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ABSTRACT 

This work focused on how visual and olfactory cue use by insects affect 

tritrophic interactions among the Arizona walnut, Juglans major (Juglandaceae), 

the fly Rhagoletis juglandis (EHptera: Tephritidae), whose larvae feed on the husk 

surrounding walnut fruits, and the parasitic wasp Biosteres juglandis 

(Hymenoptera: Braconidae: Opiinae) which oviposits in the fly larvae. 

The foraging behavior of female Biosteres juglandis was studied in the 

field and greenhouse, with specific attention paid to their use of visual and 

olfactory cues produced by walnut fruits harboring R. juglandis larvae. Field 

work demonstrated that wasps are successful in locating fruits infested with host 

larvae interspersed among uninfested fruits, and that they use fruit phenological 

traits (i.e. stage of rot) to do so. The mediod by which females appear to choose 

fruits in the field is functional, provided dieie are high host infestation levels. In 

greenhouse assays, fruit damage (apart from larval presence) was specifically 

identified as an important cue affecting wasp fruit choice. Wasps are also able to 

orient to infested fruits using only one type of cue, either olfactory or visual. 

Preliminary data from a pilot analysis of volatile compounds associated with 

infested, uninfested, and artificially damaged walnuts indicated that visual cues 

were more important than olfactory cues to free-foraging wasps. 

Rhagoletis juglandis adult females visit walnut fruits for oviposition, 

while adult males visit them to obtain matings. The effect of fruit color pattern on 
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the behavior of male and female flies both inexperienced and experienced with real 

ripe walnuts was studied in the greenhouse. Overall, both sexes of flies exhibited 

a landing preference for plastic fruit models that q)pear ripe and uninfested, over 

models that appear infested The behavior of both sexes may be driven by females 

who are attempting to provide offspring with the most possible food resources. 

Rnally, the growth and germination of Arizona walnut seeds was followed 

to determine whether either was affected by infestation of tiie husk by R. 

juglandis. Although infested fruits were more likely to fall off a tree sooner, this 

did not affect the size of a walnut or its ability to germinate. 
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Chapter 1 

Introduction 

Baclcground 

Response to sensory cues in insects has been a research topic of great 

interest A wide range of mechanistic and functional questions about insect 

behavior can be addressed by studying cue response. Research has been extensive 

for cotain taxa, but can be limited to specific contexts. For example, there is an 

enormous body of literature studying visual and olfactory cue use in honey bees in 

the context of foraging (Gould 1993). 

Cue use by parasitic wasps is thought to occur at several levels of search. 

These can be described as: 1. habitat, or host community location, in which ±ere 

are microhabitats containing hosts; 2. microhabitat location, i.e. location of a site 

of infestation by hosts; 3. microhabitat acceptance, i.e. decision to remain in a 

microhabitat; 4. host location widiin the microhabitat; and S. host acceptance (Vet 

et al 1995). My research focuses on cue use at the second level, and it touches on 

the third level as well. 

In parasitic wasps, the recent focus in the area of microhabitat location has 

been on olfactory orientation by females. This has been prompted partly by 

discoveries about biochemical responses of plants to herbivory. Price et al. (1980) 

are generally credited with pointing out the inqxMrtance of studying the effect of 

host plants on the interactions between parasitoids and their herbivore hosts, 

although research had previously been done on parasitoid use of plant cues (Read 

et al. 1970). A body of work since then has elucidated aspects of parasitoid 

orientation to plant odors (Jones 1986; Vinson et al. 1987; Vet and Dicke 1992; 

Turlings et al. 1993b; Vet et al. 1995). Research is focused on response of 
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parasitoids to odors released by mecbanically damaged versus herbivore-damaged 

plants (Eller et al. 1988; Whitman 1988b; Turlings et aL 1990; Whitman and Eller 

1990; Turlings et aL 1991; Udayagiri and Jones 1992; Whitman and Nordlund 

1994), and how wasp orientation behavior changes with experience (Drost et al. 

1988; Godfray and Waage 1988; Lewis and Tumlinscn 1988; Sheehan and 

Shelton 1989; Turlings et aL 1989; Lewis and Takasu 1990; De Jong and Kaiser 

1991; De Jong and Kaiser 1992; Eller et aL 1992; Wackers and Lewis 1994; 

Kaiser and de Jong 1995). The use of visual cues in microhabitat location has 

received less attention (Glas and Vet 1983; Wardle 1990; McAuslane et aL 1991; 

Wackers 1994; Wackers and Lewis 1994). 

Thft "Reli^hilitv-Detectibilitv Problem" 

The problem faced by parasitoids and predators foraging for hosts that are 

selected to remain hidden was described as the "reliabili^-detectibility problem" 

(Vet et aL 1991; Vet and Dicke 1992). The most reliable cues for host presence, 

the host itself and direct host by-products such as &ass, are not detectible from a 

distance. Volatile chemicals emanating firom a host plant are detectible from 

greater distances than the host, but do not reliably indicate the presence of the 

correct species of host on the plant The authors suggest that an in:^>ortant solution 

to this problem is the use of associative learning by parasitoids and predators. 

Parasitoids have commonly been found to prefer certain odors or odor complexes, 

usually after oviposition experience, but sometimes after contact with the host's 

ftass only (Lewis and Takasu 1990). 

Odor has been en^hasized as the important stimulus in these systems. 

Although the authors generalize, the "reliabili^-detectibility" description of the 

problem itself is based on the use of odor. This emphasis is likely due to the fact 
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that parasitoids have a high response to odor in the laboratory. The usefiilness of 

odor cues in the field is less certain, although in one study, oviposition experience 

on either an apple-yeast mixture or mushroom in the lab increased the ability of 

Leptopilina heterotoma to orient to the same substrate in the field (Papaj and Vet 

1990). Higher response rates on days with stronger and steadier wind suggested 

that variable air flow decreased the ability of wasps to orient to odor. In contrast, 

visual cues are stable under turbulent conditions (Miller and Strickler 1984), but 

can be affected by illumination, contrast, and distance (Prokopy and Owens 

1983). It seems most likely that wasps are able to use a combination of odor and 

visual cues, depending on conditions, and that this combination of cues might be 

considered as a possible solution to the reliability-detectability problem. 

Cue use in Ooiinae fBraconidac  ̂

The bulk of the literature on tephritid-attacking opiine wasps pertains to 

species that have been introduced in classical biological control projects. 

Diachasmimorpha longicaudaia originated in Asia but has been introduced into 

Hawaii to control oriental fruit fly (Dacus dorsalis) (Wharton 1989) and Florida 

(Baranowski et aL 1993) to control Caribbean fruit fly (Anastrepha suspensa). 

Studies of response to foraging cues in opiine wasps that attack tephritids have 

necessarily involved interactions between the parasitoid and the host fruit, because 

fly larvae in this group have a concealed feeding habit within firuits. 

There is evidence that D. longicaudata can orient to fruits using both 

olfactory and visual cues (Greany et al. 1977b; Leyva et aL 1991; Sivinski 1991; 

Messing and Jang 1992). Unlike some other braconids attacking herbivorous 

hosts, females of this species do not appear to distinguish infested from uninfested 

plant material (Nishida and Napompeth 1974; Greany et al. 1977b). Opius 
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oophilus and 0. incisi (which also attack oriental fruit fly) similarly make no 

distinction (Nishida and Napompeth 1974), but at least in the case of D. 

longicaudata, fruits must be rotting to be attractive (Greany et al. 1977b). 

Furthermore, although oriental fruit fly develops in both unripe and ripe papaya, 

Biosteres arisanus never attacks flies in unripe fruits (Liquido 1991). Messing 

and Jang (1992) studied the interaction between olfactory and visual cues in host 

fruit landing decisions by D. longicaudata. While it had previously been 

suggested that females did not discriminate fruit species on the basis of color 

(Leyva et al. 1991), they found that there was color discrimination, but only in the 

absence of odor (Messing and Jang 1992). Finally, Glas and Vet (1983) 

concluded from their experiments with Diachasma alloeum, a parasitoid of 

Rhagoletis pomonella in hawthome, that visual cues were actually most important 

in causing a wasp to ^proach a fridt Odor may function in a parasitoid's 

decision to actually land. 

All of these studies were done under controlled conditions. One of my 

main goals was to determine cues inq)ortant to foraging parasitoids based on field 

observations. Field work on parasitoids has been limited (Weseloh 1972; Waage 

1983; Thompson 1986; Casas 1989; Janssen 1989; Heimpel et al. 1996). Held 

data on attraction of free-foraging parasitic wasps to visual and olfactory cues has 

been restricted to sticky-trap studies (Weseloh 1972; Nishida and N^ompeth 

1974; Weseloh 1986; Sivinski 1990; Vargas et aL 1991; Messing and Wong 

1992). 

While these provide information about color and odor preferences, often 

the odors and colors used are not ones that parasitoids would normally encounter 

in nature. Thus, I wanted to determine specifically what ecologically relevant cues 

are used by wasps in choosing microhabitats in which to search for hosts. I was 
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interested not only in mechanistic questions about cue use, but in evolutionary 

questions about the effects of foraging decisions made by female wasps. I 

conducted experiments in the field in order to 1. evaluate the ability of wasps to 

successfully locate host-infested microhabitats in an uncontrolled setting; and 2. 

determine what foraging cues might be useful to wasps foraging in nature, given 

the distribution of available hosts. For experiments in which it was helpful to 

foUow the behavior of individuals, use of a greenhouse seemed to be an 

appropriate con^romise between the control of the laboratory and the realism of 

the field. I conducted one wind tunnel experiment, in part so that I would have a 

basis of comparison between this and other work on parasitoids. Other work was 

conducted in laboratory cages because response levels were higher when wasps 

were confined. 

Cue use in phytophagous Dintera 

The use of visual and olfactory cues by phytophagous flies has been 

studied in pest species, particularly tephritid flies, as well as cecidomyiids 

(Mayetiola destructor) and anthomyiids {Delia spp.). M. destructor (Hessian 

fiy) makes egg-laying decisions according to color, chemical, and tactile stimuli, 

with chemical cues having the strongest effect (Harris and Rose 1990). Host-

plant-finding and oviposition behavior in Delia antiqua (onion fiy) are also 

affected by color, shape, and odor of the host plant (Harris and Miller 1982; 

Harris and Miller 1983; Hanis and Miller 1984; Harris and MiUer 1988; Harris et 

al. 1993). 

Many studies on tq)hritids have determined attraction to arbitrary colors 

that flies would not normally encounter (Prokopy 1969; Prokopy and Boiler 1971; 

Prokopy 1972; Moericke et al. 1975; Prokopy et al. 1975; Greany et al. 1977a; 
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Nakagawa et al. 1978; Katsoyannos 1982; Hill and Hooper 1984; Riedl and 

Hislop 1985; Riedl etaL 1989; Sivinski 1990). Occasionally oviposition behavior 

of females has been studied in the context of color (Prokopy 1968; Katsoyannos et 

al. 1986; Messina 1990; Prokopy et al. 1990; Aluja and Prokopy 1993), but the 

effect of fruit color on the behavior of males, which in some species come to fruits 

to obtain matings, has not been addressed. Not only attraction, but the behavior of 

both males and females while on the fruit has consequences for host use, and thus 

interactions with both the host plant, and parasitoids of die larvae. By observing 

closely the behavior of individual flies, I hoped to elucidate how color pattem 

affects this dynamic process. 

The plant's perspective 

Herbivore feeding has been known to induce the release of specifrc 

volatile confounds from plants, that are not induced by mechanical damage alone 

(Dicke et al. 1990; Boland et al. 1992; Tuilings et al. 1993a). It has been 

suggested that this phenomenon constitutes a "ciy for help" that serves to attract 

parasitoids and predators of the herbivore species attacking the plant (Dicke and 

Sabelis 1988; Whitman 1988a; Dicke et al. 1990). Such a notion is dependent 

upon there being a cost of herbivory to the plant, which is likely the case in the 

annuals in which this induction has been studied The effects of herbivore attack 

on the fruit (but not seeds) of long-lived perennials is less clear, and were 

appropriate to test in this system, as I did through herbivore exclusion studies in 

the field- Observations by Boyce (1934) suggested that feeding by walnut flies 

can affect the size of the nut (seed). I tested this, along with the hypothesis that 

seed mass can affect germinatioiL 
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The study system 

I chose a natural study system (rather than an agricultural one) in order to 

observe parasitoid behavior in an evolutionary and ecological context The 

tritrophic system is centered on the Arizona walnut, Juglans major (Juglandaceae). 

This tree is nadve to Arizona, New Mexico, and northern Mexico (Elias 1980), 

and is attacked by the tephritid fly Rhagoletis juglandis in these regions (Boyce 

1934; Buckingham 1975). R. juglandis is attacked by at least two knovm 

larval/pupal hymenopteran parasitoids (Buckingham 1975). The first is an opiine 

braconid wasp, Biosteres juglandis, which is in the process of being reclassified 

as Diachasmimorpha juglandis (Wharton 1988; Wharton pers. comm.), and is the 

primary subject of the present study. B. juglandis has been reared as well from 

R. boycei (Buckingham 1975), another walnut-attacking tephridd that is 

occasionally syn^atric mthR. juglandis (Boyce 1934; Buckingham 1975), but I 

have focused on its interactions with R. juglandis. There is at least one eucoilid 

parasitoid of R. juglandis as well, and perhaps two. I have collected a 

Trybliographa species and a previously unknown Leptopilina species foraging 

on walnuts as adults (L.E.M. Vet and G. Nordlander, pers. comm.). The 

taxonomy of the eucoilids is currendy being established by G. Nordlander at the 

Swedish University of Agricultural Sciences in Uppsala. 

This system is useful for the study of cue use for several reasons. First, 

B. juglandis is a specialist, and the range of cues which it uses to locate infested 

walnuts should be £aidy small (Vet and EHcke 1992). Use of a specialist does not 

preclude examination of the effects of experience, however, as specialist 

parasitoids are known to leara novel odors (De Jong and Kaiser 1991; Kaiser and 

de Jong 1995). Second, B. juglandis is large and has a slow, hovering search 

flight, which makes it easy to follow both in the field, and in the greenhouse. 
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R. Juglandis is a good subject for the study of the effect of color on host 

fruit use by flies. Because it is a specialist on walnuts, I could realistically present 

flies with the range of color patterns they would normally encounter. This species 

is known from previous studies to respond well to artificial fruit models (e.g., 

Alonso-Pimentel et aL submitted), making it possible to test response to color 

apart from other cues, such as odor. 

Explanation of the dissertation format 

This dissertation is a con^ilation of one published paper and manuscripts 

in preparation for submission. The first four manuscripts deal with mechanistic 

and functional aspects of olfactory cue use in Biosteres juglandis, and one of its 

host flies, Rhagoletis juglandis, within the context of their interactions with the 

fruit of Juglans major. The final chapter is a study of how interactions with the 

fly affect reproduction in the tree. This format was chosen in order to include a 

p£Q)er already published as well as to communicate the ideas and results in a 

potentially pubUshable format 

I am the sole author on three of the papers, and the senior author of the 

other two. In the paper presented in Appendix CI played the major role in 

developing and expressing the ideas as well as performing most of the empirical 

work, including behavioral assays and volatile collections. My collaborator, Junji 

Takabayashi, conducted the gas chromatography/mass spectroscopy in Kyoto, 

Japan, where he had the appropriate equipment, protocol, and expertise for such 

an analysis. I have drawn extensively on the knowledge and experience of Dr. 

Daniel R. P^aj in preparation of the ^apcr presented in Appendix D. I personally 

conducted the entire experiment 
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Chapter 2 

Present Study 

1. Sununaiy of manuscripts 

The methods, results, and conclusions of this study are presented in the 

papers appended to this thesis. The following is a summary of the most important 

findings in these papers. 

A. "Host location by the parasitic wasp Biosteres juglandis (Hymenoptera: 

Braconidae) under field and greenhouse conditions" 

This paper has two parts. Hrst, there is a description of the behavior of B. 

juglandis females foraging in the canopy of a walnut tree. Second, there is a 

controlled greenhouse assay designed to closely examine the behavior of 

individual wasps. 

In the first section wasps were followed in the field as they foraged. I 

quantified their behavior on walnuts in terms of time spent and oviposition 

attempts, and correlated these with the number of host larvae contained in the husk 

of the walnut Wasps were found on fruits with more host larvae than a random 

sample of fiiiits without wasps, and time spent, as well as number of ovipositor 

insertion attempts (termed "taps") were correlated with the number of suitable host 

larvae in a fruit 

In the second section I followed individually marked female wasps within a 

field cage in a greenhouse in order to 1) detennine whether wasps could estimate 

the number of hosts in a fruit before landing, and 2) detamine whether wasps 

changed their behavior with experience in a free-foraging setting. Bruits with at 

least one suitable host received more landings per wasp than those with no hosts. 
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but there was no relationship between number of hosts and number of landings by 

a wasp. Hme spent, taps, and actual ovipositor insertions in a fruit were all 

correlated with number of larvae. Wasps did not visit infested fruits more often 

based on their level of experience. 

My main conclusions from this study are thai wasps can assess host 

presence in a fruit before landing on it, and assess host nimiber in a fruit after 

landing. Additionally, preference for infested fruit does not become obviously 

stronger after foraging experience on infested fruits. 

B. "Maximization of host encounters by foraging parasitoids in the field: females 

can use a simple rule" 

This paper examines the rules governing foraging decisions made by B. 

juglandis searching wahiuts that have fallen from the tree. It includes a two-part 

field study and a two-part laboratory study. 

I presented wasps in the field with arrays of walnuts on the ground 

consisting of alternating fruits at the extreme ends of the phenology continuum: 

those that were still mosdy yellow in color, and those that had tumed completely 

black from fly larval feeding activity. Wasps overwhelmingly preferred walnuts 

with yellow, despite the fact that larvae were present in all walnuts. This 

prompted further research on the natural distribution of hosts within fruits on the 

ground, over time. At one site I found that because fly larvae exit fruits to pupate 

soon after fruits tum completely black, wasps are always more likely to find hosts 

in yellow fruits than they are in black fiuts, with the disparity increasing as the 

season progresses. Although a hypothetical rule of "choose only walnuts with 

yellow" applies only to sites where infestation levels are high, data from multiple 

years and sites suggest that high infestation levels are the norm. 
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Results from laboratory assays were consistent with wasp behavior 

observed in the field. When wasps were presented with larvae in artificial fruits 

(which provided no phenological cues), parasitoids had higher reproductive 

success in younger, rather than older, prepupal hosts (as would be found in black 

fiuits). I also presented wasps in laboratory cages with arrays of black and yellow 

fiuits on light and dark backgrounds, and landing behavior of the wasps suggested 

that visual contrast may play a role in fruit selection in the field. 

At a site with low infestation levels where data were collected for this smdy, 

black fruits had more larvae, yet wasps were found searching yellow fruits. This 

implies a lack of flexibility in the way wasps make foraging decisions in the field. 

C. "Use of fruit damage cues in host location by the parasitoid Biosteres juglandis 

(Hymenoptera: Braconidae)" 

In this paper I first tested the hypothesis that B. juglandis females use 

feeding damage on a walnut fruit as a cue for the presence of host larvae. Then, I 

did experiments to determine whether either visual or olfactory cues alone could be 

used by wasps to distinguish infested from uninfested fruits. In a pilot study, 

walnut volatiles were collected and analyzed to compare odor differences among 

infested, uninfested, and artificially damaged fruits, to support speculation about 

how wasps might use odor in host-finding. 

In the first part of the paper the use of damage as a cue was shown via three 

related experiments. Free-foraging wasps were presented in the greenhouse cage 

with each of the following pairs: infested and uninfested but artificially damaged 

fruits; uninfested, undamaged and uninfested artificially damaged fruits; and 

uninfested, undamaged and infested fruits. Results from this showed that wasps 

choose fruits based on damage, rather than host presence per se. 
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To test the use of visual cues, the greenhouse set up was also use to 

compare landings on plastic models painted to look like either ripe, uninfested 

firuits, or infested fruits. To test the use of olfactory cues, wasps were given a 

choice between infested fruits with no visible damage, and uninfested fruits in a 

wind tunnel. The combined results of these tests indicate that one cue is adequate 

for wasps to locate infested fruits. 

Volatile analyses showed that uninfested, and uninfested but artificially 

damaged fruits had more similar odors than infested fruits. This suggests that 

wasps in the first part of this study relied primarily on visual cues to make their 

landing decisions. 

D. "Role of host fruit color pattern in the behavior of Rhagoletis juglandis 

(Diptera: Tephiitidae)" 

In this paper I examined the effect of visual cues associated with host fruit 

on the behavior of B. juglandis's host, Rhagoletis juglandis. Although behavior 

while on a fruit can have consequences for the dynamics of host use, most work 

on the effect of host fruit color on tephritid behavior has focused on attraction 

only. I predicted that flies would prefer uninfested over infested fruits because the 

former would provide more food for offspring. 

In fise-foraging greenhouse assays similar to those used in experiments 

with B. juglandis, mdividually marked male and female flies were presented with 

models of walnuts painted to t^ppear ripe and uninfested, or infested. One assay 

was conducted with flies that had no experience with real host fruits, and another 

with flies that had been exposed to wahiuts for a day and a half. All flies except 

inexperienced males landed more often on ripe models. Male-male aggressive 

interactions and matings were generally more likely to occur on ripe models, most 
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likely because two flies were more likely to encounter each other on ripe models 

than on infested models. 

Females were more likely to land on at least one model if they were 

experienced, but tiiere was no such effect for males. This may be because 

exposure to fruits promoted egg development in the females. Female preference 

for ripe models was the same whether they were inexperienced or experienced, 

however. Females may have an innate preference for uninfested fruits, while 

males probably track female behavior, because they use fruits to obtain matings 

from females arriving to oviposit 

E. "Growth and germination of wahiuts (Juglans major): comparisons of 

uninfested fruits and fruits infested with Rhagoletis juglandis larvae" 

To determine whether infestation of walnut fruits by R. juglandis has any 

effect on the reproduction of the tree, I obtained infested and uninfested fruits from 

25 trees by bagging a sanq)le of fruits to prevent oviposition by flies. Fruits were 

measured over the course of several wedcs to determine growth trajectories. After 

they fell off the tree, fruits were returned to the lab, the husk was removed, and 

nut mass and diameter were measured. 

Nuts from infested fruits were larger than nuts from uninfested fruits at the 

end of the experiment This is probably due to initial selection of larger fruits at 

the beginning of the experiment Neither size nor infestation status affected the 

ability of nuts to germinate. It therrfore seems unUkely that flies have any 

appreciable effect on rq)roduction in Juglans major. 

n. Interpretation 

I will attempt here to interpret some of my findings in the broader context of 
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what is known about parasitoid behavior in the laboratory, and in agricultural 

systems. 

A. Cue use in the natural envhpnment 

1. Response to mechanical versus herbivore damage 

Recent popular topics of study have been on the parasitic wasps that 

distinguish between volatile con^unds released by a plant after mechanical 

damage, and those released after herbivore damage, and on the plants that exhibit 

this biochemical curiosity (Eller et aL 1988; Turlings et aL 1990; Turlings et al. 

1991; Dicke et al. 1993; Turlings et al. 1993a; Dicke 1994; Geervliet et aL 1994; 

Du et al. 1996). Despite this focus, such a response is likely determined by the 

ecological context in which wasps are foraging. As discussed in Appendix C, it 

may not be relevant for B.juglandis to be naively able to distinguish between 

artificial and lar\'al damage, if they are unlikely to encounter artificially damaged 

fruits. Based on my field observations, I suggest that this is indeed the case. 

2. Cue use at different levels of search 

Researchers have often speculated on the in^ortance of different cue types 

at different levels of search: habitat location, microhabitat (or patch) location, 

decision to search a microhabitat, and host location within the microhabitat (e.g.. 

Vet and Dicke 1992; Steinberg et al. 1993; Geervliet et al. 1994; Vet et al. 1995). 

Microhabitat location, defined as the distance traversed by a wasp in a wind tunnel 

(l-2m), has been studied in multiple systems. Both odor and visual cues have 

been shown to be used by wasps at this stage (Tuiiings et al. 1993b). In the field, 

visual cues will supply more accurate information about target location than odors 

(which are al^ected by turbulence), provided the target is not obscured (Turlings et 
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al. 1993b). 

Based on my work presented here, I propose that in B.juglandis, visual 

cues are used for microhabitat location. Evidence for this is that wasps do not 

distinguish between infested and artificially damaged walnuts in the greenhouse, 

despite differences in their odor profiles (Appendix C). My observations suggest 

that odor may be important for the decision of whether or not to land on a walnut, 

once it has be^ located. B.juglandis females characteristically hover for a few 

seconds within a few millimeters of a firuit (perhaps even making contact with their 

antennae), after which they either land, or back away ficom the fruit These 

"j^proaches" without landings were most common during the model experiment 

(Appendix C) (Hg. 1). Glas and Vet (1983) observed a similar difference in 

attraction to models versus hawthom fruits in an opiine parasitoid of Rhagoletis 

pomonella, Diachasma alloeum. They came to the same conclusion that visual 

cues were more in^ortant than odor in orientation to fruits from at least decimeters 

away. 

B. How important is experience? 

The role of experience in foraging by B.juglandis is something on which I 

have touched only peripherally in the following papers. While associative 

olfactory learning tests in the laboratory have revealed much about the abilities of 

parasitic wasps, my hypothesis is that in the field, odor learning may occur on a 

longer time scale dian it does in the laboratory. Odor learning may have less effect 

on wasp foraging success than other forces constraining a wasp's abiliQ' to locate 

hosts in nature, such as abiotic conditions (Fink and VoeM 199S). 

1. The naive response problem 
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One common theme that arises in controlled behavioral studies of 

parasitoids is that naive insects (i.e., those without any experience with their host 

plant, host, or host products such as firass) show a lower response in the 

laboratory to either artificial or even natural stimuli, than do insects that have 

encountered these stimuli (Drost et al. 1988; Turlings et al. 1988; Sheehan and 

Shelton 1989; Turlings et aL 1989; Eller et aL 1992; Kaiser and Caidd 1992). It 

seems counter-intuitive that naive insects that are mated and with eggs ready to 

oviposit should seem so reluctant to search for hosts. Often, it merely takes 

antennation of host frass, rather than experience with the host or plant itself, for a 

parasitoid to be responsive to a host plant of that insect or host/host plant complex. 

The difference between parasitoids emerging in the field (even those that do 

so away fix)m a relevant host plant) and those raised in the laboratory may be one 

of context Naive individuals, whether of a specialist or gen^alist species, may be 

adapted to emerge in generally-defined type of environment, which provides a 

context, or ten^late, on which learning can occur. The presence of this ten^late, 

consisting of a combination of environmental cues, may be important in promoting 

foraging behavior in naive wasps. Aftra* the first few oviposition experiences, 

associative learning could operate to focus down the background environment into 

a more easily defined suite of cues on which the wasp can focus her attention. 

Experience may also affect which sensory modality is more likely to be 

utilized in foraging. McAuslane (1991) suggested that naive females of the 

ichneumonid Campoletis sonorensis are more likely than experienced females to 

rely on visual cues rather than odor cues for host location. Peiiiaps B.juglandis 

relied more on visual cues in the artificial damage experiment (Appendix Q due to 

lack of experience with odors specifically associated with infested fiuits, which 

may have been more variable than the available visual cues (Turlings et al. 1993b). 
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2. The utaitv of odor experience in nature 

Experience in the field may not simply be a matter of ovipositing in the 

presence of a distinct odor and orienting to that odor when it is randomly 

encountered again. Depending on the ecology and host relationships of a given 

parasitoid, tihe variabilis in the olfactory milieu surrounding potential hosts within 

different microhabitats could be high enough to reduce odor learning efficiency 

(Smith 1993). For example, different volatile profiles can be generated from the 

same herbivore species feeding on different parts of a com plant. Experimental 

evidence suggests that there is high enough precision in odor learning for wasps to 

distinguish such profiles (Turlings et al. 1993b). Although it is adaptive to 

distinguish profiles generated by a host on a given species of plant frx)m that of a 

nonhost (Turlings et al. 1993b), it would be maladaptive for a parasitoid to 

respond only to a profile associated with one plant part and thus ignore suitable 

hosts feeding on another part, but producing a distinctive profile. It seems 

reasonable to e?q>ect that the variability in profiles would be even higher among 

natural populations of plants than among highly bred agricultural species such as 

com. 

Pilot volatile collections made as part of this study (Appendix C) suggest 

that this is so. Out of collections made from five different wahiut trees, four times 

there were compounds present in infested walnuts but not in uninfested. The 

compounds unique to infested fruits were different in every case, except for a 

known green leaf volatile that was present in two cases. A total of 9 compounds 

were found in only one case (data not presented). 

The vaiiabiliQr within a single tree is not known, and it may be that most B. 

juglandis spend their entire foraging life within one tree. There is likely to be 

variability in encountered odors in any case, created by turbulence in the headspace 
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around a fruit, different concentiadons of leaf odor depending on fruit location, 

etc. To use odor learning effectively in the field, parasitoids probably need a 

somewhat generalized response to a complex of odors that they have associated 

with an oviposition (Smith 1993). So far I know of one study that addresses 

generalization by parasitic wasps in odor learning (Vet et aL submitted). They 

found that parasitic wasps do not discriminate between similar odors when they 

have information about the profitability (=host presence) associated with one of the 

odors, but do discriminate when one odor is associated with host presence and one 

is associated with lack of hosts. Thus, wasps generalized their experience when it 

was potentially profitable to do so. There has also been some evidence that 

experience with one odor enhances response to other odors (Kester and Barbosa 

1992; Kaiser and de Jong 1995), but this phenomenon may be more akin to 

priming (Turlings et aL 1993b) than to learning of an odor complex that can then 

be generalized, yet is still specific enough to be useful. 

I have admittedly limited evidence from the present work in support of a 

leaming-through-generaUzation hypothesis. In the first paper (Appendix A) I was 

unable to detect a general effect of experioice (based on fixiit choice by wasps after 

a given number of previous fruit visits) as of 15 fiiiit visits. Wasps preferred the 

more highly infested fruits from their first landings, and there was high variability 

throughout In addition to the data presented in Appendix A, I calculated the 

median time spend by wasps on their first, second, and third visits to an 

uninfested walnut and overall it did not decline (Fig. 2), suggesting that wasps are 

slow to leam tactile or other cues associated with infestation. The variability in my 

data is due somewhat to differences in foraging efficiency that I observed among 

individuals. There is also quite a bit of variation within individuals; e.g., most 

wasps returned to an uninfested walnut even after several visits to infested 
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walnuts. This could suggest that wasps do not have a strong response to 

infestation cues (Vet et aL 1990). Alternatively, they could have a strong response 

to very specific cues. The response of wasps may become generalized over many 

experiences by ovipositions in a variety of slightly different microenvironments. 

In another paper (Appendix Q, the experience of wasps being tested was 

not controlled, but it could be monitored, because wasps were individually 

marked. Four field-collected wasps used in the infested-damaged test landed no 

more than 1 time on an artificially damaged walnut, while the rest of the wasps 

tested averaged 2.8 landings each on artificially damaged walnuts. The experience 

of the field wasps is unknown, but the lab-reared wasps had only limited exposure 

to one or two infested walnuts before the experiment Similarly, five wasps used 

in the infested-uninfested experiment had more extensive time in the greenhouse 

cage than the rest of the wasps from that experiment, which included participation 

in the uninfested-damaged experiment, as well as periodic exposure to infested 

fruits. The mean preference value (=number of landings on infested fruits -

number of landings on uninfested fruits) for these wasps was 1.8, whereas the 

preference value for the remaining, less-experienced wasps was 0.7. 

C. Thg future 

There is much to leam about cue use and learning by parasitic wasps 

foraging in a natural setting. Possible future experiments addressing the above 

ideas could focus on the ability of wasps to orient to a specific learned odor against 

novel and familiar olfactory backgrounds. It would also be useful to measure the 

abilities of parasitoids to track odors under turbulent conditions. Field and 

laboratory data should continue to be integrated in order to understand parasitoid 

behavior within a proper ecological context 
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Figure 1. Total number of landings on and approaches of either 
w^uts or models. Data are from two groups of 7 wasps each. 
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Figure 2. The amount of time spent by wasps foraging in the 
greenhouse (see Appedix A) on Aeir fint, second, and third visits to 
uninfested f^ts. Horizont^ lines are drawn at the 10th, 25th, 50th, 
75th, and 90th percentiles of the data witii outliers represented by open 
circles. Sample sizes are given for each box. 
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APPENDIX A 

Host location by the parasitic wasp Biosteres juglandis (Hymenoptera: 

Braconidae) under field and greenhouse conditions 
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Host Location by the Parasitic Wasp Biosteres juglandis 
(Hymenoptera: Braconidae) Under Field and 

Greenhouse Conditions 
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Department of Ecology and Evolutionary Biology and 

Center for Insect Science, 
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ABSTRACT: Behavior of ihc parasitic wasp Biosteres juglandis. which attacks tephntid 
lly larvae feeding in the husks of walnut fruits, was studied in the Held and in u greenhouse 
cage. Assays were conducted to deiermine I) whetlier parasitic wasps could locate host-
infested fruits preferentially over uninfested fruits; and 2) whether wasps could assess the 
number of hosts available in a fruit before or after landing. Results indicate that wasps 
discriminate between infested and uninfested fruit before landing, and assess the number 
of hosts after landing. 

In the last decade, multitrophic interactions (e.g.. Price et al., 1980; Whitman, 
1988) have received a lot of attention. The study of tritrophic interactions has 
revealed that plants can actively influence interactions between natural enemies 
and their hosts or prey. When damaged by feeding herbivores, some plants sys-
temically release specific volatile compounds that attract natural enemies of the 
herbivores (Boland et al.. 1992; Turlings and Tumlinson, 1992; Turlings et al., 
1991). 

There is a growing literature of laboratory studies focusing on odor orientation 
and learning of plant odors by hymenopteran parasttoids (e.g.. Turlings et al., 
1991; Turlings et al., 1990; Whitman and Eller, 1990, 1992; Wackers and Lewis, 
1994). The overall conclusion of these studies is that in laboratory wind tunnels, 
hymenopteran parasitoids orient to volatile chemicals produced by plants that have 
been damaged by herbivores. It has also been shown that panisitoids learn odors 
as.sociaied with previous ovipcsition experiences (e.g., Sheehan and Shclton, 
1989; Kester and Barbosa. 1992; Eller et al., 1992; Turlings et al., 1993; Wackers. 
1994; Wackers and Lewis, 1994). 

A question arising from these laboratory studies is, how do they apply to na
ture? The purpose of this study was to examine whether parasitoids are indeed 
able to use plant cues to find their hosts in a natural and semi-natural setting. 

Biology of study organisinx: The braconid wasp Biosteres Juglandis (Fig. 1) is 
a larval-pupal parasitoid specializing on the tephritid fruit flies Rhagoletis jug
landis and R. boycei. Both flies are specialist feeders on the husks of walnut fruits 
Uuglans major) as larvae, and are both aliopairic and sympatric in occurrence 
(Bush, 1966). Larvae are endophytic and thus completely concealed from foraging 
parasitoids, who must therefore rely at least in part on indirect cues from the 
walnut plant to locate infested fruits. Flies and wasps are univoltine und diapause 
as pupae in the soil beneath walnut trees. Adult flies eclose as fruits become ripe, 
and oviposit in clutches usually containing 10-20 eggs (Papaj, 1994). 

B. Juglandis mate soon after emergence (Buckingham, 1975). I rarely .saw males 
in the field, and never on walnut fruits. Females attack second and third (fmal 
two) larval instars and emerge as adults from the fly's puparium (Buckingham, 
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Fig. I. Female Biosteres jtiglandis making an oviposition attempt through the husk of un infesieil 
walnut. 

1975). Wasps probably locate feeding host larvae by detecting their vibrations 
underneath the surface of the fruit, as do other wasps in this subfamily that search 
for frugivorous hosts (Lawrence, 1981). While searching a fruit, a wasp often 
raises her abdomen so that her ovipositor is perpendicular to the fruit's surface, 
and "laps" her ovipositor repeatedly against the surface. The function of this 
behavior is unknown, but it may be a way to locate the spot for easiest penetration 
of the ovipositor (Buckingham. 1975). In addition, closely related species are 
known to have mechanoreceptors and chemoreccptors in their ovipositors (Greany 
at al. 1977). The presence of such sensory structures implies their u.se in gathering 
information about hosts, perhaps including their location. To make an oviposition 
attempt ("probe"), a wasp insens her ovipositor through the husk of the fruit. 
Observations of wasps on an artificial substrate (a sponge ball containing host 
larvae wrapped in parafilm*) indicate that unsuccessful oviposition attempts— 
when a wasp cannot locate or penetrate a larva with her ovipositor—are common 
(Buckingham, 1975; pers. obs.). As yet 1 know of no way to determine whether 
or not a given oviposition attempt in a walnut husk by a B. juglandis female has 
been successful. 

Materials and Methods 

The first observations were made in the field on free-living parasitoids of un
known prior experience. Then in a greenhouse I conducted focal observations of 
wasps of known age and experience. The greenhouse assay also allowed me to 
examine the effect of experience on the foraging behavior of wasps. 

Field assay procedures: Observations were made July 21 -26 and July 30, 1994 
in a walnut tree located in Garden Canyon of the Huachuca Mountains in south
eastern Arizona. R. Juglandis is the only host present at this site. About 150 fruits 
on the tree were in observational range at the time of the assay. During ob.ser-
vations the temperature ranged from 27''-30''C. 

From 1000 to I5{X) each day. I continually scanned fruits for wasps. When I 
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found a female I watched her for 30 minutes or until she left the fruit. I spoke 
into a tape recorder, recording the number and duration of taps and probes made 
by each wasp. After the wasp left, I marked the fruit and its nearest neighbor 
fruit. Several fruits were visited by wasps more than once during my observations. 

At the end of each day I collected a subset of the fruits visited that day and 
the nearest neighbors of those fruits. All marked fruits that remained (i.e.. not 
taken by squirrels) were collected at the end of the experiment. Each night I 
dissected the collected fruits and counted the number of second- and third-instar 
fly larvae in the husks. I also measured the diameter of each fruit, averaged over 
three perpendicular axes, and determined hardness of the fruit with a penetrometer, 
a device that registers the amount of force required to penetrate the fruit. Tlie 
softer (i.e., more rotten) the fruit, the lower the force required. TTiree penetrometer 
readings taken from haphazard points on the fruit were averaged. 

Using a paired r-test, I compared fruit size, hardness, and infestation level 
between fruits with wasps and their nearest neighbors. Landings, taps, and probes 
were standardized by observation time, because these times varied for different 
wasps. I analyzed each of these variables for its relationship with the number of 
suitable host larvae per fruit using regression analysis. Statview SE+Graphics® 
(Feldman et. al. 1988) was used for all statistical analyses. 

Greenhouse cage assay: Naive B. juglandis females were raised from fly larvae 
collected in the field in the summers of 1992 and 1993 from Wet Canyon in the 
Pinalefio Mountains of Arizona. Male and female wasps were kept together in 
screen cages for about a week, to allow females to mate and reach reproductive 
maturity (Buckingham, 1975). Females were then marked individually with small 
dots of paint on the dorsal side of the thorax. Before the assay they were trans
ferred into one-gallon plastic containers, which were then stored in the greenhouse 
in which the study cage was located. During tests, greenhouse temperatures ranged 
from 25''-36''C. 

Cage assays were conducted in a 3m by 3m cylindrical mesh cage, erected 
inside a greenhouse at the University of Arizona's Experimental Agricultural Re
search Center. Three potted walnut trees were placed inside the cage, and six 
walnuts collected from Garden Canyon were hung by wires from the branches. 
On a given day all walnuts available to wasps were collected from the same tree 
and were of various infestation levels (i.e., had various numbers of fly larvae). 
Infestation level was roughly a.ssessed before the experiment by the softness and 
color of (he husk. It is also possible to hear larvae feeding inside a walnut husk 
when the fruit is placed close to the ear. 

Positions were assigned within the foliage of the six walnuts haphazardly. I 
observed the behavior of between 10 and 19 female wasps each day for 6 days. 
Every day 1 ob.served them for four hours, with an hour break in the middle :ii 
which time walnuts were removed from ihc foliage. Before the second twcf hours 
1 haphazardly shuffled walnut positions to avoid a location effect. 

Data were recorded as in the field experiment, with numbers of taps, probes, 
and total time on a fruit by a particular female noted. At the end of the day each 
fruit was measured and dissected as in the field experiment. 

For analysis, data were standardized by the number of wasps that landed on at 
least one fruit on a given day. Landings, taps and probes were regressed on 
number of suitable hosts as in the field study. 
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Fruits with wasps Nearest neighbors 
without wasps 

Fig. 2. Comparison of (he number of suitable host larvae between fruits on which wasps were 
pre.scnt, and their nearest neighbors. Error bars represent one standard error 

Results 

FIELD: Fruits on which I saw wusps were more highly infested than their nearest 
neighbors (paired /-f-ii; n = 24. P = 0.003) (Fig. 2). These fruits were also softer 
(/J = 24; fruits with wasps .F = 320.6 g, SE = 23.9; neighbors x = 468.8 g, SE 
= 23.2; P = 0.0001), but there was no difference in fruit size betwefen the two 
groups (/I = 24; fruits with wasps x = 33 mm, SE = 0.3; neighbors .f = 32 mm, 
SE = 0.3; P = 0.14). 

Number of wasp landings was not correlated with fruit infestation level (y = 
-0.lOlx + 7.525; = 0.008. P = 0.65). Number of taps was significantly 
correlated with infestation level (y = 0.012x - 0.010; n = 0.36. P = 0.0(X)l). 
but the number of probes was not (y = O.Ox + 0.026; = Q, P = 0.97). 

GREENIKJUSE CAGE: Number of landings per wasp appeared to be associated 
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Fig. 3. Compurison of the number of limes wasps in ihe greenhouse cage landed on wulnui fruits 
wiih or without (ly larvae. Error bars represent the medial 50th percentile range. 

with int'estuliun level (y = 0.040x + 0.882; /^ = 0.18. Z' = 0.01). However, 
because the relationship collapsed when a single outlier was removed (y = 0.01 x 
+ 1.086; = 0.01. P = 0.56) this result was not considered to be robu.st. Nev
ertheless. when the number of landings on fruits without larvae (« = 11, med. = 
0.5) was compared with the number of landings on fruits with larvae (;i = 25, 
med. = 1.3), a significant difference was found (Mann-Whitney U. P = 0.025) 
(Fig. 3). 

The nurnber of taps (y = 0.565x + 0.289; H = 0.46, P = 0.0001) and probes 

Fig. 4. Choice of fruits on which wasps in the greenhouse cage landed in a sequence of visit; n 
ranged from 25 for (irst 2 visits to 4 for lost 5 visits. The higher the rank, (he higher the infestation 
level of a fruit on a given day. The horizontal line indicates (he expected rank of fruits that are choscn 
randomly. Vertical bars represent the medial 50th percentile range. B) Relationship between ranked 
fruii infesiaiiun level and Ihe average number of return visits made by wasps in the grccnhou.se cage 
(n ranged from 13 to 18 over different infestation levels). Error bars represent one standard deviation 
from the mean. 
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(y = 0.07Ix + 0.868; H = 0.14, P = 0.02) was significantly correlated with 
infestation level. 

There was no observable effect of wasp experience on their landing behavior 
(Fig. 4). Wasps were not more likely to land on more highly infested fruits at 
their later visits than at their earlier visits (Fig. 4A; Kruskal-Wallis test, d.f. = 
14, P = 0.62), and they were not more likely to return to more highly infested 
fruits than to fruits with fewer larvae (Fig. 4B). 

Discussion 

Wasp tapping behavior was correlated with the number of host larvae present 
in a fruit, in both the field and cage assays. In addition, the number of probes 
was correlated with number of hosts in the greenhouse cage. This suggests that 
once on the fruit, wasps are able to assess the number of available hosts. The 
mechanism for this assessment is unknown, but it is possible that more larvae 
produce more vibrations, stimulating more oviposition attempts by the wasps. 

The problem of assessing infestation level of fruits from a distance is presum
ably a more difficult one. In the field, fruits with wasps contained more larvae 
than other fruits. I could not, however, distinguish between two explanations for 
this: 1) wasps were landing preferentially on fruits with more larvae, or 2) wasps 
landed indiscriminately but were arrested more on fruits with more larvae by cues 
available to them once they landed on the fruit. 

The primary goal of the cage assay was to distinguish between these two pos
sibilities. Results of this assay showed no association between number of larvae 
and the number of landings (when one outlying data point was removed). Nev
ertheless. wasps landed less often on walnuts with no larvae than on walnuts with 
at least one larva. This suggests that wasps can distinguish and preferentially land 
on infested fruit. 

Laboratory studies on other species also show that natural enemies orient pref
erentially to infested plants over uninfested ones in wind tunnels or olfactometers 
(e.g., Dicke et al., 1988; Eller et al.. 1988; Turlings et al., 1990; Wackers, 1994) 
and in a greenhouse (Wiskerke and Vet, 1994). 

My protocol allowed me to follow the behavior of individual wasps over time, 
and determine whether there was any evidence of learning. In the cage assay, the 
difference between the number of landings on infested versus uninfested fruits 
might have been attributable to wasps returning more often to previously-visited 
infested fruits. However, neither of my analyses of wasp fruit choice over time 
(Fig. 4) showed this particular effect of previous experience. Nevertheless, be
cause this assay was not specifically designed to test learning, I cannot conclude 
that these wasps do not learn in other contexts. 

Learning by parasitic wasps has rarely been demonstrated under field condi
tions. In a field assay (Papuj and Vet, 1990), females of the Drosophila parasitoid 
Leptopilinu he:^/-otoma (Eucoilidae) were found more at baits corresponding to 
odors witli which ihcy had previous oviposition experience. Becausc wasps were 
trained in the labonuory, the degree to which parasitoids learn in the lield was 
not assessed. Although that study showed for the first time that wasps can orient 
to odors in nature, the total number of wasps recovered for most treatments was 
only about 15-30%. This suggests that a large sample size was important in 
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detecting a response. It may be that the numbers of wasps in my experiment were 
too low to find an effect. 

Conclusions 

Both the field and greenhouse data indicate that B. juglandis females make a 
qualitative assessment of whether or not walnut fruits are infested with host larvae 
before they land. After landing on a fruit, when probably more cues are available, 
wasps make a quantitative assessment of how many host larvae are present. Al
though I followed the behavior of individual wasps over time, these assays pro
vided no evidence for learning. 
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Abstract 

Biosteres juglandis, a braconid parasitoid of Rhagoletis juglandis larvae 

feeding in walnuts, searches for hosts both on walnuts that are on the tree and 

those that have fallen to the ground Held and laboratory assays were conducted 

to deteimine the cues used by B. juglandis to choose ground walnuts on which to 

land. After walnuts are infested with fly larvae, they change color from yellow to 

black. field studies, wasps preferentially landed on walnuts on the ground that 

had at least some yellow on them. At one site, yellow fruits were more likely to 

contain fly larvae than those that were all black. Yellow fruits also contained 

younger larvae in which wasps had greater oviposition and/or developmental 

success. At another site, black fruits were more likely than yellow to contain 

lanrae, but wasps were found searching yellow walnuts only. This suggests that 

wasps are not flexible in their foraging behavior depending on local conditions. A 

laboratory experiment suggested that visual contrast may be one reason why 

wasps prefer to land on yellow walnuts in the field. 
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Introduction 

Microhabitat foraging by parasitoids has been studied extensively in the 

laboratory. In such studies, parasitoids have sometimes been shown to have 

innate preferences for particular odors or odor complexes (Wiskeike and Vet 1994; 

Geervliet et al. 1996). A recent focus of behavioral experiments in the laboratory 

has been on parasitoid responses to odors produced by the plant or substrate on 

which their host feeds (EUer et al. 1988; Whitman 1988; Turlings et al. 1990; 

Whitman and EUer 1990; Turlings et al. 1991). 

Female parasitic wasps of both specialist and generalist species are also 

known to learn cues (primarily olfactory) that have been presented to them in 

association with oviposition substrates, and the odors used were either relevant to 

their ecological context (e.g.. Kaiser and Card6 1992; Poolman Simons et al. 

1992; Vet et al. 1995), or novel (Lewis and Takasu 1990; De Jong and Kaiser 

1991). Wasps can simultaneously learn two different odors associated with host 

finding (De Jong and Kaiser 1992) or even two odors associated with two 

different contexts, foraging and host finding (Lewis and Takasu 1990). 

There has been more limited study of the use of visual cues by host-

searching parasitic wasps (Arthur 1967; Takahashi and Pimentel 1967; Weseloh 

1972; Weseloh 1986; Sugimoto et al. 1988; Wardle 1990; McAuslane et al. 1991; 

WSckers and Lewis 1994). Use of both visual and olfactory cues simultaneously 

can enhance foraging success by providing a greater amoimt and higher precision 

of information for wasps and other insects searching for hosts or host plants 

(Prokopy 1986; WSckers 1994; WSckers and Lewis 1994). 

Although some behavioral studies have been conducted in greenhouses 
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(e.g. Wiskerke and Vet 1994), litde is known about cue use by parasitoids 

foraging in their natural environment, except through sticky trap collections 

(Weseloh 1972; Weseloh 1986; Vargas et al. 1991). Use of learned cues has been 

demonstrated in the field only when parasitoids were given experience first in the 

laboratory (Papaj and Vet 1990). 

The primary goal of this study was to gain an understanding of how 

parasitic wasps foraging in their natural environment use plant cues to assess host 

availability. Specifically, I wished to determine if wasps in the field show a 

preference for specific cues (or cue combinations), and whether this preference 

varies according to host distribution. I thra studied in more detail in the laboratory 

the functional value of, and possible mechanism underlying, cue use in this 

species. 

Smdv organisms 

Biosteres Juglandis (in the process of being reclassified as 

Diachasnumorpha juglandis [Wharton 1988; Wharton pers, comm.]) (Braconidae: 

Opiinae) is a solitary larval^upal endoparasitoid of the tephritid flies Rhagoletis 

juglandis and R. boycei (Wharton and Marsh 1978). As larvae, these flies feed 

within the husks surrounding walnuts of the species Juglans major 

(Juglandaceae) in southwestem North America (Boyce 1934; Buckingham 1975). 

Larvae do not feed on the nut (seed). 

Walnut firuits turn yellowish green as they become ripe. Flies oviposit 

clutches of 10-20 in fruits when firuits are on the tree and ripe (Le., soft enough 

for a fly to insert her ovipositor). Several females usually oviposit in a single fruit 

(Papaj 1994), which generally supports ca. 30 larvae to pupation (C. Nufio, 
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unpublished data; Henneman 1996), though large fruits may support more than 60 

larvae (ML Heimeman and C. Nufio, unpublished data). After a fly has 

oviposited, the fruit begins to appear more yellow. The natural rotting process of 

a fruit is accelerated as larvae develop within, and dark brown patches appear over 

areas in which larvae have consumed the inner husk material. There are changes 

in the odor of an infested walnut associated with these changes in appearance (ML 

Henneman, unpublished data). The fruit then falls from the tree and larval 

development is completed on the ground. By the time larvae exit the fruit to 

pupate in the soil, the entire inner husk has usually been consumed, and the fruit is 

nearly always coir5)letely black in appearance. Total development time from 

oviposition to pupation is ca. three weeks (Buckingham 1975). 

Biosteres juglandis oviposits through the walnut husk into second- and 

tbkd-instaiR. juglandis and/?, boycei larvae, both while fruits are on the tree 

and after they have faUen to the ground. Wasp eggs hatch after ca. 4 days and 

remain in the first instar until the host pupates, at which time the wasp molts and 

con^letes its larval development by consuming all the host material inside the 

puparium (Buckingham 1975). Both flies and wasps are univoltine and diapause 

respectively as pupae and fourth-instar larvae until the following summer when 

walnut fruits are again available (Boyce 1934; Buckingham 1975). 

In this study, free-foraging wasps were observed searching walnut fruits 

on the ground. Under normal conditions, walnuts on the ground range from those 

infested with larvae that are suitable for attack by the wasps, to older, dried-out 

fruits from which older larvae have exited to burrow into the soil and pupate. 

Laboratory experiments were conducted to test hypotheses based on field 

results. The methods and results for the field assays are presented first, followed 
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by those for the laboratory assays. 

Methods: Field Assays 

I conducted two field experiments to determine 1) whether wasps foraging 

on the ground show a preference for fruits of a particular phenological stage 

(identified by its appearance) and 2) how this preference correlates with host 

distribution among ground (fallen) fruit stages. 

1. Ground fruit preference 

I conducted this study to determine whether B. Juglandis shows a 

preference for fruits in different stages of decay. Earlier stages are more likely to 

contain more, younger larvae than are later stages, but there is an inexact 

correspondence between appearance and number and type of hosts available in a 

fruit. 

I collected data from July-September 1995 and July 1996 at three field sites 

in southeastem Arizona: Garden Canyon (Huachuca Mountains, Ft Huachuca, 

Cochise Co., Arizona), Rucker Canyon (Chrricahua Mountains, Cochise Co., 

Arizona), and Arcadia campground on ML Graham (Pinaleiio Mountains, Graham 

Co., Arizona). R. juglandis occurs alone at the first two sites and with R. 

boycei at the latter site. 

I arranged fruits collected from the ground underneath a single walnut tree 

in one array under that tree consisting of 6 rows of fruits, in 7 to 10 columns, 

alternating mostly-black and mostly-yellow fruits that had fallen fix)m the tree. I 

placed fruits ca. 4 cm away from each other. All remaining finits under the tree 
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were collected in order to increase the opportuniQr for wasps to find array fruits. 

Wasps that entered the array landed on an average of 3-4 walnuts in 

succession before leaving. The position and color of each walnut on which each 

landed during its foraging bout was noted. The number of landings on black and 

yellow walnuts was tallied for each separate wasp visit, and a Wilcoxon signed-

rank test was perfonned to compare the number of landings a wasp made on 

yellow versus black walnuts. At least 15 different wasps were observed over 22 

visits to the array. 

2. Freeforapnpassav 

I conducted this smdy at two field sites. The first was Garden Canyon 

(Huachuca Mountains), where I made observations over 7 dates between July 22 -

August 8,1996. The second was Wet Canyon in the Pinaleno Mountains, where I 

made observations August 16 and 22,1996. 

At Garden Canyon, I began observations under a grove of several walnut 

trees on July 22 after walnuts had begun falling from the trees. Walnuts on the 

ground were not manipulated, but scanned for the presence of wasps for two 

hours each day between 1330-1630. When 1 found a wasp on a walnut, I marked 

the walnut with a nimiber, and noted its appearance (specifically, whether it was 

all black or partly yellow). 

I observed wasps for ten minutes or as long as they stayed on the walnut to 

determine whether they exhibited search behavior. Wasps searching for larvae 

within a fruit characteristically walk over die surface of die fruit, tapping their 

antennae on the surface and halting their motion every 1-2 seconds, presumably 

locating host larvae by feeling dieir vibrations beneath the surface (Lawrence 1981; 
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Glas and Vet 1983). To oviposit, a wasp raises her ovipositor perpendicular to the 

surface of the fruit and inserts it through the husk and into a larva. In this assay, I 

followed landings by wasps on several successive walnuts, when they occurred. 

Also when possible, I collected wasps observed on fruits to allow sampling from 

as many different wasps as possible. 

Each day at the end of the san^ling period, I collected for dissection a 

subset (n=8-16) of the walnuts on which I had observed wasps. The distribution 

of host larvae in these was compared with an equal number of ground walnuts that 

had not been observed with wasps on them. These were collected by walking a 

transect through the observation area and picking up the appropriate number of 

walnuts. I noted whether or not each fruit collected had at least some yellow on it, 

or was conq)letely black. 

To test whether wasps were selecting fruits nonrandomly with respect to 

presence of host larvae, I performed G-tests. I compared the number of fruits 

visited by wasps that had host larvae with die number of randomly collected fruits 

that had host larvae. I pooled data across aU Garden Canyon sampling dates, 

because relatively few wasps were observed on each sampling day; a chi-square 

test for heterogeneity among the individual sanq)ling days was not significant 

(x2=3.195, df=5, p>0.5). I tested the two dates at Wet Canyon separately, 

because these data were not homogeneous (x^lO.309, df=l, p<0.003). 

Results: Field Assays 

1. Ground fruit preference 

I could not distinguish individual free-foraging wasps, but because I 

conducted the experiment over several different sites and dates, I observed at 
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least 15 different wasps over 22 visits to the arrays. Wasps landed more often on 

fruits that were mostly yellow (Wilcoxon signed ranks test; n=22 wasp visits, 

T=0, p<0.0002; Rg. 1). No black walnuts at aU were alighted on in half the 

visits, and a wasp never landed on more black walnuts than yellow during a visit. 

The paths of four individuals through the airays ^ig. 2) demonstrate how the 

wasps moved preferentially to yellow fruits during their visits and usually passed 

over black walnuts in their search paths. 

2. Free foraginp assav 

Throughout the study at Garden Canyon, yellow fruits were more likely to 

contain fly larvae than were black fruits (Fig. 3). Over the course of the study, the 

proportion of all-black fruits with fly larvae declined. 

Fruits at Garden Canyon visited by wasps were more likely to contain 

larvae than fruits that were randomly san^led (G=14.34, df=l, p<0.0002; Rg. 

4A). I saw wasps only twice on all-black fruits. Unoe on the fruit was limited to a 

few seconds in these instances and I observed no search behavior. 

I observed a different pattem at Wet Canyon. On the first day (August 

16), fruits visited by wasps were no more likely to contain fly larvae than 

randomly sampled frmts (G=1.90, df=l, p>0.16; Fig. 4B). All fruits on the 

ground where I collected data at this time were nearly identical in appearance ~ 

mostly yellow, witfi small areas of damage, some caused by larval feeding, and 

many caused by physical injury ^.e, falling from heights of 10m or more). About 

50% of the ground fruits at Wet Canyon were infested, and these contained small 

numbers of first- to second-rnstar fiy larvae, stages less often successfully utilized 

by B.juglandis (Buckingham 1975). 
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On the second sanq>ling date at Wet Canyon, the foraging scenario had 

changed. More than half of the fruits had turned black, and 75% overall were 

infested with larvae. As in Garden Canyon, the wasps were found only on yellow 

fruits. However, the fruits in the random sample were more likely in this case to 

contain host larvae than were the wasp fruits (G=11.47, df=l,p<0.0007; Fig. 

4C). 

Methods: Laboratory Assays 

I tested two hypotheses in the laboratory concerning fruit choice in the 

field: 1) wasp perception of visual contrast is a mechanism for fruit choice in the 

field, because fruits at an earlier stage that are still at least partly yellow and contain 

hosts are more conspicuous than all-black fruits against the dark leaf litter under 

trees; and 2) wasps have higher reproductive success in the hosts found in yellow 

fruits, because oMer, pre-pupal larvae associated with all-black fruits have a 

tougher cuticle and are less vulnerable to parasitism. 

1. Mechanism of fruit choice 

Wasps of unknown age and experience were collected in the field from two 

locations. Wet Canyon and Jerome, Arizona, and tested in die laboratory to 

compare their landing behavior on fruits placed against differently colored 

backgrounds. 

On the bottom of a 30cm cubic screen cage, I arranged a 4 x 4 array of all-

black and mostly-yellow walnuts similarly to the field airays described above, on 

top of eidier a black cloth or a light green cloth. I released IS to 30 female wasps 
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in the cage, and noted the number of landings by all wasps on yellow and black 

walnuts. In each replicate, both backgrounds were presented for equal periods of 

time ranging from 30-60 min. Individual wasps were not distinguished from each 

other, but based on the number of wasps observed on fruits at any one time, at 

least 13 sq)arate wasps made landings over the course of the experiment 

The experiment was performed twice with ca. 30 wasps collected from 

Wet Canyon, who were presented with the light and then the black background. 

The next day, the same wasps were presented with the backgrounds in reverse 

order. A new set of walnuts was used in the array. The same day, ca. 15 wasps 

collected in Jerome, Arizona were presented with the same array against the black 

and then the light background. I dissected walnuts at the end of the experiment to 

confirm that they were infested. 

A G-test was used to coiiq)are numbers of landings on yellow and black 

walnuts against each background, for each replicate. 

2. Wasp oviposirionyiarval success in vounp last-instar vs. pre-pupal hosts 

The larvae typically contained in yellow fioiits may be more suitable for 

parasitizadon than the older prepupal larvae typically contained in black fruits. To 

present host larvae to wasps for oviposition in the absence of fruit cues, young 

host larvae removed from yellow fruits and older, prepupal larvae removed from 

all-black fruits, were placed in artificial fruits consisting of a damp sponge ball 

covered with parafilm to contain the larvae moving around on the surface of the 

sponge. I placed two artificial fruits, one with 25 young last-instar host larvae and 

the other widi 25 prepupal host larvae, in a 4-liter plastic cage containing wasps. I 

performed this experiment twice with one set of sponge balls exposed to 40 wasps 
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for 4 hours, and another set exposed to 45 wasps for 8 hours. Host larvae were 

removed and maintained on a walnut mash diet for several days, or until pupation, 

in order to allow any wasp larvae to hatch, after which they were fix)zen for later 

dissection. I dissected every surviving host larva (n=72) for wasp larvae. Wasp 

larvae ranged from first to fourth (final) instars. I used a G-test to compare the 

number of host larvae with and without developing wasps in the two sponge types 

(young larvae and old larvae), for each replicate. 

Results: Laboratory Assays 

1. Mechanism of fruit choice 

Wasps from Jerome were significandy more likely to land on black 

walnuts when arrays were placed on a light background (G>6, df=l, p<0.02; Fig. 

5A). Wet Canyon wasps showed a similar difference in their foraging behavior in 

the first replicate (0=7.41, df=l, p<0.02; Fig. 5B). In the second replicate, 

wasps did not land more often on black walnuts when placed on a light 

background (0=0.006, df=l, p>0.9; Fig. 5A). Wasps always preferred to land 

on yellow walnuts regardless of the background, however, despite the fact that 5 

of the 8 yellow walnuts in one of the arrays were not infested, and all of the black 

walnuts were. 

2. WasD oviposition/larval success in voung last-instar vs. ore-pupal hosts 

Wasps larvae were able to develop successfully in both old and young 

hosts. However, more old than young hosts had no wasps developing within 

(0=14.35, df=l, p<0.0(X)2; Fig. 6). Oviposition scars present on many of the 

older hosts indicated that a wasp's ovipositor had penetrated the cudcle and either 
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the wasp rejected the host, or the egg did not survive for some unknown reason. 

Discussion 

Use of fruit cues for host location and successful parasitization bv Biosteres 

juglmiis 

In the first part of my study I found that wasps in the field preferred to 

land on walnuts diat had yellow on them over walnuts that were all-black, even 

when black walnuts were more likely to contain host larvae (Hg. 4). In general, 

yellow walnuts are more likely than black walnuts to contain host larvae (Hg. 3). 

Laboratory data suggest a further reason for wasps to choose yellow walnuts: the 

younger fly larvae relatively more common in younger fruits are more conducive 

to wasp oviposition and/or larval development (Fig.6). It is also possible that 

perception of visual contrast is a mechanism that makes black walnuts less 

^parent than those with yellow against leaf litter on the ground (Hg. S), causing 

wasps to overlook them. 

Asimplgrulg 

I observed a typical scenario at Garden Canyon. Infested fruits fell off the 

walnut tree and turned completely black within a few days as fiy larvae completed 

their development Fhiits continued to drop from the tree for a week to ten days, 

providing a supply of infested, mostiy yellow fruits. Over time, these fruits 

turned black and the larvae exited to pupate, so that the proportion of uninfested 

black fruits increased, even though at any given time there would have been black 

fruits present with larvae. In short, throughout the study at Garden Canyon, any 

yellow fruit on the ground was more likely than any black fruit to have fly larvae. 
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Given this result alone, it would be a useful rule for wasps to avoid all-black fruits 

and land on fruits that are yellow (assuming wasps are time and/or energy limited 

to any degree). 

Wet Canvon conditions in 1996 wp.re unusual 

A rule to search yellow fruits is useful only if most fruits in the vicinity of 

a wasps search become infested. At Wet Canyon in 1996, this was not the case, 

and because they continued to land on yellow fruits, wasps were not likely to find 

hosts. However, data from several years at several sites indicate that it is typical 

for the majority of fruits on a given tree to become infested over the course of a 

season. Other data frx)m 1996 showed that over a large sanqpling area, 85% of 

fruits surveyed became infested with larvae (n=188 fruits frxjm 23 trees at 10 sites 

in 4 mountain ranges across southeastern Arizona; one tree had zero infestation) 

(ML Henneman, unpublished data). In 1994, of 57 fruits removed from a 

different tree at Garden Canyon, 81% contained fly larvae, and 14% contained fly 

eggs (unpublished data). Finally, in 1993,90% of 61 dissected ground fruits 

from Arcadia C^ampground (ca. 5 km from Wet Canyon) in the Pinaleno 

Mountains contained fly larvae (unpublished data). 

At Wet Canyon in 1996,1 observed not only qualitatively but 

quantitatively lower infestation levels. On the first sampling date, although 51% 

of walnuts san[q>led were infested, only 15% had fly larvae large enough to be 

successfiilly attacked by wasps (Buckingham 1975). Six days later, 75% of fruits 

were infested with larvae suitable for attack (probably due to larvae hatching in 

fruits that had previously contained only eggs, and/or an influx of infested walnuts 
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from the tree). However, the average number of larvae per infested fruit over both 

sampling dates was only 5.5 (n=77 infested fruits), while at Garden Canyon there 

were 27.5 larvae per fruit (n=125). In 1994 there were 21.3 larvae per infested 

fruit on another Garden Canyon tree (n=46) and in 1995 in Rucker Canyon 

(Chiricahua Mountains), infested fruits from two trees had an average of 47.1 

larvae (n=51) (ML Henneman, unpublished data). Wasps would benefit frx)m 

searching yellow fruits at any of these sites and years, but they would not at Wet 

Canyon in 1996. 

Are parasitoid larvae more successful in voimger host larvae? 

In addition to finding more hosts overall, wasps are likely to produce more 

offspring when they attack hosts in younger fruits. All-black fruits that are still 

infested tend to contain prepupal host larvae, while fruits that are still 

predominantly yellow contain larvae at an earlier stage of development Wasps 

may choose yellow fruits because they are more likely to contain larvae in which 

1) adults can successfully oviposit, and/or 2) wasp larvae can develop 

successfully. It may be functional for wasps to attempt ovipositions in young 

larvae if older larvae have a tougher cuticle that is more difficult to penetrate (van 

Lenteren 1976; Vet et aL 1994), or if wasp larvae are more likely to survive in 

younger hosts. In the laboratory oviposition assay, some older fly larvae that did 

not contain developing wasps had evidence of parasitization attempts. I cannot 

distinguish between the mechanisms of rejection by adult females, and difierential 

developmental success in these larvae. Buckingham (1975) confirmed only one 

instance of encapsulation of wasp eggs by fly larvae in this systenL However, 



61 

Wong et al. (1990) found that larval mortality of Diachasmimorpha tryoni, a 

congener of B.juglandis, was 71.7% in late third instars of its host, the tephritid 

Ceratitis capitata. D. longicaudata has a similar developmental dependence on 

host age (Lawrence et al. 1976). A combination of high levels of ecdysone and 

low levels of juvenile hormone is probably necessary for wasp eggs to hatch, and 

for larvae to molt properly and con^lete development (Lawrence 1982). Similar 

relationships between parasitoid developmental success and host age have been 

foimd in other systems (Cals-Usciati 1969; Smilowitz 1974). 

It is possible that adult wasps also choose younger larvae because they are 

less likely to have been previously parasitized by other females, but it is unclear 

whether larval con:q)etition is significant enough to play a role in selection of 

yellow fruits. The parasitization rate of R. juglandis in the field by B. juglandis 

has been found to be as high as 17%, but is generally not more than 10% 

(Buckingham 1975), so encounters with previously parasitized hosts are probably 

low. There is also evidence for congeners of this species that when two wasp eggs 

are laid in a single host, the second one (if laid within 2-3 days) is more likely to 

kill the first and complete development (Pemberton and Willaid 1918), suggesting 

that foraging females should not necessarily avoid parasitized hosts. Host 

availabili^ and wasp developmental success associated with fruit stage may be 

adequate to drive fruit preference in wasps. 

Peroeption of visual contrast as a mechanism for finiit choice 

Rhagoletis pomonella (apple maggot flies) prefer darker colored fruit 

models which contrast highly with a light sky (Owens and Prokopy 1984), 

perhaps because flies have low sensitivity to red (which makes red ^pear black). 
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but utilize fruits of that color (Owens and Prokopy 1986). R. pomonella are also 

attracted to red models in tree foliage, but not green, in the absence of odor (Aluja 

and Prokopy 1993), which was interpreted by the authors to be an effect of color 

contrast of the models against the foliage. Contrast may similarly be useful to B. 

juglandis because darker walnut fruits (diose with areas of damage appearing) 

tend to be more attractive than undamaged fruits to wasps foraging in the tree (see 

Appendix C). At the same time, fruits that have some visible yellow provide 

higher contrast against dark leaf litter on the ground than do the black ones. In 

each case, the higher contrast choice is the functional one. 

The effect of contrast was assessed indirectly using laboratory lighting 

conditions and artificial backgrounds which were more uniform than the leaf litter 

beneath a tree. However, wasps foraging in the cage with the black background 

behaved in a similar manner to wasps observed in the field, rarely landing on black 

wahiuts, suggesting diat the color or contrast played a role. Wasps also preferred 

yellow fruits on the light background (fng. 5). This implies that while contrast 

may affect fruit choice, it is not of primary importance. In fact, attraction to 

yellow is commonly found in parasitic Hymenoptera, including species for which 

such an attraction does not appear to be functional (Weseloh 1986). Innate color 

preference probably affects fruit choice in B. juglandis. 

In the contrast replicates, wasps preferred to land on yellow fruits even 

though in one of the arrays fewer yellow fruits than black fruits were actually 

infested. These data and the data from Wet Canyon suggest that fruit cues, and 

not actual presence of hosts, are of primary importance in guiding wasp landing 

choices (see Appendix C). Fruit cues, specifically the presence of yellow on the 
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ground fruits, are likely a reliable cue for the presence of hosts (Vet et al. 1991), 

despite a 1996 deviation at one site. Similarly, the eulophid Sympiesis 

sericeicornis, which attacks leaf niiners, is attracted to mines regardless of 

whether or not a host is present (Casas 1989). 

When the usual cues are not reliable 

At Garden Canyon, yellow fruits were more likely than black to contain 

larvae, because many black fruits had been exited by pupating flies. On the 

second date at Wet Canyon, black fruits were more likely to contain larvae, 

because larvae (that had not yet completed development) accelerated the rotting 

process in infested fruits while the uninfested fruits remained yellow longer. 

Wasps in the field were always found on yellow fruits, implying a lack of 

flexibility in fruit choice behavior. It is possible that wasps evenmally would have 

changed their behavior to adjust to local conditions, but I was unable to continue 

the study because the ground walnuts at this site were washed away in a flood 

shortly after my second sampling date. 

If individual wasps were foraging on walnuts both in the tree and on the 

ground, their foraging experience may have affected foraging decisions that I 

recorded during my study. At Garden Canyon, wasps initiating their foraging in 

the tree (before fruits had fallen to the ground) would have only had experience 

with fruits diat are at least partly yellow. If they then switched to foraging on the 

ground, dieir choices might be based on what they had leamed in the tree. It is 

unknown whether individuals specialize on tree or ground walnuts, but there is 

sufficient overlap in fruit availability on &e tree and the ground for wasps to have 

the opportunity to forage in both areas. The distribution of hosts in fioiits on the 



64 

trees at Wet Canyon was unknown, but it seems unlikely that there would be a 

strong associative learning effect at that site when so many of the yellow fruits 

available on the tree could not have contained hosts suitable for attack. 

My observations at Wet Canyon seem rather consistent with the argument 

that specialist paiasitoids are not likely to use learning in the context of foraging, 

because their environment is predictable between generations (in this case, 

between years) (Vet and Dicke 1992). The foraging scenario with which wasps 

were presented at Wet Canyon was probably rare; I have not observed such low 

infestation levels in walnuts in 5 seasons of study at many different sites in 

Arizona. The Wet Canyon conditions seem to result from flies emerging ca. 2 

weeks earlier than usual, and then ovipositing in fruits that may not yet have been 

ripe enough to ensure survival of their offspring. For instance on August 3, flies 

were observed ovipositing in many fruits in one tree at this site. On August 16, 

this tree retained many fruits that had fly oviposition marks, but no larval feeding 

damage, and I no longer observed flies in the tree. I do not know why flies 

emerged early at this site but it is possible that higher tenq)eratures were 

responsible (Boyce 1934), although I have no data for this site. Another 

possibility is that summer rainfall, which is fairly predictable in this area, is a cue 

for fly emergence. Summer rain patterns began about 2 weeks earlier than normal 

around much of southeastern Arizona in 1996. 

Conclusions 

While foraging on the ground, B.juglandis females apparently assess the 

distribution of dieir hosts in the field by using a sinq)le cue; the presence of 

yellow (and/or associated odor) on a walnut There is not a perfect correlation 
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between fruit color and infestation level, but by exclusively using yellow fruits, 

wasps are more likely to find hosts where they land. 

In the usual situation, nearly all fruits on a tree eventually become infested. 

This is a highly consistent process from year to year, and wasps appear to be fixed 

in their cue use. If the association of specific cues with the presence of larvae 

deviates rarely from the norm, learning may not have been necessary for wasps to 

reproduce successfully in this system. 
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Figure Legends 

Figure 1. Frequency histogram of number of landings on each fruit type per 

visit to the array. Data represent visits from at least 15 individual wasps. 

Landings on yellow, med=2; black, med=0.5. (Wilcoxon signed ranks test; 

n=22 wasp visits, T=0, p<0.0002). 

Figure 2. Examples of 4 visits by wasps to 2 arrays. Filled circles represent 

mosdy-black walnuts, and open circles represent mostly-yellow walnuts. Solid 

lines and dashed lines represent different individual wasps. The first walnut of 

each visit is denoted by "x." A: Two visits to an array at Rucker Canyon, 

Chiricahua Mountains, AZ B: Two visits to an array at Arcadia Campground, 

Mt Graham, Pinaleno Mountains, AZ. 

Figure 3. The percent infested of total walnuts collected over the course of 

the study at Gardoi Canyon, categorized as either completely black or having at 

least some yellow. San^le sizes and standard errors are given for each point 

Figure 4. Percentages of infested fruits and fruits with yellow, chosen by 

wasps and randomly collected, are plotted by site: A: Garden Canyon; B: Wet 

Canyon day 1; and C: Wet Canyon day 2. Contingency G-tcsts were 

conducted on ficuits widi host larvae for each site (A: G=14.34, df=l, 

p<0.0002; B; G=L90, df=l, p>0.16; C: G=11.47, df=l,p<0.0007). Sample 

sizes are given for each set of bars. (Garden Canyon data are pooled across all 

sampling dates.) 
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Figure 5. Numbers of landings on all-black walnuts and walnuts with at least 

sonw yellow on different backgrounds. A; Jerome wasps (n^), with the 

black background presented first (G>6, df=l, p<0.02). B: Wet Canyon 

wasps trial 1 (n>8), light background presented first (G=7.41, df=l, p<0.02). 

C: Wet Canyon wasps, trial 2 (n^7), black background presented first 

(G=0.006, df=l, p>0.9). 

Figure 6. A contingency G-test was performed on the numbers of young and 

old third-instar hosts parasitized in artificial sponge firuit (n=72 larvae dissected; 

0=14.35, df=l, p<0.0002). In parasitized pre-pupal hosts, larval development 

proceeded normally. 
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APPENDK C 

Use of fruit damage cues in host location by the parasitoid Biosteres juglandis 

(Hymenoptera: Braconidae) 
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Abstract 

To understand the role of feeding damage by host larvae in firuit choice by 

Biosteres juglandis, a larval parasitoid of the walnut fruit-infesting fly Rhagoletis 

juglandis, we tested females for response to larval versus artificial damage on 

fruits. We presented different individuals in a greenhouse with three sets of 

choices: infested vs. artificially (manually) damaged walnuts; uninfested vs. 

artificially damaged walnuts; and infested vs. uninfested walnuts. Wasps 

preferred infested to uninfested walnuts, did not distinguish between artificially 

damaged and infested walnuts, and preferred artificially damaged to uninfested 

walnuts. Two experiments were conducted to test response to visual and odor 

cues alone. Most wasps preferred infested-mimicking models over uninfested-

mimicking models presented in the greenhouse. Field-collected B. juglandis 

females tested in a wind tuimel with visually similar infested and uninfested fruits 

landed more oftoi on infested fruits. The two results taken together show that 

wasps can locate infested fruits using either olfactory or visual information alone. 

Fmally, volatile conq)ounds collected from uninfested, infested, and artificially 

damaged fruits were analyzed with a GCTMS. Profiles of all types of wabiuts 

were dominated by similar mono- and sesquiterpenoids. Diacetone alcohol, and 

one known damage-related volatile were found only in infested walnuts from some 

trees. Results suggest that wasps foraging in the field could use a combination of 

visual and olfactory cues to distinguish infested from uninfested fridts. Further 

study is needed to determine the effects of individual tree, fruit phenology, and 

infestation status on volatiles potentially used by wasps in host location. 
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Introduction 

It is in the best interest of insect herbivores to conceal themselves as well 

as possible from predators and parasitoids, and it is likely that hosts are not 

apparent from a distance to searching natural enemies. Enemies, however, may 

increase their host-searching efficiency by using, as indirect cues, odors associated 

with the plants on which their hosts feed (Read et al. 1970; Price et al. 1980; 

Whitman and Eller 1990; Vet et al. 1995). Parasitoids, in particular, generally 

show attraction especially to damaged plants, with the highest response to damage 

created specifically by a feeding herbivore (Eller et aL 1988; Turlings et al. 1990; 

McAuslane et aL 1991; Turlings et al. 1991a). In several systems studied, 

herbivore damage results in a systemic effect on the plant with consequent release 

by a plant of specific compounds. Single mechanical damage elicits no such 

reaction (Turlings et al. 1991b; Turlings and Tumlinson 1992; Dicke et aL 1993). 

Thus a parasitoid can obtain fairly accurate information about the presence of a 

potential host on a plant 

Odor has been en:q)hasized as the important stimulus in these systems. 

This emphasis could be because of the marked response to odor that parasitoids 

exhibit in the laboratory. Such a response may be enhanced by the strong odor 

signal that wasps in a wind tunnel or olfactometo* receive, which is easily traceable 

upwind to its source. In a free-foraging environment, variation in a concentration 

gradient due to airflow makes odors less distincdy associated with a particular 

source (EUdnton and Cardi6 1984; Miller and Strickler 1984). To obtain similar 

foraging success as in a wind tunnel, wasps may be dependent on additional cues 

associated wiA host presence. Most studies addressing the attraction of 

hymenoptoan parasitoids to visual cues have done so through the use of sticky 

traps (e.g., Weseloh 1972; Weseloh 1986; Vargas et al. 1991) or other indirect 
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methods (Leyva et aL 1991). A few studies have specifically addressed the ability 

of parasitic wasps to use visual cues in host foraging (e.g., Sugimoto et al. 1988; 

McAuslane et aL 1991; WSckras 1994; WSckers and Lewis 1994). For example, 

the braconid Microplitis croceipes can learn both color and patton cues by 

association with oviposition in a host (Wackers and Lewis 1994). When both 

olfactoiy and visual cue Q'pes are simultaneously used by wasps in this case, there 

is an additive effect on host location success: wasps using both cue types are more 

likely to find hosts than they are using either type alone. 

In this study, we first examine the use of damage as a cue for locating 

hosts, and second, we determine the effects of visual and olfactory cues separately 

on host location. We studied the opiine braconid parasitoid Biosteres juglandisQn 

the process of being reclassified as Diachasmimorpha juglandis [Wharton 1988; 

Wharton pers. comm.]), which attacks fly larvae in the genus Rhagoletis that feed 

inside the husks surrounding walnut fruits. Walnut fruits are yellowish green 

when ripe. Flies oviposit clutches of 10<20 in fruits when fruits are on the tree 

and ripe (i.e., soft enough for a fly to insert her ovipositor) (Papaj 1994). After a 

fly has oviposited, the fruit begins to appear more yellow. The natural rotting 

process of a fruit is accelerated as larvae develop within, and dark brown patches 

appear over areas in which larvae have consimied the inner husk materiaL B. 

juglandis is entirely dependent on plant-associated cues for locating infested 

fruits, because the larvae feed internally. Nearly all the fruits on a given tree 

eventually become infested (see Appendix B), but early in the season there are 

both infested and uninfested fruits available. 

It would be appropriate for B. juglandis to orient to visual stimuli because 

the visual change associated with host presence in a fruit is highly consistent - ripe 

fruits are attacked only by hosts of B. juglandis. Unlike odors, visual cues are 
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not affected by tmbulence or by small changes in the location of a searching wasp 

(Miller and Strickler 1984). Odor, then, may not be particularly useful more than 

a few centimeters from a target fruit (Turlings et al. 1993b). Presumably, the 

olfactory environment is complex within a walnut tree canopy and uninfested and 

infested fruits are intermixed and often within a few centimeters or less of one 

another. At the same time, volatiles associated with any type of damage should be 

useful to B.juglandis within range of their detection, because fruits still on the 

tree would be unlikely to incur damage through means other than infestation by 

hosts. 

A previous study (Henneman 1996) showed that B.juglandis females 

land preferentially on infested wahiuts con^ared to ripe, uninfested wahiuts, 

suggesting that they can determine the presence of hosts before alighting on a fruit. 

We predicted that feeding damage is used as a cue by B.juglandis for host 

presence. We first tested this formally, and second, posed the question: can 

wasps use visual cues, olfactory cues, or both to locate infested fruits? 

To test the first prediction, free-foraging wasps were given choices 

between pairs of infested, uninfested, and artificially damaged walnuts. Three 

lines of evidence were collected to address the second question. First, wasp 

response to color pattern in the absence of odor was tested in the greenhouse using 

artificial walnut models. A wind tunnel was also used to test wasp response to 

volatiles from infested and uninfested walnuts when no obvious visual cues were 

present Finally, in a pilot study, olfactory differences among the three fruit types 

mentioned above wo^e analyzed by collecting volatile chemicals from each Qrpe 

and comparing their profiles. Tlie volatile analysis is largely descriptive, but 

differences in profiles might provide some insight into how wasp landing 

decisions are affected by odor. 
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Methods 

Do wasDS use fruit damage as a cue for hosts? 

Wasps were collected in the summer of 1994 as larvae within their fly 

larvae hosts. Infested walnuts were collected firom several sites in southeastern 

Arizona, including Wet Canyon in the Pinaleno Mountains (Graham Co.)> Gaiden 

Canyon in the Huachuca Mountains Huachuca, Cochise Co.), the Catalina 

Mountains (Pima Co.), and Patagonia Square (Patagonia, Santa Cruz Co.). After 

host larvae exited the walnuts and pupated in provided sand, puparia containing 

both host pupae and wasp larvae were stored at 5-10°C in the dark until the 

following summer. About 6 weeks after warming pupae at ca. 30°C, adult fl. 

juglandis emeiged. After emergence, male and female B. juglandis adults were 

caged together to allow mating, and were maintained with water and sugar at ca. 

30®C for at least 5 days to allow egg development in females (Buckingham 1975). 

Females used in experiments were 5-14 days old. 

At least one day before the experiment began, females woe individually 

marked with 1-2 dots of liquid tempera paint (ProArt^ on the thorax. The night 

before testing, maiked females were placed inside the greenhouse to allow 

acclimation to greenhouse conditions before testing. 

Most free-foraging firuit choice assays were conducted in a 3m diameter x 

3m tall cylindrical field cage inside the greenhouse, which contained three potted 

walnut trees, each 2-3m in height Data were taken from 1000-1600 on various 

test days spanning from July-November 1995, and in August 1996. There were 1 

or 2 test periods of 1-3 hours each on a given day. Temperature during tests 

ranged from 25°-35°C and relative humidity ranged from 30%-60%. In addition, 

some data were collected in August 1995 in a field cage enclosing a branch of a 
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walnut tree at the Southwestern Research Station of the American Museum of 

Natural History, Portal, Arizona, using wasps collected as they foraged on 

walnuts on station grounds. 

Ten to 30 wasps were released into the greenhouse cage on a given test 

day. At most, 7 of these alighted on at least one walnut Separate groups of 

wasps were tested in three experiments. In the first experiment, wasps were 

presented with 4 host-infested and 4 uninfested, but artificially damaged fruits. 

Artificially damaged fruits were manually bruised by putting pressure on the 

surface of the fruit, which created the ^pearance of host feeding damage. In the 

second experiment, wasps were presented with 4 uninfested, artificially damaged 

fruits, and 4 uninfested, undamaged fruits. In the last experiment, wasps were 

presented with 4 infested and 4 uninfested, undamaged fruits. All fruits used at 

one time were collected from a single tree, and 3 to 6 sets of walnuts from 

different trees were used in each experinnent. Each set of walnuts was used over 

2-3 days, after which diey were discarded. The position of each walnut was 

randomized before every test poiod. Landings made and times spent on each 

walnut were recorded for all wasps by speaking into a hand-held tape recorder. 

^^coxon signed-rank tests for paired data were used to compare numbers 

of landings per wasp on each fruit-Qrpe in a pair. One-tailed tests were used, 

because the predictions were made a priori that wasps would prefer artificially 

damaged fruits over uninfested ones, and infested fruits over uninfested ones. 

Wasps were predicted to land eqtially on infested and artificially damaged walnuts, 

and a one-tailed test (based on the alternate hypothesis that wasps should land 

more on infested walnuts) was also used in this case. 
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Can wasps use olfactory cues, visual rnftg or both to locate infested walnuts? 

Art̂ cial model assay 

To assess the role of visual cues q)art from odor cues in the landing 

behavior of wasps, a similar assay to that described above was conducted, except 

that artificial walnut models (rather than real fruits) were presented to wasps in the 

greenhouse cage. Use of models allowed us to manipulate visual cues while 

keeping odor constant Data were collected under conditions similar to those of 

the previous assay, from July-November 1995. A model consisted of a painted 

plastic sphere, diam=38mm (Euromatic Co., Leominster, MA), with 3mm holes 

punched in it, with an infested walnut inside as an odor source. To make walnut 

models that matched the color patterns of walnuts that wasps would encounter in 

the field, we used paint (Behr™ Premium Plus exterior acrylic latex flat) that was 

computer color-matched to a ripe fruit (see Appendix D, Table I, for spectral data). 

We also painted models to represent fruits that had been damaged by feeding fly 

larvae, using similarly computer-matched yellow paint (Weatherfighter™ exterior 

acrylic latex flat) (Table I), and brown paint (ProArt™ Liquid Tenq)era). Three 

"ripe" models and 3 "damaged" models (all containing real, infested fruits) were 

made available to wasps in the cage. All wasps in diis experiment had been 

exposed previously to infested fruit, which had been found to increase their 

landing response in the greenhouse (ML Henneman, unpublished data). Wasps 

were individually-marked and released, and, as in the previous experiment, 

landings and time spent on each model were recorded for each individual A one-

tailed Wilcoxon signed ranks test was used to test the hypothesis that wasps would 

prefer damaged models. 
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Wind tunnel assay 

To test whether wasps would preferentially land on infested over 

uninfested walnuts in the absence of obvious visual cues, 2 uninfested, 

undamaged fruits and 2 infested fruits collected from the same tree were arranged 

alternately in one row at the upwind end of a plexiglass wind tunnel. Infested 

walnuts were at an early stage of damage and oriented such that the small amount 

of damage was not visible to wasps flying upwind. Three sets of wahiuts from 

different trees were used over the course of the experiment The wind tunnel 

measured 60cm x 60cm in cross-section, and 180cm long. Airflow was 20cm/s, 

obtained by placing the downwind end of the tunnel in a fiune hood. Illumination 

was provided by two 150-watt incandescent floodlights, with white paper 

covering the roof of the tunnel in order to diffuse the incoming light. A patterned 

cloth was placed on the floor to provide a reference to flying wasps. Small 

branches with walnut foliage were attached to the sides of the wind tunnel at the 

upwind end, because previous pilot tnals indicated that the presence of foliage 

increased response by wasps, periiaps by providing a more realistic olfactory 

environment 

We tested wasps that had been collected as adults from three field sites: 

Garden Canyon, Wet Canyon, and Jerome, Arizona. A wasp was released from a 

small test tube on a platform at the same height at which the wahiuts were 

suspended (20cm from the floor of the tunnel). If the wasp flew to the side or 

ceiling of the wind tunnel, she was rec^tured and released up to 2 more times. 

Out of 50 wasps released in the wind tunnel, 18 eventually made a landing after an 

upwind flight A choice was counted when the wasp landed on one of the fruits. 

Each wasp was tested once. 
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W;^lni]t vnlatilf 

Volatile collections were made in order to identify differences among 

infested, uninfested, and artificially damaged fruits that could potentially be used 

by wasps to distinguish these fruit Q'pes. Volatiles were collected using the 

apparatus diagrammed in Fig. 1. Four to 6 walnuts were placed in a large conical 

flask sealed with a rubber stopper through which incoming and outgoing air 

passed in glass tubes. Airflow was provided via suction at the rate of ca. 14 

cnPAur, for 1 minute. Li order to remove moisture and other contaminants, air 

was filtered through 30ml glass tubes packed with activated charcoal, silica gel 

(mesh size 60/80), and molecular sieves (60/80) and then through 5 g Tenax TA 

adsorbant (20/35) (AUtech Associates, Inc., Deerfield, IL) packed in a pasteur 

pipette. Outgoing air was passed throu^ 90 mg Tenax TA. All materials were 

contained in glass tubing stoppered with glass wool, and the apparatus was 

connected with teflon tubing. 

Two sets of pilot collections were made. In the first (1995), infested and 

uninfested walnuts were collected from a tree at the Southwestern Research Station 

in Portal, Arizona, Chiricahua Mountains. The uninfested walnuts were manually 

damaged about 20 minutes before the collection shown in Rg. 5. Volatiles 

collected for 45 minutes were eluted from the Tenax TA with ether and injected 

into the gas chromatograph. 

The second collection was made in 1996, for 1 minute, from uninfested 

walnuts and walnuts tiiat had been infested while on the tree in the field. Fruits of 

one tree at Garden Canyon, Huachuca Mountains, and another at Rucker Canyon, 

C^hiricahua Mountains, were san^led. Volatiles from the second collection were 

removed from Tenax TA by thermal desorption. 

Con:q)ounds frx>m both collections and blank (no walnut) collections were 
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separated and analyzed using a Shimazu QP-IOOOEX gas chromatograph-mass 

spectrometer, equipped with a DB-1 column (025 |im film thickness, 25m x 

025mm ID). The starting ten:q)eratuie was 40°C, held for 5 min, and then raised 

to 300°C, at the rate of 10®CAranute. Detection was by ionization, 70eV EI 

method. 

Results 

Do wasps use firuit damage as a cue for hosts? 

Wasps did not distinguish between infested and artificially damaged fruits 

in their landing behavior (Rg. 2: One-tailed )^coxon signed-ranks test: n=16, 

T=42, p>0.40). The power for this test could not be calculated, but the difference 

in means Gandings infested vs. landings artificially damaged) was 0, implying that 

if wasps do distinguish between these two walnut types, an infinite san[q)le size 

would be needed to detect this difference CZar 1984). 

In the second test, wasps landed more often on artificially damaged 

walnuts than they did on uninfested walnuts (Fig. 2: n=15, T=15, p<0.01). 

Wasps in die third test landed more often on infested walnuts than they did on 

iminfested walnuts (Fig. 2; n=25, T=75, p<0.05). 

Can wasps use olfactorv cues, visual cues, or both to locate infested walnuts? 

Single-cue assays 

Wasps presented with damaged and ripe models in die greenhouse cage 

tended to land more often on damaged models (Fig 3: One-tailed Wilcoxon 

signed-rank test, D=20, p<0.0832). Wasps presented with visually similar 

infested and uninfested walnuts in the wind tunnel landed more often on infested 

walnuts (Fig. 4: Binomial test, n=18, p<0.0481). 
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Hsher developed a test used to combine probabilities over several different 

tests from which data cannot be pooled, in order to test a more general hypothesis 

(Sokal and Rohlf 1995). A combined (df=2k:) is calculated as -22 hi p, where 

p represents the statistical probabilities firom each of k tests being combined. This 

test can be applied in this case to conclude diat wasps are able to distinguish 

infested from uninfested fruits based on one type of cue (either olfactory or visual) 

alone Oc2=ILO45, df=4, p<0.0261). 

Vglatflggoliegtigns 

Erom the first collection, fifteen compounds were analyzed from infested, 

artificially damaged, and uninfested walnuts (Hg. 5; Table I). The majority of 

these were monoteipenes and sesquiterpenes. In the first collection from Portal, 

Arizona, one compound, the ketone diacetone alcohol, was found only in the 

infested walnuts. The proportions of the other con^unds in Table I were 

different between infested walnuts and the other two types. The profile of the 

uninfested walnuts was similar to die profile takoi after artificial damage was 

inflicted. The larger size of peak IS, an unidentified compound (Table I), is the 

most apparent similariQr between the infested and artificially damaged profiles. 

In the second collection (not shown), (z)-3-hexen-l-ol, a common green 

leaf volatile, was found only in the infested walnuts in both trees. In addition, 

four n-hydrocarbons were found in one set of infested walnuts. 

In bodi tiie 1995 and 1996 collections, there appeared to be quantitative 

differences in certain con^unds between infested and uninfested walnuts. 

Although these cannot be quantified because an internal standard was not used, 

there were certainly differences in the blends of the compounds relative to each 

other. 



92 

Discussion 

An earlier study indicated ihaxB.juglandis females could distinguish 

host-infested from uninfested walnuts before alighting (Henneman 1996). The 

results of the first part of this study suggest that wasps use the presence of damage 

on a fruit as a cue for the presence of hosts, because they did not distinguish in 

their landing choices between infested and artificially damaged walnuts, but did 

prefer uninfested, damaged fruits over undamaged, uninfested fiuits. Other 

parasitoids respond similarly to plant damage apart from its coimection with hosts. 

A congener of B.juglandis, Diachasnumorpha longicaudata^ which is not 

attracted to uninfested peaches, was found to be equally attracted to peaches 

infested with Caribbean fiiiit fiy larvae, and uninfested, but rotting, peaches 

(Greany et al. 1977). A similar response was found in Ccpnpoletis sonorensis, an 

ichneumonid that attacks noctuids on cotton (McAuslane et aL 1991). Such a 

response might be expected whenever plant damage is nearly always caused by a 

host This is almost certainly the case fox BJuglandis, a specialist on walnut 

flies, which are the dominant insect fiugivores on walnuts. It is probably the case 

for D. longicaudata, which is a generalist attacking several tephritid species that 

are important pests of firuits in Hawaii. C. sonorensis has a known host range of 

at least 27 species of noctuids (McAuslane et al. 1991), which suggests that many 

Q^pes of damage on cotton would be caused by an acceptable host Another opiine 

that attacks Rhagoletis pomonella in hawthorae, Diachasma alloeum, did not 

distinguish in a fi«e-foraging setting between infested and uninfested firuits (Glas 

and Vet 1983), but the authors do not state whether there was visible damage on 

infested fruits. 

Wasps may not only use the presence of damage, but the quantity of 

damage to decide where to alight Damage is difficult to quantify and was not 
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controlled in this experiment, but another studysuggested that wasps prefer those 

infested fruits bearing lower levels of damage (see Appendix B). This preference 

is consistent with their higher reproductive success in younger hosts, which 

occupy fruits with less damage. Some uninfested walnuts had some slight damage 

due to handling, and they might have been more attractive to wasps than walnuts 

in late stages of infestation. This might explain the hi^ number of landings on 

uninfested fruits in the third experiment 

Several species of parasitic wasps are known to make foraging decisions 

based on previous experience (e.g., Sheehan and Shelton 1989; Lewis and Takasu 

1990; Papaj and Vet 1990; McAuslane et aL 1991; Poolman Simons et al. 1992; 

Turlings et al. 1993b; Wackers and Lewis 1994; Vet et al. 1995). In previous 

work viiibiB.juglandis, experience obtained in a &ee-foraging setting had no 

obvious effect on the wasps' landing choices over the course of 15 landings 

(Henneman 1996). Although this does not rule out the possibility that experience 

affected landing behavior in this study, we did not control for wasp foraging 

experience, partly because saiiq>le sizes were low, and partly because we could not 

control for the experience wasps gained during the assays themselves. Four field-

collected wasps (with presumably more foraging ex^ierience than laboratory-reared 

wasps) were included in the infested-damaged experiment, and five wasps used in 

the uninfested-damaged experiment were also used in the uninfested-infested 

experiment It was assumed beforehand that, if experience were important, 

responses of these wasps would be biased against expected results; i.e., field 

wasps would distinguish infested from damaged walnuts, and wasps previously 

encountering uninfested, artificially damaged walnuts should not prefer damaged-

looking walnuts over uninfested. Both groups of wasps preferred infested 

walnuts over the other choice, however. 
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Use of visual vs. olfactory cues 

Wasps were presented with fiiiits or models that differed only either 

visually or olfactorily in order to determine whether they can use visual cues or 

olfactory cues alone to distinguish infested from uninfested &uits. Despite low 

sample sizes and unknown ages and physiological states of many of the wasps, 

results of the two assays separately indicated fairly strongly that either ty^ of cue 

is sufficient When the analyses are combined, the result gives even stronger 

support for the ability of wasps to distinguish fiuits based on a single type of cue. 

The result in the visual model assay is fairly strong given that in several 

field experiments using walnut models as sticky traps (see Appendix D), no wasps 

were ever caught This implies that models are not realistic to foraging wasps, 

which probably landed on them in the greenhouse because no real fruits were 

available. Biosteres arsanus, which attacks Oriental fruit fly, has in contrast been 

captured on sticky traps, landing more on the shade closely matching that of 

mature guava fruits, in which its host is found (Vargas et aL 1991). Experience 

may have been partly responsible for variation in attraction to model types among 

individual B. juglandis. Wasps usually responded to models only if they had 

previous fiee-foraging experience in the greenhouse with infested walnuts. 

Thirteen out of 18 fieki-coUected wasps landed on infested walnuts in the 

wind tunnel suggesting that wasps can distinguish odors of infested and 

uninfested fruits. We atten^ted to oisure by eye that there were no consistent 

visual differences between infested and uninfested walnuts in this experiment but 

it is not known if diat is true, from the point of view of the wasps. There can be 

color changes in infested fruits apart from the presence of dark areas. Fruits often 

become less green after fly oviposition (see Appendix D). It is not known whether 

wasps choosing damaged models in the previous experiment responded to the 



95 

damage or to the color difference. 

Plant odor is known to be used by several species of parasitoids to locate 

their hosts (e.g., McAuslane et aL 1991; Kester and Barbosa 1992; Poolman 

Simons et aL 1992; Vet and Dicke 1992; Tuilings et al. 1993b). In a field 

cage/sticky-trap assay, D. longicaudata used color to make landing decisions only 

in the absence of odor (Messing and Jang 1992). However, WSckers (1994) 

found that odor and visual cues had additive effects on the ability of the braconid 

Microplitis croceipes to find host larvae (Helicoverpa spp.). Using both types of 

cues together, wasps have more complete information and are more successful in 

finding infested firuits. Messing and Jang (1992) found thatZ). longicaudata are 

able to use odor to orient to fruits over several meters, under field conditions. 

However, they were choosing among different species of fruits rather than 

infestation levels of the same species. In the canopy of a walnut tree interspersed 

with infested and uninfested walnuts, visual cues may be more helpful than odors 

to parasitoids orienting to specific fruits from distances of about a meter. After 

they approach a fruit, wasps characteristically hover less than a centimeter from the 

fruit for up to one second before they either aligfat, or back away and fiy off in 

another direction (pers. obs.). At this stage, wasps may be assessing volatiles in 

order to decide whether to land. 

Walniit volatile coUections 

Walnut volatiles were collected in order to describe differences among 

profiles of uninfested, artificially damaged and infested fruits, which might be 

placed in the context of preferences shown by B, Juglandis in the first portion of 

this study. Most of the confounds identified from the walnut volatile samples are 

common mono- and sesquiterpenes. Myicene, carene, limonene, copaene, 
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caryophyllene, and a-cubebeoe are present in such taxonomically distinct plants as 

pine (Baraola et al. 1994) and cotton (Loughiin et aL 1994). Although foliage 

voladles are inost often studied, limonene, caiyophyllene and other terpenes also 

occur in citrus fruits (Kekelidze et al. 1989). Teipenes are known to act not only 

as feeding repellents (Zhang and States 1991; Bamola et al. 1994) but as volatile 

attractants to both herbivores (Pivnick et aL 1994) and their natural enemies 

(Turlinp et aL 1993a; Dicke 1994). 

(Z)-3-hexen-l-ol is a conunon "green leaf volatile" known to be released 

by many species of plants (Arey et al. 1991; Croft et al. 1993) as well as fruits 

(Shaw et aL 1989; Hun^)f and Schieier 1991; Iwaoka et aL 1993). Its production 

is often induced by damage to a plant (Turlings et al. 1990; Whitman and Eller 

1990; Turlings et al. 1991b; Whitman and EUer 1992), and it has some 

antibacterial activity (Croft et aL 1993). Some parasitoids, including Microplins 

croceipes (Braconidae) and Netelia heroica (Ichneumonidae) are known to be 

attracted to this conq>ound (Whitman and Eller 1990; Whitman and Eller 1992). 

The ketone 4-hydroxy-4-methyl-2-pentanone (diacetone alcohol) has been 

foimd to occur in cotton seed and dandelions (Hron and Kuk 1989; Hook et al. 

1991), but it has not been studied with respect to insect attraction. 

OveraU, the profiles suggest some interesting differences in odors among 

trees, walnut phenological stage, and infestation status. The green leaf volatile 

confound was found in infested walnuts of 2 out of S trees studied, and diacetone 

alcohol was found only in one. Variation may be due to differences among trees, 

and/or to differences in walnut phenology. Profiles may also differ depending on 

whether or not the damage or infestation occurred while the walnut was on the 

tree. From the collections thus far, the profiles of artificially damaged walnuts are 

more similar to those of uninfested walnuts than they are to those of infested 



97 

walnuts, regardless of where the damage occurred. 

Because wasps did not distinguish between infested and artificially 

damaged fruits, and preferred artificially damaged to uninfested friiits, they may 

have been relying more on visual than olfactory infomiation in the £ree-foraging 

assay. Based on assays using real cotton plants, McAuslane (1991) suggested that 

naive C. sonorensis were likely to rely on visual cues to orient to infested plants, 

while experienced wasps used odor. In the walnut system, visual cues may be 

more consistent than olfactory cues, which vary among trees. Perhaps an innate 

attraction to damage is fine-tuned by odor learning. If this were the case than one 

would expect wasps with more foraging e;q>erience to be able to distinguish 

between infested and artificially damaged walnuts, which look similar but have 

distinct odor profiles. 

Approach in 1997 

Terpenes in citms and soursop fruits (Annona muricata) change 

concentration in the fniits as they become ripe (Kdcelidze et aL 1989; Iwaoka et al. 

1993). Giange in odor profiles is undoubtedly a similariy dynamic process as 

walnuts become ripe, are punctured during oviposition, and rot as fiy larvae 

develop. Profiles presented here are snapshots of walnuts fix)m different trees at 

different phenological stages. The controlled experiment that follows from this 

data will involve following cohorts of uninfested, infested, and artificially 

damaged walnuts over time, collecting volatiles at regular intervals. With this data 

we will be able to plot how concentrations of different confounds vary over time 

in these three groups. By replicating this experiment among several trees, we will 

be able to determine what compounds are consistently produced at particular 

phenological stages, and would thus be useful as a cue to foraging wasps. 
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Conclusions 

This study indicates iSaatB.juglandis females foraging for hosts choose 

walnuts based on the presence of damage rather than the presence of host larvae 

per se. Hiis lack of distinction makes sense in a system in which damage is 

nearly always caused by a host Because most wasps oriented successfully to 

infested walnuts or "damaged" walnut models using only either olfactory or visual 

information, wasps can probably use either type of cue, depending on which is 

more useful in a given context The volatile profiles together with the greenhouse 

behavioral assay using real walnut fruits suggest that in a firee-foraging setting, 

wasps tend to rely on visual cues, perhaps because odor plumes are not distinct 

and easy to follow, as they are in a wind tunnel. Relative use of olfactory and 

visual cues in landing decisions may also be affected by foraging experience, but 

experience effects are not easily assessed in a free-foraging setting. 

Acknowledgements 

The greenhouse staff at the UniversiQr of Arizona Agricultural 

Experimentation Station, as well as D. Byrne and E. Draeger provided greenhouse 

space and facilities. R. Raguso contributed substantially to volatile analysis. The 

Southwestem Research Station of the American Museum of Natural History also 

provided research space and facilities. M. Willis and F. WSckers assisted with 

wind tunnel construction, and S. Buchmann provided Minolta Chroma Meter for 

taking spectral data on walnuts and artificial models. The manuscript was 

substantially improved by comments from D.R. Papaj, E.A. Bemays, and J.L. 

Bronsteia Funding was provided by the Research Training Grant for the 

Analysis of Biological diversification and the Graduate College, both of the 

University of Arizona. 



99 

References 

Arey, J., A.M. Winer, R. Atkinson, S.M. Aschmann, W.D. Long and C.L. 

Moirison, 1991. The emission of (z)-3-hexen-l-ol, (z)-3-hexenylacetate and 

other oxygenated hydrocarbons from agricultural plant species. Atmos. 

Environ. 25: 1063-1076. 

Bamola, L.F., M. Hasegawa and A. Cedeno, 1994. Mono- and sesquiterpene 

variation in Pinus caribaea needles and its relationship to Am laevigata 

herbivory. Biochem. Syst. Ecol. 22: 437-445. 

Buckingham, G.R., 1975. The parasites of walnut husk flies (Diptera: Tephritidae: 

Rhagoletis) including con^arative studies on the biology of Biosteres 

juglandis Mues. (Hym.: Braconidae) and on the male tergal glands of the 

Braconidae. Doctoral dissertation, Univ. California, Berkeley. 

Croft, K.P.C., F. Jiitmer and A.J. Slusarenko, 1993. Volatile products of the 

lipoxygenase pathway evolved from Phaseolus vulgaris leaves inoculated with 

Pseudomonas syringae pv phaseolicola. Plant Physiol. 101: 13-24. 

Dicke, M., 1994. Local and systemic production of volatile herbivore-induced 

terpenoids: their role in plant-carnivore mutualism. J. Plant Phys. 143: 465-

472. 

Dicke, M., P. van Baarlen, R. Wcsscls and H. Dijkman, 1993. Herbivory induces 

systemic production of plant volatiles that attract predators of the herbivore: 

extraction of endogenous elicitor. J. Chem. Ecol. 19: 581-599. 

Elldnton, J.S. and R.T. Card6,1984. Odor dispersion. In Chemical Ecology of 

Insects, ed. W. J. BeU and R. T. Card6 p. 73-91. Chapman and Hall: New 

York. 

Eller, FJ„ J.H. Tumlinson and W.J. Lewis, 1988. Beneficial arthropod behavior 

mediated by airborne semiochemicals: source of volatiles mediating the host-

location flight behavior of Microplitis croceipes (Cresson) (Hymenoptera: 

Braconidae), a parasitoid of Heliothis zea (Boddie) (Lepidoptera: Noctuidae). 

Environ. Entomol. 17: 745-753. 

Glas, P.C.G. and L.E.M. Vet, 1983. Host-habitat location and host location by 



100 

Diachasma alloeum Myesebeck (Hym.; Biaconidae), a parasitoid of 

Rhagoletispomonella Walsh (Dipt; Tephritidae). Neth. J. Zool. 33; 41-54. 

Greany, P.D., J.H. Tumlinson, D.L. Chambers and G.M. Boush, 1977. 

Chemically mediated host finding hy Biosteres (Opius) longicaudatus, a 

parasitoid of tephritid fruit fly larvae. J. Chem. EcoL 3: 189-195. 

Henneman, M,L., 1996. Host location by the parasitic wasp Biosteres juglandis 

(Hymenoptera: Braconidae) under field and greenhouse conditions. J. Kans. 

Ent. Soc. 69: 76-84. 

Hook, L, H. Sheridan and G. Wilson, 1991. Volatile metabolites from suspension 

cultures of Taraxacum officinale. Phytochem. 30: 3977-3980. 

Hron Sr., RJ. and M.S. Kuk, 1989. Acetone extracted cottonseed meals without 

catty odors. J. Food Sci. 54: 1088-1089. 

Humpf, H.U. and P. Schreier, 1991. Bound aroma compounds from the fruit and 

the leaves of blackberry, Rubus laciniata L. /. Agri. F. Chem. 39: 1830-

1832. 

Iwaoka, W.T., X. Zhang, R.A. Hamilton, C.L. Chia and C.S. Tang, 1993. 

Identifying volatiles in soursop and comparing their changing profiles during 

ripening. Hortsci. 28: 817-819. 

Kekelidze, N.A., E.P. Lomidze and M.I. Janikashvili, 1989. Analysis of terpene 

variation in leaves and fruits of Citrus unshiu Marc, during ontogenesis. 

Flav. Fragr. J. 4: 37-42. 

Kester, K.M. and P. Barbosa, 1992. Effects of postemergence experience on 

searching and landing responses of the insect parasitoid, Cotesia congregata 

(Say) (Hymenoptera: Braconidae), to plants. J. Insect Behav. 5: 301-320. 

Lewis, W.J. and K Takasu, 1990. Use of learned odours by a parasitic wasp in 

accordance with host and food needs. Nature 348: 635-636. 

Leyva, JJ-., H.W. Browning and F.E. Gilstrap, 1991. Effect of host fruit species, 

size, and color on parasitization of Anastrepha ludens (Diptera: Tephjritidae) by 

Diachasmimorpha longicaudata (Hymenoptera: Braconidae). Environ. 

Entomol. 20: 1469-1474. 

Loughrin, J.H., A. Manukian, RJR. Heath, T.C.J. Turlings and J.H. Tumlinson, 

1994. Diurnal cycle of emission of induced volatile terpenoids by herbivore-



101 

injured cotton plants. Proc. Nat. Acad. Sci. USA 91: 11836-11840. 

McAuslane, HJ., S.B. Vinson and H.J. ^^ams, 1991. Stimuli influencing host 

microhabitat location in the parasitoid Campoletis sonorensis. Entomol. Exp. 

Appl. 58: 267-277. 

Messing, R.H. and E.B. Jang, 1992. Response of the &uit fly parasitoid 

Diachasmimorpha longicaudata (Hymenoptera: Braconidae) to host-fruit 

stimuli. Environ. Entomol. 21: 1189-1195. 

Miller, J.IL and K.L. Strickler, 1984. Finding and accepting host plants. In 

Chemical Ecology of Insects, ed. W. J. BeU and R. T. Card6, p. 128-157. 

Chapman and Hall: New York. 

Papaj, D.R., 1994. Oviposition site guarding by male walnut flies and its possible 

consequences for mating success. Behav. Ecol. Sociobiol. 34; 187-195. 

Papaj, D.R. and L.E.M. Vet, 1990. Odor learning and foraging success in the 

parasitoid, Leptopilina heterotoma. J. Chem. Ecol. 16: 3137-3150. 

Pivnick, FLA., B J. Jarvis and G.P. Slater, 1994. Identification of olfactory cues 

used in host-plant finding by diamondback moth, Plutella xylostella 

(Lepidoptera: Plutellidae). J. Chem. Ecol. 20: 1407-1427. 

Poolman Simons, M.T.T., B.P. Suverkropp, L.E.M. Vet and G. de Meed, 1992. 

Comparison of learning in related generalist and specialist eucoilid parasitoids. 

Entomol. Exp. Appl. 64: 117-125. 

Price, P.W., CE. Bouton, P. Gross, B.A. McPheron, J.N. Thompson and A.E. 

Weis, 1980. Interactions among three trophic levels: influence of plants on 

interactions between iasect herbivores and natural enemies. Ann. Rev. Ecol. 

Syst. 11: 41-65. 

Read, D.P., P.P. Feeny and R.B. Root, 1970. Habitat selection by the aphid 

parasite Diaeretiella rapae (Hymenoptera: Braconidae) and hyperparasite 

Charips brassicae (Hymenoptera: Cynipidae). Can. Ent. 102: 1567-1578. 

Shaw, GJ., J.M. Allen and M.K. Yates, 1989. Volatile flavor constituents in the 

skin oil from Feijoa sellowiana. Phytochem. 28: 1529-1530. 

Sheehan, W. and A.M. Shelton, 1989. The role of experience in plant foraging by 

the aphid parasitoid Dieretiella rapae (Hymenoptera: Aphidiidae). J. Insect 

Behav. 2: 743-759. 



102 

Sokal, R.R. and F.J. Rohlf, 1995. Biometry. W.H, Freeman & Co.: New York. 

Sugimoto, T., Y. Shimono, Y. Hata, A. Nakai and M. Yahara, 1988. Foraging for 

patchily distributed leaf miners by the endoparasitoid Microplitis croceipes 

(Hymenoptera: Braconidae) IH Visual and acoustic cues to a close range patch 

location. Appl. Ent. Zool. 23: 113-121. 

Turlings, T.C.J., PJ. Mccall, H.T. Albom and J.H. Tumlinson, 1993a. An 

elicitor in caterpillar oral secrecions that induces com seedlings to emit chemical 

signals attractive to parasitic wasps. J. Chem. Ecol. 19:411-425. 

Turlings, T.C J. and J.H. Tumlinson, 1992, Systemic release of chemical signals 

by herbivore-injured com, Proc. Nat. Acad. Sci. USA 89: 8399-8402. 

Turlings, T.C.J., J.H, Tumlinson, F.J, EUer and W.J. Lewis, 1991a. Larval-

damaged plants: source of volatile synomones that guide the parasitoid Cotesia 

marginiventris to the micro-habitat of its hosts, Entomol. Exp. Appl. 58: 75-

82. 

Turlings, T.C.J., J.H. Tumlinson, R.R, Heath, A.T, Proveaux and R.E. Doolittle, 

1991b. Isolation and identificadon of allelochetnicals that attract the larval 

parasitoid, Cotesia marginiventris (Cresson), to the microhabitat of one of its 

hosts. J. Chem. Ecol. 17: 2235-2251. 

Turlings, T.C.J., J.H. Tumlinson and WJ. Lewis, 1990, Exploitation of 

herbivore-induced plant odors by host seeking parasitic wasps. Science 250: 

1251-1253. 

Turlings, T.C.J., F.L. WSckers, L.E.M, Vet, WJ, Lewis and J.H, Tumlinson, 

1993b, Learning of host-finding cues by hymenopterous parasitoids. In Insect 

Learning: Ecological and Evolutionary Perspectives, ed. D. R. Papaj and A. 

C. Lewis p. 51-78. Ch^man and Hall: New York-

Vargas, R-L, J,D. Stark, RJ, Prokopy and T,A, Green, 1991. Response of 

Qrimtal fruit fly G^tera: Tq>hritidae) and associated parasitoids 

(Hymenoptera: Braconidae) to different-color spheres. Econ. Entomol. 84: 

1503-1507. 

Vet, L£.M. and M. Dicke, 1992. Ecology of infochemical use by natural enemies 

in a tritrophic context Ann. Rev. Entomol. 37: 141-172. 

Vet, L.E.M., WJ, Lewis and R.T, Card6,1995. Parasitoid foraging and learning. 



103 

In Chemical Ecology of Insects 2, ed. R. T. Card6 and W. J. Bell, p. 65-101. 

Chapman and Hall: New York. 

Wackers, F.L., 1994. Multisensory foraging by hymenopterous parasitoids. 

Doctoral dissertation, Wageningen Agricultural University, Wageningen, The 

Netherlands. 

Wackers, F.L. and W.J. Lewis, 1994. Olfactory and visual learning and their 

combined influence on host site location by the parasitoid Microplitis croceipes 

(Cresson). Biol. Cant. 4: 105-112. 

Weseloh, R.M., 1972. Field responses of gypsy moths and some parasitoids to 

colored surfaces. Ann. Entomol. Soc. Am. 65: 742-746. 

Weseloh, R.M., 1986. Host and microhabitat preferences of forest parasitic 

Hymenoptera: inferences from captures on colored sticky panels. Environ. 

Entomol. 15: 64-70. 

Wharton, R,A., 1988. Classification of the braconid subfamily Opiinae 

(Hymenoptera). Can. Entomol. 120: 333-360. 

Whitman, D.W. and F.J. EUer, 1990. Parasitic wasps orient to green leaf volatiles. 

Chemoecol. 1: 69-76. 

Whitman, D.W. and F.J. EUer, 1992. Orientation of Microplitis croceipes 

(Hymenoptera: Braconidae) to green leaf voaltUes: dose-response curves. J. 

Chem. Ecol. 18: 1743-1753. 

Zar, J.H., 1984. Biostatistical Analysis. Prentice-HaU, Inc.: Englewood CUffs, 

NJ. 

23iang, X. and J.S. States, 1991. Selective herbivory of ponderosa pine by abert 

squirrels: a re-examination of the role of terpenes. Biochem. Syst. Ecol. 19: 

111-116. 



Table L Volatile compounds firom infested and uninfested walnuts. 

Ret 
No. Compound name Fomiula time 

(min) 

1 diacetone alcohol 
(4-liydroxy-4-methyl-2-
pentanone) 

C6H12O2 3.58 

2 bicyclo 3.1.0 hexane, 4-methylene-l-
(1-methylethyl)-? 

C10H16 8.16 

3 6-myicene C10H16 8.71 

4 l-methyl-3-(l-methylbutyl)-ben2ene C10H14 9.28 

5 limonene C10H16 9.46 

6 1,3,7-octatriene, 3,7-dimethyl-? C10H16 9.93 

7 caiene-like conqwund C10H16 10.06 

8 4-methyl-1 -(l-methylethyl)-3-
cyclohexene-l-ol 

CioHis 12.18 

9 Fatty acid methyl ester? CgHi602 12.83 

10 copaene C15H24 15.53 

11 cyclobuta 1,2:3,4 dicyclopentene, 
decahydro-3a-methyl-6-methylene-1-
(1-methylethyl) 

C15H24 15.63 

12 caiyophyllene C15H24 16.11 

13 (z)-1,6, lO-dodectriene, 
7,1 l-dimethyl-3-methylene 

C15H24 16.56 

14 7 ? 17.11 

15 a-cubebene-like compound? C15H24 18.08 
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Figure Legends 

Figure 1. Diagram of volatile collection apparatus. 

Figure 2. Boxplots of data from paired fruit tests in greenhouse cage. Lines are 
plotted at the 10th, 25th, 50th, 75th, and 90th percentiles with outliers plotted as 
circles. "Preference value" is the number of landings on the first walnut type, 
minus the number of landings on the second type. Preference value is 
significantly greater than 0 for artificially damaged vs. uninfested, and for infested 
versus uninfested (One-tailed ^Icoxon signed-rank test). 

Figure 3. Boxplots (see Figure 2 caption) for the number of landings on "ripe" 
(med=l) vs. "damaged" (med=2) models (Wilcoxon signed-rank, p<0.09). 

Figure 4. Pie chart showing percentages of wasps in the wind tunnel landing on 
infested (72%) versus uninfested (28%) walnuts with no obvious difference in 
appearance (n=18). 

Figure 5. Gas chromatograph profiles for (A) infested walnuts, (B) artificially 
damaged walnuts, and (C) uninfested walnuts from the same tree. Walnuts in (C) 
were the same walnuts as in (B), tested 20 minutes after damaging. Numbers 
labelling peaks correspond to con^unds listed in Table L 
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APPENDIX D 

Role of host firuit color pattern in the behavior of Rhagoletis juglandis 

G^ptera: Tephritidae) 
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Abstract 

In order to assess the effect of host fruit color on behavior in the walnut-

infesting tephritid fly, Rhagoletis juglandis, sticky-trap and behavioral assays 

were conducted. Both male and feniale flies were presented with artificial walnut 

models painted to appear either ripe and uninfested Cnpe")* or infested 

("damaged") in a greenhouse fiee-foraging experiment The effect of experience 

on fruit choice by color was also assessed One group of flies that had no 

experience with real walnuts was presented with models, and another group had 

access to real walnuts before they were presented with models. Females in both 

groups landed on ripe models more often, while only experienced males did. 

Interactions between experienced flies tended to occur more often on ripe models. 

In the field, flies were caught on arbitrarily colored green spherical sticky traps but 

not on black spherical traps. Roughly equal numbers were caught on ripe and 

damaged spherical sticky traps. In a fieki behavioral assay, flies given a choice of 

ripe yellow, and damaged models landed most often on ripe models, and all 

interactions and oviposition attempts occurred on ripe models. These results 

suggest that female response to walnuts that appear ripe is innate, and males track 

female choice in their effort to secure matings. Flies also tended to aggregate, 

which con^licates interpretation of sticl^ trap data on color preferences from this 

and other studies. 
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Introduction 

Host fruit color is known to be an in^ortant conponent of host selection 

by tephritid flies. Color can be a useful cue for discrimination of fruit species and 

ripeness, both of which could affect offspring survival and fitness. Most studies 

on tephritid color choice have explored attraction to arbitrary colors that are not 

necessarily well-matched to diose of real host fruit (Prokopy 1969; Prokopy and 

Boiler 1971; Prokopy 1972; Moericke et al. 1975; Prokopy et al. 1975; Greany et 

al. 1977; Nakagawa et al. 1978; Katsoyannos 1982; Hill and Hooper 1984; Riedl 

and Hlslop 1985; Sivinski 1990). Fewer studies have tested attraction to colors 

among which flies must actually choose in nature OKiedl and Hislop 1985; Riedl et 

al. 1989; Prokopy et al. 1990; Vargas et aL 1991; Aluja and Prokopy 1993). In 

the walnut husk fly Rhagoletis completa, a realistic fruit color matched to realistic 

fruit size and shape elicits a hi^er rate of attraction than other, non-matching 

colors (Riedl and Hislop 1985; Riedl et aL 1989). 

The majority of data on attractiveness of certain colors to fruit flies has 

been gathered from sticlty traps consisting of spherical artificial fhut models of 

various colors (e.g. Prokopy 1969; Prokopy 1972; Prokopy et al. 1975; Greany et 

al. 1977; Hill and Hooper 1984; Katsoyannos et al. 1986; Riedl et al. 1989). A 

problem with sticl^-trap data is that they provide information on landing behavior, 

but not on post-landing behavior, which is also associated with host fruit 

acceptance. Even landing data may be confoumled by the possibility that each 

landing on a sticlty trap is not independent, due to die presence of conspecifics and 

other insects on die tr^, which change its ^)pearance and potentially attractiveness 

to flies (Katsoyannos 1982). 

Studies addressing the effects of host fruit color on the behavior (apart 
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from attraction) of tephritids are limited, and have focused on female oviposidon 

behavior (Prokopy 1968; Katsoyannos et aL 1986; Messina 1990; Prokopy et al. 

1990; Aluja and Prokopy 1993). Sometimes, attraction of males and females has 

been considered separately (Prokopy 1968; Prokopy 1969; Prokopy and Boiler 

1971; Prokopy 1972; Prokopy et aL 1975; Nakagawa et al. 1978; Katsoyannos 

1982; Sivinski 1990; Vargas et aL 1991), although behavior of males with respect 

to firuit color, other dian attraction, has not been examined. 

In this study, we provided flies with a choice between model fruits of two 

ecologically relevant color patterns, in order to study their preference for fruit 

types that they would normally encounter. In a species with a host-fruit-based 

mating system, both female and male fruit choice couM be affected by visual cues. 

Male and female walnut-infesting flies Rhagoletis juglandis encounter two 

visually distinct fruit types: uninfested fruits or fruits containing only Rhagoletis 

eggs; and fruits containing larval offspring of other females. Female R. juglandis 

oviposit readily bodi in uninfested fruits and fruits containing the eggs of other 

flies (Papaj 1994b). Males, which occupy fruits in order to obtain matings, 

generally prefer fruits that have eggs in them to those that are uninfested (Papaj 

1994a). Use of fruits that are infested with larvae has not been studied in males or 

females. 

We were concemed not only with attraction of R. juglandis to certain 

color patterns, but also with how those patterns affect the amount of time flies 

spend on the fruit; oviposition attenqns by females; and interactions between flies, 

including mating and male-male interactions. We also tested how experience 

affects fly behavior that is associated with different fruit color pattems. The 

effects of experience can have great consequences for host use by tephritid flies 
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(Papaj and Prokopy 1986; Prokopy and Lewis 1993), and have been addressed in 

some studies (Prokopy and Fletcher 1987; Prokopy and Papaj 1988; Prokopy and 

Papaj 1989; Prokopy et aL 1990; Prokopy et al. 1993). 

We predicted iSaalR.juglandis females should prefer models that look like 

uninfested walnut fruits to those Aat appear infested with larvae, since ovipositing 

in uninfested fruits provides their offspring with the most food possible. Males 

should have the same preference as females, to maximize mating success. Flies 

experienced with ripe, uninfested fruits might be predicted to discriminate more 

strongly between uninfested ("ripe") models and infested ("damaged") models 

than inexperienced flies. 

We observed the behavior of flies on fruit models in both a greenhouse, 

where we could follow individuals, and in the field. We also collected flies on 

variously colored sticky traps in the field to allow comparison between trap data 

and my behavioral observations. Two sticky trap assays were conducted, one 

comparing attraction to arbitrary colors (as has been done in other field smdies) 

and one con^aring attraction to the color patterns that flies would normally 

encounter. 

Methods and Materials 

StHc^y QTgamsms 

As larvae, Rhagoletis juglandis feed within the husks surrounding 

wahiuts of the species Juglarts major (Juglandaceae) (Boyce 1934; Buckingham 

1975), which is a riparian tree in Arizona, New Mexico, and northern Mexico 

(Elias 1980). Males guard frxiits for access to females, and defend those fruits 

from other males in "boxing" matches (Papaj 1994a). Matings occur mainly on 

fruits. Flies oviposit in fruits when fruits are on the tree and ripe (i.e. soft enough 
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for a fly to insert her ovipositor), in clutches of 10-20. Several females usually 

oviposit in a single firuit within a short period of time (Papaj 1994a), and a fruit 

generally supports ca. 30 larvae to pupation (C Nufio, unpublished data; 

Henneman 1996). Walnut fruits are yellowish green when ripe. After a fly has 

oviposited, the fruit turns more yellow. As larvae develop, the natural rotting 

process of a fruit is accelerated and dark brown patches appear over areas in which 

larvae have consumed the husk beneath. Larval development is con^leted after 

the fruit falls to the ground. The larvae then exit the fruit to pupate in the soil. 

Paint matching and color measurement 

In order to test fly response to fruit colors likely to be within the range that 

flies normally encounter, we used a Minolta Chroma Meter CR-221 to analyze and 

compare natural fruits with various paint colors (Table I). The CIE L*a*b* color 

system (Messing and Jang 1992) represents a diree-dimensional color space that 

represents human sensitivity to color, in which distances (=dimensionless values) 

approximately equal perceived color differences. L* represents lighmess (L=0 for 

black); a* represents a red-green continuum in which positive values are more red 

and negative values are more green; b* represents a yellow-blue continuum along 

which positive values are more yellow and negative values are more blue. We 

obtained paint (Behr™ Premium Plus exterior acrylic latex flat) that was computer 

color-matched to a ripe fruit, and analysis with the Qux)ma Meter showed that the 

color was within natural variation of ripe fruit color (Table I). This color was used 

on models (38mm plastic spheres, manufactured by Euromatic Co., Leominster, 

MA) to represent uninfested fruits C*ripe" models). We also painted models to 

represent fruits that had been damaged by feeding fly larvae C'damaged" models), 
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using similarly computer-matched yellow paint (Weatherfighter™ exterior acrylic 

latex flat), and brown paint (ProArt™ Liquid Tempera). Spectral data CTable I) 

were taken from the yellow parts of the model. 

Greenhouse cafe behavior 

Three potted 2-3m-tail walnut trees were placed in a 3m by 3m cylindrical 

field cage, erected inside a evaporator-cooled greenhouse at the University of 

Arizona Agriculture Experimental Station in Tucson, Arizona, in October, 1995. 

Over the course of the experiments, tenq)erature ranged from 10°-30°C firom night 

to day, and relative humidity ranged from 30%-50%. During observations, 

conducted between 0930 and 1700, ten5)crature and humidity ranged from 22°-

27°C, and 40%-50% respectively. 

Three ripe models and 3 damaged models, each with 3mm holes punched 

in them and a small ripe, uninfested wahiut inside to provide a natural odor source 

(Messing and Wong 1992) were hung from branches of the trees in pairs of one 

ripe and one damaged model, with positions of the pairs assigned randomly. 

There were no real fruits on the trees. Models were systematically rearranged 

between observation periods, which ranged from 1.5-3 hours each. We removed 

models from the trees between observation periods. 

R. juglarulis males and females used in this experiment were collected as 

larvae in walnuts the previous summer (1994) from Garden Canyon in the 

Huachuca Mountains, Cochise Co., Arizona. Walnuts were brought to the 

laboratory, emerging larvae allowed to pupate in sand, and pupae stored in the 

dark at 5-10''C until needed Adults emerged ca. 4 weeks after pupae were 

warmed, and were caged as a group to aUow mating, until they were ca. 2 weeks 

old. Flies were provided ad libitum with water, sugar, and a slip of enzymatic 
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yeast hydrolysate/sugar mixture. Each male and female fly was individually 

marked with 2 dots of ProArt™ Liquid Ten^jera paint on the thorax. After waiting 

two days to aUow post-marking acclimation, we released flies in the greenhouse 

cage. Food and water were provided as above in the branches of the trees. 

Data were collected by describing observations into a hand-held t^ 

recorder. Data collected were, for each individual, times of landing on and 

departing from models; instances of male-male aggression C'boxing") by males; 

oviposition attenqjts ("probes") by females; and matings. Flies often leave a fruit 

to chase another fly, but return shortly. We counted a landing on a model as a 

separate visit if the fly had spent at least 30 seconds off the model. Similarly, a 

single confrontation between two males can have intermittent bouts of boxing; the 

same two flies often mate multiply during the same visit; and females make 

multiple oviposition atten:q)ts during a single visit These events are not 

independent For the purposes of analysis, a behavior was scored once for each 

visit during which at least one instance of that behavior occurred. For example, if 

the same male and female mated multiple times during the course of one visit to a 

model, one mating was scored for each fly for that visit Hme spent on a fruit was 

analyzed by using the median visit dmes for a given fly on ripe models and 

damaged models, to produce a single datum each for ripe and damaged models. 

In order to examine the role of experience in color-based fruit choice, 

inexperienced and experienced flies were tested in two separate groups, so that 

neither group had experience with fruit models before the experiment The first 

group of flies had no experience with real walnut fruits. Observations were begun 

as soon as the flies were released into the greenhouse cage. Forty-six males and 

46 females were released at the beginning of the experiment There were 7 
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observation periods fixjm 8 October to 11 October, 1995, for a total of 14,75 

hours of observation. 

The second group consisted of 42 male and 43 female flies that were first 

exposed to 6 real walnuts in the greenhouse cage for 1.5 days before observations 

on the models were begim; we will subsequently refer to these as experienced 

individuals. Flies were not continually observed during the initial exposure to 

walnuts, but in three surveys we made note of the particular flies that were on the 

walnuts, and their behavior. There were 6 observation periods from October 23 -

October 26, 1995, for a total of 11.5 hours of observations. Between 1500 25 

October and 1000 26 October (between observation periods), flies were again 

provided with 6 real walnuts in the cage. 

Within each experience group, comparisons between number of landings, 

matings, etc. on ripe versus damaged models were made using a randomization 

test for matched pairs, which is more powerful than conventional nonparametric 

methods (Edgington 1980; Daniel 1990). In addition, to allow unpaired 

comparisons between die experienced and inexperienced groups, "preference 

values" for model type were calculated for a given fly by subtracting the total 

number of landings, matings, etc. on damaged models from the total number for 

ripe models. Hence, values greater than zero indicate a preference for ripe models. 

Comparisons of preference values were made between inexperienced and 

experienced flies using a randomization test for unpaired data (Edgington 1980), 

run using SAS (SAS Institute 1990). For both tests, probabilities are based on 

10,000 randomizations. 
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Field: sticky traps 

To compare data on attraction to differently colored sticky tr^s to data 

obtained in the greenhouse assay, we hung spheres prepared as in the greenhouse 

assay and covered with Tangletrap (Tanglefoot Co., Grand Rapids, MI) in walnut 

trees. In all replicates models were left in the trees for 4-5 days, after which we 

collected them and counted the number of male and female R.juglandis tr^ped 

on each color. 

The first experiment tested fly attraction to arbitrary fruit colors. It was 

conducted during July-August (when flies are active in the field) at 2 sites. Copper 

Canyon in the Huachuca Mountains, Cochise Co., Arizona, and Wet Canyon in 

the Pinaleno Mountains, Graham Co., Arizona,. In two different replicates 10 

days apart, 30 black models and 30 models painted with Clreamcoat™ Artist's 

Acrylic Leaf Green paint were hung in a walnut tree at Copper Canyon which had 

no fruits on its branches. At Wet Canyon, 20 noodels of each color were hung 

among four trees. One of the trees had real fruits present as well. At both sites, 

half the spheres of each color had a ripe, uninfested walnut inside, and half had a 

stone of roughly the same size, in order to test for differences due to odor effects. 

Data from all replicates were pooled for analysis because the pattems for each were 

similar and numbers of flies collected low. 

The second «q)eriment, to test attraction to color pattems normally 

encountered by flies, was conducted in Garden Canyon, Huachuca Mountains, in 

July, in a single tree that also had real walnuts. The same models as used in 

greenhouse assay were made into sticky traps. We hung 25 pairs of models in a 

single tree, widi infested walnuts from the experimental tree inside and covered 

with Tangletrap, as before. 
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Field; tehavior 

Observations in the field were made at a single walnut tree at Copper 

Canyon, Huachuca Mountains, from 20 July - 1 August, 1996. The tree bore no 

fruit diat year. The damaged models are different from the ripe models in two 

ways. To separate the possible effects of the slighdy different color and presence 

of damage in the greenhouse assay, a third of the models in the field design were 

the same damaged models used in the greenhouse, and a third were painted solid 

yellow. We hung 15 trios of ripe, damaged, and yellow models without damage 

throughout the tree within observational range. Models in this experiment had 

neither holes punched in them nor real fruits inside, because odor did not have an 

effect on sticky trap captures previously (see Results). Models were hung such 

that one of each Qrpe could be observed simultaneously. We made focal 

observations on sets of models, atten:^)ting to collect as much data as possible 

from the flies that used the models. We could not distinguish individual flies from 

each other, but based on how many flies were present on models at a given time, 

we knew that a minimum number of 2-5 males and 0-2 females were observed 

each day. Observations were made for 1.5-3 hours on each of 5 days, for a total 

of 8.25 hours of observation. The models were left in the tree for the entire period 

of the experiment Data were taken as for the greenhouse experiments, with the 

exception that only the sex of the fly was noted. 

Results 

Greenhouse cage 

In this assay, the behavior of individual flies on ripe and damaged models 

was monitored in two experiments, one with inexperienced flies and one with flies 
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with experience with firuiL Overall, flies preferred ripe models. However, the 

level of response differed between inexperienced and experienced flies. Out of 46 

males marked and released in the experiment with inexperienced flies, 24 made at 

least one landing on a model. Out of 46 females, 9 made at least one landing. In 

the experiment with experienced flies, 21 out of 42 males made at least one 

landing, as did 19 out of 43 females. In other words, experienced females were 

more likely to land on at least one model than inexperienced females, (G 

contingency test* G= 6.34, df=l, p<0.012), but there was no such difference for 

males (G=0.009, df=l, p>0.92). Experienced males made more total landings per 

fly than inexperienced males, however (Mann-Whimey U: nine3c=24, nex—22, 

U=474.5, p<0.0001). Experienced females made the same number of landings 

per fly whether or not they were experienced (niiiex=9, nex=19, U=105, p>0.33). 

A summary of comparisons of alighting and other behavior associated with 

ripe versus damaged fruits are presented in Table n. Inexperienced females 

(Fisher's paired randomization test p<0.029), experienced females (p<0.002) and 

experienced males (pcO.OOT) landed more often on ripe models (Fig.2). Ripe 

models were preferred more often by experienced males than by inexperienced 

males (unpaired randomization test: p<0.043), but there was no difference in 

preference between inexperienced and experienced females (p>0.25). 

Experienced males tended to box more often on ripe models than on 

damaged models (n=18, p<0.055) (Fig 3A). Experienced females did not probe 

more on ripe models (n=14, p>0.15) (Fig 3B). Matings by experienced males and 

females tended to occur more often on ripe models (n=25, p<0.069) (Fig.3C). 

Preference medians for all behaviors in both experiments were > 0 (behaviors 

occurred more often on ripe models), but due to low sample sizes, no statistical 

differences in behaviors were observed for inexperienced flies (boxing [males]: 
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n=9, p>0.17; probing [females]; n=6, p>0.2; mating [males and females]: n=8, 

p>0.24). 

Flies did not spend more tune per visit on either model type (inexperienced 

females, n=8, p>0.46; inexperienced males, n=15, p>0.37; experienced females 

n=15, p>0.32; experienced males, n=20 p>0.16). Furthermore, experience did 

not affect relative dme spent on each model type (females, n=23, p>0.79; males, 

n=35, p>0.65). 

FiglA Stigky TOP? 

In the sticky trap experiment using arbitrary colors (data pooled for all 

replicates), flies were caught on green models, but not on black (Fig. 3 A), and 

there was no effect of odor (2-tail binomial test: males, p>0.20; females, p>0.5). 

More than twice as many males as females were caught In the experiment at 

Garden Canyon with realistic models, nearly 4 times as many flies were caught in 

sticky traps as in the previous experiment (Hg. IB). Only slightly more flies were 

caught on ripe models (2-tail binomial test: males, p>0.20; females, p>0.20). 

Field: behavior 

Both male and female flies in the field landed significandy more often on 

ripe models than on damaged or yellow models (x^ test for goodness of flt: 

x2=:24.0, df=2, males p<0.0(X)l; females x^lO.l, df=2, p<0.013) (Rg 5A). All 

interactions between flies and probing attempts by females were observed on ripe 

models (Fig 5B), 
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Discussion 

As is the case for many holometabolous insects, tephritid larvae are 

dependent on their mothers for ensuring they have adequate resources for 

development, because food is limited in a single fruit and they cannot move to 

another. Thus, there should be strong selection for "coirect" oviposition decisions 

in adult females. We predicted that as long as uninfested &uits (=ripe models) are 

available, females should avoid fruit that appear infested (=damaged models), 

because such fruits contain late-instar larvae that have already consumed much of 

the available husk tissue. At the same time, males should prefer ripe models 

because females prefer them, and males go to fruits to mate. Results from this 

study suggest that both females and males do prefer uninfested fruits over visibly 

infested fruits, and that color pattern cues aie sufficient for them to make this 

distinction. 

In the greenhouse, flies distinguished ripe models from damaged models in 

dieir landing behavior, with the exception of males that had no previous experience 

with real walnuts. Females did not distinguish model types in their oviposition 

attempts, but interactions (which are not independent from landing decisions) 

between experienced flies tended to occur more often on ripe models. The higher 

number of interactions on ripe models may simply be due to the presence of more 

flies on ripe models. 

Fruit color preferences have commonly been found in tephritids (e.g., 

Prokopy 1972; Moericke et aL 1975; Landolt and Reed 1990; Aluja and Prokopy 

1993; Broumas and Haniotakis 1994), including/?, completa, a close relative of 

R.juglandis that also attacks walnuts (Riedl and Hislop 1985; Riedl et al. 1989). 

This study differs in that R.juglandis males and females distinguished between 
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color patterns representing uninfested ("ripe") and infested C'damaged") fruits. 

Two visual cues differed in this case, as the damaged models had brown areas, 

and also differed in background color from the ripe models (Table I). Because 

tephritids (like many insects) are known to have a strong response to the color 

yellow (Prokopy and Owens 1983), we suspected a priori timR.juglandis 

would prefer the yellow models in the field experiment In fact, the flies 

overwhelmingly preferred the ripe models. Based on the spectral data, both model 

types actually have similar levels of yellow (same b*), but ripe models are greener 

Gower a*) (Table I). Real ripe walnuts have a peak reflectance at ca. 540nm 

(Riedl and Hislop 1985), which is within the range of highest tephritid response in 

general (Prokopy 1972; Prokopy and Owens 1983). The models may be equally 

attractive on the yellow scale, but the ripe color is more ecologically relevant 

because of its close match to real walnuts due to the added green. Because 

infested fruits tend to turn yellow before dark patches appear, it cannot be 

detexmined from these experiments whetfier flies avoided models that had 

characteristics of infestation, or sinq)ly chose the model that most closely matched 

ripe walnuts. 

It is possible that in the field behavioral assay, the absence of any odors 

associated with models might have accentuated differences in color pattern choice. 

However, studies on cue use by R. pomonella suggest that visual cues play a 

significandy greater role than odor cues in host firuit finding (Aluja and Prokopy 

1993; Prokopy et aL 1994a). We similarly found in the first sticky-trap assay that 

odor did not affect the number of flies collected on green versus black models. 

This does not rule out the possibility that the presence of walnut odor had a 

differential effect on the attractiveness of ripe vs. damaged and yellow models. 

Such an effect could at least partly explain the overwhelming preference for ripe 
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models in the field as opposed to in the greenhouse, and in the second sticky trap 

experiment (Fig. 3B). 

Sticky trap vs. behavioral data 
The second sticky trap assay (n=267 flies) suggested that flies did not 

distinguish between ripe and damaged models, conflicting with what we found in 

both field and greenhouse behavioral assays, using a much smaller number of 

flies. Katsoyannos (1982) found that Mediterranean firuit flies were less attracted 

to sticky yellow spheres with debris (dead insects, etc.) Aan to plain yellow 

spheres. Our behavioral observations in the field and gteenhouse suggested that 

the opposite may be true for R.juglandis, because flies tended to aggregate on the 

models. Although we observed no more than 7 flies at a time in the field, they 

often interacted on models despite the fact that there were 45 total models 

available. In the greenhouse, experienced males preferred to land on ripe models 

even when all three were currently occupied by another male, and damaged models 

were not (Fisher's randomization test* pcO.Ol). This suggests that the use of 

sticky traps may not be the most accurate method to determine color preferences in 

tephritids, because the appearance of the models change after flies begin to land on 

them. 

The role of experience 

Response to models 

Females were more likely to land on models when they had had some 

experience with real fruits. We could not rule out effects of different flies being 

tested and time of testing on the differences between inexperienced and 
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experienced flies, but we have no reason to suspect that these were important 

factors. Prokopy and Lewis (1993) suggested that previous experience of flies 

with particular fruit stimuli could affect their propensity to be caught on sticky 

tn^s. We found that experience with ripe fruits did affect the likelihood that 

female R. juglandis would land on either type of model, but the propensity of R. 

pomonella females to land on ted fruit models was not affected by experience 

with green apples (Duan and Prokopy 1994). This suggests that there may be an 

interaction between experience and test stimulus on responsiveness. 

Additionally, physiological state of the females could have been important 

In many insects, including R. juglandis, females are known to be less responsive 

to host stimuli when they do not have eggs ready for oviposition (Minkenberg et 

al. 1992; Prokopy et aL 1994b; Alonso-Pimentel and P^j 1996). The females in 

the experienced group were about two days older, which might have affected egg 

load, but more important, they had been exposed to fruit for those two days. It 

has been found in R. juglandis that not only exposure to a walnut fruit, but also 

exposure to an artificial fruit model, such as those used in my experiment, can 

stimulate egg development (Alonso-Pimentel et aL submitted). Fiiiit color affects 

egg development as well: females exposed to green and yellow models developed 

more eggs than those exposed to red, blue, and black models (Alonso-Pimentel et 

al. submitted). Although we did not dissect flies used in this experiment, it seems 

likely that those in the experienced treatment had a higher egg load at the time of 

exposure to models than those in the inexperienced treatment. 

In contrast to females, about 50% of the males landed on models whether 

or not th^ had experience. However, experienced males that landed made more 

landings overall, perhaps because they were oMer, or alternatively, because they 

had leamed that matings were to be obtained on fruits. 
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Cobr preference 

Female Dacus dorsalis, a generalist tepbritid, piefened visual models 

resembling fruits with which they had experience (apple or kumquat) (Prokopy et 

aL 1990). Both inexperienced and e}q)erienced female R. juglandis that landed 

preferred ripe models, suggesting diat color stimuli eliciting attraction to fruits 

could be innate. R. juglandis are specialists on walnuts, and ripe fruits should 

always be more suitable for their offspring than a fruit that has obvious feeding 

damage and thus provides a smaller resource. By the time the larvae pupate, there 

is usually no husk material left, and pupal size is correlated with the number of 

larvae developing in a fruit (C. Nufio, unpublished data). Female tephritids with 

no host fruit experience have been previously shown to exhibit color preference 

(Prokopy 1972; Messina 1990; Sivinski 1990). It is not likely that females 

underwent associative learning that affected their fruit choice during the 

experiment, because they were unable to actually oviposit in the plastic models. 

Sivinksi (1990) found that in a field cage that naive virgin and mated 

female Anastrepha suspensa had strong preferences among 5 colors of spherical 

fruit models, but that naive males made no distinction in their landings. In this 

study a similar result was found with R. juglandis. Males, which had a 

significant preference for ripe fruit only when they were experienced, are peiiiaps 

more flexible in their behavior, because their goal is to obtain matings. This 

should have caused tiiem to choose the same fruits that females chose, because 

males land on fruits to gain access to females (Papaj 1994a). The previous 

experience of having encountered females on ripe fruits could have affected males' 

landing choices in the second assay. We do not know whether males would show 
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innate color preferences in the absence of females. The field flies could have been 

naive due to lack of available firuit in the local vicinity, and the fly density was low 

(about 6 flies to 4S total models). Field data suggest that the high ratio of flies to 

models in the greenhouse may have caused some males to land more often on 

damaged models, obscuring a preference that exists in the absence of females, and 

perhaps other males. 

Conclusions 

Female oviposition behavior appears to be driving firuit color pattern 

preference in both male and female R. juglandis. Data are consistent with the 

prediction that males should track females in their firuit choice. 

Sticky-trap data as well as behavioral observations both in the field and 

greenhouse indicate that flies tend to aggregate. This complicates interpretation of 

apparent fly color preference, particularly firom sticky-trap studies, when fly 

behavior is not directly observed. 
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Table 1. Spectral data for ripe walnuts and tbree colors of painted models. See 
text for an explanation of the CIE L*a*b* color system. 

Color parameter N Mean SD Median Range 

Ripe 
walnuts 

L*i 25 70.5 6.4 72 23 Ripe 
walnuts 25 -7.2 3.5 -8 14 

Ripe 
walnuts 

b*3 25 +40.8 4.7 41 22 

"Leaf 
Green" 
models 

8 53.2 0.28 53 1 "Leaf 
Green" 
models 

a* 8 -24.1 0.25 -24 1 

"Leaf 
Green" 
models 

b» 8 +35.1 0.31 35 1 

"Ripe" 
models 

L* 11 71.5 5.5 70 14 "Ripe" 
models a* 11 -11.6 0.51 -12 1 

"Ripe" 
models 

b» 11 +43.5 1.04 44 3 

"Damaged" 
models 
(yeUow 
areas) 

L» 10 69.0 0.57 69 2 "Damaged" 
models 
(yeUow 
areas) 

a* 10 -2.9 0.14 -3 1 

"Damaged" 
models 
(yeUow 
areas) b* 10 +42.2 0.66 42 2 

^L*: black (0)—> white 
^a*: green-<—> + red 
^b*: blue-<—> +yellow 
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Table n. Sammaiy of comparisons between ripe and damaged 
models. The first line in each cell is n, and the second line is the p-
value, using Fisher's randomization tests (see text). The first four 
rows are comparisons of events on ripe vs. damaged models. The 
last two rows compare the degree of preference for ripe models 
between inexperienced and experienced flies. 

1 Comparisons Landings Boxing Probing Mating 

Inexperienced 
Females 

9 
0.029 

— 6 
0.2 8 

Inexperienced 
Males 

24 
0.38 

9 
0.17 

— 
0.24 

Experienced 
Females 

19 
0.002 

— 14 
0.15 25 

Experienced 
Males 

22 
0.007 

18 
0.055 

— 
0.069 

Inexperienced 
vs. Experienced 
Females 

28 
0.25 — 

20 
0.37 

33 

Inexperienced 
vs. Experienced 
Males 

46 
0.043 

27 
0.71 — 

0.87 
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Figure Legends 

Figure 1. Boxplots of landing preferences for inexperienced and experienced 

male and female flies. Lines are plotted at the 10th, 2Sth, 50th, 75th, and 90th 

percentiles with outliers plotted as circles (die median for inexperienced females is 

the same as the 75th percentile). Preference values (=landings on ripe models -

landings on damaged models) were significantly greater than zero for all groups 

except for inexperienced males (Fisher's paired randomizadon test: see text). 

Preference values were not significandy different between inexperienced and 

experienced females, but were between inexperienced and experienced males 

(permutation test for unpaired data: see text). 

Figure 2. Boxplots (see Rg. 1 caption) of preference values (=behavioral events 

on ripe models - behavioral events on damaged models) for iastances of boxing 

(A), probing (B), and mating (C) on models. In each case, median = 1. In 

experienced flies, there were marginally more boxing and mating, but not probing, 

events on "ripe" models (see text). There woe no differences in location of 

interactions and probings based on e}q)erience. 

Figure 3. Numbers of flies landing and trapped on (A) "Leaf Green" vs. black 

sticky sph^s, with and without a walnut (for odor source), pooled over three 

replicates at two sites (2-tail binomial test for presence of odor: males, p>0.2; 

females, p>0.5). (B) color-matched "ripe"-painted models vs. yellow and brown 

"damaged" sticky spheres, one replicate at one site (2-tail binomial test for color 

pattem: p>0.2, for both males and females). 

Figure 4. (A) Landings made (x^ goodness of fit) and (B) visits including at 

least one instance of a given behavior while on 3 different model colors in the 

field- R=ripe models, Y=yellow models, D=damaged models. In (B), boxes 

involved 2 males, probes involved one female, and matings involved one male and 

one female. 
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APPENDIX E 

Growth and germination of walnuts (Juglans major): con^arisons of uninfested 

fruits and fruits infested withRhagoletis juglandis larvae 
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Abstract 

In a field study encompassing 25 trees at 10 sites in 6 mountain ranges in 

southeastern Arizona, I followed the growth of walnut fiuits exposed and not 

exposed to walnut flies (Rhagoletis juglandis) throughout the period of 

oviposition to determine whether infestation by flies and/or time a fruit was on the 

tree affected the final size of the walnut The final masses of the nut portion of the 

fruits were significantly higher for fruits that had become infested by flies, but this 

is probably due to an intial bias in size of fruits chosen for each treatment There 

was no difference in growth trajectories of infested and uninfested fruits. E^ts 

that became infested fell off the tree sooner than uninfested fruits, however. Some 

of the nuts collected from the growth experiment were germinated the same year. 

Infestation was not found to affect germination. 
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Introduction 

Much of the literature involving tritrophic interactions has focused on use of 

plant volatiles by parasitoids foraging for their herbivore hosts (e.g.. Vet and E>icke 

1992; Tuiiings et aL 1993b). Some studies have focused on the role of the plant in 

these interactions, by examining Ae process by which plants systemically release 

specific volatiles after damage (Picke et al 1990; Boland et al. 1992; Turlings et al. 

1993a). It has been suggested Aat such volatiles released by plants constitute a 

"call for help" that attracts predators or parasitoids of the herbivores damage the 

plant (Dicke and Sabelis 1988; Whitman 1988; Dicke et al. 1990). Plants may even 

communicate with each other chemically, so that defensive volatiles are produced in 

one plant after damage to a neighbor (Dicke et aL 1990). 

The assumption is made in these studies that herbivore damage will decrease 

a plant's fimess. This assumption is most likely coirect in the case of annual plants 

that have a short time to r^roduce, and diat can be completely destroyed by 

herbivoiy. Because they attack rqntxiuctive tissues, frugivorous insects could 

have an impact on the fitness of perennial plants, although any effect may be less 

direct than killing the plant outright or causing complete reproductive failure. 

Rhagoletis completa is considered to be a pest on cultivated walnuts, not 

because they directly damage the nut (=seed) itself, but because of indiiea effects 

on the quality of the nut produced (Boyce 1934). Over a three-year study, Boyce 

(1934) found that cultivated/ugilanf regia walnut meats (cotyledons) from fruits 

that had been infested by R. completa had a smaller mass overall than those that 

had not been infested. He suggested that flies ovipositing near the stem (peduncle) 

of the fruit may cause damage to ±e vessels supplying nutrients to the fruit, 

affecting development (Boyce 1934). Because the nutmeat is the cotyledon of the 
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plant, one mi^t hypothesize that reduction in size has fitness consequences, if it 

results in poor germination or reduced seedling vigor. If this were the case, a tree 

that attracts parasitoids successfully would have higher fitness the following year, 

when fewer of the current year's fly larvae emerge as adults. 

To determine whether a similar effect is observed in nature, I studied 

whether infestation of walnuts by Rhagoletis juglandis (a close relative of R. 

completa) adversely affects reproduction of its host, Juglans major, by lowering 

the quality of its seeds. I hypoAesized that seed size would be lower in infested 

fruits, because casual observations suggested that infested walnuts fall from the tree 

earlier than uninfested walnuts. I also conducted an experiment to determine if 

germination of walnuts was affected by seed mass, and/or infestation of the fruit 

Methods 

Three to 6 pairs of fruits from 25 trees at 10 different sites in southeastem 

Arizona were measured over a 6-week period. The following sites were used: 

Rosemont Canyon, Adobe Canyon, Route 82 between Sonoita and Patagonia 

(Santa Rita Mountains); Garden Canyon (Huachuca Mountains); Rucker Canyon, 

Cave Creek Canyon (Chiricahua Mountains); Route 90 (Whetstone Mountains); Mt. 

Graham (Pinaleno Mountains); Walker Canyon, Sycamore Canyon (Los Pajaritos 

Mountains). At the aid of the study, enough data for analysis had been obtained 

from 19 trees. 

Statistics in all cases were performed on median values for uninfested and 

infested fruits and seeds from each tree, because generally there is higher variation 

in seed mass between trees than within trees (Stromberg and Patten 1990b), and I 

wished to avoid pseudoreplication. 
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Fruit growth tr^ectories 

I located trees before fruits were ripe and flies had begun ovipositing. On 

each tree, 3 to 6 arbitrarily chosen fruits were bagged with bridal veil to prevent 

oviposition by flies. An equal number of another set of fruits had bags placed on 

them with die bags tom open to allow fly access. I measured the diameter of the 

fruits along the axis running between the attachment of the peduncle and attachment 

of the perianth. I took measurements every 2-7 days for six weeks. Infestation was 

determined by the presence of oviposition punctures and/or visible feeding damage. 

I collected the fruit after it fell off the tree and into the bag. Growth trajectories of 

infested and uninfested fruits were compared using ANCOVA (S AS Institute 

1990). 

Final measurements 

I brought all fallen fruits to the laboratory and took the following 

measurements: number of fly larvae present, volume with the husk on (using water 

displacement), volume of the seed without the husk, diameter of the seed along 

peduncle-perianth axis, diameter of the seed at the widest point (for some this was 

the same measurement), and dry mass of the seed. The volume measurements (to 

the nearest ml) seemed to be too in:q>recise to be reliably used for analysis. 

Walnut germinatinn 

A random subset of 82 walnuts chosen from the total number of 158 fallen 

walnuts were planted singly in gallon pots, in a 5:2 mixture of sand:manure. They 

were kept outside in Tucson out of direct sunlight for most of the day, in October 
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weather conditions (average low ten:q)erature, WC, average high 29°C [S. 

Adondakis, pers comm.]), and watered daily. Gemiination was tallied after 3 

weeks, and again after 5 weeks. No new walnuts germinated between these two 

dates. 

Results 

Fmal seed measurements 

For analyses of final measurements, I used trees in which there were at least 

2 infested and 2 uninfested fruits at the end of the experiment Medians of values 

for uninfested fruits and infested fmits were used for coiiq)arisons, so there is one 

data point each for infested and uninfested walnuts for each tree. Because husk size 

varied according to water content, I conducted endpoint analyses on seed 

measurements. 

All following Wilcoxon signed-rank paired comparisons were made 

between tree medians of frtdts that had been infested and fruits that had not been 

infested (Fig.l). San^le sizes vary in some analyses because ties are excluded 

from the analysis. Fruits that were infested were on the tree fewer days than those 

that were not infested (n=13, T=9,5, p<0.012). Despite this difference, seeds frtsm 

infested fruits had significantiy higher masses than seeds from uninfested fruits 

(n=19, T=24.5, pcO.OOS). Seed diameter along the peduncle-perianth axis was 

marginally larger in infested seeds (n=19, T=46.5, p<0,051). The diameter at the 

widest point also tended to be larger in infested walnuts (n=17, T=41, p<0.093). 

To test whether the larger size of infested walnuts might have been due to 

having chosen larger walnuts initially to expose to flies, I also conducted a 

Wilcoxon signed-ranks test on the initial diameter measurement for all walnuts. 
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There was not a significant difference in initial diameters of uninfested versus 

infested walnuts (n=I9, T=55, fxO.ll). However, in 16 of 19 trees, initial 

infested fruit diameters were higher, and in 12 of those 16 trees, the final seed 

masses were higher as well. 

Fruit growth trajectories 

To determine whether infestation affected walnut growth, an ANCOVA was 

performed on the effects of fruit size over time (i.e., the slopes representing the 

growth trajectories of uninfested and infested walnuts were compared statistically). 

' The median sizes from each date for all infested firuits and for all uninfested fruits 

on a tree were used for analysis. Fruit size was significantly affected by elapsed 

time, but not by infestation (Table 1). The was also no interaction between time 

and infestation. Growth trajectories from trees from Garden Canyon, at which the 

highest number of measurements were made, are illustrated in Eng. 2. 

Walnut peimination 

Walnuts from 18 different trees were planted. Overall, 32 of 82 planted 

walnuts germinated. There was no difference in the proportion of uninfested 

walnuts and infested walnuts that germinated (G-test, G=1.154, df=l, p>0.28). 

When median masses of uninfested and infested walnuts frx)m the same tree were 

used, uninfested walnuts that germinated were found not to differ in mass from 

uninfested wahiuts that did not (Mann-Whimey U; ng=10, n„g=13, U=42, 

p>0.15), and the same was true for infested walnuts (ng=n„g=l 1, U=45, p>0.3) 

(Fig. 3). 
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Discussion 

Two main differences between infested and uninfested walnuts were found. 

I^TSt, uninfested walnuts remained on the tree for a longer time than infested 

walnuts. Second, infested walnuts were larger than uninfested walnuts. These 

apparently contradictory findings may be e}q)lained if walnuts chosen initially as 

"infested" — Le., those from which flies were not excluded - were larger than 

those from which flies were excluded. £)espite a probability of 0.11 found in this 

comparison, it appears that an initial bias did exist: in three-fourths of the trees with 

larger infested walnuts at the end, infested walnuts also had a larger diameter at the 

beginning of the experiment The conservative conclusion is that infestation and/or 

less time on the tree did not affect mass of the walnuts. This result differs from that 

of Boyce (1934), perhaps because he measured only the nutmeat, while I measured 

the entire seed, including the shell Alternatively, R. completa may truly have a 

greater inq)act on J. regia, periiaps because J. regia is cultivated, and its 

association with R. completa is a recent one. 

No difference was found in growth trajectories of the walnuts, perhaps 

because once fruits became infested, they fell from the tree within a few days. A 

difference between infested and uninfested walnuts could have appeared only in the 

last three or four measurements (Fig. 2). Some variation in fruit measurements 

throughout tihe study can be attributed to water gain and loss by the tree, depending 

on recent rainfall patterns. In addition, accurate measurements at later stages of 

infestation were difScult due to consunq>tion of husk material by fly larvae. 

/. major germination is known to be usually less than 50% ui the field 

(Vines 1960), so the 39% germination I observed was probably not unrealistic. 

Using a tetrazolium viability test (E)elouche 1962, cited in Strombo-g and Patten 
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1990b), Stromberg and Patten found that die viability of seeds increased with size 

in J. major. However, in a germination study, they found that seed weight was 

not related to germination in unsaturated soil (Stromberg and Patten 1990a). My 

findings agree with their latter result They also found in unsaturated soil that 

seedling growth and survival was not related to seed weight I did not continue my 

study to assess seedling growth and survival 

I do not know whether a walnut seed continues to grow as long as the fruit 

is on the tree. Because infested walnuts were larger than uninfested walnuts 

(despite falling off the tree sooner), it may be that tiie seed has reached maturity 

when the fruit becomes ripe, before serious infestation damage is done. Any 

increase in size of the fruit after this point may be due to enlargement of the husk 

only, through changes in water balance. 

Germination and seedling siuvival in J. major is overwhehningly 

dependent on rainfall (Stromberg and Patten 1990a). Seed burial is necessary at 

drier sites for germination, and seed predation by Arizona gray squirrels (Sciurus 

arizonensis) may also be enough to affea seedling recruitment at certain cites 

(Stromberg and Patten 1990a). Because infested walnuts germinated as frequently 

as uninfested walnuts, any impact of the flies on walnut reproduction is likely 

negligible. 

Walnut trees are perennial and can live up to 4(X) years (Elias 1980). This 

suggests that even if flies had a detrimental affect on rq)roduction, trees probably 

could not respond evolutionarily to insects with one generation per year. Although 

larval damage of walnut fruits causes a change in its visual and olfactory 

characteristics (see Appendix Q, it is likely that parasitic wasps attacking R. 

juglandis flies are exploiting an incidental effect The walnut tree merely sets the 
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stage for interactions between parasitoid and host, apparently remaining largely 

unaffected. 
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Table L ANCOVA table for growth trajectories for uninfested and infested fruits. 

Source DF 

Model 3 

Error 306 

Corrected Total 309 

Sum of 

Squares 

566.5810774 

487.8273500 

1054.4084274 

Mean 

Square 

188.8603591 

1.5942070 

F Value 

118.47 

P r > F  

0.0001 

Source DF 

ELAPS 1 

INF 1 

ELAPS*INF 1 

TypgglSS 

544.9535331 

0.0099854 

2.0026026 

Mean Square 

544.9535331 

0.0099854 

2.0026026 

F Value 

341.83 

0.01 

1.26 

P r > F  

0.0001 

0.9370 

0.2633 
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Figure Legends 

Figure 1. Boxplots of diameters firom first field measurements of walnut fiiiits, 

final diameter of nuts from stem end to flower end, final diameter of nuts at widest 

point, and final diy masses of ntus. The y-axis represents differences between 

walnuts that were not infested over the course of the study and walnuts that 

became infested at some point Values represent mm for the first three plots, and g 

for the last Lines are plotted at the 10th, 25th, 50th, 75th, and 90th percentiles 

with outliers plotted as circles. 

Figure 2. Growth trajectories for fruits on 9 trees at Garden Canyon. (A) plots 

uninfested fruits, and (B) plots fruits that became infested at some point in the 

experiment Lines with the same pattern represent fruits firom the same tree. Each 

point represents the median value for 1-6 walnuts. 

Figure 3. Boxplots of the dry masses of walnuts that had been infested and 

uninfested, diat germinated or did not germinate in the fall after collection. Lines 

are plotted at the 10th, 25th, 50th, 75th, and 90th percentiles with outliers plotted 

as circles. 
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