and are a deep yellow color right before they hatch (Smith 1911, 

Van Balen 1976).  Eggs hatch within 2 to 4 days after being laid (Van Balen 1976). 

Larva  

There are five larval instars of pickleworm.  The first instar larvae are about 

1.5mm in length when they emerge from the egg with a head wider than their body 

(Fulton 1947).  They are white in color except for their brown head with black 

lateral ocelli (Quaintance 1901, Fulton 1947, Dupree et al. 1955, Reid and Cuthbert 

1956).  At the end of the first instar characteristic dark spots begin to appear in 

transverse rows across the body of the larvae.  The spots are formed as the 

tubercles become more pronounced, along with the darkening of the surrounding 

corneous areas (Quaintance 1901, Fulton 1947, Reid and Cuthbert 1956).  These 

spots become bolder and more obvious through the fourth instar (Plate II) (Fulton 

1947, Dupree et al. 1955).  The fifth instar larvae loose these distinctive spots and 

become a white to pale green color (Plate III) (Quaintance 1901, Fulton 1947, 

Dupree et al. 1955).  The fifth instar larvae range from 12 to 20mm in length and 

when they are done feeding they turn a coppery brown color as they search for a 

suitable place to pupate (Fulton 1947, Dupree et al. 1955).  The larva generally finds 

an old leaf or debris near or on the ground and spins itself into a fold where it will 
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become a pupa (Quaintance 1901, Fulton 1947, Dupree et al. 1955).  The average 

amount of time larvae spend in the first, second, third, fourth, and fifth instar is 2.04, 

1.48, 1.73, 2.15, and 4.53 days respectively, while in the temperature range of 72-

82F (Van Balen 1976).  

  he larval stage is the economically damaging period in the pickleworm’s 

lifecycle due to its feeding habits.  The first and second instar larvae are generally 

found feeding on the vegetative parts of the plant, such as the stem tips, and 

blossoms (Van Balen 1976).  The third, fourth, and fifth instar larvae feed either on 

the plant’s vegetative parts or inside the fruit (Van Balen 1976).  Fifth instar larvae 

have been known to complete their feeding in large squash blossoms, however on 

cucumber and cantaloupe plants the larvae generally need to move into the fruit or 

vine to finish their feeding (Van Balen 1976, Smith 1911).  In addition to destroying 

the blossoms and fruits by their feeding, pickleworm larvae also can kill the plant by 

tunneling the stems (Dupree et al. 1955).  The larvae prefer to feed inside the plant 

in all instars and during the fourth and fifth instar they will cover the hole they 

made while burrowing in the fruit with a silk web to avoid predation (Fulton 1947, 

Reid and Cuthbert 1956, Lynch 1999). 

Pupa  

At the pre-pupal stage pickleworm typically leave the fruit and begin to spin 

a cocoon.  Once the larva is in its cocoon it will molt to become a pupa.  At first the 

pupa is white but soon turns brown (Plate IV) (Fulton 1947).  Pupae are about 

16mm in length and 4mm in diameter (Dupree et al. 1955).  In temperatures 

between 72 and 82F the pupal stage lasts for 9 to 10 days (Van Balen 1976).  



 6 

Adult  

The adult moth has a wingspan of 24 to 33mm with a body length of 16mm 

(Van Balen 1976).  The moths are a yellowish-brown color along with an iridescent 

purplish reflection (Smith 1911, Van Balen 1976).  The forewings have irregular 

shaped semi-transparent spots along with larger spots located on the hind wings.  

Both the male and female moths have an anal tuft made up of distinctly spatulate 

scales, though it is less developed on the females than on the males (Plates V and VI) 

(Clavijo Albertos 1990).   he female’s tuft “is smaller and the individual scales 

flatter and more curved than in the male” ( late   ) (Smith 1911).   

  The moths are nocturnal.  Mating begins at the start of scotophase, peaks 

close to the middle of the phase and then declines until the end of the night (Elsey 

1982).   

Pickleworm moths are strong flyers and will migrate every year into 

northern states, even as far as Canada, from their overwintering sites in southern 

Florida and Texas (Dupree et al. 1955, Reid and Cuthbert 1956, Pena et al. 1987a).  

 ickleworm isn’t known to overwinter north of Florida and Texas; therefore each 

spring a new generation and influx of pickleworm make their way north invading 

cucurbits along their path (Reid and Cuthbert 1956).  Pickleworm generally remains 

in place along the migration route until the weather is too cold.  For example they 

have been reported to be in South Carolina from May till November but not detected 

again in the area until the weather warms (Reid and Cuthbert 1956).   
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Host Plant Range 

 Pickleworm larvae feed only on plants in the family Cucurbitaceae (Smith 

1911, Fulton 1947, Reid and Cuthbert 1956).  This includes several economic 

species such as squash (Cucurbita pepo L., Cucurbita moschata Poir., Cucurbita 

maxima Duch.), cantaloupe (Cucumis melo L.), and cucumbers (Cucumis sativus L.) 

(Quaintance 1901, Smith 1911, Fulton 1947, Canerday and Dilbeck 1968).  Other 

cucurbits that have been reportedly attacked are Cucurbita okeechobeensis (Small) 

L.H. Bailey, Momordica spp., Melothria spp., and Sechium edule (Jacq.) Swartz (Fulton 

1947, Dupree et al. 1955, Pena et al. 1987a).  The native creeping cucumber, 

Melothria pendula L., has been reported as an important wild host in southern 

Florida (Elsey et al. 1985).  In South Carolina, pickleworm was found on the white-

flowered gourd, Lagenaria siceraria (Mol.) Standl., (Reid and Cuthbert 1956), though 

it appears that larvae have a low survival rate on this plant (Elsey 1981).  

Watermelon (Citrullus lanatus [Thunb.] Matsum. & Nakai) although a cucurbit, is 

rarely found damaged by this moth (Quaintance 1901, Smith 1911, Fulton 1947).   

 

Pest Management  

 Over time there has been a suite of management practices investigated for 

use on pickleworm.  Currently insecticides are primarily relied upon for 

management, though this is an unsustainable approach.  The use of natural enemies 

such as predators, parasitoids, and pathogens, both naturally occurring and 

introduced, have received attention as a management tools.  Host plant resistance, 

in the form of non-preference by the adult females has been investigated as a 
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management strategy, in addition to various cultural methods.  However despite 

these potential options pickleworm still remains a difficult pest to manage.  Using 

squash as a trap crop was recommended by early researchers, with further 

investigation, this tactic may be effective when incorporated into an Integrated Pest 

Management approach for pickleworm.      

Chemical 

 Many insecticides have been used against pickleworm with varying 

effectiveness.  Early researchers found that weekly cryolite dust applications gave 

satisfactory control of pickleworm (Bodenstein 1944, Fulton 1947, Dupree et al. 

1955).  In addition to cryolite, Dupree et al. (1955) found that DDT (dichloro-

diphenyl-trichloroethane), parathion, methyl parathion, EPN ((RS)-(O-ethyl O-4-

nitrophenyl phenylphosphonothioate)), and lindane provided good control, and 

were most effective if the applications were started when the plants began to bloom.  

Canerday and Dilbeck added endosulfan to the list of effective insecticides in 1968.  

In 1999 Lynch reported the following chemicals as recommended for pickleworm 

control: carbaryl, endosulfan, methomyl, esfenvalerate and permethrin (Lynch 

1999).  In 2008, a study found deltamethrin to be effective against pickleworm on 

cucumbers, however residues of this insecticide were found to be above the 

maximum residue level on the fruits even after the safely interval of 2 days (Baptista 

et al. 2008).  Currently Bacillus thuringiensis (Dipel), carbaryl (Sevin), esfenvalerate 

(Asana), methomyl (Lannate), spinetoram (Radiant), and spinosad (Entrust, 

Success) are used for pickleworm management in Hawai i (Sugano, personal 

communication). 
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Although insecticidal control is the most common method of management for 

this pest it has its limitations, negative non-target effects, and the potential to 

become ineffective in Hawai i due to insect resistance.  Since much of the larval 

stage is spent inside the vegetative tissue or fruit, larvae are typically not exposed to 

the contact insecticides applied (Smith 1911).  There are small time frames within 

which, contact insecticides could be effective; such as when neonates are first 

searching for a feeding site or when older larvae are moving from one feeding site to 

another (Smith 1911).  Extensive coverage of the plant and frequent applications (5 

to 7 day intervals) are needed for adequate management (Fulton 1947, Dupree et al. 

1955, Reid and Cuthbert 1956).  This frequent use however, can lower the 

population of any existing natural enemies as well as reduce the bee population, 

which is needed to pollinate the cucurbit crops.  It is suggested that any insecticide 

applications be done in the late afternoon, when bees are less active, to minimize 

bee kills (Canerday and Dilbeck 1968, Lynch 1999).   

 In addition, there is a risk that insecticide resistance could occur in Hawai i. 

Already there are anecdotal reports of the reduced effectiveness of Bacillus 

thuringiensis, kurstaki type, against pickleworm but resistance has yet to be 

confirmed (Wang, personal communication).  The favorable weather conditions 

found in Hawai i allow pickleworms to continually reproduce throughout the year.  

In addition, they can also be exposed to insecticides year round.  Since it is unlikely 

that any new sources of pickleworms are coming into Hawai i, the population of 

pickleworm in Hawai i was probably accompanied by a founder effect.  A founder 

effect can cause genetic drift, meaning that there may be a change in the frequencies 
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of alleles within the population (Freeman 2005).  If any resistance genes were 

present in the founding population, they may become more prominent due to 

genetic drift.  In addition it is likely that resistance genes will also be selected for 

because of the year-round reproduction and insecticide exposure.  With no new 

genetic material being introduced into the population any resistance gene selected 

for has the potential to spread through the population quickly.  Therefore it is 

important to make sure insecticides are not overused and to monitor for any signs 

that pickleworms may be becoming resistant to a particular insecticide.   

Predators 

A number of generalist beetles were speculated to feed on pickleworm in the 

field such as the tiger beetle (Calosoma calidum Fabricius (Coleoptera: Carabidae)) 

and several ground beetles (Harpalus caliginosus Fabricius, Brachinus spp.  

(Coleoptera: Carabidae)), although these insects have not been directly observed 

feeding on pickleworm (Smith 1911).  Larvae of the Pennsylvania solider beetle in 

the genus Chauliognathus (Coleoptera: Cantharidae) have been found to be an 

“active enemy” of pickleworm larvae in  aleigh,  C (Smith 1911).  In addition 

Chauliognathus marginatus Fabricius, the margined solider beetle, was believed to 

be a predator of pickleworm larvae (Quaintance 1901).   

Fire ants (Solanopsis spp. (Hymenoptera: Formicidae)) were reported to be 

an important predator of pickleworm pupae in South Carolina (Elsey 1980).  Other 

ants in Brazil were found to be key mortality factors of pickleworm; Paratrechina sp. 

were found to eat pickleworm eggs and Labidus coecus Latr. prey upon pickleworm 
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pupae (Gonring et al. 2003).  Also a key predator of pickleworm larvae in Brazil is 

Polybia ignobillis Haliday (Hymenoptera: Vespidae) (Gonring et al.  2003).   

Parasitoids 

The first documented parasitoid of pickleworm was a chalcid fly 

(Brachymeria ovata Say (Hymenoptera: Chalcididae)) that was reared from a pupa, 

and later one from a pickleworm larva in North Carolina (Quaintance 1901, Smith 

1911).  Elsey (1980) also reared B. ovata from pickleworm pupae in South Carolina, 

though this parasitoid did not seem to be prominent factor of pickleworm mortality.   

A survey of natural parasitoids of pickleworm larvae in Southern and Central 

Florida found several braconid and ichneumonid parasitoids (Pena et al. 1987b).  

These parasitoids (Apanteles sp., Hypomicrogaster diaphaniae Muesebeck, 

Pristomerus spinator Fabricius, Chelonus sp., Casinaria infesta Cresson, and 

Temelucha sp.) had a combined rate of parasitism in Central and Southern Florida in 

1983 and 1984 of 2.28% and 4.33% respectively (Pena et al. 1987).  Another survey 

of parasitoids conducted in Charleston, South Carolina found Apanteles 

marginventris Cresson (Hymenoptera: Braconidae), Itoplectis conquisitor Say 

(Hymenoptera: Ichneumonidae), and Catolaccus aenoviridis Girault (Hymenoptera: 

Pteromalidae) to be parasitoids of pickleworm (McFadden and Creighton 1979). 

In South Carolina, a wasp, Trichogramma exiguum Pinto and Platner 

(Hymenoptera: Trichogrammatidae), was found to parasitize pickleworm eggs from 

0-69% (Elsey 1980).  The higher parasitism rate of 69% occurred in September and 

October in Charleston, South Carolina when there was a high density of eggs 

available (Elsey 1980).  However in other places where there was a low density of 
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eggs no parasitism occurred, suggesting that the parasitism rates are density 

dependent (Elsey 1980).  More recently, a study done in Brazil found Trichogramma 

pretiosum Riley (Hymenoptera: Trichogrammatidae) to be an important mortality 

factor for pickleworm eggs (Gonring et al. 2003).   

A formal biological control program resulted in a parasitoid, Cardiochiles 

diaphaniae Marsh (Hymenoptera: Braconidae), being imported from Colombia and 

released in Florida and Puerto Rico (Smith et al. 1994, Shannag and Capinera 2000).  

Though no serious attempts have been made to establish it in southern Florida 

(Smith et al. 1994, Shannag and Capinera 2000). 

Pathogens 

 In 1994 Shannag, Webb, and Capinera studied several nematode species to 

determine their potential as biological control agents of pickleworm.  Five species of 

nematodes were investigated, four from the genus Steinernema and one from the 

genus Heterorhabditis (Shannag et al. 1994).  They found that Steinernema 

carpocapsae (Weiser) (Mexican Strain) was the most pathogenic to pickleworm and 

caused “complete insect mortality 48 h after treatment” (Shannag et al. 1994).  It 

appears that the older larvae and prepupae were the most susceptible to nematodes 

as opposed to the neonate larvae and the pupae (Shannag et al. 1994).  The 

environment within the squash blossom is “highly favorable” for the steinernematid 

nematodes in addition to being one of the most preferred feeding locations of the 

pickleworm larvae (Shannag et al. 1994).  Weekly nematode applications to squash 

at the rate of 2.5 billion/ha, reduced pickleworm damage on fruits and blossoms at 
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the same level as when the insecticide permethrin was used (Shannag et al. 1994).  

Therefore, this may be a viable approach for pickleworm management on squash.      

It was also found that if Steinernema carpocapsae is used as a biological 

control agent it may interfere with Cardiochiles diaphaniae’s, the parasitic wasp’s, 

ability to suppress melonworm and pickleworm populations (Shannag and Capinera 

2000).   

More recently entomopathogenic viruses have been investigated for 

pickleworm management (Jackson et al. 2008, Jackson et al. 2009).  Of 14 viruses 

investigated “the velvetbean caterpillar, Anticarsia gemmatalis Hubner, multiply-

embedded nucleopolyhedrovirus (AgMNPV)” and “a multiply-embedded 

nucleopolyhedrovirus (AcMNPV) from alfalfa looper, Autographa californica 

(Speyer), were the most efficacious against second instar D. nitidalis” (Jackson et al. 

2008, Jackson et al. 2009).  Additionally, it was found that the use of a cucurbitacin-

containing feeding stimulant helped increased the efficacy of AgMNPV and 

(AnfaMNPV), “the celery looper, Anagrapha falcifera (Kirby), multiply-embedded 

NPV” against second instar pickleworm larvae (Jackson et al. 2009).  However the 

use and efficiency of this practice in field has not been done or evaluated yet.   

Host-Plant Resistance 

 Host-plant resistance to pickleworm was first investigated through the 

evaluation of the level of fruit damage a variety or species received in the field.  

However, this screening approach gave inconsistent results.  Currently, it is thought 

that the resistance mechanism in varieties or species of resistant cucurbits is due to 

oviposition non-preference by the females.     
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Several studies have investigated different squash varieties for resistance to 

pickleworm based off of larval fruit damage in the field.  Varieties from the squash 

species Cucurbita pepo L., Cucurbita moschata Poir., and Cucurbita maxima Duch., 

have been investigated (Brett et al. 1961, Canerday and Dilbeck 1968, Dilbeck and 

Canerday 1968, Dilbeck et al. 1974, Elsey 1981).  It was found that, in general, 

varieties of C. pepo were more susceptible to larval damage in the field than 

varieties of C. moschata and C. maxima (Dilbeck and Canerday 1968, Dilbeck et al. 

1974).   owever, it was speculated that there could be a “dilution effect” of larval 

numbers with this kind of measurement, making varieties with high fruit production 

seem more resistant (Elsey 1981).  This could explain some of the inconsistency in 

the level of resistant classification a particular variety received across studies (Elsey 

1981). 

Investigations on both butternut squash (C. moschata) and watermelon 

(cucurbits that rarely receive damage in the field) concluded that the principle 

mechanism of resistance is oviposition non-preference by the females (Elsey 1981, 

Elsey and McFadden 1981, Elsey 1985).  It has also been reported that pubescent 

cucumber and muskmelon varieties are preferred over glabrous varieties by 

females for oviposition (Day et al. 1978, Pulliam 1979, Elsey and Wann 1982).  

Pulliam 1979 found that pickleworm moths laid a lower amount of eggs on glabrous 

cucumber leaves, which correlated to lower damage ratings of the glabrous varieties 

in the field (Pulliam 1979).  Other studies searching for resistant cucumber varieties 

has had limited success (Quisumbing and Lower 1975, Wann et al. 1978, Wehner et 

al. 1985).  Studies searching for resistant varieties of cantaloupe found that all the 
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varieties studied sustained enough damage that other means of management were 

needed to have a successful crop (Canerday 1967, Canerday and Dilbeck 1968).   

 Elsey and McFadden (1981) found that pickleworm females were stimulated 

to lay their eggs on pieces of fiberglass building insulation treated with an ethanol 

extract of squash leaves.  When given a choice, females laid a significantly higher 

number of eggs on pads with squash extract than on pads with cucumber, 

watermelon, or tomato extract (Elsey and McFadden 1981).  They suggested that 

this method of presenting moths with choices of ethanol extract treated pads could 

lead to a more efficient laboratory method of screening for resistance in cucurbit 

varieties based on oviposition non-preference (Elsey and McFadden 1981).  

Petterson et al. (1994) conducted a study to further identify components of squash 

(C. pepo) volatiles that were particularly attractive to gravid females.  Of the volatile 

compounds isolated and tested from the squash plants, individually only 

germacrene D was found to be attractive and “oviposition was significantly 

stimulated by  whole leaf’ volatiles” (Peterson et al. 1994).   olatiles “(R)-(+)-

Limonene and 2-heptanone were weakly repellent” (Peterson et al. 1994).  A further 

study found that small “non-volatile and highly polar amphoteric compounds” from 

Early Prolific Straightneck squash (C.  pepo) stimulate female oviposition (Peterson 

and Elsey 1995).  Although these studies were done, no further studies investigated 

if the presence or absence of these compounds in other cucurbits is responsible for 

their resistance.   
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Cultural Management 

There have been several recommendations for ways to manage pickleworm 

using cultural tactics.  One recommendation is for farmers to plant crops early, 

especially in states north of Florida and Texas where the moth has a later 

appearance in the spring due to their migration (Quaintance 1901, Smith 1911, 

Fulton 1947, Reid and Cuthbert 1956, Canerday and Dilbeck 1968).  Field sanitation 

such as destroying infested fruits and clearing the field of all plant debris after 

harvest to prevent any eggs, larvae, or pupae still on the plant material from 

developing further has also been recommended (Quaintance 1901, Smith 1911).  

Plowing the field after harvest is also thought to prevent the further development of 

any larvae or pupae left in the field (Quaintance 1901, Smith 1911).  However, there 

is not any quantitative support for the use of field sanitation and plowing.  

Spunbounded polyethylene row covers were found to increase squash yield in 

Florida especially if the row covers were left over the squash plants at least 1 week 

after they began to bloom (Webb and Linda 1992).  This method physically kept 

pickleworm away from the young squash plants and the squash was colonized 

slowly by pickleworm for the first two weeks after covers were removed (Webb and 

Linda 1992).   

Trap Cropping 

Trap cropping is a cultural management approach that relies upon the 

relative attractiveness of different host plants as oviposition sites.  This approach 

uses plants that are relatively more attractive than the main crop to lure pests away 

from and keep them out of the main crop.  In 1901 at the Georgia Experiment 
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Station, A.L. Quaintance was the first to conduct a study to see if squash could be 

used as a trap crop against pickleworm infestation on muskmelon (Quaintance 

1901).  The idea was sparked by an observation in 1899 when plats of squash, 

cucumbers, and muskmelon were growing next to one another, but only the 

blossoms and fruit of the squash were badly infested by pickleworm (Quaintance 

1901).  This observation led to the idea that pickleworm may have a preference for 

the blossoms of squash over muskmelon and that squash might make a good a trap 

crop for pickleworm control on muskmelons (Quaintance 1901). 

To test this idea Quaintance planted four rows of squash equally spaced 

within an acre plot of muskmelons (Quaintance 1901).  The squash seeds were 

planted two weeks after the muskmelon seeds and the squash was in full bloom by 

the time many of the muskmelons were half to two-thirds grown.  This is about the 

same time the first pickleworm larvae were seen in the field, June 18th (Quaintance 

1901).  Starting June 20th the squash flowers were picked on average every 3 days 

and the total number of larvae in the picked flowers were counted and ranged from 

135 to 215 larvae (Quaintance 1901).  This was continued until July 17th but was 

then stopped because the squash plants were “mostly exhausted” (Quaintance 

1901).   

 he muskmelons were found to be “practically free” from pickleworm 

infestation up until July 14th when 10 melons were found infested, after this date the 

infestation of muskmelon seriously increased (Quaintance 1901).  Quaintance 

concluded that the muskmelon infestation was due to the decline of the squash 

plants (Quaintance 1901).   
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A year later Quaintance repeated the study, except this time squash seeds 

were planted in intervals of two weeks “so that there was a succession of flowers 

from early June through July,” to protect all the muskmelons until they were 

harvested (Quaintance 1901).  The flowers were picked and larvae counted on 

average every 3½ days from June 19th through July 30th.  The number of larvae 

found from each picking ranged from 55 to 1289 larvae, with an average of 426 

larvae per picking (Quaintance 1901).  The muskmelons were searched for 

pickleworm on July 14th and “out of hundreds” of muskmelons only six had been 

bored into by pickleworm (Quaintance 1901).  After the final harvest and inspection 

of muskmelons “not more than three or four percent of the muskmelons” were 

injured by pickleworm (Quaintance 1901).   

From the results of this study Quaintance recommended that squash be used 

as a trap crop for pickleworm control on muskmelon (Quaintance 1901).  

Quaintance also stressed the importance of periodic picking of all the infested 

squash blossoms and destroying the larvae in order for squash to be a successful 

trap crop (Quaintance 1901).       

  fter seeing the apparent success of Quaintance’s study,  . .  mith conducted 

another study in North Carolina in 1910 (Smith 1911).  Smith planted seven rows of 

summer squash in a three acre cantaloupe field.  The squash plants began to bloom 

on July 1st and the first pickleworm larvae were found in a squash blossom on July 

7th (Smith 1911).  At the same time no pickleworms were found on the cantaloupe.  

The field was inspected again on July 15th; from counting pickleworm on three 

random hills of squash plants Smith estimated that there were 8,000 pickleworms of 
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various stages on the squash plants throughout the whole field (Smith 1911).  The 

cantaloupes were also examined on the 15th and “not one was found that had been 

eaten into, and no larvae or eggs were discovered on the buds or blossoms” (Smith 

1911).  The next examination was on July 27th Smith estimated there to be 26,000 

pickleworms of various stages on the squash plants in the field at this time.  The 

cantaloupes were also examined and only one cantaloupe was found with a 

pickleworm hole.  This was also at the time when the cantaloupes were beginning to 

ripen (Smith 1911).  On August 1st two percent of the cantaloupe had been damaged 

by pickleworm and by August 12th this damage reached ten percent (Smith 1911).  

Other cantaloupe fields, with no nearby squash, two to five miles away were 

“practically ruined” by  ugust 12th (Smith 1911).   

 Throughout this study there was no effort to remove the infested squash 

blossoms or plants.  Smith had permission enter and examine the field and had 

strongly suggested that infested squash plants be removed, however his suggestion 

was not followed (Smith 1911).  From this study Smith was confident that squash 

could be used as a successful trap crop especially if the squash plants were planted 

in two week intervals to maintain an abundance of squash buds and blossoms, and if 

infested squash blossoms and plants were removed and destroyed to prevent the 

pickleworms from increasing (Smith 1911).   

 Since Quaintance and Smith there have been very few people that have 

looked into the potential of squash as a trap crop for pickleworm management on 

cantaloupe.  Frank VanHaltern was one, who reported successful pickleworm 

management through trap cropping in 1927 at the Georgia Experiment Station 
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(VanHaltern 1945).  In a five-acre field of cantaloupe every twelfth row was planted 

with yellow summer crookneck squash two weeks after the cantaloupes were 

planted in the field (VanHaltern 1945).  Once pickleworms were plentiful in the 

squash blossoms twice a week they were removed from the field along with infested 

squash fruit.   rom this method “almost complete control” of the pickleworms was 

secured (VanHaltern 1945).   

 Another experiment on trap cropping was done by Dupree et al. in 1946, 

however this time the results were not as promising.  In Experiment, Georgia, 

summer crookneck squash were planted as a trap crop with cantaloupe (Dupree et 

al. 1955).  Five days after pickleworm eggs were first found on the squash plants, 

the plants were dusted with cryolite to kill the larvae (Dupree et al. 1955).  A day 

after the second and last dusting of cryolite, the squash blossoms were removed 

from the field every other day and destroyed.  However, by the time the cantaloupes 

ripened, all were wormy and there were no marketable melons (Dupree et al. 1955).  

Dupree also noted “the infestation was so intense that the second planting of squash 

was killed by the pickleworm before blossoming” (Dupree et al. 1955).  In 

conclusion, Dupree stated that squash as trap crop may have no value in protecting 

cantaloupe in seasons of heavy pickleworm infestations (Dupree et al. 1955).    

 Although never running an experiment, Fulton also has his doubts about the 

effectiveness of trap crops for pickleworm control.  Fulton criticized Quaintance and 

 mith’s studies because in those studies there was no true control (Fulton 1947).  

The fields of cantaloupe with the trap crops were compared to fields of cantaloupe 

grown miles away.   ulton states that “different fields of the same crop often become 
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infested at different times,” implying that the comparison was not indicative of the 

trap crop’s protection (Fulton 1947).   lso  ulton (1947) believed that “cucumbers 

and cantaloupes are infested later whether squash plants are present or not,” again 

undermining the value of squash as a trap crop. 

 In addition to cantaloupe, the management method of trap cropping has also 

been considered for pickleworm management on cucumber.  In 1944, Bodenstein 

conducted an experiment testing the effectiveness of different insecticides on 

pickleworm control on both cucumbers and squash (Bodenstein 1944).  However, 

the infestation of the cucumbers was so minimal at 0.75% infested fruits that 

nothing could be concluded about the effectiveness any particular insecticide 

treatment.   odenstein speculated “the squash, being a preferred food plant of the 

pickleworm, had acted as a trap crop and protected the cucumbers” (Bodenstein 

1944).  Canerday and Dilbeck (1968) also reached a similar conclusion when their 

cucumbers received minimal damage when squash was grown adjacent to them.   

 In 1972, R.L. Lower did an experiment screening for cucumber cultivars that 

were resistance to cucumber beetles and pickleworm while examining the effect of 

several surrounding cultivars (Lower 1972).  Zucchini Elite was included in the 

treatment cultivars (those being screened for cucumber beetle and pickleworm 

resistance) along with 9 cucumber cultivars.  The results showed that 78 out of 

every 100 Zucchini Elite fruit were infested by pickleworm (Lower 1972).  In 

contrast the 9 cucumber cultivars were on averaged infested at rate of 1.4 per 100 

fruit (Lower 1972).   ower speculated that “the presence of squash may have had an 

adverse effect of pickleworm infestation of cucumbers” (Lower 1972).  In addition, 
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Lower concluded that the benefit of squash as a trap crop may be outweighed by the 

increased damage of cucumber beetles to seedling cucumbers when squash is 

grown as a surrounding cultivar (Lower 1972).   

 More recently in 1997 a study was done at the Alabama Agricultural 

Experiment Station on trap cropping to protect cucumbers.  Cucumber plots were 

planted with a border row of squash on either side while the control plots just 

contained cucumbers (Zehnder et al. 1997).  On average the pickleworm damage on 

cucumbers in the control plot was 16.5% over the season, whereas the damage on 

cucumbers in the plots bordered by squash was 8.7% (Zehnder et al. 1997).   

In conclusion, these studies suggest that the use of squash as a trap crop has 

the potential to be an effective management strategy for pickleworm, warranting 

the further investigation of its potential in Hawai i.  The practice of this approach 

would help lower the use and dependency of insecticides, and their negative side 

effects.  In addition this tactic could be paired with other cropping schemes to 

enhance the effectiveness of pickleworm management.  The push-pull cropping 

approach incorporates a trap crop  pull’ and a deterrent intercrop  push’ together 

for pest management.  In the case of pickleworm watermelon may be a good 

candidate for the deterrent intercrop because although a cucurbit, it receives little 

to no damage in the field, which is believed to be due to the oviposition non-

preference by the females.   
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Research Objectives 

The primary aim of this research is to investigate the potential of squash and 

watermelon for use in a push-pull cropping approach for pickleworm management 

on cantaloupe.    

 The specific objectives are: 

1. To determine if adult female moths discriminate between plants 

for oviposition in experimental methods (Chapter 2) 

2. To determine if adult female moths exhibit an innate preference 

for any of the three host plants: squash, cantaloupe, or watermelon 

(Chapter 2) 

3. Evaluate the host plant searching capabilities and preference of 

neonate larvae (Chapter 3) 

As a note, these chapters are written as individual papers and as such there may be 

some redundancy in the introductory section of each chapter.  A synthesis of the 

findings in relation to the primary aim is presented in the General Discussion 

(Chapter 4).   
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CHAPTER 2. PICKLEWORM OVIPOSITION PREFERENCES WITH IMPLICATIONS 
FOR A POTENTIAL PUSH-PULL CROPPING MANAGEMENT APPROACH 

 

Introduction 

Pickleworm, Diaphania nitidalis Cramer (Lepidoptera: Crambidae), has been 

considered a pest of cucurbits in the South Atlantic and Gulf Coast States of the 

United States since the late 1800s when it was found damaging cucumbers (Walsh 

and Riley 1869, Quaintance 1901, Smith 1911).  However it is a relatively new pest 

in Hawai i, first found in 2003 on the island of O ahu and now currently found 

attacking cucurbits on the islands of O ahu, Kaua i, Hawai i, and Maui (Heu et al. 

2005).  Common cucurbits that are damaged by pickleworm include squash 

(Cucurbita spp.), cucumbers (Cucumis sativus L.), cantaloupe (Cucumis melo L.), and 

pumpkins (Cucurbita spp.) (Heu et al. 2005).  The level of damage can be quite high 

and some growers have abandoned cucurbit production due to pickleworm 

infestation in Hawai i (Spafford, personal communication).  Presently, pickleworm is 

managed mainly through weekly pesticide applications.  Common pesticides used 

are Bacillus thuringiensis (Dipel), carbaryl (Sevin), esfenvalerate (Asana), methomyl 

(Lannate), spinetoram (Radiant), and spinosad (Entrust, Success) (Sugano, personal 

communication).  However, the sole reliance on insecticides for management of this 

pest is unsustainable, particularly in Hawai i.  The year-round favorable climate 

conditions and isolation of the population of pickleworm in Hawai i increase the risk 

for evolution of pesticide resistance.  In addition, the use of pesticides has the 

potential to diminish natural enemy and pollinator populations in cucurbit crops.  

Because cucurbits need insects such as honeybees for pollination and fruit set 
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(Hodges and Baxendale 2007), a pest management method with lower risk to insect 

pollinators is of importance to sustainable fruit production.  This study explores the 

potential of an alternative management strategy, a push-pull cropping approach, to 

protect cantaloupe from pickleworm damage.    

 A push-pull crop protection strategy, also known as a stimulo-deterrent 

diversionary strategy, makes use of semiochemicals to deter (push) insect pests 

away from the main crop in addition to attracting them to a trap crop (pull) 

(Hassanali et al. 2008).  The push component can be intercrop that acts as an insect 

oviposition deterrent.  A deterrent plant is one that an insect recognizes as an 

unsuitable oviposition site only after landing on the plant causing the subsequent 

emigration of the insect into the air column (Potting et al. 2005).  The pull 

component can be in the form of a trap crop that is inherently more attractive as an 

oviposition and/or feeding site than the main crop (Shelton and Badenes-Perez 

2006).  Trap crops generally are more successful when they are used to manage 

insects that have a high displacement speed as well as those that detect their host 

plants by vision or olfactory means (Potting et al. 2005).  A push-pull cropping 

system has been successfully developed to control the stemborer, Chilo partellus 

Swinhoe (Lepidoptera: Crambidae), on maize in Africa (Khan et al. 2010).  This 

system uses Napier grass, a highly attractive oviposition site, as a border trap crop 

(pull) and molasses grass, an oviposition repellant, as an intercrop (push) 

(Hassanali et al. 2008, Khan et al. 2010).   

Early researchers recognized that squash could possibly act as a trap crop for 

pickleworm control.  In 1901, Quantaince was the first to intercrop squash plants 
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with muskmelon and reported that only 3-4 percent of the muskmelons had been 

bored into by pickleworm at harvest time (Quaintance 1901).  Another study found 

that only 10 percent of cantaloupes were damaged by pickleworm when 

intercropped with summer squash, whereas cantaloupe fields two to five miles 

away, with no squash around, were “practically ruined” (Smith 1911).  However, 

these studies had no true control and therefore the results cannot be considered 

conclusive.  Nevertheless, these studies are suggestive that squash might be a useful 

trap crop successfully exploited in a push-pull crop protection strategy. 

Watermelon, although a cucurbit, generally receives little to no damage from 

pickleworm.  In 1947 it was reported that pickleworm attack on watermelon was so 

rare that it could be considered accidental (Fulton 1947).  This apparent resistance 

is believed to be due to oviposition non-preference because larvae will readily eat 

watermelon plant parts when presented with them, but few eggs have been found 

on the plants (Elsey 1981).  Since watermelon appears to be unattractive as an 

oviposition site, it is a possible candidate for the push component in a push-pull 

system.   

 The primary aim of this study was to determine if adult female pickleworm 

moths demonstrated a preference for squash (Cucurbita pepo L.), cantaloupe 

(Cucumis melo L.), or watermelon (Citrullus lanatus [Thunb.] Matsum. & Nakai) as 

oviposition sites.  In order to do this, first the preference of individual adult female 

moths for different varieties within the three cucurbit crops was evaluated in the 

laboratory.  Using the results of the variety experiments, a single variety of each 

plant species was selected to investigate the oviposition preference of adult females 
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between squash, cantaloupe, and watermelon in laboratory and greenhouse 

experiments.   s controls, the females’ response to the choice of the three plant 

species in the laboratory was compared to the females’ response when presented 

with only one cantaloupe variety and when presented with only a non-host plant 

(bean).  These controls were done to see if a presence of only the main crop, 

cantaloupe, or the presence of a non-host influenced the females’ behavior and 

oviposition response, which would indicate if the female moths were distinguishing 

and reacting to different plant choices.  As part of constructing the methodology for 

these experiments, a female adult longevity experiment was conducted to determine 

the life span of individual female moths when given different adult liquid diets and 

the results reported herein. 

 

Materials and Methods 

Insect Colony 

 Pickleworm moths used in the study were reared in a lab colony started in 

spring 2011 with larvae collected from commercial farms on the island of O ahu, HI.  

Larvae in the colony were reared on a pinto bean based artificial diet (Bioserv Black 

Cutworm Diet) set in a 32-cell diet tray (15.25cm x 27.3cm, 2.5cm deep).  See 

Appendix B for other colony maintenance procedures. 

Plants Used 

Plants used in this study were grown in a greenhouse.  All were grown from 

seed in an 8cm square pot (9.5cm depth) with Sunshine Mix 1 Professional Growing 

Mix (Pacific Agricultural Sales and Services, Inc., HI) and fertilized with ¼ tsp 
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Osmocote Indoor and Outdoor Plant Food (Scotts-Sierra Horticultural Products 

Company, OH).  The plants were consistently watered using an overhead sprayer 

and a hand-held hose.   

Adult Female Longevity 

 This experiment sought to determine the longevity of adult female moths 

when given different diets.  It was set up as a completely randomized design with 

three diets and conducted in laboratory conditions.  Individual pupa close to 

emergence were taken from the colony and placed in a small plastic jar (4cm tall 

and 4cm wide) with a screw top lid.   

Once the moths emerged, each female moth was placed individually in a 

cylindrical cage.  These cages were constructed using 30.5cm wooden quilting hoops 

held apart to form the top and bottom of the cylinder by five 30cm wooden dowel 

rods spaced equally apart from one another.  The side of the wooden cylindrical 

frame was covered by clear plastic vinyl and another piece of plastic vinyl served as 

a cover, secured to the wooden frame using binder clips (Plate VII).   

Within each cage, an individual newly-emerged adult moth was provided 

with one of three diets: control (the moth received no additional liquid or food), 

water alone, and 10% honey water.  The diets were supplied to the moth by soaking 

a 3 x 5cm cotton pad with the diet placed on a petri dish inside the cage.  These pads 

were changed every other day to consistently provide the moths with fresh diet.  

The moths in the control group were provided with a dry cotton pad.  The moths 

were checked each day around 11am and the date of death was recorded.  The 
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control and water treatment were replicated 15 times and the 10% honey water 

treatment was replicated 16 times.   

Cucurbit Variety Preference  

 Three experiments were conducted, under laboratory conditions, to 

investigate if there are oviposition preferences of adult female moths for varieties 

within different commercially grown squashes (Cucurbita pepo L.), cantaloupes 

(Cucumis melo L.), and watermelons (Citrullus lanatus [Thunb.] Matsum. & Nakai) 

(Table 2.1).  The main qualification of varieties chosen was their ability to be grown 

in and local relevance to Hawai i (Takeda and Sakuoka 1997).  In addition, squash 

varieties that have been reported to be highly susceptible to pickleworm infestation 

were selected (Dilbeck and Canerday 1968, Lower 1972).  One watermelon variety, 

Charleston Grey, was included primarily because of the reported oviposition non-

preference of pickleworm to this variety (Elsey 1981).   

Table 2.1. Varieties investigated within each cucurbit plant species 
Plant Species Variety Seed Store 
Squash               
(Cucurbita pepo L.) 

Zucchini Com Fukuda Seed Store 
Zucchini Elite  Generic Seeds 
Zucchini Trigress Johnny Selected 

Seeds 
Yellow Crookneck Summer Squash Johnny Selected 

Seeds  
Early Prolific Straightneck Burpee  
Early White Bush Scallop Squash Generic Seeds  
Cocozelle Park Seed 

Cantaloupe        
(Cucumis melo L.) 

Saguaro Fukuda Seed Store 
Atlantis Fukuda Seed Store 
Trinity Fukuda Seed Store 

Watermelon      
(Citrullus lanatus 
[Thunb.] Matsum.  
& Nakai)  

Crimson Sweet Johnny Selected 
Seeds 

Crimson Fukuda Seed Store 
Charleston Grey   unton’s  eed 
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Pupae were collected from the colony and held in small plastic jars until adult 

emergence.  Once the females emerged they were placed in a hard plastic cage 

(15.25cm wide and 30.5cm tall), the  mating’ cage, with 10 males and allowed to 

mate for 2 days.  No host plants were present.  During this period the moths were 

given 10% honey water in a 3 x 5cm cotton pad and the cage was misted with ≈ 

1.25ml of water to provide adequate humidity.  After two days in the  mating’ cage, 

an individual female, along with two males, were placed into a separate  oviposition’ 

cage that had one leaf from each variety of a single cucurbit species and allowed 

access to these leaves for five days.  In the squash variety experiment a single female 

moth was given a choice of seven leaves, one of each of the seven varieties, on which 

to lay her eggs.  In the cantaloupe variety and watermelon variety experiments a 

single female moth was given a choice of three leaves, one of each of the three 

varieties on which to lay her eggs.  In addition to the leaves, the cage contained a 1 x 

1.5cm cotton pad soaked with 10% honey water.  The cage was sprayed with  

≈ 2.5ml of water to provide humid conditions.  If any of the male moths died during 

these 5 days they were replaced.  If a female died, the replicate was discarded.  After 

five days the males and females were removed and the eggs and egg masses on each 

variety and on the cage were counted.  Only replicates in which female moths laid 

viable eggs were retained for analysis.  The watermelon and cantaloupe variety 

experiment was replicated 15 times and the squash 16 times.   

Initially in the squash variety experiment, the females were placed with only 

5 males for the first two days in the  mating’ cage and then given 1 male in the 

 oviposition’ cage with leaves.  However, in these initial replicates a large number of 
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females either did not lay eggs or the eggs laid were non-viable, suggesting poor 

mating success.  It was determined that increasing the number of males to 10 in the 

 mating’ cage and 2 males in the  oviposition’ cage led to an increase in the number 

of females laying viable eggs.  Thus the first six replicates in this experiment were 

females with 5 then 1 male; subsequent replicates had 10 then 2 males.   

The cages used in this experiment were the same cylindrical cages used in 

the female longevity experiment (as described above).  However, in this case, holes 

were cut into the cages 3 inches down from the top of the cage and spaced equally 

apart from one another around perimeter of the cylinder.  One leaf from each 

variety within the plant species being tested was inserted into the cage through a 

hole and remained attached to the plant, which remained outside the cage (Plate 

VIII).  The third leaf from the growing tip of the plant was used in the squash variety 

experiment.  For the cantaloupe and watermelon variety experiments the 5th leaf 

from the growing tip was used, because the size of this leaf on the cantaloupe and 

watermelon plants was similar to the size of the 3rd squash leaf (Plate IX).  In any 

given replicate all the varieties presented were the same age and plant ages ranged 

from 17 to 27 days in the squash variety experiment, 30 to 36 days in the 

cantaloupe experiment, and 31 to 35 days in the watermelon.   

Plant Species Preference 

 This experiment sought to investigate if there was an oviposition preference 

of adult female moths among squash, cantaloupe, and watermelon.  In addition, two 

control treatments were included as part of this experiment; one in which females 

were presented with only a cantaloupe variety, and a second in which females were 
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presented with only a non-host, in this case, Greencrop bush bean, Phaseolus 

vulgaris L.   

The squash, cantaloupe, and watermelon varieties used in this experiment 

were selected according to the results of the variety experiments.  Cocozelle squash 

was selected as the squash variety because on average a higher number of eggs 

were laid on this variety than the others.  Trinity cantaloupe and Crimson Sweet 

watermelon were chosen because on average there were fewer eggs laid on them in 

their respective variety experiment. 

The procedure for this experiment was the same as the variety preference 

experiments described above except within an  oviposition’ cage a female was 

presented three leaves in one of the following ways: (1) a three host-plant 

combination with one leaf of a squash, cantaloupe, and watermelon (Plate X); (2) a 

single host plant with three leaves of only the Trinity cantaloupe variety from three 

different plants; (3) a single non-host plant with three leaves of bush bean.  All 

plants within a given replicate were the same age.  Plants in presented in three-host 

plant combination were either 25 or 26 days old, and plants in the single host plant 

combination were 28 to 39 days old.  The 2nd leaf from the growing tip of the bean 

was used and plants were between 26 to 28 days old.  Each combination (three host 

plant, single host plant, and non-host plant) was replicated 15 times.  The number of 

eggs and egg masses on each leaf and on the cage laid by each female were counted.   

Whole Plant Greenhouse Experiment 

 Following the variety and plant species oviposition experiments using only 

the leaves of plants, adult female moths were presented with whole plants from 
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each of the three plant species (squash, cantaloupe, and watermelon) for oviposition 

in a greenhouse environment.  Female moths were collected from the colony as 

described above.  Following emergence females were placed in a mesh  mating’ cage 

(35.5 x 35.5 x 70cm) (BioQuip Products, Inc, CA) with 10 males.  After two days each 

female was removed from the  mating’ cage and was placed individually in an 

 oviposition’ cage with 5 males, and one plant of Cocozelle squash, Trinity 

cantaloupe, and Crimson Sweet watermelon ( late X ).   he  oviposition’ cage was 

the same size as the  mating’ cage.  In the first three replicates 2 males were placed 

in the cage with the female and plants but the number was increased to 5 males to 

promote fertile egg production.  The females were left in their cages with plants for 

5 days.  The plants in the cage were the same age and ages ranged from 26 to 30 

days depending on the replicate.  Moths were supplied with a cotton pad soaked in 

10% honey water that was changed daily.  Plants in the cage were watered every 

day and any males that died during the experiment were replaced on a daily basis.  

The number of eggs and egg masses were counted on each plant.  Only replicates 

wherein moths laid viable eggs were included for analysis.  There were 10 

replicates.   

Data Analysis 

 The effect of diet on the longevity of adult female moths was analyzed using a 

Nonparametric One-Way ANOVA, Kruskal-Wallis Test (SAS Version 9.2), because the 

data was not normally distributed.  Pairwise comparisons were determined using a 

Nonparametric Multiple Comparisons with Unequal Sample Sizes procedure (Zar 

2010).   
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 For each cucurbit variety experiment, the three plant species experiment, 

and whole plant experiment, the percent of the total eggs laid on leaves/plants and 

the average number of eggs in an egg mass laid on each variety were calculated.  

Significant differences in these two categories as well as in the number of eggs and 

egg masses laid on each variety were determined by a One-Way ANOVA (SAS 

Version 9.2), or, if the data was not normally distributed, a Nonparametric One-Way 

ANOVA, Kruskal-Wallis Test.  Differences between means were calculated by 

 uncan’s  ultiple  ange  est if a  ne-Way ANOVA was used, or the Nemenyi test 

for Nonparametric Tukey-Type Multiple Comparisons (Zar 2010) if a 

Nonparametric One-Way ANOVA, Kruskal-Wallis Test was performed.  Percentages 

were transformed by taking the arcsine of the square root of the percentage before 

analysis.    

 Finally the total number of eggs laid by a female and the percent of the 

female’s eggs laid on the cage vs. on the leaves were analyzed between the following 

different female choice situations: three host plant species, a single host plant 

(cantaloupe), and a single non-host (bush bean).  Differences were analyzed and 

percentages transformed as described above.   

 

Results 

Adult Female Longevity 

Adult female moths on average lived longer, 46.5 days (range: 2-61 days), 

when given a diet of 10% honey water than when provided water or nothing (Figure 
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2.1; Χ2= 33.27, df = 2, p < .0001).  Females that received water lived an average of 7 

days (range 4-10 days) and those that were provided nothing, 3 days (range: 2-4). 

 
 
Cucurbit Variety Preference  

 When presented with leaves from seven varieties of squash, females laid an 

average of 395 ± 72 total eggs (range: 9-897 eggs).  On average, 23% of the total 

eggs laid were laid on the cage rather than on the leaves presented.  The number of 

eggs, egg masses, eggs per egg mass, and percent of total eggs laid on leaves was not 

significantly different among the seven squash varieties suggesting there was no 

preference of adult females for particular squash varieties (Table 2.2; p>0.05).   
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Table 2.2. Average (± SE) number of eggs laid, average percent of total eggs laid on 
leaves, average number of egg masses, and average number of eggs per egg mass 
oviposited by pickleworm when given the choice of seven squash (C. pepo) varieties 
Within columns, numbers followed by the same letter are not significantly different 
from one another.   

Squash Variety Eggs Percent of Eggs Egg masses Eggs/egg mass 

Zucchini Com 61.9 ± 17.1a 16.3% ± 3a 43.5 ± 12.2a 1.5 ± 0.1a 

Zucchini Elite 44.9 ± 9.8a 13.6% ± 3a 32.2 ± 7.1a 1.4 ± 0.1a 

Zucchini Trigress 61.3 ± 15.6a 20.0% ± 5.3a 43.2 ± 11.6a 1.6 ± 0.2a 

Yellow Crookneck 
Squash 
 

22.4 ± 7.1a 11.6% ± 5.7a 17.8 ± 5.7a 1.3 ± 0.1a 

Early Prolific 
Straightneck 
 

28.9 ± 9.8a 10.3% ± 4.6a 22.8 ± 7.7a 1.3 ± 0.1a 

Early White Bush 
Scallop 
 

33.7 ± 10.9a 10.4% ± 2.9a 26.1 ± 8.5a 1.5 ± 0.3a 

Cocozelle 60.5 ± 17.7a 17.8% ± 3.7a 44.1 ±13.3a 1.5 ± 0.1a 

X2 df=6 7.51 (p = 0.276) 11.60 (p = 0.071) 5.72 (p = 0.456) 8.43 (p = 0.208) 

 
 

When presented with leaves from three varieties of cantaloupe, females laid 

an average of 375 ± 55 total eggs (range: 50-833 eggs).  On average females laid 

41% of their eggs on the cage rather than on the leaves presented.  The number of 

eggs, egg masses, eggs per egg mass, and percent of total eggs laid on leaves was not 

different among the three cantaloupe varieties again suggesting that there was no 

preference of adult females for the varieties presented to them in this experiment 

(Table 2.3; p>0.05).   
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Table 2.3. Average (± SE) number of eggs laid, average percent of total eggs laid on 
leaves, average number of egg masses, and average number of eggs per egg mass 
oviposited by pickleworm when given the choice of three cantaloupe (C. melo) 
varieties.  Within columns, numbers followed by the same letter are not significantly 
different from one another.   

Cantaloupe 
Variety 

Eggs  Percent of Eggs  Egg masses Eggs/egg mass 

Saguaro 75.6 ± 13.1a 38.3% ± 5.1a 56.6 ± 10.0a 1.4 ± 0.1a 

Atlantia 89.7 ± 24.9a 36.2% ± 6.3a 62.7 ± 15.6a 1.4 ± 0.1a 

Trinity 58.0 ± 15.2a 25.6% ± 4.4a 44.1 ± 11.0a 1.3 ± 0.05a  

X2 df=2 or F X2= 1.31 
(p = 0.518) 

F2, 42 = 1.77  
(p = 0.183) 

X2= 0.86  
(p =0 .65) 

X2= 1.05  
(p = 0.592) 

 
Females laid an average of 388 ± 43 total eggs (range: 18-613 eggs) when 

presented with the three varieties of watermelon.  On average 43% of the total eggs 

laid were on the cage versus on the leaves.  Females laid a significantly lower 

proportion of their eggs on the leaves of the Crimson Sweet watermelon variety 

than on the Crimson watermelon variety (Table 2.4; p<0.05).  However, the number 

of eggs, egg masses, and number of eggs per mass laid on each variety were not 

significantly different (Table 2.4; p>0.05).     

Table 2.4. Average (± SE) number of eggs laid, average percent of total eggs laid on 
leaves, average number of egg masses, and average number of eggs per egg mass 
oviposited by pickleworm when given the choice of three watermelon (C. lanatus) 
varieties.  Within columns, numbers followed by different letters are significantly 
different from one another 

Watermelon 
Variety 

Eggs  Percent of Eggs  Egg masses Eggs/egg mass 

Crimson Sweet 49.9 ± 12.7a 22.5% ± 4.2a 30.3 ± 7.6a 1.6 ± 0.1a 

Crimson 92.0 ± 19.3a 42.2% ± 6.2b 56.3 ± 11.0a 1.6 ± 0.1a 

Charleston Grey 80.2 ± 21.4a 35.3% ± 6.0ab 48.7 ± 11.7a 1.5 ± 0.1a 

X2 df=2 or F X2= 2.62 
(p =0.27) 

X2= 6.07  
(p = 0.048) 

X2= 3.75  
(p = 0.153) 

F2, 40= 0.16  
(p =0 .849) 
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Plant Species Preference 

 When female moths were simultaneously presented with the leaves of three 

different host plants, female moths laid an average of 103.8 ± 40.9 eggs on squash 

leaves, 138.6 ± 31.2 eggs on cantaloupe leaves and 43.5 ± 12.7 eggs on watermelon 

leaves (Table 2.5; p>0.05).  However, when examining the average proportion of 

eggs laid on each type, a higher proportion of eggs were laid by each female on 

cantaloupe leaves (52.7%) than on squash leaves (24.2%) or watermelon leaves 

(23.1%) (Table 2.5; p<0.05).  When females were given a single host plant (a choice 

of three cantaloupe leaves) for oviposition, they laid on average of 86.2 ± 11.1 eggs 

per leaf.  When female moths were given only a non-host plant on which to lay eggs, 

females laid on average 6.6 ± 1.5 eggs per bush bean leaf.   

Table 2.5. Average (± SE) number of eggs laid, average percent of total eggs laid on 
leaves, average number of egg masses, and average number of eggs per egg mass 
oviposited by pickleworm when given the choice of a leaf of each Cocozelle Squash, 
Trinity Cantaloupe, and Crimson Sweet Watermelon.  Within columns, numbers 
followed by different letters are significantly different from one another 

Plant Species Eggs  Percent of Eggs  Egg masses Eggs/egg mass 

Squash 103.8 ± 40.9a 24.2% ± 7.5a 78.3 ± 28.8a 1.2 ± 0.05a 

Cantaloupe 138.6 ± 31.2a 52.7% ± 8.5b 92.3 ± 21.2a 1.5 ± 0.1a 

Watermelon 43.5 ± 12.7a 23.1% ± 7.4a 26.8 ± 6.4a 1.5 ± 0.1a 

X2 df=2 or F X2=4.21  
(p = 0.122) 

F2, 42=3.70  
(p = 0 .033) 

X2=3.97  
(p =0 .137) 

X2=5.98  
(p = 0.0504) 

 

 The total number of eggs a female laid (both on leaves and on the cage) was 

compared across the following female choices: three host plant species, a single host 

plant (cantaloupe), and a single non-host (bush bean).  Females given the choice of 

three plant species and cantaloupe only, laid on average of 417.5 and 375.4 total 
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eggs respectively; which was significantly higher than the 104.4 average total eggs 

that were laid when only bush bean leaves were presented (Table 2.6; p<0.001).  In 

addition, the percentage of eggs laid on the cage was significantly higher (72.2%) 

when females were presented with bush bean only than when females were 

presented three plant species (30%) or cantaloupe only (29%) (Table 2.6; 

p<0.0001) So, when females were presented with a non-host, not only did they lay 

fewer eggs, but a higher percentage of those eggs were laid on the cage rather than 

on the leaves of the non-host.   

Table 2.6. Average (± SE) number of total eggs laid by females and the average 
percent of eggs laid on the cage vs. on leaves in different female choice situations.  
Within columns, numbers followed by different letters are significantly different 
from one another.   

Female Choice Situations Total Eggs laid by females Percent of Eggs laid on cage 

Squash, Cantaloupe, & 
Watermelon 
 

417.5 ± 66.6a  30% ± 6a 

Cantaloupe Only 375.4 ± 51.6a  29% ± 6a 

Bush Bean Only 104.4 ± 18.5b  72.2% ± 7.3b  

X2 df=2 or F X2=17.46 (p = 0.0002) F2, 42=13.27 (p < 0.0001) 

 

 Females laid an average of 302 ± 45 total eggs (range: 84-615 eggs) when 

presented with a squash, cantaloupe, and watermelon plant under greenhouse 

conditions.  More eggs, a greater percentage of eggs, and more egg masses were laid 

on the squash plant versus the cantaloupe plant or watermelon plant (Table 2.7).  

Females laid a range of 53-610 eggs on squash, 0-258 eggs on cantaloupe, and 0-140 

eggs on watermelon.   
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Table 2.7. Average (± SE) number of eggs laid, average percent of total eggs laid on 
leaves, average number of egg masses, and average number of eggs per egg mass 
oviposited by pickleworm when given the choice of a plant of each Cocozelle Squash, 
Trinity Cantaloupe, and Crimson Sweet Watermelon under greenhouse conditions.  
Within columns, numbers followed by different letters are significantly different 
from one another.   

Plant Species Eggs  Percent of Eggs  Egg masses Eggs/egg mass 

Squash 185.5 ± 51.4a 61.8% ± 9.1a 95.5 ± 19.3a 1.8 ± 0.2a 

Cantaloupe 58.8 ± 29.7b 18.1% ± 8.8b 32.2 ± 15.9b 1.8 ± 0.3a 

Watermelon 57.5 ± 17.5ab 20.1% ± 4.9b 28.2 ± 8.9b 2.0 ± 0.2a 

X2 df=2 or F X2=8.72  
(p = 0.013) 

F2, 27= 9.86  
(p = 0.0006) 

X2=9.98  
(p = 0.007) 

X2=0.582  
(p = 0.748) 

 

It is important to note an additional observation made during the course of 

this experiment.  As mentioned in the methods, the plants given to the moths in the 

greenhouse were the same age.  In general the plants were in bloom with male 

flowers and several had begun to produce female blooms.  In only three of the ten 

replicates did cantaloupe receive more than 12 eggs.  It was noted that in these 

three replicates, the cantaloupe plants had begun to produce female flowers and in 

one case a small fruit was even set (Plate XII). 

 

Discussion 
 
Plant Species Preferences 

The moths in the laboratory experiment wherein they were given single 

leaves of each host plant, demonstrated no clear preference for squash, cantaloupe 

or watermelon.  Whereas, the moths in the greenhouse experiment, using whole 

plants, demonstrated a clear preference for squash over cantaloupe and 

watermelon.    
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The apparent discrepancy in the results from these two experiments, 

suggests that the method used to evaluate insect preferences could certainly 

influence the results and the conclusions drawn.  There is no single methodology for 

investigating the oviposition preference of insects.  In fact, a review of the literature 

on just experiments evaluating pickleworm oviposition preferences suggest a range 

of methods have been used in both laboratory and field.  It is this variation that 

motivated the experiments described herein, the use of individual females in cages 

presented with attached leaves (rather than detached) and whole plants.   

Nevertheless, there still appears to be some variation in female oviposition 

behavior that is likely an artifact of experimental design.  The limited leaf surface 

area in the laboratory experiments may have been an issue that led to the apparent 

non-preference in both the variety preference experiments and plant species 

preference experiments.  In these experiments, a single female moth was given the 

choice of only three leaves, except in the case of the squash variety experiment 

where the female was presented with seven.  Because females are capable of laying 

such a high number of eggs (on average 300 to 400) it is possible that the low 

number of leaves presented did not provide adequate surface area for the females to 

really be selective about where they laid their eggs.  This factor could have also 

contributed to why, in each experiment a percentage of eggs were laid on the cage 

by the females.  Nonetheless, even under these constrained conditions, the 

selectiveness of females was apparent in the presence of bean, a non-host plant, 

where females chose to lay fewer eggs than females presented with cucurbits.  To 

highlight their discontent, in addition to laying fewer eggs, females on average chose 
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to lay the majority their eggs (72%) on the cage rather than on the leaves of the 

bean. 

The greenhouse experiment may have mitigated the effect of leaf area by 

presenting each female with three whole plants to lay her eggs on.  The preference 

for squash that the female moths demonstrated in this experiment potentially 

reflects a more accurate picture of a female’s behavior in the field.   hole plants 

provided a higher surface area and diversity of plant parts for female oviposition.  

Some insects not only have a preference hierarchy for plant species but also for 

different part organs (Schoonhover et al. 2005).  Therefore presenting whole plants 

provides the females with all the plant parts that may contribute to the overall 

attractiveness of the plant.  Females also encounter whole plants in the field; 

therefore using whole plants in experiments should provide a more accurate 

prediction of what would be seen in the field.   

In the course of the greenhouse experiment an additional observation was 

made that suggested that once a cantaloupe plant begins to set fruit it may become a 

more preferred oviposition substrate.  Other studies have shown that the relative 

oviposition attractiveness of a plant can change as the plant develops (Reay-Jones et 

al. 2007, Hamm et al. 2012).  For example Hamm et al. (2012) found that Diatraea 

saccharalis F. (Lepidoptera: Crambidae) females preferred to oviposit on 

reproductive-age rice plants to younger ones.  Further research should be 

conducted to find out if indeed pickleworm moths change their relative preference 

between plant species when plants progress through their growth stages.  This 
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information is vital to understanding if a potential trap-cropping approach using 

squash would be suitable.   

An unexpected finding of this study was the level of oviposition on 

watermelon.  Watermelon is rarely damaged in the field and the resistance 

mechanism is thought to be oviposition non-preference (Elsey 1981).  Elsey (1981) 

found that neonate larvae would readily feed on watermelon and that older larvae 

had no problem penetrating the fruit and developing into a pupa, however very few 

eggs were found on watermelon in his field trial.  In this study, when females were 

presented with only watermelon varieties, they still laid a similar average total 

amount of eggs and average percent of eggs on the cage as females presented with 

only cantaloupe varieties (388 and 375, and 43% and 41% respectively).  Given that 

the sole presence of bean had such an apparent effect on the females’ oviposition 

behavior, it is curious why a similar effect was not observed when females were 

presented with watermelon if it is indeed a less-preferred host plant.  In addition, 

when females were presented with a choice of squash, cantaloupe, and watermelon 

in the laboratory and greenhouse trial, in neither case was watermelon solely less 

preferred over the other two cucurbits.   

The Push-Pull System for Pickleworm Management 

Watermelon was selected for use in this experiment and the overall push-

pull pest management approach because it is reputedly a poor host and oviposition 

deterrent.  The results of the whole plant greenhouse experiment indicate that 

watermelon maybe less preferred by adult pickleworm females than squash but is 

not less preferable for egg-laying to cantaloupe.  In all the experiments using 
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watermelon, pickleworm females did not appear to be averse to laying eggs on 

watermelon.  This means that watermelon is not an ideal candidate to use in a push-

pull cropping approach.  Although less preferred than the trap crop, it does not 

serve as an oviposition deterrent.  A non-host plant from another plant family, such 

as bean, might be better suited as a deterrent intercrop but this requires further 

investigation.     

  Although watermelon is not suitable for the intercrop, squash still has 

potential as a trap crop.  Under greenhouse conditions females chose to lay a 

significantly higher number and percentage of their eggs on squash rather than 

cantaloupe.  The same result was not seen in the laboratory experiment but, as 

mentioned before, it may have been due to insufficient plant surface area of each 

species in the cage.  In addition, the females only encountered the leaf of each plant 

in the laboratory experiment, whereas in the greenhouse the females were exposed 

to the whole plant, similar to what it would encounter in the field.  Despite the 

mixed results, squash may have potential as a trap crop in this push-pull cropping 

system, although further research should be conducted with plants that are actively 

producing fruits.   

Variety Preferences 

 The variety preference experiments were conducted with the aim of 

selecting preferred and less preferred varieties for use in the three plant species 

choice experiment.  This was done because the results of earlier studies suggested 

that pickleworm moths are able to distinguish between varieties (Brett et al. 1961, 

Dilbeck and Canerday 1968, Dilbeck et al. 1974).  The results of the variety 
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experiments described herein suggest that there are no differences in oviposition 

preferences within the squash and cantaloupe varieties.  A weak preference, albeit 

statistically significant, was recorded for Crimson watermelon over Crimson sweet 

in terms of the average percent of eggs laid but not the average number of eggs laid 

or number of egg masses.  As brought up before, the limited amount of plant surface 

area presented to the females in these variety experiments may have been a factor 

in detecting a non-preference among varieties within species.  To gain a better sense 

of pickleworm preference or non-preference between these varieties, experiments 

should be done where females are presented with whole plants.  If the results of 

these follow up experiments reflect a consistent non-preference of the females 

within the squash and cantaloupe varieties, then it is reasonable to suggest that any 

of the tested varieties would work equally well in this push-pull cropping system.    

Adult Female Longevity  

Again, the longevity experiment was conducted to find out how long female 

moths can live with different diets and to help design an appropriate method to 

investigate individual female oviposition preference.  Females cannot live long 

without a source of water or food, only 3 days.  With only water females can live 

around a week.  Finally, with 10% honey water females live an average of 46.5 days, 

a couple moths even lived for 61 days with this diet.  In the oviposition experiments 

females were provided honey water and the experiments were conducted during 

the first week of the adult life of the female.  Since females can live so long with 

honey water, it would be expected that females were being selective of where to lay 

their eggs in the first week of their adult life during the experiments.  In addition, 
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females with access to carbohydrate foods in the field may live a month and a half.  

This prolonged longevity may lead to an increased level of crop damage.     

Importance of Methodology 

This study highlights the importance of developing an appropriate 

methodology and comparing approaches in order to have a clearer picture of the 

biology of an organism particularly when examining behavioral preferences.  This is 

the first study to investigate the individual female oviposition preference of 

pickleworm.  Previous pickleworm oviposition preference experiments have been 

conducted with 10 but mainly 50 pairs of female and male moths (Day et al. 1978, 

Pulliam 1979, Elsey and McFadden 1981, Elsey and Wann 1982, Elsey 1985).  By 

looking at the individual preference of females, the experiments in this study 

eliminated the potential effects of population pressure and age variance, which were 

not previously addressed in pickleworm oviposition experiments.  However, even 

when evaluating individual behavior, the scale (single leaves vs. whole plants) and 

conditions (laboratory vs. greenhouse) under which the experiment is conducted 

can lead to different conclusions.  This study has demonstrated that individual 

females lay on average between 300 and 400 eggs in the first week of their lives 

when presented with cucurbits, the highest observed number of eggs laid was 897.  

Therefore in addition to using individual females in further oviposition experiments, 

experiments should also provide the females with at least whole plants of the 

varieties or species being evaluated to provide adequate plant surface area for 

females.  Also the use of whole plants allows females the choice of any plant parts: 

leaves, stems, flowers, and fruits, which are what they would encounter in the field.  
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Finally the plant age and reproduction stage should be considered when conducting 

further oviposition preference studies with this moth.    
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CHAPTER 3. NEONATE PICKLEWORM LARVAL FEEDING PREFERENCES AND 
CAPABILITIES WITH IMPLICATIONS FOR THE EFFECTIVENESS OF 

POLYCULTURE FOR PEST MANAGEMENT 
 
 

Introduction 

 Understanding the oviposition preference of adult pickleworms in relation to 

a potential push-pull cropping system is crucial to evaluate whether or not it may be 

effective as a pest management strategy.  However, when planting crops together in 

a polyculture, it is also important to consider the capabilities of the larval stage of an 

insect to move from one host plant to another and to make directed choices based 

on innate preferences and experience.  A study done on the diamondback moth 

(Plutella xylostella L. (Lepidoptera: Plutellidae)), showed that the young larvae were 

capable of movement off their natal plants to adjacent ones (George et al. 2011).  In 

our lab we observed that neonate larvae are capable of traveling considerable 

distances while searching for food.  Although neonate pickleworm larvae are small, 

around 1.5mm in length, they still are quite mobile.  This observation indicates that 

even neonate larvae may be capable of switching host plants.  Such behavior has 

been described in the neonate larvae of the lightbrown apple moth (Epiphyas 

postvittana Walker (Lepidoptera: Tortricidae)).  Foster and Howard (1999) 

concluded that these neonates are very mobile and their preferences have more 

influence than the adult female oviposition preference on the selection of the plants 

on which the larvae subsequently feed.  The influence of early feeding on shaping 

host plant preferences is also important to evaluate.  Lepidopteran larvae have been 

known to acquire an induced preference through experience feeding on a host plant 

(Schoonhover et al. 2005).  This experience has also been shown to influence 
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subsequent feeding activity.  Thus, in this study I evaluate neonate larval 

preferences and influence of experience on different host plants in order to evaluate 

the utility of a polyculture for management.   

Differences in preference between pickleworm moths and larvae could affect 

the effectiveness of a push-pull cropping system.  Neonate larvae are of particular 

concern because although the trap crop would be treated to kill the larvae, there 

may be time between treatment intervals for neonate larvae to move off the trap 

plant and into the main crop.  If the neonate larvae prefer to feed on the main crop, 

cantaloupe, over the trap crop, squash, and subsequently emigrate there, then it 

could lower the effectiveness of this approach for pest management (Midega et al. 

2011).  On the other hand, if the larvae prefer squash to cantaloupe this could 

enhance the efficacy of the approach, by increasing tenure times and decreasing 

larval movement rates within the trap crop (Banks and Ekbom 1999).   

While there may be a consistent preference or non-preference expressed by 

naïve neonate larvae, feeding experience may alter these.  In some Lepidoptera 

induced preference can be very extreme.  For example after having eaten cabbage 

through its 4th instar, Pieris brassicae L. (Lepidoptera: Pieridae) larvae choose to 

starve to death rather than to feed on another host plant, nasturtium (Tropaeolum 

majus L.) (Schoonhover et al. 2005).  The same phenomenon was found true for 

Pieris rapae L. (Lepidoptera: Pieridae) (Renwick and Huang 1995).  On the other 

hand it only took P. brassicae larvae 4 hours of feeding on nasturtium to gain an 

induced preference for this plant (Schoonhover et al. 2005).  Thus if an adult female 

pickleworm lays eggs on her preferred host plant and the larvae feed on that plant, 
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it could become preferred over other plants and influence a subsequent feeding 

choice if the larvae are stimulated to move.   

 The first objective of this study was to gain a better understanding of the 

biology of neonate larvae in relation to their capability for movement.  The second 

objective was to investigate if naïve neonate larvae have a preference between host 

plants and if this preference can be modified through experience.  To address the 

first objective two experiments were conducted.  The first experiment examined the 

longevity of neonate larvae when starved and after having 24 hours of feeding after 

hatching.  This was done to gain a better sense on how long a neonate larva could 

live while searching for a host plant or switching host plants.  The second 

experiment sought to investigate how fast neonates could cover a set distance, this 

was done to gain a sense of how far and fast the larvae may be able to travel in 

search of food.  To address the second objective a series of experiments were 

conducted to 1) see if naïve neonate larvae had an orientation or settlement 

preference between squash, watermelon, cantaloupe, bean (non-host) and an 

artificial diet and to 2) determine if experience feeding on one of the above diets 

would influence the neonates’ orientation and settlement preference between the 

five diets.      

 

Materials and Methods  

Neonate Larvae Longevity 

 The longevity of neonate larvae was investigated with both newly hatched 

larvae that were not given any food and those that were allowed to feed for 24 
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hours after hatching.  Adult female moths contained in a colony were given pieces of 

cotton pads to lay their eggs on.  Once removed from the colony, the eggs were 

inspected to make sure no larvae had hatched and then were placed in a plastic vial 

(3cm diameter, 5.5cm tall) with a plastic cap.  After two hours, newly hatched larvae 

were taken out of the vial.  Fifty larvae were placed individually in plastic vials with 

no food.  Fifty-two larvae were placed in a vial with an lcm leaf disc of Cocozelle 

squash and allowed to feed for 24 hours.  The leaf disc was in a petri dish with a 

moistened piece of filter paper on the bottom to prevent the leaf disc from drying 

out.  They were then removed and each placed in an individual vial.  The larvae were 

checked every 4 to 8 hours to see if they were still alive.  The percentage of larvae 

that survived to each time interval was calculated.    

Neonate Larval Movement 

 The time for neonate larvae to travel a distance of 30cm was observed in 

order to get a better sense of the movement capabilities of the neonate larvae.  This 

experiment was set up similar to an experiment done by (George et al. 2011); a 

circle with a radius of 30cm was drawn on a large piece of poster board.  Twenty 

larvae were placed in the center of the circle and were observed for one hour.  This 

was replicated 3 times.  The number of larvae that left the circle as well as the 

amount of time it took each larva to leave within that one hour was recorded.   

Neonate Larvae Feeding Preference 

In two different experiments, neonate larvae were given a choice between 

different foods to investigate if neonate pickleworm larvae have orientation and 

settlement preferences and if these preferences can be influenced by experience.  
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Two groups of larvae (naïve and experienced) were given a choice between 

potential foods: leaf discs of three host plant species in the plant family 

Cucurbitacae, a leaf disc from one non-host plant, and 1cm disc of a pinto bean 

based artificial diet (Bioserv Black Cutworm Diet).  The two common host plants in 

Cucurbitacae were cantaloupe (Cucumis melo L.), and squash (Cucurbita pepo L.) and 

the third cucurbit which is considered a rare host plant was watermelon (Citrullus 

lanatus [Thunb.] Matsum. & Nakai) (Smith 1911, Elsey 1981).  The plant varieties 

used were Atlantia Cantaloupe, Yellow Summer Crookneck Squash, Crimson Sweet 

Watermelon, and Emerite Pole Bean.  These were selected because they are 

varieties grown in Hawai i (Takeda and Sakuoka 1997).  The non-host plant used 

was pole bean (Phaseolus vulgaris L.), in the plant family Fabaceae, because it has 

been reported that neonate larvae can feed on this plant for 48 hours without dying 

(Elsey 1981).  The artificial diet was incorporated because it had been used to 

maintain the pickleworm colony and had demonstrated itself as a sufficient diet for 

pickleworm development.   

 Each plant was greenhouse grown in an 8 cm square pot (9.5cm depth) with 

Sunshine Mix 1 Professional Growing Mix (Pacific Agricultural Sales and Services, 

Inc., HI) fertilized with ¼ tsp. Osmocote Indoor and Outdoor Plant Food (Scotts-

Sierra Horticultural Products Company, OH) and watered consistently.  The plants 

were between 27 to 31 days old when they were used in the experiments.   

Leaf discs, 1cm in diameter, were cut from leaves of each plant species.  In 

addition, the artificial diet was prepared as a thin layer and cut in 1cm discs.  The 

leaf and diet discs were placed equal-distance apart from each other around the 
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edge of a 10cm x 1cm deep petri dish in a random order (Plate XIII) to create a 

choice arena.  To prevent the food discs from drying out, a moist piece of filter paper 

was on the bottom of each petri dish.   

For the naïve neonate choice, pickleworm eggs that were laid on cotton pads 

by adult moths in the colony were collected and held in glass jars until they hatched.  

Then one neonate larva was placed in the center of each choice arena.  The 

orientation preference of each larva was determined by recording the position of 

the larva after 1 hour in the arena.  The settlement preference of each larva was 

determined by recording the position of the larva after 24 hours in the arena 

(Midega et al. 2011).  If a larva was not on a diet after 1 hour it was recorded as a 

“no-choice” and not used in determining the orientation preference.  The orientation 

and settlement preferences for 50 naïve neonate larvae were recorded.   

The next experiment was conducted to investigate if the orientation and 

settlement preference of the larvae can be influenced by 24 hours experience of 

feeding on a particular diet.  This was performed as described above except that 

once a larva hatched it was placed on one of the five diets to feed for 24 hours before 

it was placed in the choice arena and given a choice of all five diets.  For 24 hours 

following hatching, each larva was placed on a 2.5cm disc of one of the five diets in a 

3.5 x 5.5 x 3cm plastic box and allowed to feed (Plate XIV).  The larva was then 

removed and placed in a choice arena with each of the five food discs as described 

above.  This was replicated at least 50 times for each of the five diets.   

A chi-square test of goodness-of-fit test was used to find any unequal 

distributions between the larval orientation and settlement on the different diet 
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discs.  If the chi-square test indicated that there was not an equal distribution 

between the five diets, then a subdivided chi-square goodness of fit was done to 

determine if there was an equal distribution on the four plant species.  Finally if 

there was an unequal distribution between the four plant species, then just the 

three cucurbit plant species were tested for an equal distribution.    

 

Results 

Neonate Larvae Longevity 

 Neonate larvae survived between 24 to 64 hours without food after hatching.  

Larvae that were allowed to feed for 24 hours before going without food survived 

between 16 and 88 hours.  In both cases, over half the larvae had died within 44-48 

hours (Figure 3.1). 
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Neonate Larval Movement 

 ithin one hour 80 to 85% of larvae moved out the circle’s area.   n each 

replicate the first larva moved out of the circle within 6 or 8 minutes (Figure 3.2).  

Larval movement was observed during this experiment and it was noted that the 

majority of larvae did not move in a straight line out the circle.  Larvae frequently  
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changed the direction of their movement; meaning that in general the larvae 

traveled more than 30cm during the time it took them to cross the circle’s boundary.     

 

Neonate Larvae Feeding Preference 

Orientation 

 An orientation preference of an individual larva was recorded based on the 

diet on which that larva was found on after 1 hour following placement in the arena.  

In terms of orientation, the majority of naïve neonate larvae (those with no feeding 

experience) made a choice within 1 hour; only 6 larvae were recorded as a “no-

choice.”  The naïve neonate larvae that made an orientation choice did not orient to 

all five diets equally, X2 (df=4, N=44) = 15.77, p<0.01.  None of the larvae were found 
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on the artificial diet; all were found on plant leaf discs.  However the number of 

larvae on each of the four plant species was not different, X2 (df=3, N=44) = 3.82, 

p>0.05 (Figure 3.3).   

Experienced larvae were fed on one of the five diets for 24 hours prior to 

placement in the choice arena.  Of the 53 larvae that had been fed squash before 

being put into the choice arena, 50 larvae made an orientation choice.  The larvae 

did not orientate to all five diets equally, X2 (df=4, N=50) = 26.6, p<0.001, nor to all 

four plant species equally, X2 (df=3, N=49) = 13.45, p <0.01.  Only 1 larva orientated 

to the artificial diet and 2 larvae went to the bean.  However the remaining larvae 

did orientate to the three cucurbits equally, X2 (df=2, N=47) = 1.58, p>0.05 (Figure 

3.3). 

Of the 52 larvae that had been fed cantaloupe, 48 larvae made an orientation 

choice.  The larvae did not orientate to all five diets equally, X2 (df=4, N=48) = 34.08, 

p <0.001, nor to all four plant species equally, X2 (df=3, N=48) = 17.67, p <0.001.  

None of the larvae orientated to the artificial diet and only 1 larva went to the bean.  

The other larvae orientated to the three cucurbits equally, X2 (df=2, N=47) = 3.25, 

p>0.05 (Figure 3.3).   

Of the 52 larvae that had prior feeding experience with watermelon, 48 made 

an orientation choice.  The larvae did not orientate to all five diets equally, X2 (df=4, 

N=48) = 37.42, p <0.001, nor to all four plant species equally, X2 (df=3, N=48) = 

20.33, p <0.001.  None of the larvae orientated to the artificial diet and only 1 larva 

went to the bean.  However the remaining larvae did orientate to all three cucurbit 

plant species equally, X2 (df=2, N=47) = 5.3, p>0.05 (Figure 3.3). 
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Of the 52 larvae that had been fed bean leaf before being placed in the choice 

area, 43 larvae made an orientation choice.  The larvae did not orient to all five diets 

equally, X2 (df=4, N=43) = 12.23, p<0.025; only one larva was found on the artificial 

diet.  However the larvae did orientate to all four plant species (three cucurbits and 

bean) equally, X2 (df=3, N=42) = 3.14, p>0.05 (Figure 3.3).    

During the orientation period, 48 of the 52 larvae that had been fed the 

artificial diet made an orientation choice.  Larvae showed no orientation preference 

between the five diets, X2 (df=4, N=48) = 3.88, p>0.05 (Figure 3.3). 
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Settlement  

 The diet that a larva was feeding on after 24 hours of being in the choice 

arena with the choice of diets was recorded as its settlement preference.  All the 

larvae in this experiment were found on a diet after 24 hours of being in the choice 

arena, therefore no larvae were recorded as a “no-choice” for the settlement period.   

The 50 naïve larvae used in this experiment, did not settle equally on all five 

diets, X2 (df=4, N=50) = 31, p<0.001; none settled on the artificial diet.  The larvae 

did not settle equally on the four plant species, X2 (df=3, N=50) = 14.8, p<0.01, only 

one larva settled on the bean.  However, the naïve larvae settled on all three 

cucurbits equally, X2 (df=2, N=49) = 0.53, p>0.05 (Figure 3.4).   

The larvae that had prior experience feeding on squash did not settle on all 

five diets equally, X2 (df=4, N=53) = 48.33, p<0.001, nor all four plant species, X2 

(df=3, N=53) = 25.26, p<0.001; none of the larvae chose to settle on the artificial diet 

or the bean leaf.  However the larvae settled on the three cucurbits equally (X2 

(df=2, N=53) = 5.72, p>0.05) (Figure 3.4).    

Larvae that had prior experience feeding on cantaloupe did not settle on the 

five diets equally, X2 (df=4, N=52) = 44.35, p<0.001, nor the four plant species, X2 

(df=3, N=52) =25.08, p<0.001, since no larvae chose to settle on the artificial diet or 

the bean leaf.  There was equal settlement on the three cucurbits, X2 (df=2, N=52) 

=5.82, p>0.05 (Figure 3.4). 

The larvae that had experience with watermelon did not settle on all five 

diets equally, X2 (df=4, N=52) = 38.38, p<0.001, nor all four plant species, X2 (df=3, 

N=52) = 20.31, p<0.001.  None of the larvae settled on the artificial diet and only one 
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larva settled on the bean.  The three cucurbits were settled upon equally, X2 (df=2, 

N=51) = 4.24, p>0.05 (Figure 3.4).   

The larvae that had prior experience feeding on bean did not settle on all five 

diets equally, X2 (df=4, N=52) = 18.19, p<0.01; none of the larvae settled on the 

artificial diet.  The larvae did however settle equally on all four plant species, X2 

(df=3, N=52) = 4.15, p>0.05 (Figure 3.4). 

The larvae with experience feeding on the artificial diet did not settle on all 

five diets equally, X2 (df=4, N=52) = 18.38, p<0.01, though 5 larvae did chose to 

settle on the artificial diet.  This was the only time that any larvae chose to settle on 

the artificial diet.  Larvae did not settle equally on the four plant species, X2 (df=3, 

N=47) = 13.17, p<0.01, with only 3 larvae that settled on the bean.  The remaining 

larvae settled on the three cucurbits equally, X2 (df=2, N=44) = 3.61, p>0.05 (Figure 

3.4).   



 61 

 

Discussion  

Pickleworm larvae appear to be capable of making choices about what to 

feed upon and to leave a less desirable food to seek alternatives.  This was 

evidenced in the preference of naïve larvae for plant foods in the orientation phase 

and then movement of the larvae after orientation to settle on one of the cucurbits.  

Even within the first 24 hours after hatching, larvae are able to differentiate and 

choose host plants, cucurbits, over non-hosts.   

Nevertheless, there does not appear to be an innate larvae preference or 

discrimination between the cucurbits even after feeding experience.  As with the 

naïve larvae, experienced larvae that had fed on a cucurbit for 24 hours, did not 
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orient or settle more frequently one cucurbit over another.  Overall these results 

indicate that there is no neonate larval preference between squash, cantaloupe, and 

watermelon, regardless of experience.  In terms of this potential push-pull cropping 

system this suggests that neonate larvae are unlikely to move from the trap crop, if 

that is where they hatched, to the main crop.  Thus, there is a fairly good chance that 

neonates will be content, in terms of preference, on whichever cucurbit they are laid 

on in this system.  This non-preference between the three cucurbits should play a 

neutral role in the effectiveness of this cropping approach as a management 

strategy.   

However, because larval experience did not appear to lead to a specific 

preference, these results suggest that larvae would choose any cucurbit if stimulated 

to move.  A study done on the diamondback moth found that 16% of neonate larvae 

placed on a cauliflower plant moved from it to a cauliflower plant adjacent to it after 

8 days (George et al. 2011).  Also, other lepidopteran larvae have been known to go 

through a dispersing phase after hatching (Zalucki et al. 2002).  Therefore, other 

factors that might stimulate movement of neonate pickleworm and other larval 

instars, such as crowding and resource limitation, should be investigated.   

 Prior experience with a non-host food, led to a change in larval behavior for 

both the bean-fed and artificial diet-fed neonates.  Larvae that had the opportunity 

to feed upon bean for 24 hours chose bean as frequently as the cucurbit species 

during both the orientation and settlement period.  This pattern of orientation was 

the same as naïve larvae; but the settlement was different suggesting that 

experience modified the behavior, and that experience with a non-host plant, can 
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actually influence the neonates’ preference and make them more likely to accept a 

non-host plant in the presence of host plants.   

In addition, larvae that had fed on pinto bean based artificial diet behaved 

differently than their naïve counterparts and those larvae that had fed upon a plant 

diet.  The naïve larvae did not orient nor settle on the pinto bean based artificial 

diet.  But, after having feeding experience on the artificial diet the larvae oriented to 

all five diets equally.  Furthermore, this was the only time larvae actually chose to 

settle on the artificial diet.  These results indicate that the experience of a non-host 

diet will increase the larval acceptance of that diet even in the presence of host 

plants.  Although interesting, this change in behavior of acceptance of non-hosts 

should not affect the effectiveness of this polyculture cropping approach.  The only 

case in which the effectiveness of polyculture would be affected by this change in 

behavior, would be if pickleworm females chose to deposit their eggs a non-host 

plant neighboring the main crop and pickleworm larvae were able to survive long 

enough to subsequently move into the main crop.  For example, in other polyculture 

systems the acceptance of non-host plants has been speculated to reduce the 

efficiency of the polyculture approach (George et al. 2011).  It was found that 

diamondback moth “may lay a large percentage of their eggs on non-host plants in 

polycultures” and this, coupled with larval movement into the main crop, could 

lower the effectiveness of companion planting, intercropping and undersowing on 

this pest (George et al. 2011).  Given that it is unlikely that adult female pickleworm 

moths are going to oviposit on a non-host plant such as bean (Chapter 2), it is 
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doubtful that a companion plant such as bean would be likely to lead to an increase 

in pickleworm populations.    

 The neonate larval longevity experiment demonstrated that newly hatched 

larvae are capable of living for almost two days (on average) but up to 64 hours 

without food and 88 hours after having access to food for 24 hours.  It appears that 

having 24 hours feeding time before going without food did not make a difference in 

larval survival.  Overall, the longevity of starved or partially starved neonate larvae 

indicates that they have enough energy to live for a brief period while in search of a 

host plant.  In a cropping environment, it is recommended that squash rows be 

planted 3-4 feet apart and plants within rows be planted 24-30 inches apart 

(Takeda and Sakuoka 1997).  Most larvae (16 or 17 out of 20) could travel 30cm in 

under an hour; larvae traveling between rows could likely do so within 4 hours and 

those traveling to another plant within a row in 2.5 hours.  Given their 1 to 2 day 

longevity, it seems that neonate larvae could very likely move between rows of 

plants, if they were stimulated to do so.   

 Overall neonates seem to be very capable of movement away from their natal 

plant however this movement is unlikely to be stimulated by host plant preference 

within the proposed push-pull cropping system.  There may be other factors that 

could stimulate larval movement, such as population pressure, crowding, or 

resource limitation.  Understanding these factors could be useful in determining if 

pickleworm larval movement could lower the effectiveness of a push-pull cropping 

approach.    
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CHAPTER 4. GENERAL DISCUSSION 
 

 The push-pull strategy is a pest management strategy that works by 

manipulating a pest’s behavior by drawing an individual toward an attractive source 

(pull) while pushing it away from the protected crop (Cook et al. 2007).  This 

strategy can be accomplished by using a trap crop as the  pull’ component and a 

deterrent intercrop as the  push’.   his method of diversified agriculture for pest 

management is of interest, as it is an environmentally sound management practice 

(Potting et al. 2005).  However, the development of an effective strategy requires a 

thorough knowledge of pest biology and behavior.  This study examined several 

aspects of pickleworm behavior and biology in both the adult and larval stage to 

assess the potential of using squash as a trap crop and watermelon as an intercrop 

in a push-pull management approach for pickleworm on cantaloupe.   

 To evaluate the potential of this strategy it was first necessary to evaluate 

whether adult female moths did indeed distinguish between plants and have 

discriminatory oviposition behavior.  A preliminary investigation of the response of 

adult female moths to different varieties of the three potential cucurbit plant 

species, squash, cantaloupe, and watermelon, revealed that female moths will lay 

eggs on leaves and stems of host plants and even on a non-host surface (the side of 

the cage).  But they did not appear to discriminate between different varieties of the 

host plants tested herein; and indeed the distribution of eggs on the different 

varieties was highly variable.   

The first evidence that adult female pickleworms discriminate in oviposition 

was detected when adult moths were presented with only a non-host plant (bean).  
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The moths in this experiment consistently exhibited very different patterns of 

oviposition on bean than when they were presented with only a single variety of the 

host-plant cantaloupe.  This indicated that the females were able to discriminate 

between the plants presented and be selective in terms of both number and 

placement of eggs.   

Learning that adult female moths do indeed make choices about where to lay 

their eggs enabled the real test of the potential for the push-pull system.  The 

oviposition behavior and preference experiments indicate that adult pickleworm 

females prefer to lay their eggs on squash (Cucurbita pepo) when presented with 

one-month old plants of squash, cantaloupe, and watermelon under greenhouse 

conditions.  This suggests that squash has potential to work as a trap crop for 

pickleworm management.   

While squash has the potential as a trap crop, watermelon is not a good 

companion plant to include in a push-pull cropping system for pickleworm 

management.  Female moths readily laid eggs on watermelon leaves and whole 

plants, therefore it appears that watermelon is not an oviposition deterrent and 

would not be an effective intercrop.  In the presence of the non-host plant, bean, 

females actively chose to withhold egg laying and of the eggs they did lay, the 

majority were laid on the plastic cage rather on the bean leaves.  Therefore bean, or 

another non-host plant, maybe a good fit as a deterrent intercrop in a push-pull 

cropping approach for pickleworm management.  Having an appropriate intercrop 

has the potential to help keep pickleworms out of the main crop and enhance the 

effectiveness of the trap crop (Khan et al. 2000).  Given that this study did not 
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explicitly evaluate the oviposition behavior of adult female moths when presented 

with a choice between bean and host plants, further experiments should be 

conducted to evaluate the potential of bean or other non-host plants as deterrent 

intercrops.   

Although the oviposition preference of adult moths is the first consideration 

for a push-pull strategy, it is also important to consider the capability of the larvae 

to move and make host plant choices of their own.  The capability of the neonate 

larvae can be of particular concern because depending on how often the trap crops 

are treated to remove larvae, there may be time for the neonates to move from the 

trap crop into the main crop particularly if there are conditions which stimulate 

movement.  The experiments reported herein establish that neonate larvae are 

capable of moving between plants, however they do not have a feeding preference 

between squash, cantaloupe, and watermelon, even if they have had prior feeding 

experience with the above plants.  This means that it is unlikely that larval 

preference is a stimulation factor for larvae to move from the trap crop.  However 

since it appears that larvae are capable of movement it is important to investigate 

other factors, such as population pressure or resource limitation, that may stimulate 

the movement of neonate larvae out of the trap crop.      

Overall a push-pull cropping approach incorporating squash as a trap crop 

and a non-host plant as an intercrop could be an effective way to manage 

pickleworm on cantaloupe.  It could be effectively incorporated with other 

management practices including biological control, selective insecticides, and other 

cultural methods as part of an overall Integrated Pest Management approach.  
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However, before trap cropping is recommended to farmers a few other components 

of this system should be investigated.  First, the effectiveness of squash as a trap 

crop needs to be evaluated in the field under normal production conditions.  As part 

of this assessment, the lowest effective percentage of trap crop to main crop should 

be determined.  It is recommended that around 10% of the land should be dedicated 

to a trap crop (Shelton and Badenes-Perez 2006).    

Furthermore, given that squash is also a host plant for pickleworm and they 

readily attack and complete development on this plant, there needs to a way to 

remove the pickleworm eggs and larvae from the trap crop; if this is not done the 

trap crop will only serve to increase the pest population.  Removal of pickleworm 

from the trap crop could be done by targeted application of insecticides sprayed at 

weekly intervals.  It is important to make sure that the considered insecticides do 

not affect the favorability of squash as an oviposition site for pickleworm.  In 

addition to insecticides, another approach to reduce pickleworm on the trap crop 

could be the use of the nematode Steinernema carpocapsae (Weiser) (Mexican 

Strain); weekly nematode applications at the rate of 2.5 billion/ha have been shown 

to reduce pickleworm populations on squash (Shannag et al. 1994).  If insecticides 

and biological control agents are only applied to the trap crop, the overall inputs to 

the system are likely to be to lower and may even eliminate the need for insecticide 

use on the main crop, cantaloupe, and reduce the exposure of pollinators to 

insecticides. 

In addition to an evaluation of the push-pull cropping system, several other 

important observations were made in the course of this study.  This is the first study 
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to assess the egg laying capacity of pickleworm.  Previous it was speculated from 

dissections that an individual female could lay at least 100 eggs (Quaintance 1901).  

Other female oviposition studies were done with 10 or 50 female moths, so no 

assessment of an individual female’s egg laying ability was made.  This study 

established that individual females lay on average 300 or 400 eggs in the presence 

of cucurbits during the first week of their adult life; with the highest number of eggs 

recorded being 897.  This study also assessed the longevity of adult female moths in 

relation to adult food.  Given a diet of honey water adult females can live on average 

46.5 days.  This means that if females have a sufficient food source they are capable 

of living for over a month and consequently have the potential to lay numerous eggs 

on various host plants in a number of locations.  Flowers in and around the field, 

including the cucurbit flowers themselves may provide the moths with sufficient 

food to prolong their adult life.  This study has established that an individual female 

has the potential cause extensive damage to crops and consideration ought to be 

given in future studies to evaluating factors that can reduce adult female longevity 

and fecundity.   

This study is the first to evaluate the longevity of neonate larvae without food 

and neonate dispersal capabilities (Chapter 3). The seemingly fragile neonates have 

been revealed in this study to be quite resilient.  They are able to live for a couple of 

days without food and can easily move 30cm within an hour.  For this reason it is 

important not to over-look their capabilities since they could have impacts on 

potential management.   
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This study has additionally highlighted the importance of methodology in 

evaluating oviposition preference.  The results of the oviposition experiments 

conducted herein demonstrate that very different conclusions can be drawn about 

insect behavior depending on the approach used to evaluate the behavior (Chapter 

2).  This study highlights the importance of methodology in three ways (1) use of 

individual females to assess choice rather than groups of females; (2) the method in 

which the plants are presented to the ovipositing insect; and (3) the developmental 

stage of the plant when it is presented to the insect.   

The use of individual females for oviposition preference experiments is 

important when assessing the oviposition preference of an insect (Chapter 2). The 

investigation of oviposition preference by using individual females eliminates any 

potential population pressure effects and allows the investigator to see the insect 

choices at an individual level. Especially in the case of pickleworm, with their high 

egg laying ability, even an individual moth requires a high amount of plant surface 

area to display a preference if she indeed has one. Therefore using large groups of 

females, such as 50 pairs of females and males, which has commonly been used in 

the past for this moth, is not the best approach to study oviposition behavior and 

preference.  

In this study the method of providing females with only single leaves of 

plants versus whole plants for oviposition preference experiments was evaluated 

(Chapter 2). Following this study it is recommended that whole plants rather than 

single leaves should be used when investigating the oviposition preference of this 

and possibly other moths.  Because an individual female will lay a high number of 
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eggs, a large surface area is necessary to demonstrate a preference, if indeed there is 

one.  In addition, the whole plant provides the moth with the diversity of plant parts 

that it would naturally encounter in the field, providing a more realistic scenario for 

oviposition.     

The stage of plant growth is an important factor in considering the moths’ 

oviposition preference over time.  It was observed that a couple of individual 

females in the plant species preference experiment using whole plants laid a higher 

number of eggs on cantaloupe plants that were beginning to fruit than on squash 

plants when given a choice (Chapter 2).  Therefore it is necessary to investigate if 

squash is still a more attractive oviposition site for moths relative to cantaloupe 

when the plants are actively setting fruit.       

In conclusion pickleworm moths do exhibit a preference hierarchy between 

host plants.  Squash, as a trap crop, and a non-host plant, as an intercrop, used 

together in a push-pull cropping system maybe an appropriate approach for 

pickleworm management on cantaloupe.  However, before the implementation of 

such an approach, further research should be done to investigate if squash 

continues to be a favored oviposition site under field conditions and when 

cantaloupe is fruiting.  In addition, different non-host plants should be evaluated for 

their incorporation into the push-pull approach.  Finally, the percent of land devoted 

to the trap crop and intercrop in order for the approach to be effective needs to be 

calculated and considered in an economic analysis of the approach. 
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APPENDIX A. PLATES 
 

 

 
Plate I. Pickleworm egg around 0.8mm in size, the eyespots of larva are visible.   
 
 

  
Plate II. Pickleworm larva with characteristic spots, which are lost after the 4th 
instar. 
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Plate III. 5th instar pickleworm larvae in a cucumber fruit.   
 
 

 
Plate IV. Pickleworm pupa. 
 
 

 
Plate V. Male pickleworm moth. 
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Plate VI. Female pickleworm moth. 

 
 

 
Plate VII. Cylindrical cage, constructed using wooden quilting hoops, wooden rods, 
and clear plastic vinyl, with a plastic vinyl cover secured by binder clips.   
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Plate VIII. Cylindrical cage with a leaf, still attached to the plant, from each of the 
seven squash varieties tested.   
 
 

 
Plate IX. From left to right, a cantaloupe, squash, and watermelon leaf, the 
cantaloupe and watermelon leaves are the 5th leaf from the growing tip of the plant 
while the squash leaf is the 3rd.   
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Plate X. Cylindrical cage with a leaf, still attached to the plant, of each squash, 
cantaloupe, and watermelon inside.   
 
 

 
Plate XI. Mesh cage in greenhouse containing a squash, cantaloupe, and watermelon 
plant, each the same age.   
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Plate XII. Forming cantaloupe fruit with pickleworm eggs. 

 
 

 
Plate XIII. Petri dish with a choice of 5 food discs spaced at equal-distances from one 
another.  
 
 

 
Plate XIV. 2.5 cm food discs in separate 3.5 x 5.5 x 3cm plastic boxes that were 
sealed with plastic lids. 
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APPENDIX B. PICKLEWORM COLONY MAINTENANCE  

Adult moths were kept in a mesh cage (35.5 x 35.5 x 70cm).  Cotton pads 

soaked with 10% honey water were given to them as a food source.  To provide 

humidity, the cage was periodically sprayed with water and covered by white plastic 

trash bags (Robinson et al. 1979).  Cotton pads were hung at the top of the cage as 

an oviposition substrate.  Periodically small pieces of cucurbit plants were hung 

next to the pads to encourage oviposition in the general area.  Once eggs were laid, 

the cotton pads were removed and placed in glass jars until the eggs hatched.  

Neonate larvae were then taken from the jars and placed into diet trays using a 

paintbrush.  Once larvae were done feeding and ready to pupate, indicated by a 

change in color from greenish to pink, they were placed in a plastic container with 

paper towels to form a cocoon.  Pupae were then collected from these containers 

and placed in the adult cage. 

 

 

 

 

 

 

 

 

 

 



 79 

BIBLIOGRAPHY 

Banks, J. E., and B. Ekbom. 1999. Modelling herbivore movement and colonization: 
pest management potential of intercropping and trap cropping. Agricultural 
and Forest Entomology 1: 165-170. 

 
Baptista, G. C. d., L. R. Trevizan, A. A. Franco, and R. A. d. Silva. 2008. 

Deltamethrin residues applied in different formulations in staked cucumber 
and the actions of insecticides on the pickleworm control. Horticultura 
Brasileira 26: 321-324. 

 
Bodenstein, O. F. 1944. Control of the pickleworm on squash and cucumber. 

Journal of Economic Entomology 37: 534-536. 
 
Brett, C. H., C. L. McCombs, and D. M. Daugherty. 1961. Resistance of squash 

varieties to the pickleworm and the value of resistance to insecticidal control. 
Journal of Economic Entomology 54: 1191-1197. 

 
Canerday, T. D. 1967. Evaluation of cantaloupe varieties for resistance to the 

pickleworm. Journal of Economic Entomology 60: 1463-1464. 
 
Canerday, T. D., and J. D. Dilbeck. 1968. The pickleworm: its control on cucurbits 

in Alabama. Alabama Agricultural Experiment Station Bulletin 381: 1-27. 
 
Clavijo Albertos, J. A. 1990. Systematics of black and white species of the genus 

Diaphania Hubner (1818) (Lepidoptera: Pyralidae: Pyraustinae). Ph.D. 
dissertation. McGill University, Montreal. 

 
Cook, S. M., Z. R. Khan, and J. A. Pickett. 2007. The use of push-pull strategies in 

Integrated Pest Management. Annual Review of Entomology 52: 375-400. 
 
Day, A., P. E. Nugent, and J. F. Robinson. 1978. Variation of pickleworm feeding 

and oviposition on muskmelon and cucumbers. HortScience 13: 286-287. 
 
Dilbeck, J. D., and T. D. Canerday. 1968. Resistance of Cucurbita to the 

pickleworm. Journal of Economic Entomology 61: 1410-1413. 
 
Dilbeck, J. D., J. W. Todd, and T. D. Canerday. 1974. Pickleworm resistance in 

Cucurbita. The Florida Entomologist 57: 27-32. 
 
Dupree, M., T. L. Bissell, and C. M. Beckham. 1955. The pickleworm and its 

control. Georgia Agricultural Experiment Station Bulletin 5: 4-31. 
 
Elsey, K. D. 1980. Pickleworm: mortality on cucumbers in the field. Environmental 

Entomology 9: 806-809. 



 80 

Elsey, K. D. 1981. Pickleworm: survival, development, and oviposition on selected 
hosts. Annals of the Entomological Society of America 74: 96-99. 

 
Elsey, K. D. 1982. Photoperiod and temperature effects on the occurrence and 

periodicity of mating in the pickleworm moths (Lepidoptera: Pyralidae). The 
Florida Entomologist 65: 466-471. 

 
Elsey, K. D. 1985. Resistance mechanisms in Cucurbita moschata to pickleworm and 

melonworm (Lepidoptera: Pyralidae). Journal of Economic Entomology 78: 
1048-1051. 

 
Elsey, K. D., and T. L. McFadden. 1981. Pickleworm: oviposition on an artificial 

surface treated with cucurbit extract. Journal of Economic Entomology 74: 
473-474. 

 
Elsey, K. D., and E. V. Wann. 1982. Differences in infestation of pubescent and 

glabrous forms of cucumber by pickleworms and melonworms. HortScience 
17: 253-254. 

 
Elsey, K. D., J. E. Pena, and V. H. Waddill. 1985. Suitability of potential wild hosts 

of Diaphania species in southern Florida. The Florida Entomologist 68: 682-
686. 

 
Foster, S. P., and A. J. Howard. 1999. Adult female and neonate larval plant 

preferences of the generalist herbivore, Epiphyas postvittana. Entomologia 
Experimentalis Et Applicata 92: 53-62. 

 
Freeman, S. 2005. Biological science: second edition. Pearson Prentice Hall, Upper 

Saddle River, NJ. 
 
Fulton, B. B. 1947. Biology and control of the pickleworm. North Carolina 

Agricultural Experiment Station Technical Bulletin 85: 1-27. 
 
George, D. R., R. Collier, C. Whitfield, and G. Port. 2011. Could movement of 

neonates from non-host plants affect the potential of polyculture to reduce 
crop colonisation by pest insects? Crop Protection 30: 1103-1105. 

 
Gonring, A. H. R., M. C. Picanco, J. C. Zanuncio, M. Puiatti, and A. A. Semeao. 

2003. Natural biological control and key mortality factors of the pickleworm, 
Diaphania nitidalis Stoll (Lepidoptera: Pyralidae), in cucumber. Biological 
Agriculture & Horticulture 20: 365-380. 

 
Hamm, J. C., J. K. Sidhu, M. J. Stout, N. A. Hummel, and T. E. Reagan. 2012. 

Oviposition behavior of Diatraea saccharalis (Lepidoptera: Crambidae) on 
different rice cultivars in Louisiana. Environmental Entomology 41: 571-577. 

 



 81 

Hassanali, A., H. Herren, Z. R. Khan, J. A. Pickett, and C. M. Woodcock. 2008. 
Integrated pest management: the push-pull approach for controlling insect 
pests and weeds of cereals, and its potential for other agricultural systems 
including animal husbandry. Philosophical Transactions of the Royal Society 
B-Biological Sciences 363: 611-621. 

 
Heu, R. A., R. T. Hamasaki, J. A. Yalemar, and J. S. Sugano. 2005. Pickleworm: 

Diaphania nitidalis Cramer. New Pest Advisory No. 05-02. State of Hawaii 
Department of Agriculture, Honolulu, HI. 

 
Hodges, L., and F. Baxendale. 2007. Bee pollination of cucurbit crops. University of 

of Nebraska- Lincoln Extension, Institute of Agriculture and Natural 
Resources, Lincoln, NE. 

 
Jackson, D. M., B. M. Shepard, M. Shapiro, and S. El Salamouny. 2009. Effects of 

cucurbitacin on the activity of nucleopolyhedroviruses against pickleworm 
larvae. Journal of Agricultural and Urban Entomology 26: 95-106. 

 
Jackson, D. M., D. E. Lynn, J. R. Fuxa, B. M. Shepard, and M. Shapiro. 2008. 

Efficacy of entomopathogenic viruses on pickleworm larvae and cell lines. 
Journal of Agricultural and Urban Entomology 25: 81-97. 

 
Khan, Z. R., J. A. Pickett, J. v. d. Berg, L. J. Wadhams, and C. M. Woodcock. 2000. 

Exploiting chemical ecology and species diversity: stem borer and striga 
control for maize and sorghum in Africa. Pest Management Science 56: 957-
962. 

 
Khan, Z. R., C. A. O. Midega, T. J. A. Bruce, A. M. Hooper, and J. A. Pickett. 2010. 

 xploiting phytochemicals for developing a  push–pull’ crop protection 
strategy for cereal farmers in Africa. Journal of Experimental Botany 61: 
4185-4196. 

 
Lower, R. L. 1972. Effect of surrounding cultivar when screening cucumber for 

resistance to cucumber beetle and pickleworm. Journal of the American 
Society for Horticultural Science 97: 616-618. 

 
Lynch, T. P. 1999. Improved trapping methods for the capture of male pickleworm 

moths. M.S. thesis. North Carolina State University, Raleigh. 
 
McFadden, T. L., and C. S. Creighton. 1979. Annotated checklist of parasites 

associated with vegetable insects. Journal of the Georgia Entomological 
Society 14: 281-285. 

 
Midega, C. A. O., Z. R. Khan, J. A. Pickett, and S. Nylin. 2011. Host plant selection 

behaviour of Chilo partellus and its implication for effectiveness of a trap 
crop. Entomologia Experimentalis et Applicata 138: 40-47. 



 82 

 
Pena, J. E., V. H. Waddill, and K. D. Elsey. 1987a. Population dynamics of the 

pickleworm and the melonworm (Lepidoptera: Pyralidae) in Florida. 
Environmental Entomology 16: 1057-1061. 

 
Pena, J. E., V. H. Waddill, and K. D. Elsey. 1987b. Survey of native parasites of the 

pickleworm, Diaphania nitidalis Stoll, and melonworm, Diaphania hyalinata 
(L.) (Lepidoptera: Pyralidae), in southern and central Florida. Environmental 
Entomology 16: 1062-1066. 

 
Peterson, J. K., and K. D. Elsey. 1995. Chemical factors involved in selection of host 

plant for oviposition by the pickleworm moth (Lepidoptera: Pyralidae). The 
Florida Entomologist 78: 482-492. 

 
Peterson, J. K., R. J. Horvat, and K. D. Elsey. 1994. Squash leaf glandular trichome 

volatiles: identification and influence on behavior of female pickleworm 
moth [Diaphania nitidalis (Stoll.)] (Lepidoptera: Pyralidae). Journal of 
Chemical Ecology 20: 2099-2109. 

 
Potting, R. P. J., J. N. Perry, and W. Powell. 2005. Insect behavioural ecology and 

other factors affecting the control efficacy of agro-ecosystem diversification 
strategies. Ecological Modelling 182: 199-216. 

 
Pulliam, T. L. 1979. The effects of plant type and morphology of the cucumber, 

Cucumis sativus L., on infestation by the pickleworm, Diaphania nitidalis Stoll. 
M.S. thesis. North Carolina State University, Raleigh. 

 
Quaintance, A. L. 1901. The pickle-worm. Georgia Agricultural Experiment Station 

Bulletin 54: 73-94. 
 
Quisumbing, A. R., and R. L. Lower. 1975. Screening cucumber cultivars for 

pickleworm resistance. HortScience 10: 7. 
 
Reay-Jones, F., L. Wilson, A. Showler, T. Reagan, and M. Way. 2007. Role of 

oviposition preference in an invasive crambid impacting two graminaceous 
host crops. Environmental Entomology 36: 938-951. 

 
Reid, W. J., and F. P. Cuthbert. 1956. Biology studies of the pickleworm. Journal of 

Economic Entomology 49: 870-873. 
 
Renwick, J. A. A., and X. P. Huang. 1995. Rejection of host-plant by larvae of 

cabbage butterfly: diet-dependent sensitivity to an antifeedant. Journal of 
Chemical Ecology 21: 465-475. 

 



 83 

Robinson, J. F., A. Day, R. Cuthbert, and E. V. Wann. 1979. The pickleworm: 
laboratory rearing and artificial infestation of cucumbers. Journal of 
Economic Entomology 72: 305-307. 

 
Schoonhover, L. M., J. J. A. Loon, and M. Dicke. 2005. Insect-plant biology: second 

edition. Oxford University Press, Oxford, NY. 
 
Shannag, H. K., and J. L. Capinera. 2000. Interference of Steinernema carpocapsae 

(Nematoda: Steinernematidae) with Cardiochiles diaphaniae (Hymenoptera: 
Braconidae), a parasitoid of melonworm and pickleworm (Lepidoptera: 
Pyralidae). Environmental Entomology 29: 612-617. 

 
Shannag, H. K., S. E. Webb, and J. L. Capinera. 1994. Entomopathogenic nematode 

effect on pickleworm (Lepidoptera: Pyralidae) under laboratory and field 
conditions. Journal of Economic Entomology 87: 1205-1212. 

 
Shelton, A. M., and F. R. Badenes-Perez. 2006. Concepts and applications of trap 

cropping in pest management. Annual Review of Entomology 51: 285-308. 
 
Smith, H. A., J. L. Capinera, J. E. Pena, and B. Linbo-Terhaar. 1994. Parasitism of 

pickleworm and melonworm (Lepidoptera: Pyralidae) by Cardiochiles 
diaphaniae (Hymenoptera: Braconidae). Environmental Entomology 23: 
1283-1293. 

 
Smith, R. I. 1911. Two important cantaloupe pests. The North Carolina Agricultural 

Experiment Station 214: 102-146. 
 
Takeda, K. Y., and R. T. Sakuoka. 1997. Summer squash. College of Tropical 

Agriculture and Human Resources Fact Sheet Home Garden Vegetable no. 15. 
Cooperative Extension Service, University of Hawaii at Manoa, Honolulu, HI. 

 
Van Balen, L. 1976. The biology of the pickleworm (Diaphania nitidalis (Stoll), 

Lepidoptera: Pyralidae) in North Carolina. M.S. thesis. North Carolina State 
University, Raleigh. 

 
VanHaltern, F. 1945. Control of pickle worm of cantaloupes. Georgia Experiment 

Station Press Bulletin 272. 
 
Walsh, B. D., and C. V. Riley. 1869. Worm boring into cucumber. The American 

Entomologist 2: 31. 
 
Wann, E. V., J. F. Robinson, R. L. Lower, J. M. Schalk, and T. L. Pulliam. 1978. 

Evaluating cucumber lines for resistance to the pickleworm. HortScience 13: 
8. 

 



 84 

Webb, S. E., and S. B. Linda. 1992. Evaluation of spunbonded polyethylene row 
covers as a method of excluding insects and viruses affecting fall-grown 
squash in Florida. Journal of Economic Entomology 85: 2344-2352. 

 
Wehner, T. C., K. D. Elsey, and G. G. Kennedy. 1985. Screening for cucumber 

antibiosis to pickleworm. HortScience 20: 1117-1119. 
 
Zalucki, M. P., A. R. Clarke, and S. B. Malcolm. 2002. Ecology and behavior of first 

instar larval Lepidoptera. Annual Review of Entomology 47: 361-393. 
 
Zar, J. H. 2010. Biostatistical analysis, fifth ed. Prentice Hall Inc., Upper Saddle 

River, NJ. 
 
Zehnder, G., T. Briggs, D. Williamson, and J. Bannon. 1997. Summer squash as a 

trap crop to reduce pickleworm damage in cucumber. Alabama Agricultural 
Experiment Station: Fruit and Vegetable Research Report 14: 24-25. 

 
 

 


