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ABSTRACT 

Recently, it was hypothesized that pollinator selectivity 

for large inflorescences has led to the evolution of monocarpic 

reproduction in agaves. To test this hypothesis, fruit set and 

stalk length data were collected for six species of panicu1ate agaves 

and two species of spicate agaves. Regression results, for all 

of the panicu1ate species and for one species of the spicate agaves, 

showed no significant correlation between fruit set and stalk length. 

These results do not support the pollinator selectivity hypothesis. 

The validity of the assumptions was then examined, utilizing the 

results from hand pollination, pruning, and tie down experiments. 

These results imply that factors other than pollinator availability 

might be important in determining fruit set in agaves. 

In an effort to determine the relative importance of resource 

and pollinator limitation to fruit set in Agave chrysantha, three 

treatments were applied to entire plants: 1) natural pollination, 

2) natural and hand pollination, and 3) hand pollination. When 

fruits were collected, there were no significant differences between 

percent fruit set for the three treatments, implying that fruit 

set is not limited by the availability of pollinators. When additional 

plants were pruned to reduce the total number of flowers by approxi

mately one-half, thereby doubling the amount of resources available 

to each flower, the percent fruit set was twice that for control 

plants, implying that percent fruit set is energy limited. 

vi 
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It is common for plants that exhibit resource limited fruit 

set to have relatively low fruit-to-flower ratios. This is surprising, 

since it appears that the resources expended for production of these 

"excess flowers" could be allocated to fruit maturation and thereby 

increase fruit production. Four hypotheses explaining the fruit 

set in Agave mckelveyana are tested. Results from pruning, bagging, 

and hand pollination experiments indicate that the apparently "excess 

flowers" do not contribute to fruit production (female fitness). 

Additional data on nectar production imply that these flowers act 

primarily as pollen donors and contribute only to male fitness. 

The importance of pollen donation (male fitness) in determining 

fruit set is examined for hermaphroditic, monecious, and dioecious 

plants. 



CHAPTER 1 

INTRODUCTION 

Although most plants are hermaphroditic and consequently can 

obtain fitness by pollen donation (male fitness) as well as by seed 

production (female fitness), most research has ignored male fitness 

entirely and has relied on seed or fruit production as a sole estimate 

of a plants fitness. Unfortunately, ignoring the importance of 

male function has resulted in a female biased view of plant breeding 

systems, pollination biology, and plant ecology. Recently, however, 

the importance of plant fitness achieved through pollen donation 

has been reiterated in several review papers, as well as i~. various 

field studies (1, 2, 3, 4, 5, 6, 7, 8). Although these studies 

suggest that male fitness has been a strong selective force in plant 

evolution, it is difficult to document male fitness in the field. 

As in animals it is relatively easy to assertain the identity of 

the mother of a progeny (seed), but determining the father of a 

seed is infinitely more difficult. Until techniques are developed 

to follow pollen flow and subsequent pollen germination and fertilization 

(perhaps with genetic markers), the importance of male function 

will remain quantitatively undocumented and must be determined by 

circumstantial evidence. 

1 



CHAPTER 2 

FRUIT SET AND STALK LENGTH: A TEST OF THE 
POLLINATOR SELECTIVITY HYPOTHESIS 

Biotic pollination requires that plants attract pollinators 

to their flowers for fertilization to occur. These plants utilize 

the secondary attractants flower size, flower color, and odor to 

attract pollinators from a distance, then reward the pollinators 

with the primary attractants pollen and nectar (9, 10). Of the 

secondary attractants, flower size and color are important for long 

distance attraction, while odor is important for short distance 

recognition (9). Kruger (11) has demonstrated that the distance 

at which a flower attracts a bumblebee is directly proportional 

to the diameter of the blossom. In addition, neighboring features 

seem to have a synergistic effect, with the consequence that the 

combined effect of several flowers is greater than that of individual 

flowers taken together. This implies that large inflorescences 

provide a stronger stimuli for attracting pollinators than do smaller 

inflorescences. This implication is supported by numerous studies 

of pollination biology (4, 5, 12, 13, 14), and pollinator selectivity 

for large inflorescences has been suggested by Schaffer and Schaffer 

(13) as the cause for the evolution of semelparity in agaves and 

some yuccas. 

2 
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The Hypothesis 

The pollinator selectivity hypothesis consists of two assumptions 

and a prediction (3, 13). 

Assumption 1: Fruit set, or seed set, is limited by the availability 

of pollinators to transfer pollen to receptive stigmas; plants 

compete for pollinators and female reproductive fitness (fruit 

or seed set) is pollen limited. 

Assumption 2: Pollinators visit large inflorescences more frequently 

than smaller inflorescences either because 1) larger inflorescences 

provide a larger flag for attracting potential pollinators or, 

2) large inflorescences provide greater nectar and/or pollen 

rewards and, because of optimal foraging constraints, are more 

attractive to pollinators. 

Prediction: If these assumptions are true, then large inflorescences 

will produce proportionately more fruits and seeds than smaller 

inflorescences and, over evolutionary time, will be selected 

for. 

This chapter will critically examine the pollinator selectivity 

hypothesis as applied to paniculate agaves. It will test the prediction 

that large inflorescences produce proportionately more fruits than 

small stalks, and will then examine the validity of the two assumptions: 

that large stalks attract more pollinators, and that fruit set is 

pollen limited. 



The Organism 

Agaves are perennial leaf succulents consisting of a basal 

rosette with a short thick stem, and a tall spicate or paniculate 

inflorescence. The plants are monocarpic; they require 25-50 years 

to mature, flower once, and then die. The basal rosette acts as 

a storage area for carbohydrates and water, and once flowering is 

initiated, the plant is independent of external stimuli (15, 16). 

The genus Agave is divided into two subgenera based upon inflorescence 

type. 

The subgenus Agave is characterized by a paniculate inflor

escence with flowers in umbellate clusters on lateral branches. 

The flowers are borne on a large stalk, approximately 4 meters long, 

with 6-30 horizontal branches in the upper 1/2-1/5 of the scape. 

This places the flowers above the surrounding vegetation making 

the flowers readily available to pollinators. The flowers are tubular, 

tepals are leathery, and the nectar is easily available to pollinators. 

The flowers are yellow, yellow tinged with red, or dull red, and 

are produced on lateral branches which may contain 20-100 flowers. 

Although the shape of the individual flowers is tubular, the lateral 

as a whole resembles a typical shaving brush or brush blossom type 

of bat pollinated flower (17). Anthers are relatively large with 

abundant pollen and, although there are only six anthers per flower, 

there are several hundred anthers per branch. The flowers are protan

drous, last several days, and do not close during the day. The 

flowers bloom simultaneously within a lateral branch; branches bloom 

4 



sequentially beginning at the bottom of the flowering stalk with 

a 1-2 day delay between the flowering of adjacent branches. Individual 

plants bloom for 2-3 weeks, and fruit maturation and abortion of 

flowers and fruits may begin in the lower portion of the stalk while 

the upper portion is still in flower or bud. Total daily nectar 

production is large, 80-700~1 per flower, sugar concentration in 

the nectar is relatively low, < 25%, and the nectar is characterized 

by a mousy or rotting fruit odor that is usually associated with 

bat pollinated plants. Plant and flower morphology and phenology, 

and pollen and nectar production, kinetics, and biochemistry suggest 

that paniculate agaves are adapted for bat pollination; and several 

authors have documented that these agaves are pollinated by nectar 

feeding bats (9, 10,13,17,18). 

Agaves in the subgenus Littacea are characterized by a spicate 

5 

or racemose inflorescence. In Arizona, the spicate agaves are relatively 

small with rosette diameters, stalk lengths, and flower size approximately 

one-half of the size of paniculate agaves (19). The flowers are 

yellow or yellow-green, protandrous, and are sessile on the stalk. 

The flowers tend to bloom sequentially up the flowering stalk with 

several waves of flowering occurring in the plant throughout the 

blooming season. Nectar production, anther dehiscence, and stigma 

receptivity occur during the day or during the day and night (13). 

Total daily nectar production is relatively low, 1-12~ per flower, 

sugar concentration is high, 26-60%, and nectar odor is characterized 

as sweet (13). Plant and flower morphology, phenology, and pollen 



and nectar production and ki.netics suggest that spicate agaves are 

adapted for insect pollination (13, 17). 

The Prediction 

If the pollinator selectivity hypothesis is true, then percent 

fruit set should increase with increasing size of the flower stalk; 

larger stalks should attract proportionately more pollinators and, 

since fruit set is pollen limited, should produce proportionately 

more fruit. To test this prediction, fruit set data were collected, 

6 

at various sites and during several years, for six species of paniculate 

agaves and four species of spicate agaves occurring in Arizona. 

At each study site, the number of fruits and the number of flower 

scars left by flowers that did not develop into fruits were counted, 

and stalk lengths were measured. The percent fruit set was calculated 

(fruits/fruits+flower scars), transformed by arcsine transformation, 

and regressed against stalk length (Table 1). 

The results, for paniculate agaves, indicate that percent 

fruit set does not increase with increasing stalk length. Of the 

14 samples examined, only one sample, Agave mckelveyana, showed 

a significant correlation between percent fruit set and stalk length, 

and the slope" of the regression equation was negative; percent fruit 

set decreased with increasing stalk length. For spicate agaves, 

the results show that percent fruit set increased with stalk length 

for Agave schotti, but not for Agave parviflora. This strongly 

suggests that the prediction of the pollinator selectivity does 

not apply to paniculate agaves, however, it may be valid for spicate 



Table 1. Species specific fruit set patterns; mean fruit set and results of 
fruit set vs. stalk length linear regression 

Species Year and Site 
Fruit S R N Source 

Set (%) 

Subgenus Agave 

A. Mcke lveyana 1973 Kingman, AZ 17.80 88 13 

A. mckelveyana 1974 Kingman, AZ 17.41 34 

A. mckelveyana 1978 Bagdad, AZ 19.38 2.26 .0196 24 

A. mckelveyana 1980 Hillside, AZ 21.22 2.35 -.2107 16 

A. mckelveyana 1980 Hillside, AZ 19.25 0.73 -.2572 16 
(pruned) 

A. mckelveyana 1980 Hawkins Ranch, AZ 18.08 1.77 -.3689* 30 

A. mckelveyana 1980 Hawkins Ranch, AZ 16.08 1.81 -.1079 15 
(pruned) 

A. deserti 1978 OPCNM, AZ 17.89 0.92 -.0544 25 

A. deserti 1978 OPCNM, AZ 15.19 1.33 .0799 23 
(tied down) 

A. chrysantha 1972 Tortilla Flat, AZ 29.40 20 13 

A. chrysantha 1978 Payson, AZ 24.43 1.83 -.1053 28 

-..J 



Table 1.--Continued 

Species Year and Site 

A. chrysantha 1979 Camp Verde, AZ 

A. chr>ysantha 1979 Camp Verde, AZ 
(hand po1inated) 

A. chrysantha 1979 Camp Verde, AZ 
(hand + natural) 

A. pal.meri 1972 Portal, AZ 

A. pal.meri 1978 Rucker Road, AZ 

A. parryi 1978 Kindrick Peak, AZ 

A. huachucheusis 1978 Sonoita, AZ 

.3ubgenus Littaea 

A. utahensis 1973 St George, UT 

A. toumeyana 1973 Tortilla Flat, AZ 

A. toumeyana 1973 Tortilla Flat, AZ 

A. schottii 1973 Molino Basin, AZ 

A. schottii 1974 Molino Basin, AZ 

A. schottii 1978 Molino Basin, AZ 

Fruit 
Set (%) 

22.01 

18.36 

20.20 

23.75 

22.43 

19.48 

3.71 

31.88 

65.37 

58.41 

42.29 

48.00 

41.97 

S R N Source 

1.12 -.0735 18 

1.01 .1648 18 

0.65 -.1238 17 

48 13 

1.90 -.2258 12 

0.27 -.3497 20 

0.06 .4503 15 

80 13 

74 13 

17 13 

95 13 

87 13 

15.24 .3l,65* 
co 



Table 1.--Continued 

Species Year and Site Fruit 
Set (%) S R N Source 

A. parvi flora 1972 Patagonia, AZ 25.24 100 13 

A parviflora 1973 Patagonia, AZ 31.23 93 13 

A. parvi flora 1974 Patagonia, AZ 34.67 18 13 

A. parvi flora 1978 Ruby, AZ 28.52 -.2985 27 

* Significant, p < .05 

\.0 
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agaves (this will be discussed in greater detail below). If the 

prediction is not valid for paniculate agaves, then one or both 

of the assumptions of the pollinator selectivity hypothesis must 

be invalid. 

Assumptions 

If assumption 2 is valid, then large stalks should attract 

more pollinators because 1) large stalks act as a stronger visual 

signal to attract potential pollinators because they extend further 

above the surrounding vegetation and/or have more flowers and branches, 

and/or, 2) they offer greater pollen and nectar rewards. Because 

direct observations of pollinator visits are difficult with paniculate 

agaves (they are pollinated by bats and moths at night and/or insects 

before sunrise), experimental manipulations were used to test this 

assumption. 

If height above the surrounding vegetation is an important 

factor in determining the attractiveness of the flowering stalk, 

then reducing the height or the visibility of the stalk should reduce 

the attractiveness of the plant, reduce the number of pollinator 

visits, and, if fruit set is pollen limited, reduce the proportions 

of fruits set. To test this prediction, 23 flowering stalks of 

Agave deserti, growing at Organ Pipe Cactus National Monument, were 

bent over and permanently tied down to reduce the height of the 

1 stalk to approximately the height of the lowest branch, 200cm. 

1. Tie down experiments were conducted in the summer of 
1979 in the Sonoran desert at Organ Pipe Cactus National Monument, 
Pima Co., Az. 
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In the fall, data were collected for fruits, flower scars, and stalk 

length for the 23 manipulated plants and for 25 control plants and 

percent fruit set was calculated (Table 2). The results indicate 

that there was no significant difference in percent fruit set for 

the tied down plants and control plants (15.19 and 17.89 respectively, 

t :1.46, p>0.10); height of the flowers above the surrounding vegetation s 

had no effect on percent fruit set. 

If the number of branches and/or the number of flowers and 

flower buds per plant are important in attracting pollinators, either 

as long distance visual attractants or as indicators of pollen and 

nectar rewards, then any reduction in the number of branches should 

reduce the attractiveness of the plant, reduce the number of pollinator 

visits, and, if fruit set is pollen limited, reduce the percent 

fruit set; the greater the reduction in the number of branches and 

flowers, the greater the ~eduction in percent fruit set. To test 

this prediction, 31 flowering plants of Agave mckelveyana were pruned 

2 to varying degrees, reducing the number of flowers by 25 to 85 percent. 

In the fall, data were collected for number of fruits, flower scars, 

pruned flowers, and stalk length for 31 pruned plants and for 46 

control plants, and percent fruit set was calculated (Table 2). 

The results show that there was no significant difference in percent 

fruit set for the pruned plants and the control plants (17.79 and 

19.15 respectively, t :0.60, p>0.40). Furthermore, the intensity s 

2. Pruning experiments were conducted in 1980 in the upper 
Sonoran desert at the Hawkins Ranch site, 5 miles south of Hillside, 
Yavapai Co., Az. 
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Table 2. Fruit set data for pollinator selectivity hypothesis 

Treatment Fruit set (%) S N t s 

Tie down 15.19 1.33 23 
1.46 

Control 17.89 0.92 25 

Pruned 17.79 1.29 31 
0.60 

Control 19.15 1.96 46 

Hand pollination 18.36 1.01 18 

Natural + hand pollination 20.20 0.65 17 

Natural pollination 22.01 1.12 18 



13 

of pruning had little or no effect on percent fruit set until approxi-

mately 70-80 percent of the flowers were removed. The number of 

branches, and therefore the number of flowers and buds per plant 

had no effect on percent fruit set. These results imply that 1) 

either pollinator visitation rates do not increase with stalk length 

or number of branches or number of flowers, or 2) fruit set does 

not depend upon the rate of pollinator visits (i.e. fruit set is 

not pollinator limited: assumption 1 is not valid). 

If fruit set in paniculate agaves is pollen or pollinator 

limited, then the addition of pollen to receptive stigmas should 

increase percent fruit set above the levels obtained by natural 

pollination. To test the hypothesis, three treatments were applied 

to entire flowering stalks of Agave chrvsantha. 3 Eighteen plants 

were hand pollinated with a mixture of pollen collected from 15-

20 plants growing near the study site and bagged to exclude natural 

pollinators. Seventeen plants were hand pollinated but left uncovered 

to allow visitation by natural pollinators. Eighteen plants were 

unmanipulated and naturally pollinated. In the fall, fruits and 

flower scars were counted and percent fruit set was calculated (Table 

2). The results indicate that there is no significant difference 

between percent fruit set for natural pollination, natural plus 

hand pollination, or hand pollination alone (22.01, 20.20, 18.36 

3. Hand pollination experiments were conducted in 1979 
in a pinyon-juniper grassland at the Camp Verde site, 20 miles west 
of Camp Verde, Coconino Co., Az. 



respectively, Fs=2.83, p>O.10): fruit set in Agave chrysantha 

is not pollen limited. 

Conclusions 

Although these data clearly show that Agave chrysantha is 

not pollen limited, the results probably can be generalized to other 

species of paniculate agaves growing in Arizona. Table 1 lists 

average percent fruit set data for six species of paniculate agaves 

for various sites years, treatments, and investigators. When Agave 

huachuchensis, which is probably a clonal inbreeding population 

(18) is excluded, there is no significant difference in percent 

14 

fruit set for the 18 samples. Percent fruit set is remarkably constant 

even though there are species differences, habitat differences, 

and pollinator differences among the diverse sample. This suggests 

that factors which limit fruit set in Agave chrysantha (i.e. amount 

of resources available for reproduction) might also limit fruit 

set in other species of paniculate agaves. 

The results of this study indicate that the pollinator select

ivity hypothesis,) as presently stated, does not hold for paniculate 

agaves in Arizona. An examination of the relationship between percent 

fruit set and stalk size shows no significant correlation (in 11 

of 14 regressions, the slope was negative). Fruit set does not 

appear to be limited by the availability of pollen or pollinators: 

additional pollen does not increase fruit set. 

Whether or not pollinators preferentially visit large stalks 

was not determined and cannot conclusively be determined without 



direct observations of pollina tor visits. ,It is unlikely, however, 

that this is true for paniculate agaves. Paniculate agaves tend 

to bloom simultaneously within a lateral branch and sequentially, 

from the bottom, within a plant. This results in only two branches, 

within a plant, producing significant amounts of nectar at any given 

time: a branch with flowers with receptive stigmas and the next 

branch above with flowers with dehiscent anthers. Changes in the 

15 

size of flowering stalks does not increase the total amount of rewards 

available at anyone time, but does substantially increase the length 

of time that rewards are offered. In addition, there is an obvious 

visual difference in flowers with rewards and those without rewards 

which allows pollinators, at least hummingbirds (18), to discriminate 

at a distance. It is doubtful that large flowering stalks act as 

larger flags for attracting pollinators. 

This is not the case for spicate agaves. These agaves tend 

to bloom sequentially up the flowering stalk with several waves 

of flowering throughout the flowering season. The length of the 

stalk with flowers in bloom and the number of open flowers on a 

stalk varies throughout the blooming season (14). This results 

in a varying sizEi of flag and varying pollen and nectar rewards, 

which could provide a basis for pollilator discrimination and pre

ferential visitation rates. This has been observed by Schaffer 

and Schaffer (14) and may explain why precent fruit set increases 

with stalk size for Agave schotti. 

There is a possibility that the pollinator selectivity hypoth

esis, in an altered form, might explain the production of large 



stalks in agaves. Agave flowers are hermaphroditic: the plants 

gain fitness by setting fruits and seeds (i.e. female fitness) and 

by donating pollen to fertilize ovules on other plants (i.e. male 

fitness). Although female fitness is not pollen limited, male fitness 

is probably limited by access to receptive stigmas (1, 20). If 

pollinators preferentially visit large stalks (see discussion above), 

and if male fitness is pollinator limited, the large stalks may 

contribute proportionately more pollen to receptive ovules than 

16 

small stalks and, over evolutionary time, large stalks will be selected. 

This hypothesis will be considerability harder to test than its 

female counterpart, but with improved techniques for studying pollen 

flow (21), its validity might be ascertained. 



CHAPTER 3 

RESOURCE LIMITED FRUIT SET IN PANICULATE AGAVES: 
A TEST OF BATEMAN'S PRINCIPLE 

In sexually reproducing organisms, there are two factors 

which limit fecundity: 1) the number of gametes produced by the 

organism, and 2) the proportion of those gametes which result in 

the formation of viable zygotes. The number of gametes produced 

is limited by the amount of resources available for reproduction; 

the proportion of the gametes that form zygotes is limited by the 

availability of gametes of the opposite sex. Since female gametes 

are larger than male gametes, for a given amount of resources allocated 

to gamete production, females will produce fewer gametes than males. 

Consequently, there will be competition between male gametes for 

fertilization of female gametes. As a result, female fitness is 

limited not by the availability of male gametes to form zygotes, 

but by the amount of resources available for the production of female 

gametes. Conversely, male fitness will be limited not by the amount 

of resources available for the production of male gametes, but by 

the availability of female gametes. 

This assertion was first formalized by A.J. Bateman in 1948 

(20) and Bateman's principle has been the basis of several theories 

of sexual selection (22). Although Bateman presented his arguments 

for plants as well as for animals, Bateman's principle has been 

applied almost exclusively to dioecious animal speci~s, and its 

17 



applicability to hermaphroditic species, both plants and animals, 

has largely been ignored (1). 

Hermaphroditic plants achieve reproductive fitness in two 
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ways: through male function by donating pollen to receptive stigmas, 

and through female function by maturing fertilized ovules and producing 

fruits and seeds. Bateman's principle can be restated for these 

plants: female fitness, attained through fruit and/or seed production, 

should be limited not by the availability of pollen, but by the 

amount of resources available for ovule production and/or fruit 

maturation. Male fitness, attained through pollen donation, should 

be limited not by the amount of resources available for pollen production, 

but by access to receptive ovules. 

This chapter presents evidence that female fitness in paniculate 

agaves is resource limited rather than pollen limited, supporting 

the apnlicability of Bateman's principle to plants, and will examine 

the consequences of Bateman's principle for current research in 

plant ecology and pollination biology. 

The Organism 

Agave chrysantha and Agave mckelveyana are perennial leaf 

suuculents conSisting of a basal rosette and a paniculate inflorescence 

with flowers in umbellate clusters. These monocarpic plants require 

25-50 years to mature; they flower once and die. The basal rosette 

acts as a storage area for carbohydrates and water, and once flowering 

is initiated, reproduction proceeds independent of external stimuli. 

The flowers are protandrous, blooming simultaneously within a lateral 



branch; branches bloom sequentially beginning at the bottom of the 

flowering stalk, with 1-2 days between the flowering of adjacent 

branches. Individual plants bloom for 2-3 weeks and fruit maturation 

and abortion of flowers and fruits may begin in the lower portion 

of the stalk while the upper portion is still in flower or in bud. 

Pollen Limitation 

In t~e summer of 1979, three treatments were applied to 

single branches of Agave chrysantha flowering stalks to test the 

effectiveness of hand pollination. 4 Six branches were hand pollinated 

with a mixture of pollen collected from 15-20 plants growing near 

the study site; they were then bagged to exclude natural pollinators. 

Twenty-six branches were bagged to exclude natural pollinators and 

allowed to self fertilize. Forty-four branches which were unmanipu-

lated and naturally pollinated by bees and hummingbirds, were also 

monitored. Three treatments were also applied to entire flowering 

stalks to determine if fruit set was pollen limited. Eighteen plants 

were hand pollinated and bagged to exclude natural pollinators. 

Seventeen plants were hand pollinated but left uncovered to allow 

visitation by natural pollinators. Eighteen plants were unmanipulated 

and naturally pollinated. In the fall, flower scars and fruits 

were counted, fruits were collected, and the percent fruit set and 

the average number of seeds per carpel were determined (Table 3). 

4. Study site was located approximately 20 miles west of 
Camp Verde, Coconino Co., Arizona in a pinyon-juniper grassland. 
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Table 3. Fruit set and seed set data for individual branch and 
entire plant treatments 

Treatment Fruit Seeds/ 
Set (%) S N Carpel S N 

Branch 

Self fertilization 1.58 1.68 26 Not measured 
Natural pollination 20.84 7.11 44 Not measured 
Hand pollination 44.81 7.12 6 Not measured 

Plant 

Natural pollination 22.01 1.12 18 28.83 22.59 30 
Hand pollination 18.36 1.01 18 35.50 22.07 34 
Natural + hand pollination 20.20 0.65 17 34.71 22.14 34 



The results indicate that Agave chrysantha is largely self 

incompatible and, on a per branch basis, that hand pollination is 

very effective in increasing fruit set above the levels produced 

by self pollination and natural pollination (44.81, 1.58, 20.84 

percent respectiv~ly, Fs=26.22, p «0.001). When the entire plant 

is treated, however, there is no significant difference between 
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percent fruit set for natural pollination, natural plus hand pollina

tion, or hand pollination alone (22.01, 20.20, 18.36; Fs=2.83, p> 

0.10). Also, there is no significant difference between the average 

number of fertile seeds per carpel for the three entire-plant treatments 

(28.83, 34.71, 35.50; Fs=0.8369, p> 0.25). These results suggest 

that fruit set in Agave chrysantha is not limited by the availability 

of pollen or pollinators, but they do not necessarily imply that 

female fitness is limited by the amount of resources available to 

mature fertilized ovules. For example, if, on average, only 20 

percent of the flowers are successfully visited by pollinators, 

the plant, through natural selection, might respond by allocating 

only enough resources to fruit maturation to mature 20 percent of 

the flowers as fruits. Therefore, there would be a perfect balance 

between pollination success and fruit maturation, and under natural 

conditions the plant would be simultaneously pollen-and resource

limited. 

Resource Limitation 

To test this hypothesis, the total number of flowers on 

flowering stalks was reduced by experimental pruning. This treatment 
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does not affect the amount of resources available for fruit maturation 

(except possibly to increase it slightly since no flowers are matured 

on branches that have been pruned), but it does affect the number 

of flowers available for pollination. If there is a balance between 

pollination success and resources for fruit maturation, then the 

percent fruit set for pruned stalks should remain the same as for 

control plants and both would be determined by pollination success. 

If' the plant is resource-limited, however, pruning the stalks should 

reduce only the denominator of the fruit/flower ratio, thereby increas-

ing percent fruit set since the number of fruits produced would 

be determined by resources available for fruit maturation and is 

independent of the number of flowers available for pollination. 

In the summer of 1980, flowering stalks of Agave mckelveyana 

were pruned to varying degrees, reduCing the number of flowers by 

25 to 85 percent. 5 In the fall, flower scars and fruits were counted 

and percent fruit set was determined for 32 pruned and 40 control 

plants (Table 4). The results demonstrate that there is a significant 

difference in percent fruit set between pruned and control plants 

(40.28, 19.15; t :6.82, p« 0.001) with pruned stalks having a higher s 

percent fruit set; these data support the resource limitation hypothesis. 

5. Study site was located in upper Sonoran desert approximately 
5 miles south of Hillside, Yavapai Co., Arizona. 



A further prediction of the resource limitation hypothesis 

is that the percent fruit set for the entire pruned plants (i.e. 

(fruits/(fruits+ flower scars + pruned flowers» x 100) should 

be the same as for control plants since the resources available 
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for fruit maturation limit number of fruits set, which is independent 

of the number of flowers available for fertilization. The flowers 

tnat were pruned from stalks in the previous experiment were saved 

and counted, and percent fruit set for entire pruned plants was 

calculated (Table 4). The results show that there is no significant 

difference between percent fruit set for entire pruned plants and 

for control plants (17.79, 19.15; t :0.60, p>0.50), again supporting s 

the hypothesis that percent fruit set is resource limited. 

Conclusions 

The results of these experiments indicate that although 

hand pollination can effectively increase the percent fruit set 

within an individual branch, the entire plant's fruit set is limited 

by the amount of resources available for reproduction and not by 

the availability of pollen; suggesting that Bateman's principle 

applies to plants. The difference between the effectiveness of 

hand pollination within a branch and for the entire plant (44.81, 

18.36; t :4.09, p <0.001) has important implications for experiments s 

which purport to determine the effectiveness of pollination and/or 

pollen limitation by examining only a portion of a plant's floral 

output. If only a single had been considered, results would have 



Table 4. Fruit set data for pruning experiment 

Treatment 

Fruits 
Flower scars + fruits 

Fruit Set (%) 

Control 

Pruned 

t 
s 

19.15 

40.28 

6.82 

S 

1. 96 

2.25 

Fruit Set 

Flower scars 

N Fruit Set (%) 

46 19.15 

30 17.79 

0.60 

24 

Fruits 
+ fruits + pruned 

flowers 

S N 

1.96 46 

1.29 31 



indicated incorrectly that fruit set in agaves is pollen limited 

when in fact it is resource limited. 
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Although there have been few experimental tests of Bateman's 

principle, resource limited fruit set has been suggested for Ascelepias 

sp., Yucca whipp lei , Catalpa speciosa, and many horticultural plants; 

Bateman's principle may therefore have broad applicability (3, 4, 

5, 6, 7, 8). In addition, many other studies have reported low 

fruit set; 'this has often been assumed to indicate pollen limitation, 

but it may actually reflect limited resources available for reproduction 

through female function. 

If resource-limited fruit set is common, then it would have 

a great influence on the role of pollinator selectivity in the evolution 

of floral traits, and cur'rent theories on the evolution on semelparity, 

competition among plants for pollinators, and the adaptive significance 

of floral characteristics will have to be critically reexamined. 

Most pollination biologists, indeed most plant ecologists, have 

used only seed set data to measure plant fitness and to assess pollinator 

effectiveness. But if seed set is resource-limited, evolution of 

hermaphroditic plants in response to pollinators must occur primarily 

through differential male fitness, not through differential female 

fitness. Floral characteristics such as size and arrangement of 

inflorescence, size and number of flowers, and composition and amount 

of floral rewards perhaps should be viewed as adaptations for increas

ing male fitness through pollen donation rather than for attracting 

pollinators to fertilize ovules. This might explain why fruit set 



is relatively low in agaves (and in many otQer plants).; "surplus" 

flowers contribute to a plant's fitness by acting as pollen donors 

even though these flowers fail to produce any seeds. 

26 



CHAPTER 4 

WHY PLANTS PRODUCE MANY MORE FLOWERS THAN FRUITS 

It is common for plants that exhibit resource limited fruit 

set to have relatively low fruit-to-flower ratios (4, 5, 6, 7, 8). 

This is surprising, since it appears that the resources expended 

for production of these "excess flowers" could be allocated to fruit 

maturation and thereby increase fruit production (i.e. female fitness). 

The Hypotheses 

Several hypotheses have been formulated to explain this 

apparent overproduction of flowers; they include: 

1) Pollinator attraction. Pollinators preferentially visit 

large inflorescences because taese inflorescences provide a larger 

signal to attract pollinators and/or offer greater pollen and nectar 

rewards. An overproduction of flowers therefore insures that the 

pollinator visitation rate will be sufficient for adequatc pollination 

(4, 5, 6, 13). 

2) Bet hedging. Production of excess flowers allows the 

plant to compensate for a) variations in resources available for 

fruit maturation, and b) variations in pollination success either 

because of variations in pollinator densities or variations in pollina

tor visitation rates (6). 

3) Selective abortion. If pollination success is high 

and more fruits are initiated than matured, then the plant can 
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selectively abort fruits and mature only those fruits which are 

of a high quality, either in terms of number of ovules fertilized 

or the genetic constitution of the seeds (3, 23). 

4) Pollen donation. Hermaphroditic plants achieve fitness 

two ways; through fruit maturation' (female funct.ion) and through 

28 

pollen donation (male function). Flowers that result in the production 

of matured fruits contribute to female and male fitness, while the 

production of "excess flowers" contributes only to male fitness. 

If the increase in male fitness gained by the production of these 

"excess flowers" is greater than the loss in female fitness by not 

allocating those resources to additional fruit maturation, then 

the production of "excess flowers" will be favored (4, 5). 

The first three hypotheses state that the overproduction 

of flowers increases female fitness (by increasing fruit set or 

the quality of the seeds produced), while the last hypothesis states 

that the "excess flowers" increase male fitness by pollen donation. 

This paper will evaluate the ability of these hypotheses to explain 

the low fruit-to-flower ratio in Agave mckelveyana. 

The Organism 

Agave mckelveyana is a perennial leaf succulent consisting 

of a basal rosette and a paniculate inflorescence with flowers in 

umbellate clusters on lateral branches. This basal rosette acts 

as a storage area for carbohydrates and water, and once flowering 

is initiated, reproduction proceeds independent of external stimuli 

(15, 16). Although paniculate agaves, as a group, have evolved 
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for bat pollination (9, 17), Agave mckelveyana grows outside of 

the present range of nectar feeding bats and is pollinated by insects 

(i.e., honey bees, carpenter bees, and wasps). Agave floral character

istics are evolutionarily conservative (e.g., nectar production 

and anther dehiscence are nocturnal); insect pollination is very 

imprecise and approaches "mess and soil" type pollination (9). 

The flowers are protandrous: there is a temporal separation between 

anther dehiscence and stigma receptivity. Flowers bloom simultaneously 

within a lateral branch; branches bloom sequentially beginning at 

the bot tom of the flmler stalk, with a 1-2 day delay between the 

flowering of adjacent branches. Individual plants bloom for 2-3 

weeks and fruit maturation and abortion of flowers and fruits begin 

in the lower portion of the stalk while the upper portion is still 

in flower or in bud. Fruit set is low, approximately 20 percent, 

and is limited by the amount of resources available for fruit 

maturation. 

The Pollinator Attraction Hypothesis 

If the pollinator attraction hypothesis is true, then a.ny 

reduction in the number of flowers per plant would reduce both the 

size of the signal attracting potential pollinators and the amount 

of pollen and nectar rewards available, thereby reducing the attractive

ness of the plant to pollinators. This, in turn, would result in 

a decrease in the number of pollinator visits, a decrease in pollination 

success, and a consequent decrease in fruit set: i.e., the greater 

the reduction in the number of flowers the greater the reduction 

in fruit set. To test this prediction, flowering stalks of Agave 



mckelveyana were pruned to varying degrees, reducing the number 

of flowers by 25 to 85 percent. 6 In the fall, flower scars and 

fruits were counted and percent fruit set (FS) was determined for 
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40 control plants (FS=fruits(flower scars + fruits)-1), and 32 pruned 

plants (FS=fruits (flower scars + pruned flowers + fruits)-1). 

The results (Table 5) indicate that there is no significant difference 

in percent fruit set for pruned and control plants (17.79, 19.15, 

respectively; t =0.60, p> 0.50). Whe percent fruit set is plotted s 

against percent flowers remaining on the stalk, the correlation 

coefficients for linear and logarithmic regressions are not significant 

(linear, r=0.17; logarithmic, r=0.21). Both of these results imply 

that the percent fruit set is independent of the number of "excess 

flowers" - that the pollinator attraction nypothesis does not apply. 

The Bet Hedging Hypothesis 

Agaves are monocarpic. They allocate energy to reproduction 

at the expense of maintenance and survival; they flower once and 

die. Nobel (16) has demonstrated that loss of water and carbohydrates 

during agave flowering proceeds at a rate faster than the maximal 

rate of uptake by the plant. In fact, flowering agaves that have 

had their roots severed can still flower, produce nectar, attract 

pollinators, and set fruits. Resources for flowering are therefore 

6. All experiments were conducted in the summers of 1979 
and 1980 in the upper Sonoran desert at the Bagdad site, 10 miles 
east of Bagdad, Arizona; Hillside site, 1 mile south of Hillside, 
Arizona; or Hawkin's Ranch, five miles south of Hillside. 
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Table 5. Fruit set data for experimental manipulations 

Percent Fruit Set 
Treatment Hypoth Fruit Set (%) S N t s 

Pruned 1 17.79 1.29 31 
0.60 

Control 1 19.15 1.96 46 

Bagged plant 2 6.75 0.68 15 
4.95 

Control 2 19.15 1. 96 46 

Lower 1/2 bagged 2 4.63 2.31 15 
plant 

0.29 

1st 5 branches, 2 5.36 4.58 67 
control 

Hand pollinated 3 1. 51* 5.02 62 
(1st 5) 1.09 

Control (1st 5) 3 2.60* 6.57 315 

* fruit set/branch percent 



derived primarily from reserves stored in the basal rosette. As 

a result, there is little temporal variation in the availability 

of resources for flowering and fruit maturation; the first part 

of the bet hedging hypothesis therefore does not apply to agaves. 

The second part of 'Che bet hedging hypothesis states that 

"excess flowers" allow the plant to compensate for variations in 

pollinator densities and visitation rates. According to this theory, 

if pollinators are excluded, either by natural or artificial means, 

from visiting flowers on a certain portion of the flowering stalk, 

the plant would compensate for this loss in pollinators by setting 

more fruits on the rest of the stalk and total fruit production 

would remain at approximately 20 percent. To test this prediction, 

flowers in the upper half of 15 flowering stalks were bagged to 

exclude natural pollinators. This left an average of 6 branches 

per plant available for pollination. In the fall, flower scars 

and fruits were counted and percent fruit set was determined for 

the entire plant and for the lower half of the flowering stalk (Table 

5). The results indicate that there is a significant difference 

in total fruit set for bagged and control plants (6.75%, 19.15%, 

respectively; t =4.95%, p <0.001); the plants did not compensate s 

for the experimentally induced loss of pollinators. 

Agave mckelveyana has a characteristic pattern of fruit 

production (Figure 1a). Within a plant, fruit set is lowest in 

the lower 1/3 to 2/5 of the flowering stalk, highest in the middle, 

and low in the top of the stalk. This pattern of fruit retention 
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is consistent among years (1978-1980) and among sites (Bagdad, Hillside, 

Hawkins Ranch). Fruit set was compared for the lower half of the 

bagged plants and the first five branches of the control plants 

to determine if there was any compensation in the bagged plants 

for the loss of pollinators. Results (Table 5) show that there 

is no significant difference in fruit set for unbagged branches 

and the first five branches of the control plants (4.63%, 5.35% 

respectively; t =0.29, p> 0.50): fruit set in the lower half of s 

the manipulated plants was unaffected by bagging the upper portion 

of the stalk. This is not surprising since fruit abortion occurs 

in the lower portion of the flowering stalk while the upper branches 

are still in flower or bud. The flowers and fruits are aborted 

before the plant can ascertain total pollination success; bet hedging 

does not occur. 

The Selective Abortion Hypothesis 

If the selective abortion hypothesis is true, then pollination 

success is high and the plant actively selects which fruits it will 

mature based upon the quality of the fruits. If the decision to 

abort fruits is based upon the number of fertilized ovules per fruit 

or on the genetic constitution of the seeds (e.g., selfed versus 

outcrossed) , then any factors which would increase fertilization 

success and the genetic quality of the seeds in certain fruits would 

result in the retention of these fruits until maturation. In an 

effort to increase fruit set in the lower portion of the flowering 

stalk, the flowers on the first five branches of 13 flowering plants 
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were hand pollina ted with a mixture of pollen collected from 15-

20 flowering plants growing near the study site. It has been shown 

elsewhere for Agave chrysantha, that hand pollination is very effective, 

within a branch, in increasing fruit set above the levels produced 

by self fertilization and natural pollination (44.18%, 1.58%, 20.84% 

respectively; F =26.22, p«0.001). Therefore, hand pollination s 

should increase fertilization success, increase outcrossing, and 

provide a wider selection of potential genotypes for selective fruit 

retention. This should result in an increase in fruit set for hand 

pollinated plants over controls. Results (Table 5) indicate no 

significant difference in fruit set for hand pollinated flowers 

and naturally pollinated flowers (1.51%, 2.60% respectively; t =1.09, s 

p > 0.20). The low fruit set. in the lower portion of the flowering 

stalk is due not to low pollination success, low fertilization success, 

or low outcrossing, but rather represents active fruit abortion 

by the plant. These "excess flowers" do not contribute to female 

fitness; they are aborted regardless of their or the plant's pollina-

tion history. 

The Pollen Donation Hypothesis 

Since female fitness has been shown to be resource-limited 

in Agave mckelveyana, it is reasonable to assume that male fitness 

is limited by access to receptive ovules (1, 20). If this is true, 

then while all flowers can potentially contribute to male fitness 

by pollen donation, only flowers that result in the production of 

ma ture fruits can con tr ibu te~' to female fi tne ss • This could lead 
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to significant differences between "excess flowers" that do not 

contribute to female function and flowers that result in the formation 

of mature fruits. For example, the plant could produce male only 

"excess flowers" if the pistil failed to develop or the stigmas 

were nonfunctional, but this is not the case for agaves. All flowers 

are perfect and all stigmas are functional. The other possibility 

is that resources are differentially allocated to female flowers 

based on their probability of producing mature fruits. The secondary 

attractants, calyx, corolla, and odor, are shared costs; they attract 

pollinators to the flower both when it is functionally male and 

when it is functionally female. Since the flowers are protandrous, 

the primary attractants, pollen and nectar, are not shared costs. 

Pollen and nectar produced when anthers dehisce are removed by pollina

tors before the stigma becomes receptive; there is a temporal separ

ation between nectar production for functionally male flowers and 

functionally female flowers. If male fitness is pollinator limited, 

all flowers should produce pollen and nectar to attract pollinators 

which disperse pollen. Since female fitness is resource-limited, 

flowers should differentially allocate resources to functionally 

female flowers according to the probability of producing mature 

fruits. If flowers and initiated fruits are going to be retained 

and result in the production of mature fruits, then resources should 

be allocated to nectar production so that adequate pollination is 
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insured. 7 Since the pattern of fruit retention is actively determined 

in the lower 1/3 to 2/5 of the flowering stalk, it is reasonable 

to expect that nectar allocation to female function in this portion 

of the stalk would be lower than in the upper portion where fruit 

retention is greater. If fruit production in the rest of the flowering 

stalk is predictable, then nectar allocation to female function 

should correspond to the pattern of fruit set within a plant. 

To test this prediction, nectar production data were collected 

for branches at different positions within a plant. Since the flowers 

are protandrous, there is a temporal separation (of one day) between 

pollen dispersal and stigma receptivity. Total nectar produced 

daily by functionally male flowers was collected one morning, total 

daily nectar production for functionally female flowers was measured 

the following morning. The percent of the total nectar production 

for that branch (male + female nectar) which was allocated to female 

function was then calculated and plotted against position in the 

plant (Figure lb). The results show that there is a significant 

difference between nectar allocation to female function in the first 

five branches, where flowers and fruits are actively aborted, and 

the rest of the stalk where fruits are retained (38.14%, 46.11% 

7. This assumes that pollination success increases with 
increasing nectar rewards. Because of the imprecise nature of insect 
pollination of bat-adapted flowers, this is probably a valid assumption. 
With larger nectar rewards, the length of visit increases, the number 
of pollinator contacts with anthers or stigmas increases, and the 
amount of pollen collected or depOSited increases. Therefore, pollination 
success increases. 



respectively; t = 3.10, P < 0.01). In addition, there is a good s 

correspondence between average percent fruit set and average percent 

nectar allocated to female function throughout the flowering stalk 

(r = 0.91), which supports the pollen donation hypothesis. 

Conclusions 

The results of these experiments indicate that the evolution 

of the large inflorescence and subsequent low fruit-to-flower ratio 

in Agave mckelveyana serves not to maximize fruit production (i.e., 
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female fitness) but rather to maximize total fitness--fruit production 

plus pollen donation (i.e., female plus male fitness). The "excess 

flowers" do not aid in increasing fruit set, but increased male 

fitness through pollen donation. Most pollination biologists, indeed 

most plant ecologists, have used only seed set data to measure plant 

fitness and pollination efficiency and have ignored the male contribu-

tion to fitness in hermaphrodites. If seed set is resource-limited, 

as indicated by several recent studies (4, 5, 6, 7, 8), then the 

evolution of hermapnroditic plants in response to pollinators must 

occur primarily through differential male fitness, not through dif-

ferential female fitness (1). The importance of fitness through 

male function must be considered and current theories on the evolution 

of semelparity, competition among plants for pollinators, and the 

adaptive significance of floral traits will have to be critically 

re-examined. 



CHAPTER 5 

FRUIT SET AND BREEDING SYSTEMS: A TEST OF THE 
MALE FUNCTION HYPOTHESIS 

Hermaphrodites allocate resources to the competing processes 

of pollen production (male function) and ovule production and seed 

maturation (female function). Since the resources available for 

sexual reproduction are finite, any increase in resource allocation 

to male function must be accompanied by a decrease in resource alloca-

tion to female function and vice versa. Assuming that male fitness 

(~ and female fitness (S) vary with resources allocated to male 

and female function, then it can be theoretically demonstrated that, 

under natural selection, the equilibrium a,p- is the pair which 

maximizes the product as (1). 

The Hypothesis 

There is no reason to assume that the number of "female" 

flowers that produces the equilibrial female fitness S is the same 

as the number of "male" flowers that produces the equilibrial male 

fitness a, unless the plant is cleistogamous or highly autogamous. 

In monecious and dioecious plants, where the sexes are spatially 

separated, the plant can independently adjust the number of male 

and female flowers produced and can theoretically produce the optimal 

number of flowers that maximize as (monecious plants) or total plant 

fitness (monecious and dioecious plants). Plants that produce perfect 
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flowers (i.e. hermaphrodites cannot independently adjust the number 

of male and female flowers. By definition, these plants produce 

the same number of "male" and "female" flowers (Le. each flower 

contains male and female parts). 
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If, in hermaphrodites, the optimal number of "female" flowers 

is greater than the optimal number of "male" flowers, then female 

function is the ultimate factor in determining total flower production, 

and female fitness (i.e. fruit set) in hermaphrodites should resemble 

frui t set in female flmJers of monecious plants and fruit set for 

flowers of female plants of dioecious species. If, however, the 

optimal number of "male" flo\\'ers is greater than the optimal number 

of "female" flowers, then male function is the ultimate factor in 

determining total flower production in hermaphrodites. This results 

in an "over production" of "female" flowers; more "female" flowers 

are produced than are optimal for female fitness (fruit set). This 

should result in a lower fruit-to-flower ratio for hermaphroditic 

plants than for monecious or dioecious plant where the number of 

male and female flowers could be independently adjusted. 

The Test 

To test the hypothesis that male function determines total 

flower production, data were compiled from the literature and from 

personal communications with various researchers for 164 species 

of hermaphroditic and 49 species of monecious and dioecious plants 

(Table 6). If the hypothesis is true, then percent fruit set should 

be lower for hermaphrodites than for monecious and dioecious plants. 
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Table 6. Fruit set and type of breeding system 

Species Breeding Fruit Set Compatibility 
System (%) 

MONOECIOUS/DIOECIOUS 

Boraginaceae 

Cordia collococca D 21.3 
C. inermis D 27.0 
C. panamesis D 21.0 

Compositae 

Pyrrhopappas carolinianus M 96.0 
P. geiseri M 88.0 

Cucurbitaceae 

Cucumis melo M 21. 5 
Cucurbita maxima M 19.8 

Esca110niaceae 

Carpodetus seratus GD 60.0 

Euphorbiaceae 

Euphorbia a1bomanginata M 47.4 
E. capitellata M 48.5 
E. hyssopifo1ia M 84.2 
Hevea brasiliensis M 4.0 
Manihot escu1enta M 25.0 

Fabaceae 

Acacia macracantha AM 0.2 
Ca11iandra 1axa AM 3.7 

Fagaceae 

Quercus alba M 3.2 
Q. i1icifo1ia D 50.0 

Loranthaceae 

Phthirusa aduna GD 65.3 
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Table 6.--Continued 

Species Breeding Fruit Set Compatibility 
System (%) 

Meliaceae 

Trichilia co lumina D 33.5 

Myrtaceae 

Leptospermum scopariam AM 62.5 

Onagraceae 

Fuchsia microphylla D 100.0 
F. thymifolia D 100.0 

Orchidaceae 

Catasetum macula tum .. D 30.0 

Po1ygonaceae 

Cocco lob a caracas ana D 42.3 
C. padiformis D 16.6 

Pinaceae 

Pinus echinata M 34.0 
P. ponderosa M 28.0 
P. radiata M ;0.0 
P. resinosa M 40.0 
P. sylvestris M 52.3 
P. taeda M 17.0 

Ranunculacea 

Thalictrum polygamum AD 100.0 

Sapindaceae 

Urvi1lea ulmacea AD 23.7 

Simaroubaceae 

Simarouba glauca D 18.0 
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Table 6.--Continued 

Species Breeding Fruit Set Compatibility 
System (%) 

Umbelliferae 

Aciphy11a aurea D 100.0 
Anistome flexuosa D 100.0 
Anthriseus sy1vestrie AM 69.0 
Gingidi a baxteri GD 100.0 
G. decepiens GD 100.0 
G. enysii GD 100.0 
G. f1abe11ata GD 100.0 
G. montana GD 100.0 
G. trifo1io1ata GD 100.0 
Lignocarpa carnosu1a GD 100.0 
L. diversifo1ia GD 100.0 
Pastinaca sativa AM 69.0 
Scandia decep1ens GD 100.0 
Smyrnium olvsatrum AM 43.1 

HERMAPHRODITIC 
Agavaceae 

Agave chrysantha H 22.9 si 
A. deserti H 16.5 si 
A. huachuchensis H 3.7 
A. mcke1veyana 18.5 

si 
H si 

A. palmeri H 23.1 
A. parryi H 19.5 si 
A. parvif10ra H 29.9 
A. schottii H 44.1 
A. sebastinana H 20.0 
A. toumeyana H 61. 9 
A. utahensis H 31. 9 
Yucca elata H 5.5 si 
Y. glauca H 6.6 
Y. stand1eyi H 6~1 
Y. utahensis H 9.3 
Y. whipp1ei H 5.1 

Anacardiaceae 

Anacardium occidentale H 10.0 
Mangifera indica H 0.2 
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Table 6.--Continued 

Species Breeding Fruit Set (%) Compatibility 
System 

Asc1epidaceae 

Asclepias curassavica H 6.1 
A. exa1tata H 4.5 
A. incarnata H 9.7 
A. purpurascens H 2.4 
A. solanoana H 2.3 
A. syriaca H 1.2 
A. tuberosa H 2.9 
A. verticil1ata H 7.3 
A. viridiflOl:a H 0.8 
A. su11ivandii H 17.2 

Ba1saminaceae 

Impatients pa11ida H 9.7 17.1 c1eis togamous 
1. biflora H 19.7 28.0 

Bignoniaceae 

Campsis radicans H 5.1 
Catalpa speciosa H 6.0 
Tabebuia spectabi1is H 4.3 

Bombaceae 

Ceiba pentandra H 0.1 

Boraginaceae 

Lithospermum caro1inense H 10.3 
Cordia a11iodora H 15.0 15.1 
C. dentata H 23.0 
C. pring1ei H 32.0 

Brassicaceae 

Dentaria 1aciniata H 82.0 1.0 
Leavenworthia a1abamia H 77 .0 s 
L. crass H 61.0 s 
L. exigria H 76.0 s 
L. sty10sa H 55.0 s 
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Table 6.--Continued 

Species Breeding Fruit Set (%) Compatibility 
System 

Capparidaceae 

Capparis flexuosa H 4.8 10.5 

Combretaceae 

Combretum furinosoum H 30.0 1.0 

Escalloniaceae 

Carpodetus serratus H 18.0 

Fabaceae 

Andira inermis H 0.0 
Astragalus cibarius H 50.3 
A. utahensis H 82.9 
Calliandra a nomala H 1.8 
C. callistemon H 5.2 
C. kunthii H 9.4 
C. palmeri H 9.7 
Cassia grandis H 0.4 
Cercidium microphyllum H 18.0 
Dipteryx panamensis H 4.4 
Dalbergia retusa H 8.0 
Erythrina fusca H 7.0 
E. pallida H 10.0 
Hymenaea courbaril H 5.0 

Lonchocarpus eriocarinalis H 4.0 
Lupinus argenteus H 8.4 
L. blumeri II 9.7 
L. luteus H 25.0 
L. texensis H 2.4 
Olneya tesota H 1.0 
Prosopis chilensis H 0.1 
P. flexuosa H 0.7 
P. glandulosa H 2.0 
P. velutina H 1.3 
Piscidia carthagenensis II 20.0 
Pterocarpus rohrii H 9.0 

Flacourt iaceae , 

Prockia flava H 54.3 9.7 
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Table 6.--Continued 

Species Breeding Fruit Set (%) Compatibility 
System 

Fumariaceae 

Dicentra can adensis H 51.0 0.0 
D. cucullaria H 33.0 0.0 

Hippocastanaceae 

Aesculus california H 5.1 
A. pavia H 6.4 

Labiateae 

Lamisum prupureum H 95.0 95.0 

Lauraceae 

Eucalyptus de1egatensis H 13.0 
Persia americana H 0.1 

Loranthaceae 

Phthirusa aduna H 0.0 

Ma1vaceae 

Banisteriopsis muricata H 0.3 1.0 

Ma1vaceae 

Gossypium herbraceum H 60.0 

Nyctagenaceae 

Mirabilis ja10pa H 83.0 s 
M. nyctaginea H 77.7 s 
M. nyctaginea (c1eistogamous) H 85.5 s 

01eaceae 

Ximenia americana H 10.0 0.0 
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Table 6.--Continued 

Species 
Breeding 

Fruit Set (%) Compatibility System 

Onagraceae 

Fuchsia microphylla H 16.7 
F. thymifolia H 0.0 

Orchidaceae 

Brassavola nodosa H 10.2 
Calypso bulbosa H 15.5 
Costus alIeni H 75.0 s 
C. laevis H 58.0 s 
Encyclia cordigera H 7.0 70.0 
Goodyear oblongifolia H 46.2 s 
Habenaria obtusa H 14.2 
Listeria cordata H 69.5 84.5 
Tipularia discolor H 23.9 82.1 
Platanthera cilians H 45.0 
P. blephariglottis H 29.6 

Polemoniaceae 

Ipomopsis aggregata H 56.4 

Polygalaceae 

Securidaco scandens H 35.3 13.4 

Portulacaceae 

Claytonia virginica H 92.0 2.0 

Proteaceae 

Macadamia ternifolia H 2.0 

Ranunculaceae 

Delphinium tricorne H 62.5 1.0 
Thalictruim clavatum H 97.4 96.3 
Isopyrum biternatum H 49.4 57.1 

Rhamnaceae 

Discaria toumatou H 6.6 3.3 
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Table 6.--Continued 

Species Breeding 
Fruit Set (%) Compatibility System 

Rosaceae 

PrUnus cerasus H 36.8 
P. domestica H 6.9 
P. persica H 26.6 
Pyrus communis H 7.5 
P. malus H 

Rubiaceae 

Coffea arabica H 40.0 
Guettarda roupu1aifo1ia H 0.6 1.7 

Rutaceae 

Citrus limon H 7.0 
C. sinensis H 0.6 

Saxifragaceae 

Jepsonia heterandra H 98.0 9.8 

Scrophulariaceae 

P. spathu1ata H 100.0 s 
Parahebe chusemanii H 100.0 s 
P. 1axa H 100.0 s 
P. 1inifo1ia H 100.0 s 
P. trifida H 100.0 s 
Pedicu1aris bracteosa H 84.0 0 
P. capitata H 47.0 0 
P. contorta H 75.0 0 
P. crenu1ata H 50.9 0 
P. grayi H 52.3 0 

Pedicu1aris sudetica 69.0 0 
P. groen1andica H 58.5 0 
P. kanei H 67.0 0 
P. 1abradorica H 92.0 0 
P. 1angsdorfii H 86.0 0 
P. orithorhyncha H 74.0 0 
P. parryi H 61.6 0 
Pedic1aris racemosa H 89.0 0 
P. rainierensis H 44.0 0 
P. verticu1ata H 94.0 0 
Penstemon barbatus H 60.4 
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Table 6.--Continued 

Species Breeding Fruit Set (%) Compatibility 
System 

Solanaceae 

Capsicum annuim H 40.0 
Solanum rostratum H 65.0 s 

Sterculiaceae 

Guazuma tomentosa H 28.1 0 
Theobroma cacao H 0.2 

Tymeleaceae 

Pimelea oreophylla H 2.0 
P. prostrata H 4.0 
P. sericeo-villosa H 4.0 
P. traversii H 41.0 

Tiliaceae 

Tilia americana H 3.0 
T. cordata H 17.0 
T. platyphyllus H 3.0 

Umbelliferae 

Gingidia flabellata H 37.8 

Verbenaceae 

Lantana camara H 35.0 0 
Tectona grundis H 2.0 
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If the hypothesis is false, and female function determines total 

flower production, then there should be no difference between fruit 

set for hermaphrodites and monecious and dioecious plants. The 

results support the male function hypothesis; monecious and dioecious 

plants, where the sexes are spatially separated and the numbers 

can be independently adjusted, have significantly higher percent 

fruit set than do hermaphroditic species (62.54% and 26.99% respective-

ly, t =5.28, p <0.001). s 

As previously stated, the exception to the prediction that 

fruit set should be higher for monecious and dioecious plants, should 

occur for hermaphrodites which are cleistogamous or highly autogamous 

(i.e. self fertilized). In these species, the optimal number of 

"female" flowers should be close to the optimal number of "male" 

flowers. Total flower production is jOintly determined by male 

and female function. Therefore, the fruit-to-flower ratio should 

more cl?sely resemble the ratio for monecious and dioecious plants. 

Data was also collected for fruit set for self fertilized hermaphrodites 

(Table 6). When only self compatible hermaphrodites are considered, 

there is no significant difference in fruit set between self compatible 

hermaphrodites and monecious and dioecious species (69.11% and 62.53% 

respectively, t =.70, p >0.4). However, when self compatible hermas 

phrodites are compared with self compatible hermaphrodites there 

is a highly significant difference in percent fruit set (t =7.41, s 

p «0.001), with non-self compatible hermaphrodites exhibiting a 

reduced fruit set. 



Although male fitness is hard to quantify, more and more 

evidence is being gathered to support the importance of male fitness 

in hermaphroditic plants. Hopefully we will soon be able to abandon 

our female biased view of plant evolution and replace it with a 

more equitable male-female view of plant fitness. 
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