
Adaptations to ecological interactions.

Item Type text; Dissertation-Reproduction (electronic)

Authors Becerra-Romero, Judith Xiutzal Ixtlilxochil.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 14:03:32

Link to Item http://hdl.handle.net/10150/186239

http://hdl.handle.net/10150/186239


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI 
films the text directly from the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter face, while others may 

be from any type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleed through, substandard margins, 
and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand corner and 

continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in 

reduced form at the back of the book. 

Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly 
to order. 

U·M·I 
University Microfilms International 

A Bell & Howell Information Company 
300 North Zeeb Road. Ann Arbor. M148106-1346 USA 

3131761-4700 800/521-0600 





Order Number 9322769 

Adaptations to ecological interactions 

Becerra-Romero, Judith Xiutzal Ixtlilxochil, Ph.D. 

The University of Arizona, 1993 

V·M·I 
300 N. Zeeb Rd. 
Ann Arbor, MI 48106 





ADAPTA TIONS TO ECOLOGICAL INTERACTIONS 

by 

Judith Xiutzal Ixtlilxochil Becerra-Romero 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF ECOLOGY AND EVOLUTIONARY BIOLOGY 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 993 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have 

2 

read the dissertation prepared by ____ J_U_D_I_T_H_X_I_U_T_Z_A_L __ I_,_B_E_C_E_R_RA_-_R_O_M_E_R_O __ _ 

entitled __ A_D_A_PT_A_T_I O_N_S_T_O_EC_O_L_O_G I_C_A_L _I_N_T_ER_A_C_TI_O_N_S ________ _ 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of 

MICHAEL ROSENZ 
CVV1-~ LD 

DR. DIANA WHEELER 

-]:duh/./Jror.4tz!;;nj 
DR ~UDITH BRONSTEIN 

7T-4.Lav II ~ 

DOCTOR OF PHILOSOPHY 

/tJ4ci f9 
Date 

3/10/7< 
Date 

2-/2/93 
Date 

d- Hi cz? 
Date 

Date 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I read this dissertation prepared under my 
direction and it be accepted as fulfilling the dissertation 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at The University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library. 

Brief quotations from this dissertation are allowable without special permission, 
provided that accurate acknowledgment of source is made. Requests for permission for 
extended quotation from or reproduction of this manuscript in whole or in part may be 
granted by the head of the major department or the Dean of the Graduate College when 
in his or her judgment the proposed use of the material is in the interests of scholarship. 
In all other instances, however, permission must be obtained from the author. 



4 

ACKNOWLEDGMENTS 

This dissertation was carried out with the support of several people and 
institutions. First, I want to express my gratitude to my husband Larry, for his love and 
constant support. I also thank my parents Beatriz and Antonio for their continual 
encouragement. 

I am deeply indebted to the members of my committee, Judith Bronstein, Ted 
Fleming, and Diana Wheeler. Special thanks to Michael Rosenzweig, my major advisor, 
for his guidance, patience, and support. I also appreciate the help of David Lloyd in the 
completion of the research of the first chapter of this thesis. 

I appreciate the encouragement and assistance I have received from my friends 
during the time I have been a student in Tucson. Among them, I am especially grateful 
to Susan Fansler, Henar Alonso, Peter Smallwood, Peter Sundt, Francisco Ornelas, Eric 
Dyreson, Gerardo Cebollas, Bob Holmes, Cathie Pake, Sarah Mesnick, Dan Beck, and 
Katrina Mangin. 

Logistic assistance was given by the University of Canterbury, New Zealand, and 
by Daniel Pinero and Exequiel Ezcurra from the Centro de Ecologia, UNAM, Mexico. 
Paty Gaytan and Alejandro Moron helped me in many ways every time I did research in 
Mexico. 

Financial support for my graduate studies was provided by the following 
institutions and foundations: Consejo Nacional de Ciencia y Tecnologia (CONACyT), 
Mexico, Organization of American States, The Center for Insect Science, U. of A., the 
William C. McGinnes Foundation, Sigma Xi, The National Audubon Society, and the 
Department of Ecology and Evolutionary Biology, University of Arizona. 



5 

To Beatriz, a feminist before her time. 



T ABLE OF CONTENTS 

Page 

LIST OF ILLUSTRATIONS ................................. 9 

LIST OF TABLES ....................................... 10 

ABSTRACT ........................................... 11 

GENERAL INTRODUCTION. . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 13 

CHAPTER I. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 18 

Competition-dependent abscission of self
pollinated tlowers of Phormium renax 
(Agavaceae) .................. . 18 

Introduction. . . . . . . . . . . . . . . . . . . .. ................ 19 

Materials and Methods ............. . 21 

Patterns of fruit set. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 

Results ......................................... 30 

Patterns of fruit set. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 

Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 36 

Quantitative measures of self-incompatibility .............. 36 

Thinning and closeness of competition .................. 38 

The adaptive signiticance of competition-dependent selting ..... .43 

CHAPTER II. .................... . 45 

"Squirt-gun" defense in BurseI'([ and the 
chrysomelid counterploy ......... . 45 

6 



TABLE OF CONTENTS (continued) 

Introduction .. 46 

Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 48 

The plant . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 

The herbivore . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 49 

Response variation among plants . . . . . . . .. ............ 50 

The Natural patterns . . . . . . . . . . . . . . . . . . . . . . . . . . .. 51 

Experimental patterns. . . . . . . . . . . . . . . . . . . . . . . . . .. 54 

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 

Natural patterns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 55 

Experimental patterns ....................... . 

Discussion . . . . . . . . . . . . . . . . . . . . . . . . . 

The costs of canal deactivation ....... . 

The behavioral and morphological components of vein-cutting . 

57 

62 

63 

64 

Effectiveness of Bursera's canals in defense.. . . . . . . . . . .. 67 

CHAPTER III. . . . . . . . . . . . . . . . . . . . . . . . . . . . .. ........... 68 

Interactions among plants, ants, and homopterans . . . . . . . . . . . . . .. 68 

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 69 

Ants and plants. . . . . . . . . . . . . . . . . . . . . . . . .. 71 

Ants and Homoptera . . . . . . . . . . . . . . . . . . . . . .. 72 

Ants, plants, and Homoptera. . . . . . . . . . . . . . . . . .. 71 

7 



TABLE OF CONTENTS (continued) 

An alternative . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . .. 72 

Directions for further investigation . . . . . . . . . . . . . . . . . .. 77 

LITERA TURE CITED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. .... 79 

8 



9 

LIST OF ILLUSTRATIONS 

Page 

Figure 1.1. An individual of Phomlium lenax . . . . . . . . . . . . . . . ... 22 

Figure 1.2. Assignment of parentage and position treatments . . . . . . . . 29 

Figure 2.1. Scatterplot of the exponential daily rate of mortality of larvae 
against the frequency of leaf response. . .................. 56 

Figure 2.2. Linear regression of the logarithmic daily growth rate of larvae 
as a function of the frequency of leaf response. . .. . . . . . .. . 58 

Figure 2.3. Linear regression of the percentage of leaves with scars as a 
function of the frequency of leaf response. . . . . . . . . . . . . . 59 

Figure 2.4. Linear regression of the percentage of time larvae spend cutting 
veins as a function of the frequency of leaf response. . . . . . .. 60 

Figure 2.5. Linear regression of the larval logarithmic daily mortality rate as 
a function of the frequency of leaf response.. . . . . . . . . . . . 61 

Figure 3.1 Effects on plant fitness of changes in the factors considered in 
the ant-guard hypothesis and the ant distraction hypothesis. . . .. 74 



Table 1.1 

Table 1.2 

Table 1.3 

Table 2.1 

10 

LIST OF TABLES 

Page 

Average percent fruit set and the numbers and sizes of seeds after 
self- and cross-pollinations (untransformed means). . . . . . . . .. 31 

Patterns of fruit set (% retention) resulting from thinning, position 
and timing differences (untransformed mean percentages).. . . 33 

Variation in the percentages of fruit set from self- and cross
pollinations (untransformed means) and the relative selfing success 
(Self-incompatibility Index) associated with the inflorescence level 
the presence or absence of previous fruit at that level. . . . . . . 35 

Results of regression analyses for the logarithmic daily rate of 
larval mortality, as a function of the plant's frequency of leaf 
response an the initial length of larvae. . . . .. . . . . . . . 62 



11 

ABSTRACT 

Three different aspects of plant adaptations to ecological interactions are 

examined. The first one is in the area of plant breeding systems. The adaptations 

investigated in this study involved interactions between male gametes competing for 

fertilizations on Phormillm tenax, an agavoid of New Zealand. In this system I 

discovered a new type of self-incompatibility that depends on the levels of competition 

among self- and cross-pollinated fruits. This mechanism is parallel to cryptic self

incompatibility in which individual self-pollen grains are not as successful as cross-pollen 

when competing in the same pistil. The competition-dependent abscission of self

pollinations considered here, however, operates at the level of whole flowers. This form 

of self-incompatibility may allow a high level of outcrossing to be achieved while it 

assures seed set when pollinations are scarce. 

The second case focuses on the interaction between a plant of the genus Bursera 

and its herbivorous chrysomelid beetle Blepharida. This BW'sera produces terpenes that 

are stored in networks of canals that run throughout the leaves and the cortex of the 

stem. When damaged, there is often an abundant release of resins. Blepharida larvae 

have developed the behavioral adaptations to overcome the secretions of Blirsera. Before 

feeding on the leaves, they cut the leaf-veins, interrupting the flow of terpenes. By 

documenting the growth and survival costs of being on plants of different response 

strength I was able to show that canals can effectively decrease herbivory even against 



12 

this specialized vein-cutting insect. The handling time involved in blocking the canals 

slows down larval growth, delays pupation and increases the risk of predation. 

Chapter III examines a more complex interaction among ants, homopterans, and 

plants that produce extrat10ral nectaries. An alternative model to explain the fuction of 

extrafloral nectaries is proposed. According to this hypothesis, the function of these 

glands is not to attract ants for defense, but to distract them from tending homopterans 

by giving them a free source of sugar. Different sources of evidence that support this 

model are discussed. 



But in truth I say to you, that the day will come, 
when the poor will eat steak, and the rich Big Mac's. 

M. Sicard 

GENERAL INTRODUCTION 

13 

Because of their nutritional system, plants are sessile organisms. After landing 

and germinating in a particular spot more or less by happenstance, a plant must cope, 

with whatever means at its disposal, with the local conditions. These may include a 

stressful physical environment and natural enemies. Plants have developed a variety of 

sophisticated adaptations in order to compensate for their immobility (Bradshaw, 1972). 

It has been argued that the tremendous plasticity in size has been a major avenue of plant 

adaptation to the sessile habit (Bradshaw 1965; Becerra, 1987), with iterative, modular 

growth being the basic developmental means to this end (White, 1984). 

One aspect of plant biology that shows some of the most intricate adaptations to 

the sessile condition and modular growth is reproduction. Iterative construction implies 

the production of l1lultiple reproductive organs, which in turn allows cosexuality, or the 

simultaneous production of male and female organs on the same individual (even the term 

"cosexuality" as opposed to the simpler zoological term hermaphrodite, is necessitated 

by the hierarchical l1lultiplicity of potential gender dispositions in iteratively developing 

plants; Lloyd, 1984). Lack of movement l1leans that plants do not have direct control 

over whether and with whom they mate. Rather, they must manipulate intermediaries 
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to do the job for them as best they can. Lack of direct control over mating and 

cosexuality have repeatedly favored the evolution of facultative self-fertilization in a wide 

variety of higher plant species. Indeed, it has been shown over the last half century that 

selfing is associated with the habitats and habits in which control over pollination success 

is least reliable (Baker, 1955). When selfing occurs it almost invariably occurs in 

combination with facultative outcrossing as part of a plastic reproductive strategy. 

Selfing always provides assured reproduction and increased transmission of gametes 

through female function, but at the potential expense of inbreeding depression (which 

however, is not frequently found in habitually selting plants). Other attributes of selfing, 

such as reduced allocation to male function and pollinator attraction, depend on wherea 

particular plant lies on the gradient from obligate outcrosser to habitual seIfer. In the 

present context, it is the contlict between the sometimes-difficult-to- explain strong need 

for outcrossing and the security of selting that has resulted in a variety of sophisticated 

mechanisms to permit sessile, but plastic plants to have the best of both worlds. 

In chapter 1, I describe experiments that demonstrate a previously unknown 

addition to the repertoire of techniques plants have evolved for dealing with this 

particularly botanical dilemma. It involves an intraspecific interaction in which certain 

mechanisms allow plants to discriminate between pollen donors (their own, and pollen 

coming from other plants). r examine a new, particularly subtle, mechanism of self

incompatibility in which the discrimination against self-pollinated progeny depends on the 

degree of competition between sel f- and cross-pollinated flowers. I discuss the 
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importance of this mechanism as a way providing maximum outcrossing when pollination 

conditions permit while at the same time assuring full seed set when cross-pollination is 

inadequate. 

Immobility also severely limits the repertoire of predator avoidance tactics. It has 

traditionally been assumed that plants survive thanks to a variety of constitutive rather 

than behavioral defenses. These including chemical deterrents, toxins, or digestibility

reducing compounds (Feeny, 1970; Rhoades, 1983) as well as morphological defenses 

such as tough, spiny or inedible surfaces (see Becerra and Ezcurra, 1987). As with 

reproduction, due to their lack of mobility plants also sometimes employ the services of 

intermediaries, such as ants, to carry out their defensive behaviors against herbivores. 

Since plants do not move, it is frequently assumed that they do not "behave". In the 

second and third chapters, I present two distinctly "behavior-like" active defenses of 

plants against herbivores that seem (at least for plants) to be truly spectacular and 

sophisticated. In the tirst case, I investigated a species of Blirsera that produces terpenes 

in networks of canals that run throughout the plant. The odd "behavior" of this plant is 

that it can produce a squirt of terpenes that travels up to 10 cm when a piece of a leaf 

is broken. The plant is, nonetheless, fed upon by a specialized chrysomelid larva of the 

genus Blep/wrida which circumvents this defense by cutting the leaf veins before 

consuming the leaves. The purpose of my investigation is to evaluate the impact of this 

plant behavior on an insect that has the adaptations necessary to overcome the defense. 

This study is novel in that it is the tirst to identify the subtle but powerful negative 
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impact that such defenses can have even on a highly specialized herbivore. 

The second mechanism of defense (discussed in Chapter II) is even more complex 

because it involves, in addition to plants and herbivores, the actions of ants and their 

homopteran mutualists. Many plants, especially in the tropics, have extrafloral nectaries 

which have generally been assumed to form part of a defensive syndrome (Janzen, 1977). 

These plants offer sugars and sometimes other benefits (shelter, proteins) to ants which 

presumably benetit the plants by ants warding off herbivores. However these same 

species of ants tend mutualist homopterans from which they obtain honeydew. 

Homopterans often have higher population sizes and growth rates when tended by ants 

than when not. The impact of homopterans on plants can be very damaging. In chapter 

III, I develop an alternative explanation, not involving ant defense, about the selective 

factors giving rise to the evolution of extratloral nectaries. According to this hypothesis, 

the function of these nectaries is to distract ants from tending homopterans by giving 

them a free source of nectar. 

The efficacy of both the squirting Bursera and extrafloral nectary systems of 

defense, depends on the details of the foraging behavior of the insects involved. In the 

presence of terpenes under pressure, B/epharida must decide whether to block leaf veins 

at a considerable handling cost, or eat the leaf without blocking and tolerate the higher 

levels of terpenes. This decision appears to involve aversion learning on the part of the 

larvae, and the details determine the success of the plant defense. In the extrafloral 

nectary system, the ants Illllst make foraging decisions as to whether to switch among 
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nectaries and homopterans or whether to simply add an item to their diet. Again the 

details determine the efficiency of the defense. I contend that these two systems are 

among the more subtle and spectacular "behavioral" defensive ploys of plants. 

Spectacular because of their striking and unusual adaptations, and subtle because of the 

way their success depends on quantitative aspects of insect foraging behavior. 
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CHAPTER I 

COMPETITION-DEPENDENT ABSCISSION OF SELF-POLLINATED 

FLOWERS IN Phormium {enax (AGA V ACEAE) 
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INTRODUCTION 

Flowering plants have a variety of mechanisms that encourage cross-fertilization. 

One of the most common is self-incompatibility, "the inability of a fertile hermaphrodite 

seed plant to produce zygotes after self-pollination" (Lundqvist, 1964). The 

incompatibility barrier to the growth of self-pollen is often incomplete, to varying 

degrees. A reduced success of self-pollinations has been described in various contexts. 

A greater "fertilizing power of pollen from another variety or individual" was described 

as prepotency by Darwin (1876, p. 391 on). For most of this century, the limited 

successes of partially incompatible pollinations have been known as pseudo-fertility or 

pseudo-compatibility. The weakest form of self-incompatibility, cryptic 

self-incompatibility occurs when there is equal success of self- and cross-pollinations 

performed on different tlowers but self-pollen is less successful in competition with 

cross-pollen on the same stigmas (Bateman, 1956; Bowman, 1987; Weller and Omduff, 

1989) . 

Many plants, particularly self-incompatible species, regularly produce more 

flowers than fruit (Goodwin, 1978; Lloyd, et al., 1980; Sutherland, 1986). In recent 

years, it has been suggested that plants may reduce fruit numbers in order to 

preferentially abort fruits and seeds of parentages that produce inferior progeny, thereby 

improving the average quality of seed genotypes (Janzen, 1977; Willson and Burley, 

1983; Lee 1984). The near-ubiquity of hybrid vigor (Knight, 1799; Darwin, 1876; 
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Charlesworth and Charlesworth, 1987) suggests that in many species the largest 

discrepancies among progenies of different male parents are likely to be those from 

selfed and outcrossed fruit. 

Although the preferential abortion of selfed progeny was first suggested over a 

century ago by Darwin (1876, pp. 398-400), it has received relatively little experimental 

investigation in tlowering plants (Brink and Cooper, 1947; Stephenson and Winsor, 1986; 

Craig and Stewart, 1988; Krebs and Hancock, 1990). The extent to which the 

differential abortion of selfed progeny contributes to a reduction in the frequency of 

plants derived from self-fertilization is poorly known. The differential abortion may 

occur at the level of single seeds or that of whole fruit. A discriminatory abortion of 

selfed flowers couid be caused by reduced numbers or genotype qualities (inbreeding 

depression) of their seeds, or by a delay in the time of fertilization if a weak 

incompatibility mechanism is operating (Willson and Burley, 1983; Stephenson and 

Bertin, 1983; Stephenson et aI., 1988; Krebs and Hancock, 1990). Another possibility, 

introduced below, is that the preferential abortion of selfed flowers is the result of 

reduced hormonal signals from more slowly growing incompatible pollen tubes. In this 

case, preferential abortion would be a direct result of self-incompatibility acting at the 

level of whole flowers. 

In experimental pollinations of the New Zealand flax, Phormium tenax l.R. et O. 

Forst., Craig and Stewart (1988) found in their tirst trial (1982/83) that only outcrossed 

fruit developed. In a second trial (1984/85), a few selfed fruit developed. Craig and 
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Stewart proposed that the self-incompatibility barrier in P. tenax is not strict and that 

there is a preferential retention of outcrossed seeds when resources are limiting. 

Here I examine the comparative success of fruit from paired self- and 

cross-pollinations in P. tenax when the contrasted pollinations are at different distances 

away from each other on the same and different inflorescences. I sought to determine 

whether selfed fruit are differentially aborted and whether this depends on the level of 

resource competition with crossed fruit (measured as the morphological distance between 

selfed and crossed fruit), the number of seeds per fruit, and/or the presence of 

earlier-developing fruit. Some results of this research are described in Becerra and 

Lloyd, 1992. 

MATERIALS AND METHODS 

Phormillm renax is a large, bird-pollinated agave-like plant. Its reproductive biology 

was described by Craig and Stewart (1988). Phormilll1l tenax propagates vegetatively by 

ramets attached by underground rhizomes. Each ramet is semelparous and produces a 

large (up to 3 m high) paniculate intlorescence (Fig. 1. 1). These inflorescences consist 

of a main branch that supports 8 to 15 alternating or subopposite secondary peduncles. 

Peduncles in turn produce up to 7 tertiary branches, to which are attached 1 to 4 clusters, 

each containing I to 5 flowers. Thus the proximity of flowers and fruits increases as 

they share the same unit in successive levels of a hierarchy: inflorescence -- secondary 

branch -- tertiary branch -- terminal cluster. The total number of flowers produced by 
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Fig 1.1 A. An individual of Phormium tenax with two inflorescences. Every 
int10rescence produces up to 15 secondary peduncles. B. A secondary peduncle with 4 
tertiary branches. A tertiary branch consists of several clusters (two or three in the 
examples shown), each with a few florets. 
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an inflorescence is typically between 250 and 700. Flowers are hermaphroditic, 

dichogamous (protandrous) and herkogamous (during the female phase the style curves 

forward, and the stamens remain behind it). The opening of flowers is staggered in the 

whole inflorescence and among flowers on the same peduncle. Usually, flowers of the 

peduncles located in the middle and bottom of an inflorescence open first, and the 

flowers of the uppermost peduncles open last. The development of the tertiary branches 

and their terminal clusters is cymose; terminal flowers in the tertiaries and clusters open 

fi rst. 

All field experiments were performed on II genetic individuals (genets) from a 

population growing at the Field Station of the University of Canterbury at Cass, New 

Zealand, during the 1988/89 flowering season (Nov.-Jan.). The chosen plants had a 

minimum of three ramets. In every plant (genet, identified morphologically as all ramets 

within a tight cohesive clump), all treatments were performed on three inflorescences (on 

3 ramets) that were in approximately the same stage of flowering development. During 

the experiment, all inflorescences were kept enclosed in individual net bags. After 

pollination, plastic tubes that extended beyond the corollas were attached to the flowers 

to prevent the stigmas from losing pollen or being damaged by movement of the bags. 

Parrerns of Fruit Set 

The three selected inflorescences on each plant were randomly assigned to receive 
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only crossed or selfed pollinations, or a mixture of the two types on different flowers. 

In the selfed intlorescences, following anthesis the flowers were emasculated and later, 

when the stigmas were visibly receptive (Craig and Stewart, 1988), a generous load of 

pollen from flowers of the same intlorescence was deposited on the stigmas. In the 

crossed inflorescences, comparable pollen loads from other plants were deposited. In the 

mixed intlorescences the flowers were also emasculated; of every pair of flowers in 

female phase, one was randomly chosen to receive pollen from another plant and the 

other one was pollinated with pollen from flowers of the same inflorescence. Every time 

a flower was hand pollinated, its pedicel and corolla were marked with permanent paint. 

Pedicels remain attached to the tertiary branches until the inflorescence collapses, even 

when the flowers or fruits have already fallen. Similarly, corollas remain attached to the 

fruits throughollt development. The marks on the pedicels allowed us to distinguish, at 

the end of the experiment, the treatments that had been applied to the retained and 

aborted fruits. Most fallen tlowers and fruits were collected in the net bags. Hence by 

looking at the marks on the corollas of the fallen tlowers, I could monitor how soon after 

pollination fruits were aborted. I allowed 20 days for fruits to develop, and at the end 

of this time, the percentages of retained fruit were recorded for each inflorescence. 

Cross vs. se(/pollina{ioll. - For intlorescences that received mixed pollinations, 

the percentage of retention of crossed~ pollinated fruits was compared to that of 

self~pollinated fruits. In addition, 61 fruits resulting from the last pollination performed 
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in 6 of these intlorescences were collected. P. tenax produces capsules with three 

different kinds of seeds. One kind is large, contains a developed embryo, and is 

assumed to be viable. The other two types are minute and non-viable (Craig and 

Stewart, 1988). For the fruit samples the number of viable seeds, the average seed 

weight, and the percentage of viable seeds per crossed fruit were compared with those 

of selfed fruits. 

Flower rhinning.- Six of the II plants were randomly selected for thinning. In 

each inflorescence, for every pair of flowers that were pollinated, 6 non-pollinated 

flowers were cut off. Thus, only approximately 25 % of the original number of flowers 

growing in the inflorescence were allowed to remain. In the other 5 plants, I pollinated 

all flowers I could. The levels of pollination in the inflorescences of these 5 plants 

varied from 55 to 80 % of all the flowers (X = 67 %). At the end of the experiment, 

the differences in the percentages of retention on the thinned and unthinned plants and 

the interaction between parentage (crossed, selfed, and mixed) and thinning were 

examined 

Posirion (?lflowers in rhe inflorescence. - Every inflorescence was divided into 

4 parts with as nearly as possible equal numbers of peduncles. The first group included 

the peduncles of the lowest quarter of the inflorescence, the second the peduncles of the 

second lowest quarter, etc. I compared the percentages of retention among the quarters, 

the effect of parentage (crossed, selfed, mixed) and its interaction with position. 

Timing (?/,po/lil1arioll. - I visited the intlorescences to conduct pollinations every 
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two or three days, depending on the number of flowers opening in the inflorescences. 

To recognize their date of pollination, I marked the pedicels with different colors for 

every date of pollination. The percentages of retention among sequential pollinations 

(1st, 2nd, etc., for each intlorescence) were examined. The effect of parentage and its 

interaction with timing were also taken into account in the analyses. 

Closeness of comperirion. - Fruits that start developing near to one or several 

earlier fruits may experience stronger competition for maternal resources than fruits that 

develop in the absence of previous fruits. This competition could also be affected by 

the distance that separates earlier from recent fruits. To examine the effects of presence 

of earlier fruits and distance on fruit abscission, fruit set after selfing and crossing was 

compared with and without prior fruits at various distances (levels of inflorescence 

organization). Fruit set was compared when flowers belonged to a) the same whole 

inflorescence, b) the same secondary peduncle, c) the same tertiary, and d) the same 

cluster. For each one of these hierarchical levels, each pollinated flower was 

categorized as to whether it was retained or aborted, selfed or crossed, and whether 

there was or was not an earlier developing fruit. While the data were classified at each 

of these hierarchical levels, the percent retention for each of the 4 categories (selfed or 

crossed and prior or no prior fruit) was calculated for the whole inflorescence so as to 

avoid pseudoreplication. The analyses were performed on mixed inflorescences and 

on the separate selfed and crossed inflorescences as well. In several inflorescences, the 

number of pollinated flowers for some of the 4 categories was not large enough to 
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perform some of the analyses; consequently those analyses included less than 11 plants. 

The results of cross- and self-pollination in separate and mixed inflorescences, 

the results of seed set in mixed inflorescences, and the results of the comparisons of 

pollination order were summed up in a Self-compatibility Index (percentage retention 

after selfing divided by percentage retention after crossing). The Self-compatibility 

Index corrects for erratic failures of pollination from causes other than incompatibility 

(Lloyd 1968). If there were any incompatible cross-pollinations, the index would 

overestimate the level of compatibility. 

Since some of the above treatments may not be independent, a more complex 

analysis was performed in which fruit set was examined taking into account the effects 

of parentage, thinning, and position. An overall analysis with the effects of all 

treatments was not possible because of lack of degrees of freedom. 

All analyses were performed using the SAS statistical package (SAS Institute Inc, 

1988). Analyses of variance that involved comparison of percentages were done on the 

arcsin transformed percentages to satisfy the assumptions of normality of ANDV A. 

Since the proportions may be based on different numbers of pollinated flowers and this 

also affects the variance of sample proportions, the analyses were performed with 

weighted least squares, using the number of pollinated flowers as the weight for each 

percentage (Neter and Wasserman, 1974). 

Many of our analyses involved a combination of split-plot and repeated measures 

designs. In general, split-plot designs have a treatment structure with at least two 
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factors (e.g. parentage and position), each factor has its own level of blocking (e.g. 

quarters within intlorescences, intlorescences within a plant), and more than one size 

of experimental unit. The larger experimental units are called whole plots (e.g. 

intlorescences), and the smaller experimental units are called subplots (e.g. quarters 

within intlorescence). Each experimental unit has its own design structure, and since 

there is more than one size of experimental unit, there is more than one error term used 

in the analysis (Milliken and Johnson, 1984; Fig. 1.2). The experimental design of both 

whole plots and subplots consist of a one-way treatment structure in a randomized 

complete block design, though in some of our analyses the whole plots are arranged in 

a completely randomized design. Repeated measures designs differ from split- plot 

designs in that the levels of one or more factors can not be randomly assigned (e.g. 

position of quarters within intlorescence can not be randomized). 

Repeated measures designs were analyzed as split-plot designs. This is valid 

because most of our analyses were nonsignificant and, if the F-ratio is nonsignificant 

with a split-plot design, it will also be nonsigniticant with repeated measures (repeated 

measures is a more conservative test than split-plot designs; Greenhouse and Geisser, 

1959, in Milliken and Johnson, 1984». When analyses with split-plot designs were 

significant, I also followed Greenhouse and Geisser's suggestion of using Box's 

Conservative Correction which radically decreases the degrees of freedom associated 

with the F-tests. All of oLir repeated measLires designs were either nonsignificant with 

a split-plot analysis, or significant L1sing Box's Conservative Correction to the split-plot 
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B, B, B, B, B, B, B, B, B, B, I B, B, 8, B, B, 

B2 82 82 B2 82 82 B2 B2 B2 B2 82 82 82 B2 B2 

B3 83 B3 B3 B3 B3 B3 B3 B3 83 83 83 B3 B3 B3 

B4 84 B4 B4 B4 B4 B4 B. B4 84 84 84 B4 B4 B4 

Fig 1.2. Assignment of parentage to unthinned int10rescences (wholeplots) and position 
to quarters within inflorescence (subplots). The symbols Ae, A" and Am denote selfed. 
crossed, or mixed parentage. B

" 
B~, B3, and B4 denote quarters within inflorescence. 

The first quarter included the peduncles of the lowest quarter, etc. 
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RESULTS 

Palferns of Fruit Set 

30 

Abortion of fruits usually occurred soon after pollination. About 75 % of the 

fruits abscised one or two days after pollination. The rest fell up to 10 days later. The 

overall percentages of retention did not differ significantly for either crossed, selfed 

or mixed inflorescences (one way ANOY A, randomized complete block design, Table 

1.1). 

Cross vs self pollination. - Among inflorescences that received only cross- or 

self-pollinations, the frequencies of fruit set were not significantly different (Table 1.1). 

In contrast, on the inflorescences that received mixed pollinations, the percentage of 

crossed-pollinated fruits that were retained was significantly higher than the percentage 

of self-pollinated fruits retained on both unthinned and thinned int10rescences (paired 

t-tests, unthinned inn. D.F. = 4, P < 0.001, thinned infl. D.F. = 5, P < .001; table 

1.1). The comparison of the percentages of viable (large) seeds in selfed and crossed 

fruits showed no significant differences between them (paired t-test). There were no 

significant differences either in the number of seeds per fruit or average seed weight 

between the seeds produced by crossed and selfed fruits (paired t-test of the square root 

transformed number; paired t-test of the logarithm transformed weights). 

Flower thinning. - The percentages of retention of fruit were slightly, but not 



31 

Table 1.1. Average per cent fruit set and the numbers and sizes of seeds 
after self- and cross-pollinations (untransformed means). 

A. Percent fruit set 

Total 

Separate inflorescences 

Mixed inflorescences 

B. Number of seeds per fruit 
(mixed inflorescences) 

C. Percent viable seeds 
(mixed inflorescences) 

Selfed 

41.2 

41.2 

30.3 

88.8 

69.9 

D. Average weight viable seeds 
(mixed inflorescences) 3.82 mg 

self-compatibility 
Crossed Mixed Index 

43.5 40.1 P=0.76 

43.5 0.95 P=O.SO 

49.0 0.62 P<.OOOl 

75.4 1.18 P=0.59 

59.5 1.17 P=0.51 

4.02 mg 0.95 P=0.73 
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signiticantly higher on the thinned inflorescences than on the unthinned inflorescences 

(N = 11, P = 0.10; Table 1.2). The interaction of parentage with thinning was not 

significant either. Since the plants were not blocked for thinning, the analyses were 

performed using a two-way ANOYA, split-plot design with the whole plots in a 

completely randomized design structure. 

Posirion (?l.flowers in rhe inflorescence. - In the unthinned inflorescences, there 

were signiticant differences in the percentages of retention on different quarters of the 

inflorescence. The peduncles at the top of the inflorescence retained a higher proportion 

of fruits than the ones in lower positions (two-way ANOYA, split-plot design with Box's 

Conservative Correction position effect, P < .01, Table 1.2). In the thinned 

inflorescences also, the peduncles of the top quarter had a higher percentage of retention 

but it was not signiticantly different from the percentages of retention on the other 

quarters (two-way ANOY A, split-plot design, Table 1.2). There were no significant 

effects of parentage, parentage by position interaction, thinning by position interaction, 

or parentage, thinning, and position interaction (three-way ANOYA split-split-plot 

design). 

Timing (?/po/linllfiol7. - The percentages of retention did not differ significantly 

among sequential pollinations in either thinned or unthinned inflorescences (two-way 

ANOYA, split-plot designs, Table 1.2). Also in these ANOYA's, neither the parentage 

effect (differences among crossed, selfed and mixed inflorescences) nor the interaction 

of parentage with timing of pollination was significant. In mixed inflorescences, the 
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Table 1.2. Patterns of fruit set (% retention) resulting from thinning, 
position and timing differences (untransformed mean percentages). 

Type of inflorescence 

Crossed only 

Se1fed only 

Mixed 

Total 

Quarter of infl. 

Unthinned infls. 

Thinned infls. 

Order of pollination 

Unthinned infls. 

Thinned infls. 

A. EFFECTS OF THINNING 

Unthinned pollinations Thinned pollinations 

41.9 44.9 

39.4 42.7 

28.3 49.2 

36.7 45.8 P=0.10. 

B. POSITION ON INFLORESCENCE 

l(bottom) 2 3 

29.7 32.7 38.2 

43.3 44.4 42.4 

C. TIMING OF POLLINATION 

1 2 

30.6 33.3 

47.7 45.7 

3 

4(top) 

61.7 

60.2 

P<.Ol. 

P=0.61. 

39.1 P=0.76 

P=0.74 
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percentage of retention of crossed fruits was higher than the percentage of retention of 

selfed fruits, both with and without previous fruit set and at all hierarchical levels 

(whole inflorescences, secondary peduncles, tertiaries and clusters; Table 1.3). With 

the exception of the comparisons at the level of whole inflorescences, these differences 

between selfed and crossed fruits were significant. The higher success after crossing as 

compared to selfing was more pronounced in the tertiaries and terminal clusters when 

prior fruits were present -that is when the competition between fruits was more intense. 

For tertiaries, the difference between the percentages of success after selfing and crossing 

was 30% (49 minus 19%) with fruits present but only 14% with no previous fruits 

(Table 1.3). At the level of clusters, the reduction of fruit set of selfs compared to 

crosses was 60% with prior fruits present but only 14 % without prior fruit (the 

interaction of parentage x priority was significant, P < .001 ;). A Two-way ANOVA, 

randomized block design, was performed for every hierarchical level. The experimental 

unit for both treatments, parentage and priority, was inflorescence. The error term 

consists of the priority*parentage*block interaction + the priority*block + 

parentage*block interaction. This experimental design (two-way ANOV A in randomized 

blocks) is described in Neter and Wasserman, 1974, p. 731). 

For the separate crossed and selfed inflorescences, there was no significant 

difference in percent retention between selfed and crossed flowers, nor between flowers 

with prior fruits versus those without, nor was there any interaction between these 

factors at any hierarchical level (two-way ANOY A's split-plot designs, Table 1.3; the 
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Table 1.3. Variation in the percentages of fruit set from self- and cross- pollinations 
(untransformed means) and the relative selfing success (Self-compatibility Index) 
associated with the inflorescence level and the presence or absence of previous fruit at 
that level. 

Level examined for No prior Prior 
previous fruit fruit fruit 

Significance 
Parentage Priority Par. x prior. 

A. MIXED INFLORESCENCES 

Inflorescence 41/56 0.73' 30/44 = 0.68 NS NS NS 

Secondary branch 33/50 0.64 29/43 = 0.67 *** *** NS 

Tertiary branch 33/46 0.71 19/49 = 0.39 *** ** NS 

Terminal cluster 41/54 0.76 0.05/64 = 0.08 *** *** *** 

B. SEPARATE SELFED AND CROSSED INFLORESCENCES 

Inflorescence 42/33 1.27 40/45 = 0.89 

Secondary branch 42/43 0.98 44/37 = 1.27 
ALL NS 

Tertiary branch 38/41 0.92 39/39 = 0.99 

Terminal cluster 43/45 0.96 42/38 = 1.08 

1. Each fraction represents the percentage of fruit set after self- pollination divided by the 
percentage of fruit set after cross· pollination, which equals the Self-compatibility Index. 

** = P < 0.05 *** = P < 0.005 
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experimental unit for parentage was plant, and for priority was inflorescence). 

The Self-compatibility Index was always equal to or above 0.9 when there 

wasone source of pollen per inflorescence (the index for full self-compatibility is one; 

Table 1.3). On average, self-pollinations succeeded 0.95 times as frequently as 

cross-pollinations (Table 1.1). For mixed intlorescences, however, the index decreased 

to 0.62 (Table 1.1). The Self-compatibility Indices were higher when there was one 

source of pollen on an inflorescence, with or without prior fruits and at every 

hierarchical level (Table 1.3, comparison of mixed and separate inflorescences). The 

Self-compatibility Index was particularly low for clusters with prior fruits in mixed 

inflorescences. While the relative selfing success for this hierarchical level was very 

close to 1.0 in separate inflorescences, it was very low (8 per cent) in mixed 

inflorescences (Table 1.3). 

The relative Self/Cross indices for number of seeds per fruit, percentage of large 

seeds, and average seed weight did not differ significantly from 1.0 (Table 1). That is, 

the seeds of selfed and crossed fruits were equal in number and size. 

DISCUSSION 

Quanrifative Measures of Se!f-comparibiliry 

Botanists often make a qualitative distinction between self- incompatibility and 

self-compatibility, treating them as though they were discrete classes. 

Self-incompatibility is frequently incomplete, however (Darwin, 1876; Stout, 1920; 
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East, 1934), even to the extent in the case of cryptic self-incompatibility of being 

undetectable when self- and cross-pollen are placed on different flowers. A quantitative 

scale of reactions, such as the Self-compatibility Index I have used is required to 

measure grades of incomplete self-compatibility. The Self-compatibility Indices reported 

here are based on fruit numbers, and in principle could include post-zygotic effects of 

inbreeding depression on the number of selfed fruits. 

Previousl y Craig and Stewart (1988) and Craig (1989) reported the results of 

self-pollinations of P. renax over three flowering seasons near Auckland (ca. 800km 

northeast of our Cass population). In the first year, only outcrossed fruit developed, 

giving a Self-compatibility Index of zero. In the second year, I of 44 selfed flowers and 

10 of 22 crossed flowers produced fruit, giving a Self-compatibility Index of 

0.0227/0.455 = 0.05. The difference in the success of selfs and crosses that year is 

significant (-,.? = 19.90, I d. f., P < 0.01, my calculation). In the third season, 6175 

= 0.08 of self-pollinated tlowers produced fruit, but no crosses were reported (Craig, 

1989). The best estimate of self-compatibility in the Auckland population is obtained 

by taking the average over the three seasons of the success rates on selfing and dividing 

that by the success rate on crossing for the second season (the only figure given). The 

overall Self-compatibility Index is 0.0342/0.455 = 0.08, at the lower extreme of the 

range of figures I obtained (0.08-1.27, Table 1.3). 

Modi fying Lundqvist' s (1964) definition of self-incompatibility (see the 

introduction) to take partial incompatibility into account, I define self-incompatibility as 
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the partial or complete inability of a functionally bisexual seed-plant to produce zygotes 

after self-pollination. The experiments of Craig and Stewart (1988) and Craig (1989) 

showed the Auckland population of P. tenax to be self-incompatible with only 

infrequent pseudo-compatibility. My data from self- and cross- pollinations conducted 

on separate inflorescences, in which the two pollination types do not compete with each 

other at all, show an insignificant reduction in the success of selfed flowers compared 

with crossed flowers. Based on those experiments alone, the Cass population would be 

judged to be self-compatible. In the mixed inflorescences, however, the selfed flowers 

have a significantly reduced ability to set fruit. On the latter results, the population is 

considered to be self-incompatible with a high frequency of pseUdo-compatibility. The 

strength of self-incompatibility increases as the pairs of selfed and crossed flowers come 

together more closely on an inflorescence. The facultative success of selfing shows that 

the effective strength of self-incompatibility can be highly susceptible to the conditions 

of competition under which it is measured, as well as to the better-studied physical 

conditions. In Illany species, the success of self-pollinated fruits in pollinations done 

without heed to the level of cOlllpetition among developing fruit may give an 

overestimate of the likelihood of producing self-fertilized seeds under natural conditions. 

Thinning and Closeness of Comperirion 

In many angiosperm species, the frequency of fruit which are retained depends 

on the position a flower occupies, the number of competing fruit, or the sequence of 
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their initiation (Stephenson, 1981). In natural populations of P. renax, there is a strong 

non-random distribution of fruit on an inflorescence; fruit tend to be evenly distributed 

over an inflorescence, with usually only 1-3 per tertiary branch and 0-1 (occasionally 

2) per ultimate cluster (pers. obs.). The pattern of natural fruit set, as well as the less 

frequent retention of experimentally selfed flowers in close proximity to crossed flowers 

and the effect of previous fruit, suggest that there is competition among potential fruit 

for limited resources. The effects of competition on the retention of selfed flowers is 

most apparent in the same tertiary branch and particularly in the same ultimate cluster. 

My results indicate that the degree of competition among flowers for retention depends 

on the proximity of the tlowers to each other. I observed, however, that the frequency 

of retained flowers was unaffected by the prior thinning of potential fruit or by the 

sequence of pollination. These results may have arisen because the pairs of flowers to 

be crossed and selfed, although chosen to be as close as possible, were often available 

only on different tertiary or even secondary branches. This could have reduced the 

effective level of competition among the paired flowers and caused the lack of effects of 

the number of pollinated tlowers and the sequence of pollination. Two previously 

described patterns show partial parallels with the abscission of selfed flowers in P. 

renax. In Campsis radicans the number of prior pollinations in an inflorescence 

influences the relative likelihood that cross pollinations from different pollen donors 

yield fruit (Bertin, 1985). Here too, the relative success of different pollinations seems 

to depend on the level of competition for resources. In Espelefia sehu/tzU, the 
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proportion of filled achenes is lower in crosses between individuals that are close 

together in natural populations than in crosses between individuals that are farther apart, 

but the difference is apparent only later in the season when fruit set is generally lower 

and resources are more limited. The conditional seed set may be caused by 

self-incompatibility (Sobrevila, 1988). 

I describe the Cass population of P. renax as having "competition-dependent 

abscission of selfed flowers". Competition-dependence of the abscission of selfed 

flowers has not been documented previously, to my knowledge, although it has been 

suggested by Darwin (1876), Stephenson and Winsor (1986) and Craig and Stewart 

(1988). It is parallel to cryptic self- incompatibility, in which individual self-pollen 

grains are as successful as cross-pollen when put on separate flowers but not when 

competing on the same pistil (Bateman, 1956). The competition-dependent abscission 

of self-pollinations in P. lenox, however, operates at the level of whole flowers. 

Consequently, it is more amenable to experimentation since it does not require the 

identification of progeny by genetic markers. 

There are several possible physiological causes of the increased abscission of 

selfed flowers in the proximity of crossed flowers. It might be a post-fertilization 

phenomenon based solely on the relative genetic qualifies of seeds from outcrossed and 

selfed flowers (Willson and Burley, 1983), or on a reduced number a/seeds in selfed 

fruit (Stephenson and Winsor, 1986). A third possibility is that an incomplete 

incompatibility barrier could cause a delay in {he iniriarian of selfed fruit. In a number 
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of species, it is known that later-initiated fruit are more likely to be aborted (Stephenson 

et aI., 1988). Finally, the maternal parent might react to hormonal signals from the 

growing pollen tubes themselves and preferentially retain fruit from pistils with many 

actively growing tubes. In self-incompatible species, such pistils are more likely to have 

been cross-pollinated. The latter mechanism, unlike the other three differential fruit 

abortion factors, operates before fertilization as a direct effect of the incompatibility 

reaction, at the level of whole pistils rather than single pollen tubes. The four potential 

sources of discrimination against selfed fruit are not mutually exclusive and they could 

operate together. 

There is some circumstantial evidence that the differential fruit set in P. tenax 

is caused by events acting before fertilization. First, most aborted flowers fall within one 

or two days after pollination. Taking into account the fact that flower fall occurs only 

after an abscission layer has operated, the fate of selfed flowers must usually be decided 

some time prior to 24-48 hours after pollination. There seems to be little time for the 

decision to be based on differential embryo growth. In the most closely studied case of 

seed abortion after selfing, Meliicago saliva, seeds collapsed between 2 and 4 days after 

pollination (Brink and Cooper, 1947). Second, the selfed fruits that are matured are not 

inferior to those from cross- pollinations in seed size or number. It is unlikely that 

differences in the post-fertil ization growth of seeds are sufficiently decisive to cause a 

massive preferential abortion of whole selfed flowers after 1-2 days, and yet produce 

no further sign of differential behavior of selfed and crossed seeds after another 18-19 
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days of development. The failure of seed development results in defective seeds of 

varying weights as a result of the expression of recessive lethals in maize and other 

species, as well as in interspecific hybrids and in natural abortion (Brink and Cooper, 

1947; Crumpacker, 1967; Wiens et aI., 1987). 

The increased abscission of selfed flowers in P. renax could be caused by an 

inhibition of self-poIlen tubes which reduces the amount of growth substances in the pistil 

and thereby lowers the probability of fruit set. In many self-incompatible species, or 

even cryptically self-compatible species, the pollen tubes grow down the style more 

slowly after self-poIlination (Stout, 1920; Arasu, 1968; Weller and Omduff, 1989). The 

deposition and growth of pollen without fertilization (eg. with dead or interspecific 

poIlen) has repeatedly been shown to prevent the abscission of pistils and to initiate fruit 

growth (Nitsch, 1971; Goodwin, 1978). Both auxins and gibbereIlins increase in styles 

after pollination and can promote the parthenocarpic development of fruit (Lund 1956, 

Martin et al. 1982). These experiments demonstrate that poIlen hormones have an effect 

on fruit development that could differ between self- and cross- fertilizations. Further 

work is required to determine with certainty whether the preferential abortion of selfed 

flowers in P. renax is an expression of self-incompatibility acting before fertilization 

or is caused by the abortion of selfed seeds after fertilization. Phormiwn renax has 

hollow styles and so poIlen tube growth rates in the style are unlikely to be different after 

self- and cross-pollination (Nettancourt, 1977). Direct observations of cleared ovules of 

selfed and crossed flowers at the time of abscission should establish whether the ovules 
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of abscised flowers are fertilized, as expected on the seed abortion hypothesis, or not, 

as predicted on the self-incompatibility hypothesis. The importance of the failure of 

pollen tube stimulation in reducing the seed set from incompatible pollinations could 

be assessed by determining the number of fertilized ovules in abscised flowers. 

Pollination chase experiments, with cross-pollen following self-pollen after a delay, might 

also establish whether self- and cross-pollinations result in equal complements of 

fertilized ovules, as only the seed abortion hypothesis predicts. 

The Adaprive Sign(/icance of Comperirion-dependent Selfing 

Bowman (1987) has suggested that cryptic self-incompatibility, in which the 

failure of individual self-pollen tubes is dependent on competition within a pistil, allows 

maximum olltcrossing when pollination conditions permit and yet provides an assurance 

of full seed set wilen cross-pollination is inadequate. On this hypothesis, cryptic 

self-incompatibility gives a means of adjusting the level of selfing to pollination 

conditions and provides the maximum advantages possible from both selfing and 

outcrossing. 

This "best of both worlds" hypothesis can be extended to the 

competition-dependent success of selfed tlowers in P. renax and to a number of other 

phenomena. In a fully self-compatible population, "delayed" selfing in a flower, which 

occurs only after opportunities for crossing have passed (Lloyd, 1987; Schoen and 

Brown, submitted), also maximizes both the frequency of outcrossing and the seed set 
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in uncertain pollination conditions. If self-pollen is deposited before cross-pollen or at 

the same time, a mixture of self- and cross-pollination provides the dual advantages of 

more assured seed set and greater outcrossing if there is a weak self-incompatibility 

barrier that causes the success of self-pollen to depend on the degree of competition 

among seeds or fruit. 

The joint maximization of seed set and outcrossing associated with 

competition-dependent selfing can also explain the frequent occurrence of species with 

incomplete self-incompatibility barriers. It has previously been difficult to explain how 

pseudo-compatibility could be selected if the barrier operates with the same strength 

under different pollinating conditions. When cross-pollination is not adequate for seed 

set, a uniformly operating partial self-incompatibility system would allow some selting 

although that would not be advantageous. On the other hand, when cross-pollination is 

inadequate for a full seed set, a partial self-incompatibility barrier would restrict selting, 

which would again be detrimental. The best of both worlds hypothesis, however, can 

readily explain pseudo-compatibility; if associated with a competitive advantage of 

outcrossed pollen, pseudo-compatibility simultaneously encourages the maximum level 

of outcrossing and provides a full seed set. 

On this interpretation, pseudo-compatibility and the other mechanisms of 

competition-dependent selting success should not be regarded as providing selection for 

intermediate frequencies of selting as such. Instead they represent a means of jointly 

selecting for the otherwise opposing targets of frequent outcrossing and high seed set. 
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"SQUIRT GUN" DEFENSE IN BURSERA AND THE 
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INTRODUCTION 

Many plants produce secretions such as resins, latexes, gums, and mucilages 

stored under pressure in networks of canals distributed throughout the plant (Fahn, 

1979; Metcalfe and Chalk, 1983; Farrell, er al. 1991). When such plants are 

damaged, there is an immediate release of fluids from injured tissues, often in 

abundant quantities. These canals and their secretions have at least two characteristics 

that could make them a strong challenge to herbivorous insects. In many species, 

canals contain secondary metabolites that are well known-herbivore repellents and 

toxins. For example, species of the families Pinaceae, Asteraceae, and Burseraceae 

have ducts that contain monoterpenes and resin acids (Raffa, 1991; Gershenzon and 

Croteau, 1991; Becerra and Evans, in prep.). Resin canals in some species of 

Anacardiaceae have catechols (Joel, 1980), and some Apiaceae contain coumarins 

(Valle et aI., 1987). The latex of members of Asclepiadaceae contains cardiac 

glycosides while that of Euphorbiaceae contains diterpenes (Seigler, 1979). Besides 

their chemical constituents, secretions may also pose a mechanical threat to 

herbivorous insects. They solidify when exposed to air to the point of impeding the 

movement of mandibles and seriously interfering with feeding. Copious secretion can 

entrap insects completely. Despite all of this, some insects have developed successful 

counterploys to these double-acting plant defense mechanisms. Before feeding, 

insects may block the canals by biting the midveins, cutting trenches in the leaves, or 



47 

constricting the petioles. In this way, the amount of secretions can be diminished or 

eliminated from some tissues, rendering them more edible to the insects (Carroll and 

Hoffman, 1980, Dillon et aI., 1983; Dussourd and Eisner, 1987; Becerra and 

Venable, 1990; Tallamy and McCloud, 1991; Williams, 1991; Becerra, in press ). 

The specificity of these preingestive behaviors is high and there is a close 

correspondence between canal architecture and herbivore behavior. Vein-cutting 

insects occur in plants that possess arborescent canals that do not reticulate. In such 

canals the rupture of an individual canal stops all the flow of secretion beyond the 

cut. Insects that make trenches tend to be found on plants whose canals form a net

like structure and therefore the tlow of secretion at a given point is maintained 

through several pathways, and cutting an individual vein cannot prevents its 

circulation. Only transecting the entire network, i.e. trenching, will eliminate the 

flow (Dussourd and Denno, 1991). 

Experiments on various plants in which canals were artificially ruptured 

suggest that mechanical damage alone is enough to interrupt the flow of secretion. 

Severing the leaf midrib with scissors or making an incision in the midvein with a 

sewing needle may produce a 100% reduction of outflow (Dillon et al., 1983; Becerra 

and Venable, 1990). Pinching leaves with a clamp to simulate insect trenching 

reduces outflow by over 70% (Dussourd and Denno, 1991). 

The fact that some insects are able to easily neutralize plant canals by cutting 

the veins led some of the early observers to question the advantages to plants of 
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having canals as a defensive system. More recently, secretory canals have been 

explained as defense against pathogens, and as sites to isolate chemical defenses from 

sensitive tissues (Dussourd and Denno, 1991; Farrell et of. 1991). Some believe that 

they are mostly effective against generalized herbivores that lack the abilities to cut 

the leaf veins. To date, their effects against specialized vein-cutting insects have not 

been clearly established. 

Here I determine the impact that the resin canals of BlII·sera schlechtendalii 

have on the survival and growth of its specialized vein-cutting beetle, Bfepharida sp 

novo. I also examine the tradeoffs to the insect of having this counterdefensive 

behavior. Finally, based on the results obtained, I discuss the effectiveness of 

secretory canals in plant defense. 

MATERIALS AND METHODS 

The Planr 

Bursera schlechrendalii Engler is a succulent, deciduous shrub native to the 

arid and semi-arid regions of Central Mexico and Guatemala. Its leaves are simple, 

in contrast to most Bursera species which have compound leaves. It produces an 

array of terpenes that are distributed in a reticulating network of resin canals in the 

cortex of the stems and throughollt the leaves (Guillaumin, 1909; Becerra and Evans, 
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in prep). In terms of releasing secretions after damage, this is quite an impressive 

plant. When a leaf, or a small part of a leaf is cut, a syringe-like squirt of terpenes is 

frequently triggered. The squirt travels about 5 to 10 em and persists for a few 

seconds. Many leaves do not actually squirt into the air after damage, but still release 

abundant amounts of terpenes in a rapid front that covers the surface of the leaf (lithe 

rapid bath"; Becerra and Venable, 1990). Some leaves may not respond and release 

no resins. This variation in leaf response after damage provides B. schlechtendalii 

with an experimentally convenient trait susceptible to evaluation among individual 

plants. 

The Herbivore 

B. schlechrendalii is attacked by a chrysomelid flea beetle of the genus 

BleplJarida. This is a specialized herbivore that feeds only on this plant (Becerra, in 

prep). Blepharida larvae have developed the ability to counteract the resin by 

blocking the canals. When climbing on a new leaf, they position themselves along 

the midrib with their heads facing the petiole and bite repeatedly the midvein. This 

interrupts the tlow of resins and can completely eliminate the leaf squirt or bath 

response. They then consume the leaf. In previous experiments, I determined the 

reaction of larvae when in contact with Bursera resins by allowing some larvae to 

incise the leaf midveins and then moving them to intact leaves. Since canals were 

intact, they usually received a profuse emission of resins. Their typical reaction was 
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to withdraw, attempting to clean themselves, and to abandon the leaf, sometimes 

remaining inactive for several hours before starting to incise another leaf. Thus, the 

resin flow can effectively deter this beetle if canals are not deactivated (Becerra and 

Venable, 1990). 

The life cycle of this insect starts in late Mayor June, when female adults lay 

eggs inside the dry tips of some of the plants' twigs. The larvae are usually be found 

from July to November. Oviposition tends to occur more frequently on plants that 

release relatively less amounts of resins, suggesting that discrimination among plants 

by insect females might occur. After an average period of larval development of 

approximately 19 days, when the mature larvae have finished feeding, they drop from 

the plant and enter the soil. There, they form a sealed cell of hardened soil particles 

in which pupation takes place. Emergence of adults occurs in May, usually 

coinciding with the onset of the rainy season. Adult B/epharida also feed on this 

plant, especially the females, which conspicuously damage the foliage. Adults do not 

cut the leaf veins before chewing on the leaves. They are often sprayed and at least 

partially covered by resins while feeding. 

Response Variarion Among P/atlfS 

At the beginning of June 199 I, before the eclosion of B/epharida larvae, 106 

plants growing on a pre-defined transect were selected. On each of these plants I 

measured the response to damage of 20 leaves haphazardly selected from all around 
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the plant. A small piece of each leaf was removed using a nail-clipper. The leaf was 

considered to respond if it released terpenes when damaged (either in the form of a 

squirt or a rapid-bath). Little or no resin released was considered as no response. 

With these observations I determined the percentage of leaves on each plant that 

responded. These measurements were repeated thirty days later when larvae were 

present (avoiding branches with damaged leaves), and again a few days after all 

larvae had pupated (twenty five days after the second measurement). Since larvae on 

the different plants occurred at different times, sometimes closer to one or other date 

of measurement, the three measurements were averaged, and the mean used for all 

the analyses. 

Tile Narum! Parrerns: A) Larval Mortality 

Adults were very active during the months of June and July. During these 

months, I inspected plants regularly to detect the presence of larvae, which started 

appearing in early July. Plants with larvae were marked. I censused larvae on every 

plant every 4 or 5 days and measured their lengths in mm. Since larvae within a 

cohort (identified as a group of individuals that had the same length when first seen) 

showed very uni form growth, it was not necessary to mark each larva individually. 

When there was more than one cohort on a plant, I assumed that smaller larvae at one 

time, were the smaller larvae in the following census. This approach was effective 

because most plants had only one or two easily distinguished cohorts. I presumed 
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distances of rocky soil, and also because larvae that accidentally fall off the plant 

never attempted to climb up again. 
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I calculated the average daily exponential rate of mortality of larvae for each 

cohort on every plant. The initial number of larvae and the number of larvae present 

in the last observation were transformed to x = x * 10 + I , where x is the number of 

larvae. I took the natural logarithms of these numbers and number of larvae in the last 

observation was subtracted from their initial number. The result of the subtraction 

was then divided by the total number of days that the particular cohort was observed. 

This calculation gives the exponential daily mortality rate. This mortality rate was 

estimated only until they were 10 mm or less to avoid false assessments of larvae 

dying when they actually went into pupation. The last instars occur when larvae are 

usually 14 or 15 111m and they start wandering down from the plant to pupate after 

they reach a length of at least 14 mm. My experience from previous research 

indicates that unless larvae grow 12 111m or more long never build a pupal cell; they 

all die. To determine the relationship between larval mortality rate and the frequency 

of leaf response of plants, a regression analysis between these variables was 

performed. The average length of larvae when tirst discovered of each cohort was 

added to the model as a covariate. To avoid pseudoreplication because there were 

plants with more than one cohort, at the time of calculating the level of significance 

of the F test, the degrees of freedom of the error were reduced to the number of 
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plants studied minus one. 

B) Larval Growlh 

Since larval development is better described as changes of body weight than 

changes in body length, field measurements of larval body length were translated into 

values of body weight. One hundred eighteen larvae with lengths from 1.5 to 15 mm 

were collected from plants that were not part of the study sample and their length and 

weight measured. A regression analysis between these two variables was performed 

to describe larval weight as a function of body length. 

Average daily larval growth rate was calculated for each cohort in every plant 

by subtracting the average log final weight from the log initial weight and dividing the 

result by the number of days that the particular cohort was observed. To examine the 

relationship of larval growth rate and the frequency of leaf response, a regression 

analysis was performed between these two variables. When there was more than one 

cohort on a plant I used the mean growth rate of all cohorts, since cohorts living in 

the same plant had very similar growth rates. 

C) Vein-CUlling 

I investigated the correspondence of vein-clltting behavior to the plant's overall 

response. When Blep/7arida larvae sever the midveins of BUfsera leaves, they leave a 

conspicllous and characteristic incision scar (Becerra and Venable, 1991). In August 
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1991, when the larval feeding season for Blepharida was finishing, I collected the 

leaves that were damaged by the larvae and calculated, for each plant, the proportion 

of leaves that had the characteristic scar on the mid-vein. With a regression analysis I 

determined the relationship between frequency of leaf response and frequency of 

leaves with incision scars. 

D) Feeding versus Deactivating Canals 

A single beetle cohort composed of 4 to 6 individuals was selected from each 

of 8 plants. The average length of larvae for all cohorts was very similar, about 7 to 

8 mm. Larvae were observed for two hours, between II AM and 3 PM (peak 

activity period of these larvae) for one day. For each larva the amount of time it was 

feeding and the amount of time it was cutting veins were recorded. With these data I 

calculated the percentage of time each larva spent cutting veins and determined the 

average percentage time for every cohort. I used a regression analysis to examine the 

relationship between the average percentage time that larvae in a cohort spent biting 

veins, and the frequency of leaf response of the plants. 

Erperimenral Parrerns: Larval Morraliry 

In the slimmer of 1992 the response to damage of the same 106 plants was 

measured again with the same procedures of 1991. From those plants, I selected 12 

that had either very low or very high frequency of leaf response and that were not yet 
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attacked by BleplJarida. To each of these plants I transplanted early instar larvae 

(between 1.5 and 3 mm in length) that were collected from other plants. All plants 

used in the experiment received the same number of larvae from each donor plant and 

had roughly equal numbers of larvae of each length. Six days after larvae were 

placed on the experimental plants, surviving larvae were censused again. Daily larval 

mortality rate was then calculated in the same way it was done for the natural 

patterns. A regression analysis between larval mortality rate and frequency of leaf 

response was performed. 

All regression analyses were performed using the GUM (Generalized Linear 

Interactive Modelling) Computer Package, following Aitkin er al., (1989). When 

necessary, variables were transformed to satisfy the assumptions of normality and 

homoscedastici ty. 

RESULTS 

NATURAL PATTERNS. /I) Larval mOl'faliry.- The frequency of leaf response 

explained 45 % of the variation in larval daily mortality rate. Larvae living on plants 

with higher frequency of leaf response had a significantly higher daily mortality rate 

(P < .001; Fig. 1; Table 2.1). The most commonly observed cause of larval death 

was predation. Pentatomid bugs (Oplomus dichrous Henrich-Schaeffer) and 
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FIGURE 2.1. Scatterplot of the exponential daily rate of mortality of larvae 
against the frequency of leaf response. The Y axis is cubic transformed. The X axis 
is arcsin transformed. 
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unidentitied neuropteran larvae were the predators most constantly observed. Size of 

larvae explained an additional 10% of the variation in mortality rate, with smaller 

larvae having higher mortality (P < .025; Table 2.1). Early-instar larvae are 

apparently unable to severe the leaf-veins. They feed by mining the leaves but 

sometimes accidentally rupture the canals. Some of them were observed submerged 

in resins. In some of the highly responsive plants, some larvae did not feed during 

entire days. 

B) Larval grow/h. - The frequency of leaf response explained 38 % of the 

variation in daily growth rate. Larvae grew at a slower rate on plants with a higher 

frequency of leaf response (Regression Analysis, N = 23, R2 = .38, P < .005; Fig. 

2.2). 

C) Vein clIrrillg.- The percentage of leaves with scars was higher on plants 

with higher frequency of leaf response (Regression Analysis, N = 21, R2 = .31, P 

< .01; Fig. 2.3). 

D) Feeding vs deacril'll/ing canals. - Larvae living on highly responsive plants 

spent more time blocking the canals and less time eating (Regression Analysis, N = 

8, R2 = .50, P < .05; Fig. 2.4). 

EXPERIMENTAL PATTERNS. Larval morraliry.- Larvae that were transplanted 

to plants with higher frequency of leaf response suffered a higher daily mortality rate 

than larvae transplanted to less responsive plants (Regression Analysis, N = 10, R2 = 

.71, P < .005; Fig. 2.5). 
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FIGURE 2.4. Linear regression of the percentage of time larvae spend cutting 
veins as a function of the frequency of leaf response. Both axis are arcsin 
transformed. 
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a function of the frequency of leaf response. Mortality data were obtained 
experimentally. The X axis is arcsin transformed. 
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TABLE 2.1. Results of Regression Analysis for the logarithmic daily rate of larval 
mortality, as a function of the plant's frequency of leaf response and the initial length 
of larvae. 

Source DF SS MS F p 

Frequency of 0.4499 0.4499 26.94 < .001 
leaf response 

Length of larvae 0.1049 0.1049 6.28 <.025 

Freq. leaf resp. * 0.0602 0.0602 3.60 <.10 
length of larvae 

Error 18 0.4006 0.167 

Total 27 1.0156 
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DISCUSSION 

The costs of canal deactivation 

As with other physiological and biochemical adaptations of insects to plant 

protectants, behavioral adaptations involve tradeoffs that are ultimately translated into 

a decrease of the insect's growth rate and/or fecundity (Bjorkman and Larsson, 1991; 

Gould 1991). Vein-cutting seems to be no exception. Results of the present study 

suggest that behavioral deactivation of canals imposes a handling cost on Blepharida, 

in addition to the physiological costs that may be involved in detoxifying the residual 

chemicals in the leaves after the flow of secretions has been prevented. The high 

turgor pressure maintained in the resin canals of Bursera and the fluid nature of the 

terpenes create a problem even for Blepharida larvae. The plant's secretory response 

to damage is so quick that larvae do not have time to retreat and wait for the turgor 

pressure to decline. Larvae are obliged to sever the canals in a very slow operation. 

As a consequence, they may spend more time "in surgery" than actually consuming 

the leaf. This cost becomes especially acute for larvae living on highly responsive 

plants. 

A previous investigation (Becerra and Venable, 1990) determined that larvae 

could take up to one and a half hours to deactivate the resin canals of one leaf. In 

many cases, this operation had to be performed several times on a leaf to assure that 

the flow of resin was totally interrupted. Consuming the leaf after it had been 

"disarmed" took between 10 and 20 min. This suggests that even when larvae have 
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developed the behavioral adaptations to overcome the canal system of Bursera, they 

have done it at a serious cost in terms of handling time. There is little doubt that 

spending more time blocking and less time feeding has much to do with the slowed 

growth rate exhibited by larvae on highly responsive plants. Since Blepharida larvae 

do not pupate until they have reached a critical mass, abundant resins mean that 

larvae are exposed for a longer time to predators. 

The behavioral and morphological components of vein-cutting 

Because the costs in handling time seem to playa central role in the outcome 

of this interaction, it is particularly interesting that the vein-cutting behavior is not 

fixed in Blepha rida. Instead its performance depends on the turgor pressure of the 

canals. Results of experiments in which larvae from non-responsive plants have been 

transplanted to highly responsive plants suggest that the behavior of cutting the veins 

can be stimulated in larvae by being exposed to the bath of terpenes (Becerra and 

Venable unpub. results). When placed on responsive plants, larvae coming from non

responsive ones tended to feed without prior blocking and got covered by resins when 

biting on the leaves. After two or three instances of experiencing the bath or squirt 

response of the plant, they started severing the leaf veins. On the other hand, larvae 

coming from highly responsive plants, continued cutting the veins after vein deposited 

on non-responsive plants. Their behavior did not change during the two hours that 

they were observed after the transplant. 
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The plasticity of this behavior is probably very advantageous since there is 

great variation in the response to damage, not only from plant to plant, but also 

throughout the season and among years. Bursera's response decreases with declining 

water potential (Becerra, in prep.), and the high variability of the rains characteristic 

of its habitat may cause dramatic changes in the turgor pressure of the canals. In 

1989 and 1990, there was a drought in the region and the measures of the response of 

some plants dropped to very low numbers (Becerra, lit/pub.). These plants suffered 

high levels of defoliation, and observations of damaged leaves and larvae feeding 

indicated that larvae were feeding without severing the leaf veins. 

Behavioral responses are often accompanied by morphological adaptations. the 

mandibles of the larvae of the species of Blepharida studied in detail are relatively 

large and have three sharp teeth. These teeth found only in larvae may be a trait 

related to leaf vein-cutting. Adults, which also feed on the plant but do it without 

previously cutting the veins, have smooth mandibles with no teeth (Becerra, pers. 

obs.). Also, other species of Blepharida that feed on other squirting species of 

Bursera also have these teeth. Larvae of species that do not perform vein-cutting on 

burseras possess mandibles without teeth. 

Other insects with similar behavioral adaptations to canal-bearing plants show 

similar morphological correlations. Of the several lepidopteran species that consume 

some species of fig trees in South Africa, only the larger ones (with larger larval 

mandibles), routinely perform vein-cutting or trenching (Compton, 1987; 1989). Of 
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those, only the late instars of the fig moth Aganais speciosa and the noctuid 

Chrysodeixis {{cura cut the major leaf veins. Early instars attack small side veins. 

However, the largest of these three species, the hawk-moth Pseudoclanis postica can 

cut the veins even in its early instars. Trench-feeding Epi/achna species 

(Coccinellidae) have relatively large mandibles bearing a long apical tooth well

separated from two simple major teeth. In comparison, the mandibles of 

nontrenching Epi/achnll that skeletonize solanaceous plants are typically smaller, with 

all three teeth more uniform in size (Tallamy and McCloud, 1991). 

Mandibular morphology and size could thus play an important role in 

determining which insects are potentially able to exploit plants with secretory canals 

(c.L Bernays and Janzen, 1988). Some insect species may be just too small for vein

cutting behavior to be an evolutionary option. We would also expect at least a loose 

correspondence between insect or mandible size (or the size of mandibular processes) 

and leaf vein size. This also suggests that an avenue of escape from leaf cutting 

insects would be to increase the size of leaves and veins. 

Effectiveness of Bursera's Canals in Defense 

Research done with latex-producing plants has shown that, if canal systems are 

artificially disrupted by cutting the leaf veins, many generalist insects that ordinarily 

ignore these plants, can very readily feed on them (Kniep, 1905; Stradling, 1978; 

Dussourd and Eisner, 1987). Also, plant varieties or individuals with fewer resin 
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ducts or that produce less secretions, are more susceptible to herbivore attack 

(Bennett, 1954; Larsson ef ai., 1986; Joel 1980, Langenheim, 1990; Raffa, 1991). 

Because of this evidence there is now little doubt that canals can be effective barriers 

against any insect not specialized in dealing with latex, resin, or other secretions in 

abundant quantities. However, it would seem that canal-bearing plants are still rather 

vulnerable to insects that have the abilities to cut the veins. This impression has 

resulted in the idea that plant secretive canals confer protection mainly against 

generalist herbivorous insects that lack the vein-cutting behaviors. 

Previous research on Bursera (Becerra and Venable, 1990; Becerra, in press) 

has suggested that resin canals can deter the attacks of generalist herbivores. With 

the exception of some leaf miners and coccids which, by leaving the network of veins 

intact, are apparently able to evade the squirt or bath response, B. schiechtendalii is 

largely avoided by most insects. Even macroherbivores such as cattle and goats tend 

to ignore this plant in areas otherwise heavily grazed. 

Nevertheless, the results of my study document that the protective function of 

resin canals may go beyond discouraging feeding by generalist herbivores to include 

specialist insects that sever the veins and suspend the tlow of secretions. Canals are 

effective against these insects by decreasing the probabilities of survival of the early

instar larvae whose mandibles are not large or strong enough to incise the veins. 

Canals also diminish the availability of food to larvae by imposing high handling time 

costs which may be translated into low growth rates and higher risks of predation. 
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INTERACTIONS AMONG PLANTS WITH EXTRAFLORAL 

NECTARIES, ANTS, AND HOMOPTERANS 
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INTRODUCTION 

The adaptive function of extrafloral nectaries (EFN's) was for a long time the 

subject of controversy. The polemic was between those who defended the thesis that 

extrafloral nectar had only an excretory function to drain excess sugars (Wheeler, 1910) 

and those who suggested that EFN's function to attract ants which protect the plant from 

herbivores (Belt, 1874; Delpino, 1886). The controversy has settled down in the last 25 

years because of a paucity of evidence supporting the hypothesis of a physiological 

(excretory) function of EFN's and because experimental studies have accumulated 

showing that, in at least some plants, their presence does indeed provide a safeguard 

from herbivores (for reviews see Bentley, 1977a, or Beattie, 1985). Thus there is now 

a general consensus that a mutualistic relationship exists between plants that produce 

EFN's and their ant defenders. However, there are several inconsistencies in the data 

which suggest that the ant-attraction hypothesis may not be a universal explanation for 

the adaptive signiticance of EFN's. One is that frequently, ants do not defend plants 

against herbivores. Also, ants tend mutualistic Homoptera that can be very damaging 

to plants. Here I will present a complementary hypothesis that EFN's may function to 

defend plants against ant-Homoptera mutualisms. 

Ants and Plants 

Several complex and obligate ant-plant mutualisms have been described which 
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provide the cornerstone of the ant-guard hypothesis (Delpino, 1886; Belt, 1874; Janzen, 

1966). The best- known example is the relationship between Acacia cornigera, the bull's 

horn acacia, which provides protein, sugar and shelter to the ant, Pseudomyrmex 

jerruginea which aggressively defends the plant in exchange (Janzen, 1966). 

However, in the majority of species producing EFN's, the interaction is facultative 

and more diffuse (several genera and many species of ants, bees, wasps, flies, etc. may 

obtain sugar and sometimes amino acids from the EFN's of several species of plants, 

(Schemske, 1983; Huxley, 1986). I looked at a sample of28 papers where the ant-guard 

hypothesis was tested and unambiguous results were obtained. Twelve (43%) of these 

studies suggested that, in exchange for nectar, ants provide some protection against leaf 

feeding (Janzen, 1966; Tilman, 1978; Q'Dowd, 1979; Beckmann and Stucky, 1981; 

Stephenson, 1982; Koptur, 1979; 1984), or seed predation (Bentley, 1977b; Inouye and 

Taylor, 1979; Keeler, 1981; Schemske, 1980; Horvitz and Schemske, 1984). 

Nevertheless, eleven studies (39 %) did not find that plants bearing EFN's are better 

protected, either because ants were not present or because they did not defend (Lukefahr, 

1960; Blom and Clark, 1980; Q'Dowd and Catchpole, 1983; Tempel, 1983; Buckley, 

1983; Boecklen, 1983; Longino, 1983; Lawton and Heads, 1984; Heads and Lawton, 

1984 & 1985; Koptur and Lawton, 1988). Some of the species in this later group have 

been extensively investigated by multiple authors and protection by ants was never 

demonstrated (e.g. Preridiul11 aquilinum; Tempel, 1983; Compton et ai. 1989; 

Rashbrook er al. 1991). Five (18%) showed that plants mayor may not be protected, 
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depending on the ant species present or because ants did not tend plants at some sites 

(Elias and Gelband, 1975; Keeler, 1977; McKey, 1984; Barton, 1986; Smiley, 1986). 

There were high levels of herbivory in many of the cases where no effect of ants was 

observed. 

Anrs and Homoprera 

Mutualisms with herbivorous Homoptera (some species of aphids, membracids, 

pseudococcids and coccids) are widespread among ant species that tend EFN's (reviewed 

in Way, 1963 and Buckley, 1987). In exchange for honeydew, ants patrol homopterans 

constantly warding off parasites and predators (Way, 1963) and may build protective 

coverings for them (Way, 1954). Ants disperse homopterans from plant to plant and 

move them to better feeding sites within plants (Way, 1963; Buckley, 1987). Ants also 

provide brood care to homopterans and improve their hygiene through removal of 

contaminating honeydew (Nixon 1951). In addition to providing honeydew, 

homopterans are sometimes eaten for solid protein (Way, 1954). As a consequence of 

ant attendance, Homoptera populations can multiply more rapidly than when unattended 

(EI-Ziady and Kennedy, 1956; Way, 1963; Carroll and Janzen, 1973) sometimes 

attaining levels eight-fold higher than in the absence of ants (Skinner and Whittaker, 

1981). For many species the lack of protection and attendance by ants may result in 

increased mortality and decreased fecundity (Way, 1963). 
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Ants, plants, and Homoptera 

While the direct effects of Homoptera on plants is strictly negative, the 

ant-Homoptera mutualism has been termed a "mixed blessing" for plants (Carroll and 

Janzen, 1973). In some cases plants accrue a benefit as a by-product of ant defense from 

herbivores which outweighs the losses from Homoptera damage (Nickerson et aI., 1977; 

Stout, 1979; Messina, 1981; Buckley, 1987). However, the cost to a plant of a 

homopteran infestation can be great. Not only do homopteran populations increase when 

tended by ants but, also the uptake of phloem sap per individual may increase two to 

three times (Banks and Nixon, 1958). The seed production or vigor of the plant may 

be considerably reduced because of this metabolic drain (Carroll and Janzen, 1973). 

Homopterans are also known to disrupt plant developmental and metabolic pathways 

(Osborne, 1972). Some recycle plant hormones or synthesize them from plant 

metabolites, causing deformation of stems or leaves (Miles & Lloyd, 1967). Changes 

in the shape of organs or plant architecture may slow photosynthesis (Feede 1973; cf. 

Whitham and Mopper, 1985). 

Finally, homopterans are also important vectors of plant diseases, especially those 

caused by viruses, which can debilitate or kill the host plants. In fact the most 

important vectors of plant viruses are aphids, followed by leafhoppers and treehoppers 

which are also tended by ants (Maramosoch, 1963; Conti, 1985). 



73 

An alrernalive 

I propose that extrafloral nectaries may sometimes evolve for defense against 

ant-Homoptera associations. In this scenario, the main selective pressure favoring 

extrafloral nectaries is not protection against herbivores by ants, but the distraction of 

ants from tending homopterans by offering a honeydew substitute. This hypothesis is 

illustrated graphically in Fig. 3.1 where it is contrasted to the standard ant-guard 

hypothesis. According to the standard hypothesis, plants, initially without extrafloral 

nectaries. suffer herbivore damage (Fig. 3.1a). A mutant plant with extrafloral nectaries 

attracts ants that provide defense against herbivores, which results in increased plant 

fitness (though fitness does not reach the point it would in the absence of nectaries and 

herbivores, due to the cost of nectar production (Fig. 3.1aD. 

In contrast. the ant-distraction hypothesis does not rely on the defensive behavior of 

ants. It draws a distinction between ant-independent herbivores (those that are not tended 

by ants) and ant-dependent ones (homopterans), taking into account the potential indirect 

damaging effects of ants. Plants without extrafloral nectaries may suffer from 

ant-independent herbivory (Fig. 3.1b). But many species in which nectaries evolve may 

already be visited by ants and suffer from ant-dependent herbivore damage, in addition 

to any damage from ant-independent herbivores. In this scenario, the critical effect of 

nectaries is to supply ants with a free source of sugar which distracts them from tending 

ant-dependent herbivores. Notice that plants with extrafloral nectaries may have higher 

fitness than plants without them even in the absence of antiherbivore defense by ants 
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FIGURE 3.1. Effects on plant fitness of changes in the factors considered in the 
ant-guard hypothesis (a) and the ant distraction hypothesis (b). The fitness of plants 
without herbivores, ants or extratloral nectaries is given as a base of fitness. Wn for 
both models. The titness without ants or nectaries (but with herbivores), is indicated as 
Ww , that with ants as W", and with nectaries (and presumably ants) as WN • Arrows 
depict changes in fitness due to the indicated factors comparing plants with and without 
nectaries and ants. For ease of presentation the arrows are drawn for the comparative 
sequence: plants with nectaries, or herbivores; plants without ants, nectaries, or 
herbivores; plants with herbivores; plants with nectaries (and ants), though this is not 
meant to necessarily imply a historical sequence. 



75 

as long as the benetit of reduced ant-dependent herbivory outweighs the cost of 

producing nectar and nectaries. Thus the ant-distraction hypothesis is congruent with 

the numerous studies in which ants apparently do not defend (see above), though it is 

certainly compatible with ant defense as indicated by the dotted lines in fig 3.1b. 

A version of the ant-guard hypothesis that explicitly involves Homopterans was 

briefly mentioned by Thompson (1982, p. 432). He suggested that EFN's might have 

evolved by short-circuiting the ant-homopteran interaction so that the defensive behavior 

of ants toward Homopterans was transferred to the plants. This differs from our 

ant-distraction hypothesis which proposes that the main fitness benefit of EFN's is the 

reduction of Homopteran damage. 

Several lines of evidence support the ant-distraction hypothesis. Ants can be 

distracted from tending Homoptera if an alternative source of sugar is offered. In an 

experiment performed by Way (1954) a solution of honey was supplied to an established 

colony of Oecophyl/a longinoi/o tending the coccid Soissefio zonziborensis. Many ants 

not only deserted the coccids to collect the honey solution but a few of the larger workers 

began to destroy coccids of all ages. If plants are able to stop or reduce homopteran 

damage by giving ants free nectar, there would be a strong selective pressure favoring 

extrafloral nectaries. 

Several investigators have shown that, in general, as better resources become 

available, ants drop lower value ones from the diet (Addicott, i978; 1979; Sudd and 

Sudd, 1985). From the point of view of ants, extrafloral nectar is superior to honeydew 
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in being highly predictable in space, time, and quality. Also, nec.tar collection does not 

require ants to expend as much energy as Homoptera husbandry does: transporting, 

protecting homopterans from parasites and predators, making shelters, and brooding their 

young (Carroll and Janzen, 1973). Thus it is reasonable to expect that ifEFN's provide 

ants with resource of similar or higher quality with lower search and handling costs than 

homopterans, the latter may be abandoned. 

If extratloral nectar functions as a substitute for honeydew, it might be expected to 

be similar in its chemical properties. Detailed analyses of extrafloral nectaries have 

shown that it contains the same kinds of sugars and amino acids as honeydew does (Way, 

1963; Auclair, 1963; Bentley, I 977a). Even melezitose, a trisaccharide normally 

synthesized in the gut of homopterans (Kiss, 1981), has been found in the extrafloral 

nectar of some orchids (Bentley, 1977a) and Ochroma pyramidale (O'Dowd, 1979). 

Some evidence suggests that plants that are heavily attacked by homopterans have 

increased production of extratloral nectar per unit time. In an experiment with cotton, 

Homoptera infestation was created by adding thrips, jassids, and whiteflies at different 

levels of infestation (Mound, 1962). Extratloral nectar production increased 3-4 fold 

when the sucking insects were present. This suggests that cotton may facultatively 

adjust the amount of nectar it offers ants as a honeydew substitute. 

Why would plants opt to produce nectar instead of toxins as a defense against 

homopterans? Chemical defenses may be difficult to utilize against sap feeding insects 

since toxins in phloem can disrupt normal plant metabolism (Huxley, 1986). Though 
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some toxins have been found in phloem, they are more typically sequestered in special 

organelles or glands, or synthesized de novo at the time of damage (see Mckey, 1979; 

Edwards and Wratten, 1985). Thus extrafloral nectaries seem an especially appropriate 

defense against Homoptera. 

Direcrions for Furrher Investigation 

Most investigations to date have involved ant removals. This experimental 

protocol implicitly assumes that the function of nectaries is ant attraction and that in their 

absence, ants and their associates are also absent. Given that this may not always be 

true, sugar removals should be attempted, or perhaps more readily accomplished sugar 

additions to nectariless plants. Three basic fitness effects should then be measured on 

plants with and without nectaries or sugar additions: changes in the benefit of ant 

defense, changes in the level of HOll1optera damage, and the cost of producing nectar and 

nectaries (see Fig ib). Nectaries should be favored when any increase in defense by ants 

plus any benefit of reduced Homoptera damage is greater than the cost of producing 

nectar. 

My hypothesis focuses attention on a number of questions that should be addressed 

experimentally: I) Is it generally true that ants neglect Homoptera when an alternative 

sugar source is available? 2) Cost-benefit analyses from the point of view of the ants 

should be performed comparing the cost and benefits of collecting nectar to those of 

tending Homoptera. 3) Data on the timing and placement of nectar production relative 
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to the timing and placement of homopteran attack should be collected to determine the 

generality of the induced response to Homoptera. 4) In addition to exploring the 

relations between nectaries, ants and ant-independent herbivores, studies should take into 

account Homoptera and diseases for which homopterans may be vectors, attempting to 

measure the magnitude of both direct and indirect effects. 

Comparative studies of related species or populations with and without nectaries 

would shed light on many of the issues raised in this paper. The patterns predicted in 

Fig. 3.1b could be tested with such species pairs. For example, the prediction that 

related species without extrafloral nectar may be tended by ants and have serious 

infestations of Homoptera could be explored via such comparisons. Such studies would 

of course be even more informative with species pairs for which ancestral and derived 

conditions could be inferred (Felsenstein, 1985). It is safe to conclude that ecological 

interactions involving EFN's deserve much more detailed study. 
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