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ABSTRACT 

Models are developed for the evolution of outcrossing in general 

and the evolution of distyly in particular. Field studies of distylous 

Lithospermum cobrense (Boraginaceae) are reported to support and compli

ment theoretical work. First a method is developed to model selection 

against selfing which takes into account the effects of consecutive 

generations of selfing on loss of heterozygosity. Conditions are then 

derived for optimal rates of outcrossing. Intermediate rates of out

crossing are optimal under a wide range of parameter values. One assump

tion of this model is that seedset is not pollen-limited. I then inves

tigate the nature of inherent constraints on whether seedset is poll en-

limited or resource-limited in outcrossing animal-pollinated plants, and 

conclude resource limitation is likely when the per-seed cost of fruit 

production is greater than the per-seed cost of pollen production. The 

model also points to why animal-pollinated plants usually have hermaphro

dite flowers. This model is followed by analyses of pathways for the 

evolution of self-incompatibility with two mating types such as is 

associated with distyly. To account for this I show it necessary to 

postulate a fortuitous conjunction of rare mutations, very severe selec

tion against selfing, and/or unusual mutational effects. It is also 

necessary to postulate resource-limited seedset. At this point I develop 

models for floral differentiation of mating types, culminating in the 

x  



completely distylous condition. Once self-incompatibility has evolved 

in plants with stigmas and anthers already spatially separated, it is 

possible to account for complete floral differentiation under both 

pollen limitation and resource limitation. Field studies of L_. cobrense 

focus on the pattern of pollen dispersal by butterflies, the mechanism 

accounting for this pattern, and the extent to which this pattern leads 

to resource or pollen limitation of seedset. In this species and in 

distylous species generally, the major effect of reciprocal placement 

of anthers and stigmas in the two mating types is to enhance the effi

ciency with which pollen is transported to compatible stigmas. This 

enhances male fitness but for full distyly to evolve it is helpful, 

though not strictly necessary, for female fitness to be affected too, 

as under pollen limitation. Finally, I argue that sporophytically con

trolled multiallelic self-incompatibility may originate by pathways 

similar to those envisioned for distyly, and that these two kinds of 

breeding systems are branches with a common stem. 



We cannot say why the individuals of certain species profit 
greatly, and others very little by being crossed. . . . It is 
equally inconceivable why some individuals of the same species 
should be sterile, whilst others are fully fertile with their 
own pollen. . . . And so it is with many other facts, which are 
so obscure that we stand in awe before the mystery of life. 

Charles Darwin, 1876 

. . .  n o  s a t i s f a c t o r y  s e l e c t i v e  m o d e l  h a s  b e e n  s e t  u p  c o m p e 
tent even to derive a distylic species like the primrose from a 
monostylic species of the same genus. Possibly, therefore, the 
course of evolutionary change has been complex and circuitous. 

R. A. Fisher, 1958 

x i i  



CHAPTER 1 

INTRODUCTION 

Flowering plants display an almost bewildering variety of 

breeding systems. Some are habitually autogamous selfers, but the 

vast majority are either obligate outcrossers or normally exhibit some 

intermediate combination of selfing and outcrossing (Fryxell, 1957). 

Presumably this variety reflects a multiplicity of solutions to a 

single problem: that of maximizing reproductive success in terms of 

both quantity of offspring and their genetic quality. Various solu

tions exist because "quality" is an ecologically conditioned variable 

and may change with ecological context; and because different solutions 

depend on different kinds of pollination and seed dispersal systems. 

Conceptually, one way to organize breeding system diversity is 

to consider the advantage of self-fertilization and then ask what 

conditions make deviations from strict selfing adaptive. To see the 

inherent advantage of selfing, consider an outcrossing population of 

hermaphrodite plants. Average individuals set x seed and contribute 

x pollen grains to fertilize seed of other plants. Thus 2x haploid 

genomes are contributed to the seed pool by each plant. A rare mutant 

individual which automatically selfs but in other respects is the same 

will contribute x genomes through outcrossed pollen and 2x through 

selfed seed, for a total of 3x genomes. Its rate of increase will 

1  
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initially be 3/2 that of the average individuals and it will ultimately 

replace them (Maynard Smith, 1978a; Charlesworth, 1980; Lloyd, 1980). 

Furthermore, if resource allocation to male and female function is 

equal in outcrossers, selfers which reallocate resources from male 

to female function but produce just enough pollen to fertilize all 

ovules will be up to twice as fecund as outcrossers. This is analogous 

to Williams' 50% cost of meiosis (Williams, 1975), or more precisely, 

the cost of maleness (Leigh, 1977). 

This inherent advantage to selfing was incorporated into cal

culations by Fisher (1941), Crosby (1949), and Bodmer (1960), but was 

not explicitly recognized until later (e.g., Maynard Smith, 1977, 

D. Charlesworth and B. Charlesworth, 1979; Lloyd, 1979). Not surprisingly, 

it seems not to have been appreciated by many plant evolutionists 

(e.g., Stebbins, 1957; Grant, 1958; Jain, 1976). Historically, they 

have assumed outcrossing has a long-term evolutionary advantage and 

have looked for special circumstances making selfing advantageous. 

I believe this misconception has hindered progress considerably. A 

more fruitful approach is to turn the problem around and ask, given 

the inherent advantage of selfing, what circumstances and processes 

make outcrossing adaptive? 

In this dissertation, I begin with a general model for the evo

lution of partial outcrossing. Then I present an analysis of the 

evolution of resource allocation to male and female function in out

crossing hermaphrodites. This is followed by a detailed investigation 
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of the evolution of one system of obligate outcrossing: distyly. In 

this variant of heterostyly, two mating types occur in a population. 

Each is self-incompatible but cross-compatible to individuals of the 

other type. Pins (see Darwin, 1877, for origin of terminology) are 

characterized by long pistils and short stamens, while thrums have 

the reciprocal arrangement, so that usually thrum anthers are at the 

level of pin stigmas (with respect to the base of the flower) and 

thrum stigmas are level with pin anthers. Often pollen grains and 

stigmas are dimorphic as well. A series of models is presented which 

investigate pathways to the evolution of the incompatibility system 

associated with distyly. This is followed by a theoretical investiga

tion of the evolution of morphological differentiation of mating types. 

Then field studies are reported which test various assumptions of the 

models. In the concluding chapter I attempt to place distyly in per

spective as a plant breeding system. 



CHAPTER 2 

OPTIMAL RATES OF OUTCROSSING IN PLANTS 

The powerful immediate advantage to selfing outlined above 

mitigates group selection arguments that outcrossing is favored because 

of increased evolutionary flexibility. Yet the only consistent effect 

of outcrossing that could have strong selective value is to maintain 

genetic variability both within and between offspring. A problem of 

considerable importance, then, not just to understanding the advan

tages of outcrossing but also in considering the evolution of sex per 

se, is to evaluate the immediate effects of genetic variability on fit

ness. Although theoretical solutions to this problem have proven 

difficult and equivocal (reviewed in Maynard Smith, 1978a), some 

empirical evidence suggests that the maintenance of heterozygosity, 

at least, can have selective value (Clegg and Allard, 1973; Allard, 

Kahler, and Clegg, 1977; Harding and Barnes, 1977; but see Levin, 

1978). In this dissertation the view is taken that natural selection 

may favor outcrossing through its effects on levels of heterozygosity. 

In this chapter, conditions are sought which may lead to intermediate 

levels of outcrossing. 

Several theoretical studies (e.g., Crosby, 1949; Bodmer, 1960; 

Jain and Workman, 1967) have shown that a polymorphic population of 

both selfers and outcrossers may obtain if selfing genotypes are of 

4  
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sufficiently reduced viability. When fixed levels of selection against 

selfing genotypes are replaced by a more realistic scheme where selec

tion is modeled as viability reduction of selfed offspring, interme

diate levels of selfing can be optimal but only when increased rates 

of selfing are accompanied by a simultaneous reduction in the effec

tiveness of cross-fertilization (Lloyd, 1979). Maynard Smith (1977) 

took the realism with which selection is modeled a step further by 

assigning viabilities (V^) according to how many consecutive generations 

of selfing have occurred. He notes that if selfers average sufficiently 

high viability but some are sufficiently small, intermediate values 

of selfing will be optimal. 

Here I attempt to refine further the way selection against 

selfing is modeled. The model presented is structurally similar to 

Lloyd's (1979) but conceptually related to Maynard Smith's (1977). 

It is shown to lead to intermediate levels of selfing under a broad 

range of conditions without restricting the generality of the result 

by requiring interaction between selfing and rates of cross-pollination. 

The results offer insight into patterns of outcrossing in flowering 

plants. 

Striking a Balance Between Selfing and Selection 

To set the stage, consider a simple version of Lloyd's (1979) 

model for balancing selfing and selection against selfing. Assume 

plants are self-compatible and undergo self-fertilization at rate s. 

If there are x seeds per plant, sx are selfed and (l-s)x are outcrossed. 
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A total of 2x haploid genomes contribute to reproductive fitness, half 

pollen and half ovules. Now assume selfed offspring have viability 

reduced by a factor (1-6), resulting in some way from increased homo

zygosity. Then after selection the average fitness (W) is proportional 

to 2x{(l-<5)s+(l-s}}. Introduce a rare phenotype which selfs to extent 

s, where s f s. The contribution to fitness through ovules is propor

tional to x{(l-6)s+(l-s)} and through pollen is x{(l-S)s+(l-s)}. 

Here it is assumed that a different rate of selfing (s) does not in

fluence the amount of pollen contributing to outcrossing. Total fitness 

(W) is proportional to 2x{l-(2s5+s-s)/2}. 

For s to be the stable equilibrium selfing rate it is necessary 

for W<W for all s, s f s. This condition is satisfied when s = 0, if 

5>l/2; and s = 1, if S<l/2. There is no stable intermediate value for 

i. This analysis and result is equivalent to Lloyd's basic model (Lloyd, 

1979). 

Now we seek a way to model selection against selfing in a 

manner which more closely reflects the assumption that individual het

erozygosity is of direct selective value and that high enough levels 

of selection against selfing to promote outcrossing can result directly 

from reduced heterozygosity. It is well known that the value of 

quantitative characters decreases in approximately linear fashion with 

increasing f, the inbreeding coefficient (Falconer, 1960). The coeffi

cient f measures loss of heterozygosity due to inbreeding and changes 

as (HQ - H..)/Hq where H is the fraction of heterozygous loci in an 



individual and the subscript refers to the number of consecutive 

generations of inbreeding undergone. For complete selfing f^-p 

l/2(l+f..), where f =0 (Crow and Kimura, 1970). Overall fitness might 

decrease in the same way except that as lines become more and more 

inbred the better ones with fortuitous combinations of alleles will 

prevail. We might then expect the drop in fitness to level off before 

complete homozygosity is achieved. Hollingsworth and Maynard Smith 

(1955) demonstrated such a pattern of fitness loss in lab populations 

of Drosophila. 

A range of schema for fitness loss are investigated here. At 

one extreme we might assume fitness acts like a quantitative charac

ter and decreases linearly with f. This is a very different assumption 

from that used by Lloyd (1979). As shown above, he assumed that selfed 

offspring have a constant decrement in fitness over outcrossed offspring 

which does not depend on the number of consecutive generations of self

ing engaged in by their forebears. Let 6max represent the level of 

selection against completely homozygous individuals, compared to aver

age outcrossed individuals. Then, according to the linearity criterion, 

<S is equal in absolute value to the slope of selection (1-6) as a max ^ 

function of inbreeding (f) (Figure 2-1, z=l). By introducing an expo

nent z, 0<z<l, in the equation for selection against selfing, 

M - ' - W w '  ( 2 " 1 )  

we can approximate any degree of attenuation of fitness loss with 

increased inbreeding. In the limit as z-M3 we are back to Lloyd's 
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(1-6) 

( 1 - 5  ) ?  
max' 

d. z * 0.5 

? 

z • 0 

f 

1  i l l .  

0.5 0.75 

Figure 2-1. Selection against selfing (1-5) is considered 
to be a function of the inbreeding coefficient 
(f), as (1-6) = 1-<5maxfL-i. The inbreeding 
coefficient only takes on values f.+q = 
l/2(l+f.j), where fQ = 0. 
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model, where 5= Sv for all f>0 (Figure 1-1, z=0). In the following 
MiaX 

analysis three values of z (1, 0.5, 0.1) are investigated (Figure 2-1). 

Let a represent the fraction of self-fertilized genomes (from 

ovules and pollen) among those contributing to offspring through both 

selfing and crossing. Following the analysis above, a equals I, the 

selfing rate in normal individuals; but for rare individuals with 

selfing rate s, s j4 S, a = (2s)/(2+s-s). This follows from the fact 

that the selfing rate (s) applies to ovules but not to pollen, which 

has a selfing rate s/(total pollen success), i.e., s/{s+(l-s)}. Now 

let X(<S , a, z) represent the average viability of all offspring of an IllaX 

individual with selfing rate s, where 6max is considered a population-

wide parameter. Then the phenotypic fitnesses are defined as: 

For brevity call X(5m . 5 ,  z) simply X and X(<5mav,  a ,  z), X. 
FnaX HldA 

Then s is optimal and stable when 2xX>2xX{(2+s-s)/2} for all s f s, 

or, letting R = X(2+s-s)/2X, stability results when R<1 for all s f s. 

This inequality is met if: 

W  *  X ( W 5
' 

Z ) 2 X  •  
(2-2a) 

and 

W ^(5max» <*> z){x+sx+(l-5)x} 

* X(W • 
(2-2b) 

(2.3a) 
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3S2 
< 0 

1 0  

(2-3b) 

These criteria are satisfied when: 

8X 
3s 

= ik 
2 

(2-4a) 

/3X . 3% < 0 (2-4b) 

Selection Favoring Heterozygosity 

Now it is necessary to focus on the form of ̂ (5max'a»z)> given 

the relation specified between heterozygosity and selection (Figure 

2-1). For clarification, consider an example where s = a = 1/2, 
* 

= 1» and z = 1. Then an outcrossed individual will produce half max r 

outcrossed progeny, each with viability equal to one; and half selfed 

offspring, each with viability (1-6) = (l_5maxf) = 1/2, since hetero

zygosity is reduced by 1/2 after a single generation of selfing. Aver

age offspring viability is then 3/4. In the next generation 2/3 of 

individuals are the product of outcrossing and have offspring with aver

age fitness like their outcrossed parents, while 1/3 are the product of 

selfing. Half of their offspring are outcrossed, with viability of one; 

and half are selfed, now for two consecutive generations, each with via

bility thereby reduced to 1/4. Multiplying through by frequencies and 

viabilities gives average viability of progeny in the second generation 

of 17/24 (Table 2-1). In the third generation average offspring viability 
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Table 2-1. Example of how mean offspring viability changes 
with successive generations of selfing. — Here 
5 = ,/2' 5max = 1. and z = 1. 

Frequency Offspring 
Parental Offspring X Mean 

Generation Status Status Viability Viability Viability 

1 outcrossed 1/2 out- 1 1/2 

' 

crossed 3/4 

1/2 selfed 1/2 1/4 

2 2/3 outcrossed 1/2 crossed 1 1/3 

1/2 selfed 1/2 1/6 
17/24 

1/3 selfed 1/2 crossed 1 1/6 

1/2 selfed 1/4 1/24 

3  
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is reduced somewhat more. After several generations a lower limit, 

\(1, 1/2, 1) is approached. This can be interpreted as the average 

viability of individuals with these parameter values compared with com

plete outcrossers . 

For the general case we seek something similar to the stable 

age distribution in demography except that we are interested in the 

distribution of heterozygosity rather than the distribution of ages 

in a population. In both cases we can calculate X, the rate of popu

lation increase. In our case A is the rate of increase of partial 

selfers due to viability disturbance as compared to outcrossers. We 

proceed as follows. At time t = 0, the population is represented by 

a column vector nQ with k + 1 elements. Element niQ is the number of 

individuals in the population which are the product of i consecutive 

generations of selfing at time t = 0. In a population of finite size, 

k is a random variable with a finite mean, but for simplicity is here 

treated as a constant. Let be the frequency of offspring of 

individuals in class n^ t which enter class nQ t+-| and the proba

bility that offspring of n^ t enter class n^i t+-j. Thus F^=(l-a) 

and P.= (1-<S avf?.-i). where lower-case f is the inbreeding coefficient. i max i•* I 

We see that F^ and are analogous to births and probability of sur

vival in the Leslie transition matrix (Pielou, 1969). The form of P.. 

warrants further explanation. If no selection were operating, P.. 

would reduce to a. But P^ also includes mortality due to selection 

against loss of heterozygosity. For example, PQ is equal to a, the 
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proportion of selfed offspring of individuals in class n . , reduced O 9 L 

by selection against them to the extent (1-Smavf?) = (1-1/2z5m=v). This 
(TlaX I max 

reflects the fact that the first generation of selfing reduces hetero

zygosity to 1/2 its former level. We obtain the vector n-j from the 

equation AnQ = n^, where A is as follows: 

A = 

F1 

0 

P, 

0 0 

Fk-1 Fk 

0 

0 

0 

0 

pk-l 0 

(2-5) 

We seek ns+-j = Aps = Xns> where X is the dominant eigenvalue of A and 

is a scalar constant, and n„ is the vector of the stable distribution s 

of heterozygosities. Using standard techniques we arrive at the 

characteristic equation: 

xW.KoXk.poF1Xk-1-poP1F2Xk-2-"-(PoP1...Pk.1)Fk=0. (2-6) 

With 5 „ =0 and k large, A=1. With and a  between zero and one, max 3 max 

X is not amenable to explicit solution but it can be solved numerically 

on the computer. X and X(S . a, z) are by definition equivalent and 
IllaX 

can be calculated for any desired values of s, s, z, and 5max-
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Now we are in a position to seek equilibrium values of s by 

evaluating conditions (2-4). Holding s, <5max and z constant and cal

culating ^(Smax, cr, z) as a function of s reveals that condition 

(2-4b) is always met whether or not s is optimum. To satisfy condition 

(2-4a) it is necessary to find values of s and Smax such that the slope 

of ̂ (SmaxS cr, z) as a function of s equals -A/2 evaluated at s = s. 

These optimal values are plotted in Figure 2-2 as s* as a function of 

^max' T^1S shows that optimal rates of selfing can take 

any value, and decrease with the severity of selection against homo

zygosity. In addition, Figure 2-2 shows that as z is decreased, 

obligate outcrossing (s*=0) becomes an optimal solution for increasingly 

lower values of <5m . until as z-K), Lloyd's result is reached and no 
iTlaX 

intermediate values of i are optimal. 

Discussion 

Maynard Smith (1977) showed that intermediate values of selfing 

can be optimal in hermaphrodite plants. Here it is shown that there 

is theoretical expectation for this to be of common occurrence, espe

cially when z is large (close to 1) and 5 „ is small. Conversely, max 

obligate outcrossing is optimal when Smx is large and z is small 

(Figure 2-2). In this model the number of ovules fertilized (x) is 

held constant but in nature x may often depend on s. This is likely 

to occur when seedset is pollen-limited. Here a decrease in s may 
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z = 0 

— *  

0.5 

Figure 2-2. Optimal rates of selfing (s*) are calculated as a function 
of selection coefficients of completely homozygous off
spring (^max! for severa^ values of z, which determines 
the attenuation of fitness loss as the inbreeding coeffi
cient (f) is increased. — The characteristic equation 
(2-6) is solved for X by computer with k (maximum number 
of generations of selfing) arbitrarily set at 15. A search 
is made for values of s and 6max which meet criterion 
(2-4a). For a given value of <Smax, s* is approached by 
interpolation and trial and error. 
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also reduce x. This will tend to increase s to a higher value. 

Still, unless attenuation of fitness loss with increasing f is extreme 

(z-K)), complete selfing cannot be an optimal solution. This result 

indicates that complete selfing should be uncommon as, indeed, it is in 

hermaphroditic plants. Although the results of the partial outcrossing 

model seem consistent with broad patterns of outcrossing in plants, 

one implicit assumption deserves further comment. This is the notion 

that sufficient genetic variability exists to permit the attainment of 

an optimal solution through natural selection (Maynard Smith, 1978b; 

Slatkin and Maynard Smith, 1979). In the case of some obligate out

crossing systems, including distyly, the number of alternative levels 

of selfing may be restricted to two. Either obligate outcrossing or 

some intermediate level of selfing may be favored by selection. If 

s*=0, then obligate outcrossing will be favored. But if s*>0, obligate 

outcrossing may still be favored if it provides a solution closer to 

the optimum than is provided by values of s achieved by partial selfing 

phenotypes. 

In general, <Smax might be expected to be an environmentally 

mediated parameter which affects the entire population equally and 

which cannot easily be influenced by and for individuals. But s can 

be both externally mediated and under the control of natural selection. 

It is the balance between these forces which determines whether enough 

genetic flexibility exists for optimum values of s to be approached. 

What is meant by "genetic flexibility" can be made more explicit. 



Consider the case of tropical forest trees, where it has been shown 

that obligate outcrossing, either through physiologically mediated 

self-incompatibility or dioecy, is very common, if not predominant 

(Bawa, 1974; Tomlinson, 1974; Bawa and Opler, T975). In tropical 

forests there may be a premium placed on rapid rates of evolution to 

keep pace with competitors, predators, pathogens, etc. (Maynard Smith, 

1976). This in turn may favor high rates of recombination (Levin, 

1975; Maynard Smith, 1978a) and thus disfavor high levels of homozy

gosity, thereby making 6 generally high. Under such conditions s* 
Ilia A 

might be quite low, but not necessarily zero. Yet widely spaced 

tropical trees, especially those producing masses of flowers, may be 

unable to reduce selfing rates sufficiently while still retaining self-

compatibility. Obligate outcrossing may be the best solution, though 

not the optimal one. In such a situation the range of values s can 

take may be restricted by plant demography and pollinator behavior. 

Though this example concerns a certain class of tropical forest trees, 

it may be a variation on a common theme. Pollinator availability and 

behavior, flowering phenology, and plant demographic variables, as well 

as temporal variability in all the above may severely restrict the 

range of values s may take. Then extreme solutions (s = 0, s = 1) may 

occur even when they are not optimal solutions. As we shall see, this 

kind of compromise may also play a role in the evolution of distyly. 

A word is also in order about the parameter z. The value of 

z may be close to one under situations where the level of heterozygosity 
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per se is acted upon by selection. But where selection acts on dele

terious recessives, z will be closer to zero, because as these genes 

are eliminated by selection, fitness will no longer decline with in

creasing homozygosity (and may even increase). The buildup of 

deleterious recessives leads to what has usually been called inbreeding 

depression, and occurs most effectively in populations of obligate 

outcrossers. This suggests that z will tend to be lower for outcros-

sers than for partial selfers. This situation provides a self-augmenting 

mechanism insuring the continuance of obligate outcrossing once it is 

achieved. 



CHAPTER 3 

ALLOCATION OF RESOURCES TO MALE AND FEMALE 
FUNCTION IN HERMAPHRODITE PLANTS 

The partial outcrossing model developed in the last chapter 

relies on seedset being unaffected by the availability of pollen. 

Rather than being pollen-limited, seedset was presumed to be limited by 

the allocation of resources to fruit production. It will be shown in 

later chapters that whether plants are pollen-limited or resource-

limited can have a profound effect on their evolutionary potential. In 

this chapter, I investigate the evolution of resource allocation to male 

and female function in outcrossing plants. This will provide some 

understanding of models which postulate resource-limited or pollen-

limited seedset. 

It is self-evident that sexually reproducing hermaphrodite 

plants contribute to future generations through both pollen and ovules. 

Yet this fact has had little influence on studies of pollination bio

logy. Since Darwin (1876), it has been fashionable to ascribe countless 

adaptations for animal-mediated pollination as means to increase rates 

of outcrossing. While circumstantial evidence for this may seem over

whelming, few studies have sought to measure fitness gain resulting 

from various adaptations; and when this is attempted, the currency of 

fitness measured is usually seedset (i.e, Waser, 1978; Will son, Miller 

19 
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and Rathcke, 1979) or an analog, such as stigma loads of compatible 

pollen (i.e., Ganders, 1979a). Studies on pollen-ovule ratios have 

suggested to Cruden (1977) that, as adaptations, natural selection 

operates on these ratios through their effects on seedset. That is, 

particular ratios are seen to evolve so as to maximize seed production. 

Similarly, some studies at a community level have assumed that competi

tion among plants for pollinators reduces seed production (Waser, 1978; 

but see Kodric-Brown and Brown, 1979). Further, in the study of life 

history strategies, it has been suggested that pollination adaptations 

may evolve so as to increase the efficiency of seed production (Schaffer 

and Schaffer, 1977). While seed production may be an appropriate mea

sure of fitness in many of these cases, the fact that plants may gain 

fitness through paternity as well as maternity suggests this need not 

always be the case. In this chapter I explore circumstances which 

determine relative allocations to male and female function in hermaph

rodite plants, and deduce some consequences therefrom. 

Maynard Smith (1971, 1977) has pointed out that if allocation 

to male and female functions are limited by the same resources, an 

hermaphrodite should allocate resources approximately equally between 

them. However, this depends on male and female fitness gain being 

identical functions of allocation. Reasons for expecting them to dif

fer will be discussed below, but one consequence of unequal gain func

tions, aside from unequal allocation strategies, is that seed produc

tion need not always be maximized. The problem was seen clearly by 



Bateman (1948), who suggested that in many organisms male reproductive 

success depends largely on their ability to attract and fertilize fe

males, whereas female reproductive success is a function of resources 

available for conversion into offspring. If this conjecture applies to 

hermaphrodite plants, it suggests that seed production might not be 

limited by the availability of compatible pollen. In such a case it 

becomes difficult to ascribe pi ant-pollinator coadaptations solely to 

increasing seed production, and fitness gain through pollen may be the 

most important selective force (Kodric-Brown and Brown, 1979). This 

idea, which implies potential conflicts between male and female func

tions, has been extended by Charnov (1979), Charlesworth and Charlesworth 

(1981), and touched upon by Will son (1979). 

The object of the present study, then, is to develop a model 

for sex allocation in hermaphrodite plants which makes no initial as

sumptions about whether or not Bateman's conjecture applies, but, rather, 

is designed to investigate circumstances under which it does apply. 

The Model 

The approach followed is to ask how resources (R) can be divided 

between male function (r) and female function (1-r) to give an evolution

ary stable strategy (ESS), where the adaptive function to be 

maximized is the sum of fitness gain through maternity (W?) and pater

nity (Wd): max W = W? + Wd = f(r) + g(l-r). Assume that R is fixed. 

Then we can plot fitness gain functions W and Wd (Figure 3-1). It is 

crucial to note that where these cross is the population average (r). 



W(r) 

Figure 3-1. Fitness gain functions drawn so that 
W9 = when W is maximized: r = r*. 



Fitness values of the functions for all other allocation strategies 

r ? ? are considered potential mutant strategies. If W is maximized at 

r, all mutant strategies are inferior and r is an ESS. If a mutant 

strategy is better (yields a higher value of W), then it can increase 

in frequency and the population average (r) will shift accordingly. 

The problem, then, is to consider constraints on the shapes of W9 and Wd. 

Functionally, R can be divided among resources devoted to the 

production of pollen (P), mature fruits (F), and, in animal-pollinated 

plants, an attraction system (A), which includes all devices for attrac

tion of pollinators and efficient movement of pollen from anthers to 

compatible stigmas. In effect, W is a function of three variables, 

W = h(P,F,A), subject to P+F+A = 1, thereby being reduced to two, since 

A = 1-(P+F)<t Yet in the graphical example above, dimensionality has 

been reduced further to a single variable, r. To justify this it is 

necessary to be able to assign F, P, and A to male and female function. 

If we assume plants are self-incompatible (obligate outcrossers), then 

fruit production (F) only contributes to female function (W^). Further, 

if we assume pollen does not act as a reward for pollinators, pollen 

production (P) only contributes to male function (Wd). Resources allo

cated to the attraction system (A), which includes nectar, petals, 

scent, etc., may contribute to both male and female function. 

At first thought, it may seem artificial and arbitrary to try to 

partition A between r and (1-r), but there is a compelling reason for 

doing so. This is that the attraction system comprises the major 
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co-evolved adaptations of the pollination system, and to understand 

their evolution necessary to know how natural selection has operated 

through maternity and paternity. This, in fact, implies an evolution

ary criterion for partitioning A. Consider a population of plants 

such as described above in which rare mutants are found with allocation 

strategies covering the full range from r=0 (fully female) to r=l (fully 

male). Imagine reducing allocation to attraction in each mutant by a 

small amount. Then measure the effect on male fitness loss and female 

fitness loss. In each case, reducing the value of attraction may reduce 

Wd, W^, or both. The strength of the effect is a measure of how much of 

the cost of attraction is attributable to male and female function. For 

instance, if > 0 and = 0 (it is these partials we have measured), 

then the cost of attraction is attributable completely to male function. 

This method of partitioning the cost of attraction is justified because 

this is how natural selection operates. If a modification in the 
3W 

attraction system has no effect on female function (-^- = 0), then it 

will be selected or rejected only on the basis of its effect on Wd. 

In the model presented here, the method for assigning A accord

ing to this criterion follows. First A is arbitrarily assigned entirely 
A 

to male function. Then fitness gain functions representing Wd = 
A A A 

f(P,A) and W9(Wd) = f(W<5,F) are graphed. For each strategy, ri, Wd(ri) 
A 

results from the combination of P+A = r .  that maximizes Wd(r^). W?(Wd) 

represents fitness return from a proportion of resources F = 1-r devoted 

to fruit production but subject also to any constraints imposed by the 



value of A set by Wd. Second, A is arbitratily assigned to female 
A A A 

function and = f(F,A) and Wd(W?) = f(W9,P) are graphed. Third, a 

method is developed to determine the range of values of r for which the 

cost of attraction is shared between male and female function, and it is 

partitioned accordingly. 

Now it is necessary to adopt biologically reasonable constraints 

on the shapes of the various fitness gain functions. First consider 
A A 

W9 and Wd. These represent optimal combinations of expenditure on fruit 

production and attraction, and pollen production and attraction, respec

tively. In general we can expect them to be sigmoidal functions of 

(1-r) and r (Figure 3-2). That is, pollination rates are not Itkely to 

be a linear function of expenditure on attraction. For instance, low 

values of A may be expressed as fewer, smaller, or less rewarding flowers, 

compared to the population average. Very low values of A, at least, may 

be insufficient to attract pollinators at a per-flower rate comparable 

to that on plants with more, larger, or more rewarding flowers. Yet 

when A is large, pollinators may effect less cross-pollination (on a 

per-flower basis) than at intermediate levels of expenditure on attrac

tion. The relative importance of the convex and concave portions of 

the curves will vary from case to case. If the per-seed cost of fruit 
S\ 

production exceeds the per-seed cost of pollen production, Wd will tend 
/N 

to be steeper and approach a higher ultimate value than W?, as suggested 

in Figure 3-2. The consequences of this will be considered below. It 

is noted here, though, that the curves can differ somewhat for another 



Wo<F) 
W* 

W(r) 

o 

r 

Figure 3-2. W9 and represent fitness return for 
optimal combinations of (F,A) and (P,A), 
respectively. -- W^F) is assumed linear 
and represents the cost of fruit. W^W^) 
returns to zero fitness at low r since it 
depends on allocation to attraction pro
vided by Wd. In this case resources 
which might have been used are wasted. 
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reason; namely, that a given expenditure on attraction can have a dif

ferent effect on the rate of successful dispersal of pollen than on 

the rate of successful incoming compatible pollination. 
/s 

Next, consider W (W^). If rates of pollination were sufficient 

to insure no restriction of fruit production, W$ would only depend on 

energy devoted to fruit production. As a first approximation, then, 

W$(F) would be an increasing linear function of (1-r), as depicted in 
/s 

Figure 3-2. This allows us to partition into allocation to A and F: 

the horizontal difference between and W^(F) represents the cost of 
A 

attraction (A) for a given value of W , and, like W$(F), is an increas

ing function of (1-r). W9(F) is a graphical representation of Bateman's 
/s 

conjecture (Charnov, 1979). For r large, Wd will provide sufficient 

attraction for the conditions of W?(F) to be met. This is because here 

A is an increasing function of r. But for r small, fruit production 
/\ 

will be limited by the availability of compatible pollen and W9(Wd) 

will drop back to zero (when A=0), as depicted in Figure 3-2. The tran-
/s 

sition between W (Wd) being resource-limited (high r) and pollen-limited 

(low r) is the single point (because the model is deterministic) at 

which energy allocated to attraction provides exactly enough compatible 

pollen to fertilize all ovules destined to become the seeds of mature 

fruits, the quantity of which is determined, in turn, by the proportion 

of expenditure F(=(l-r)). For lower values of r, more resources are 

allocated to fruit production than can be spent. For a strictly mono-

carpic plant in which all fruit maturation follows flowering, these 
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/N 

resources may indeed be wasted, and W?(Wd) will drop to zero as depic

ted '(Figure 3-2). But in many (most?) plants such resources might be 

recycled into more flower production or into additional growth and 

future reproduction. In any event, the important point is not whether 
A 

W$(Wd) must return to zero at low r, but that there is a transition 

from resource-limited fruit production to pollen-limited fruit produc

tion, after which dW^/dO-r) is considerably reduced. 
/\ 

Now let us direct our attention to Wd(W9). Here A is provi-
/N 

ded by female function W ). As r(=P) increases, allocation to pollen 

production increases but allocation to attraction declines according 
A /S 

to the diminishing difference between and W?(F). Thus, Wd(W$) 

will rise at low r but returns to zero at r=l, where all resources 

are in pollen production and none in attraction or seedset. To see 
A 

the nature of Wd(W9) it is convenient to add the prevailing value 

of A (determined by W^) to P(=r). Figure 3-3 depicts Wd(W9) trans

posed this way as well as in its original position. Its critical 

features are that it rises to a tangency with Wd and ultimately 

returns to zero. This can be understood as follows. For low values 

of r, Wd(W9) depends on small quantities of pollen being dispersed by 
/S /N 

a well-developed attraction system (determined by W9). Wd(W$) rises 

steeply as pollen production is increased with little reduction in 

allocation to attraction. Soon an optimal combination of (P+A) is 

reached. This is, by definition, a point of tangency of Wdt with Wd. 

Beyond this point, pollen production is increased further but allocation 
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Figure 3-3. W<5(W9) represents fitness gain from 
resources applied to pollen production 
when allocation to attraction is deter
mined by W9. — It rises steeply but 
returns to zero when attraction is 
reduced to zero. Its transpose, W^, 
formed by^adding the value of A deter
mined by W , reaches a tengency with Qd. 
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/\ 

to attraction continues to decl ine until, ultimately, Wd(W9) is again re

duced to zero when all resources goto pollen production and none to attraction. 

To begin to put the curves together one more critical feature 

of the relationships between the various functions must be addressed. 

This is that the point of tangency between Wd and the transposed W(J(W ) 
/S 

is also the point of transition (t) between W$(Wd) being resource-

limited and pollen-1imited (Figure 3-4). This is because is deter

mined, in part, by the precise expenditure on attraction necessary to 
/\ 

give W?(F). By comparison, Wd results from a greater expenditure on 

attraction, relative to Wd^, for values of r larger than at the tangency; 

and smaller expenditure on attraction for smaller values of r. Hence, 
A 

W9(Wd) is provided with excess compatible pollen (seedset resource-

limited) for r>t and with insufficient pollen for r<t. 

Now we are able to partition A between Wd and W . First con

sider allocation strategies where r>t. Here seedset is resource-limited 
3W 3Wd 

and by definition -gjf = 0 while YK~ > °* In thl"s re91'on» then» A is 

assigned entirely to male function. Here Bateman's conjecture applies 
A 

and = W$(Wd) = W?(F). Next, consider strategies where r is near 

zero. Here most resources go into fruit production and attraction, and 

only a small amount of pollen is produced. If allocation to attraction 
3Wd 

is more than sufficient to disperse all pollen produced, then = 0, 

and A is assigned entirely to female function. Intermediate strategies 

may be such that A affects both Wd and W . For r smaller, A has a 

greater influence on W$ and for r larger, A has a greater influence on 

Wd (until r>t, at which point A only influences Wd). 
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W(r) 

\W?(F) 

Wcf (W?)/ 

/ W$/(Wcf) 

^ 0 P°llen~limited seedset -<t-^resource-rimited seedset^ 

Figure 3-4. The point of tangency between Wd and 
Wdt is the point of transition between 
pollen-limited and resource-1imited 
seedset. 
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Figure 3-5 is a graphical example of how A can be partitioned. 
/\ /N /\ 

For r>t, W9 = W?(Wd) and Wd = Wd. For r near zero, W? = W? and Wd = 
A 

Wd(W ). For intermediate values of r, A is shared. For example, at 

strategy p (Figure 3-5), A = q'-q. Here an amount p-q is reassigned 

from W? to Wd(W9). 

Total fitness, W, is plotted in Figure 3-6. This is simply 
dWd 

the sum of Wd and W . The best mutant strategy, r, occurs where —7- = 
<W9 9 . 

,j(-| r). In this example r and r are both in the resource-limited 

region of allocation strategies. It is also possible for both to be in 
/s 

the pollen-limited region (Figure 3-7). If r f r, mutants with strategy 
/\ /N 

r will increase and ? will shift toward r. As a result, fitness gain 

functions will also shift, since they are determined relative to r. A 
/v 

new r will appear, but it will be closer to ? than before. Ultimately 
A 

evolution may proceed to a point where r = ?. This is the ESS (desig

nated r*). It can occur either under resource limition of pollen 

limitation (Figure 3-8). This analysis suggests it is possible, but not 

necessary, for Bateman's conjecture to apply. It also emphasizes that 

evolution of the attraction system depends on both male and female func

tion under pollen limitation, but only male function under resource 

limitation. Several stronger results follow. 

Hermaphroditism Versus Dioecy 

Several reasons have been suggested why hermaphroditism is 

favored over dioecy in most angiosperms. It is often noted that her

maphroditism affords selfing when pollinators are scarce. But this 



W(r) 

WcT(W? ) 

Figure 3-5. Bold lines indicate W? and W<j with A 
partitioned between them from near 
r=0 to r=t. 
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W (?) -
W(R) * 

£ + 0* 

W(r) 

r 

Figure 3-6. W is. the sum of W9 + W^. -- Only one local 
maximum is possible in spite of W being 
discontinuous at t. 
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W ( r )  

W  ( f )  

/ N 

r 

Figure 3-7. Both r and r can occur under pollen limitation. 



W(r*) 
W(r*> 

W(r) W(r) 

Wcf 

1 
r 

Figure 3-8. The ESS (r*) may occur under resource limitation or pollen limitation, 
(a) Resource limitation; (b) Pollen limitation. 
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explanation does not apply to the vast number of species which are 

self-incompatible. Charnov, Maynard Smith and Bull (1976), and Maynard 

Smith (1977) have pointed out that a convex fitness set among self-

incompatible hermaphrodites.(equivalent to the set bounded by W(r) 

being convex) ensures that hermaphroditism is favored over dioecy. 

This may result from: (1) pollination curves becoming saturated; (2) 

temporal separation of cost of flowering and fruit maturation; and 

(3) shared cost of the attraction system. The present model suggests 

that (3) alone is of sufficient generality to account for the predomin

ance of self-incompatible hermaphrodites. In all likelihood, pollination 

curves do ultimately begin to become saturated but since they are prob

ably sigmoidal this in itself does not insure concave W. Point (2) is 

analogous to reducing the total amount of resources allocated (R) for 

high values of r, thereby diminishing male gain under those circumstances. 

While this may apply to many plants, it does not appear to reduce the 

possibility of gynodioecy being favored. 

But the fact that the cost of the attraction system is ulti

mately shared in plants with hermaphrodite flowers (even in most cases 

of dichogamy) offers a sufficient general explanation for the ubiquity 

of the hermaphrodite flower. By "ultimately shared" is meant the 

attraction system serves both male and female functions. . In the present 

model this is indicated by there being a necessary transition from A 

being attributed to female function at low r and to male function at 

high r. However this transition occurs, whether abruptly or gradually, 
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the effect is to increase W for values of r between the extremes. This 
A /\ 

is illustrated in Figure 3-9, where and Wd are depicted as linear 

(and in this case, t = r), but because of the transition of A from 

female to male function, i.e., because of the shared cost of A, W still 

defines a convex fitness set. Symbolically, this is assured by the 
/\ ' /\ 

difference (representing A) between W? and W9(Wd) at the transition 

between pollen- and resource-!imited fruit production. It is not sur

prising then that hermaphroditism is much more common in animal-

pollinated than in wind-pollinated plants. 

Evolution Toward the Optimum (r*) 

The model demonstrates that both the population average 
A 

(r) and the best mutant strategy (r) may lie in either the pollen-
A 

limited or resource-limited region. Nor need the r and r both be in 
A 

the same region. If r f r, there will be selection for mutants with 
A 

allocation strategies closer to r. Then r will move in the direction 

of r*. The question now is where will r* ultimately lie, in relation 
A 

to the former positions of r, r, and to t (the transition point between 

pollen- and resource-1imitation). As r evolves, so will the average 

values of F, P, and A. We seek the effects of changing these on the 

shapes of the fitness gain curves. Table 3-1 gives values for the 

partial derivatives of the fitness gain curves with respect to F, P, 
/S 

and A. These are derived qualitatively. For instance, 3Wd/8F is posi-

tive (cell 4, Table 3-1) because Wd depends on the cost of pollen and 

the effectiveness of the attraction system; and increasing F increases 



W ( r )  .  
W ( r )  '  

W(r) 

// 

r 

Figure 3-9. Shared cost of attraction insures a convex 
fitness set and an hermaphroditic optimum. 
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Table 3-1. Qualitative values for partial derivatives 
of fitness gain curves with respect to 
F, P, and A. 

F A F p A 

A 

% 0 + -

/N 

+ - -

v^) 0 + -

+ - -
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the number of seeds produced, thereby potentially decreasing the per-

seed cost of pollen and increasing the effectiveness of attraction on 
A /S 

successful pollen dispersal. In contrast, 3W$/3F = 0 (cell 1). 

depends on the cost of fruits and the effectiveness of attraction. 

Increasing F has no necessary effect on the per-seed cost of fruits, 

nor does it increase the effectiveness of attraction in relation to 

female function. Table 3-1 may be regarded as a set of conjectures, 

since the derivations are "gedenken experiments," and cannot be estab

lished until explicit equations for the various fitness gain functions 

are given in terms of F, P, and A. However, they are derived indepen

dently of any expectations about the evolution of the system. If we 

assume they are correct, they provide a basis for answering the question 

posed at the beginning of this section. 

It is necessary to consider four cases of initial conditions 
/V /N /N 

under which r f r. They are t<r<r, t<r<r, and the reverse ordering of 

each. These are set out in Table 3-2. For each case, evolution of r 

toward r* requires a particular combination of qualitative changes in 

F,. P, and A. The sum of these qualitative effects predicts the direc

tion of change for each gain function. When these changes are analyzed 
A 

geometrically the following results emerge; r and r always converge 

toward an intermediate value; and t, though unstable, shows no tendency 

to change either toward r* or away from it-. It follows that there is 

no inherent tendency for the stable optimum (r*) to fall at the tran

sition (t) between pollen-limitation and resource-limitation; 
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Table 3-2. Qualitative effects on fitness gain functions of 
changes in average values of F, P, and A resulting 
from evolution toward r* from four possible initial 
conditions. 

/\ 

W9(Wd) MV 

A 

t < r < r 

(F4-, Pi, At) 
0 + - - - - 0 + - - - -

t < r < r 

(Ft, P4-, A+) 

+
 i 
o
 + + + 0 - + + + + 

/s 

r < r < t 

(Ft, Pt, At) 
0 - - + + - 0 - - + + -

A 

r < r < t 

(R, Pt, A+) 
0 + + - - + 0 + + - - + 
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Furthermore, if the per-seed cost of fruit exceeds that of pollen (F>P 

at r), it is more likely that r>r, and consequently r* is more likely-

to be in the resource-limited phase; and vice versa. 

This is a significant conclusion for it means self-incompatible 

plants may often evolve to have resource-limited seedset. This will be 

particularly true when adaptations for seed dispersal and germination 

make fruits expensive relative to pollen. It is not clear whether this 

applies as well to self-compatible plants, but there seems no a priori 

reason to suppose it does not. This analysis lends some plausibility 

to the notion that Bateman's conjecture often applies to hermaphrodite 

plants. It also supplies some justification for invoking resource-

limitation in the partial outcrossing model (Chapter 2) as well as those 

that follow. 



CHAPTER 4 

THE EVOLUTION OF DISTYLY: SELF-INCOMPATIBILITY 

Obligate outcrossing in plants is achieved by a remarkably 

diverse and seemingly disparate set of breeding systems, ranging 

from dioecy to several independently derived systems of multi-allelic 

incompatibility, to distyly and tristyly. In Chapter 2, conditions 

were derived for stability of partial and complete outcrossing. Now 

the obligate outcrossing system associated with distyly is studied in 

detail. 

Heterostyly has been documented in at least 24 angiosperm 

families, distyly in 23 (Vuillemier, 1967; Ganders, 1979a). It has 

apparently been derived independently many times. The difficulty is to 

understand how such a system could arise and be maintained by natural 

selection. Of particular interest is how self-incompatibility and 

morphological differentiation of mating types have coevolved. Darwin 

(1877) offered the first extensive experimental and theoretical analy

sis. His work was largely ignored until concern with this problem was 

quickened by the discovery of naturally occurring populations of Primula 

vulgaris with high frequencies of self-compatible homostyles in them 

(Crosby, 1940). Fisher (1949), Crosby (1949) and Bodmer (1960) looked 

for conditions under which homostyles, presumed to be rare recombinants 

within the heterostyly "supergene" (Ernst, 1955) might invade a population 

44 
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of pins and thrums. Crosby and Bodmer were particularly interested in 

conditions which would provide for polymorphic equilibria of two or 

all three phenotypes which closely matched population counts where homo-

styles were found. Fisher had shown that a stable equilibrium with 

equal numbers of pins and thrums could be expected in the absence of 

competing self-compatible genotypes. Crosby and Bodmer were able to 

demonstrate stable equilibria with pins, thrums, and homostyles all 

present with appropriate values for selfing and selection against homo-

style genotypes. 

The question of how distyly could originate in a population of 

self-compatible plants was taken up by D. Charlesworth and B. Charlesworth 

(1979). They postulate selection acts against selfed progeny rather 

than against particular genotypes. Although they are primarily inter

ested in the buildup and maintenance of the morphological syndrome, 

they also show how the underlying incompatibility system can evolve. 

Their computer simulations suggest that the evolution of incompatibility 

preceeds morphological differentiation. They then propose a genotypic 

model for the origin of incompatibility which is consistent with what 

is known of the genetics of heterostyly in the genus Primula. In this 

sporophytically controlled system it appears that two tightly linked 

loci control pollen and style incompatibility reactions separately, 

but, except for the rare appearance of recombinants, they act as one 

locus. Thrums are heterozygous (PS/ps), producing pollen and stigmas 

with reactant types P and S, respectively (there being complete 
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dominance); and pins are homozygous recessive (ps/ps), producing reac-

tant types p and s. Since compatible matings occur only between unlike 

reactant types (s x P or S x p), the Charlesworths reason that the 

ancestral self-compatible population might have been fixed for alleles 

P and s (Ps/Ps). Genotype pS/pS is also possible, but thought less 

likely. Then, for the origin of self-incompatibility two linked- muta

tions are necessary. The first, from P to p, is recessive and the 

second, from s to S, is dominant. The first mutant is effectively 

male-sterile but maintains normal female function, while the second, 

until the first has increased, is female-sterile (Table 4-1). 

The Charlesworths point out that selective conditions for 

increase of either mutant alone are identical to those for the estab

lishment of gynodioecy or androdioecy, respectively. Gynodioecy is 

easier to establish, but still requires that <Ss>l/2 in self-compatible 

plants, where s is the frequency of selfing and 6 is the force of 

selection against selfed offspring (Lloyd, 1975; Charlesworth and 

Charlesworth, 1978). Once the "male-sterile" genotype (ps/ps) is 

established in high frequency, "female-sterile" genotypes (PS/ps) 

will increase, since these types are mutually cross-compatible (Table 

4-1). If the condition <5s>l/2 remains approximately true, the two 

self-incompatible mating types will replace the original self-compatible 

type (D. Charlesworth and B. Charlesworth, 1979). They also consider the fate 

of rare self-compatible recombinants introduced into the population of 

self-incompatible pins and thrums. Here the criterion for resistance to 

invasion is 6>l/2 (Fisher, 1941; B. Charlesworth and D. Charlesworth, 1979). 
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Table 4-1. Compatibility relations resulting from proposed dominance 
relations of linked loci affecting pollen (P) and stigma/ 
style reactions (S). -- + indicates compatible and -
indicates incompatible. 

"wild 
type" 

1st 
mutant 

2nd 
mutant 

Pol 1 en 
Reaction Reactant 

Type 

Stigma 
or Style Phenotype 

"wild 
type" 

1st 
mutant 

2nd 
mutant 

Gi
ro OJ +-> Q-
O >> <0 h— <D 
a: CL 
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Two models presented in this chapter attempt to extend and modify the 

ideas introduced in the Charlesworths' papers. 

Co-occurrence of Two Mutant Phenotypes 

The Charlesworth model for the evolution of heterostyly requires 

two linked mutations. The stringent conditions for increase (6s>l/2) 

imply that only rarely will an appropriate mutation actually be favored 

and eventually increase. The question arises whether these rare cir

cumstances actually occur with considerably greater frequency than the 

co-occurrence at low frequency of both kinds of mutations. If there is 

not a great difference in the likelihood of these events, and if the 

simultaneous occurrence of both mutant types substantially reduces the 

severity of the conditions necessary for them to be favored by selec

tion, then it appears plausible that heterostyly might evolve in 

populations where both mutations co-occur fortuitously, as well as 

when only one is initially present. It will be shown that conditions 

for initial establishment are relaxed when both mutants occur together 

in a small population (compare 6=1/2 with 6s=l/2 in Figure 4-1). It 

is not clear whether this degree of relaxation is sufficient to increase 

the frequency of establishment by this route enough to offset the much 

smaller likelihood of having two appropriate mutations co-occur for

tuitously. In any event, the establishment of heterostyly appears to 

have occurred often enough to justify investigating several plausible 

pathways. 

What are the conditions for increase of appropriate self-

incompatible phenotypes when they <to co-occur? Two models presented 
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here explore this. Each assumes the co-occurrence of two linked muta

tions and each will consider the effects of population size. In the 

first it is assumed that pollination rates are proportional to the 

frequencies of the various phenotypes in the population and that fer

tilization rates are directly proportional to compatible pollination 

rates. This is the pollen-limited model. The second assumes that 

pollination rates are (almost) always sufficient to set a full compli

ment of seed, regardless of the frequency of phenotypes. This is the 

resource-limited model (see Chapter 3 for a discussion of pollen 

limitation and resource limitation). 

Pollen-Limited Model 

When seedsets are proportional to the amount of compatible 

pollen on a stigma, a critical parameter is the fraction of pollination 

which is self-pollination. This I designate a and consider identical 

for all phenotypes, since phenotypes are assumed to differ only in 

their compatibility relationships and not their morphology. Let h, p, 

and t be the proportions of three phenotypes, H, P, and T. These are 

analogous to homostyles, pins, and thrums, respectively; but whereas 

these names imply that morphological differentiation between phenotypes 

has occurred, we assume initially this is not so. The letters !', P, and 

T are used only as a mnemonic device to remind the reader of compati

bility relationships, which are set out in Table 4-1. With these 

assumptions, individual seedsets will be proportional to the following: 

Fj| « a + (1 -cr) (h+t) 
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Fp « (1-a)(h+t) 

(4-1) 

Ft cc (L-a)p . 

Contributions to fecundity through pollen account for the likelihood 

of pollen being transported to compatible stigmas, and will be propor

tional to the following: 

M|_j a a + (1 -a) (h+p) 

Mp a (l-a)t (4-2) 

My (1 -a) (h+p) . 

Since population-wide fecundity through ovules equals that through 

pollen, the relative reproductive fitness of each phenotype is simply 

the sum of fecundity through pollen and ovules: 

WH = k(2cr + (1 -a) (2h+p+t)} 

= k(l + a + (l-a)h} 

(4-3) 

Wp = k(l-a)(h+2t) 

Wy = k(l-a)(h+2P) 

Here K = R/[h(FH + MH) + p(Fp + Mp) + t(Fy + My)] = R/W , 

where R is the average per capita seedset in the population. K is a 

normalization constant which expresses each reproductive fitness as the 

number of diploid offspring produced. Thus hW^ + pWp + tWy = R. 



The first condition to be satisfied to fulfill an evolution-

arily stable strategy (ESS) is that all phenotypes present in the 

population are equal in fitness. The second condition is that each 

phenotype present is at a maximum in fitness (Maynard Smith and Price, 

1973). By comparing fitnesses, it is seen that these conditions are 

met only when h=l. A population of H phenotypes is not invasible 

by T and P phenotypes and a population of T and P is invasible by H 

for all meaningful values of a (i.e., 0<a<l). This is not surprising 

since there is no special benefit to being self-incompatible. 

Now consider the effect of selection against selfed offspring. 

For simplicity I use the method of Lloyd (1975, 1979) and D. Charles-

worth and B. Charlesworth (1979). As described in Chapter 1, this 

method does not take into consideration the possibility of consecutive 

generations of selfing. In the present context, this will be seen to 

make no difference in the result, but it will provide a means of com

parison with the Charlesworth model. 

The procedure is to apply selection (1-6) against selfed off

spring of H phenotypes. Then Equation 4-3 for becomes: 

Ŵ | = k{2a(l-c) + (1-a) (2h+p+t)} 

= K{1 + a + (l-a)h - 2aS) (4-4) 

Again, when fitnesses are compared it is seen that stability results 

only when h=l. The general result is that under this pollen-limited 

model of seed production, self-incompatibility cannot supplant self-
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compatibility. Further, a population of pins and thrums will be re

placed by homostyles if the conditions of this model are met. 

Resource-Limited Model 

Now consider the opposite extreme characterized by frequency-

independent fertilization rates. Here each phenotype produces the same 

number of seeds, on average, even if compatible pollen is scarce. In 

particular, this means that if P and T phenotypes are rare, T ovules 

are still fertilized by P pollen grains to the same extent as if both 

were common. This model might approximate reality when the ratio of 

pollen deposited on stigmas to number of ovules is high and population 

size is finite. Since the incompatibility reaction occurs in stigma 

or style, ovules can remain receptive to the few compatible grains 

which might be acquired. Even when the pollen/ovule ratio is low, the 

average number of ovules fertilized may be set not by the abundance 

of compatible pollen on a stigma but by the physiological state of the 

plant, potentially increasing the effective ratio. Ratios of compat

ible pollen on stigmas to ovules per flower of over 100 are sometimes 

found in heterostylous taxa (Ornduff, 1976: Chapter 7). This issue is 

considered in more detail in Chapter 3. 

In this model we trade a, the frequency of self-pollination, 

for s, which represents the frequency of self-fertilization. These are 

no longer equivalent for H phenotypes, as they were in the pollen-

limited model. Since the frequency of self-fertilization is equivalent 

to the fraction of compatible pollen deposited on stigmas which comes 
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from the same plant, and since H and T both contribute compatible pol

len to H, s can be defined in terms of a as: 

s = . (4-5) 
a + (1-a)(h+t) 

As in the first model, all compatible pollen grains compete 

equally for available ovules. Then, with R, W, t, p, and h as before, 

and assuming viability is the same for all phenotypes, the fitness of 

each phenotype is as follows: 

Wp = R/W ([p + 0-s)h](p + (]_s)h) + t(l/p)} 

= R/W 

WT = R/W (t(l/t) + [p + (l-s)h](|rL) 

= R/W 0  l + ~ t  
Sh) (4-6) 

WH = R/W{sh(2/h) + [p + 0-s)hj(p j ̂ f^) + 

[p + (l-s)h](F^T)} 

.  n , n  , 1  +  h + st\ = R/W ( h + t ) 

In the unreduced form of the equations for Wp and Wy, the first 

term within brackets refers to gamete contribution via ovules and the 

second via pollen. In the equation for W^, the first term refers to 

gamete contribution through self-fertilization, the second term through 

cross-pollinated ovules, and the last term through crossed pollen. 



It is seen that exceeds Wy and Wp under all conditions. 

Thus, the only stable composition of phenotypes will be 100% H. As 

in the pollen-limited model, they are invincible without the handicap 

of a selective penalty for selfing. Selection can be added in the 

same way as in the partial selfing model in Chapter 2. Then, 

W„ = R/CS 0 I * * St)A. (4-7) 

Here A is defined as in Chapter 2, with one minor exception. Recall 

that X is a function of cr, z, and where c is the frequency of self-max 

fertilized genomes contributed through both pollen and ovules. In the 

model presently under consideration, a = 2s(h+t)/(l+h+st). 

First consider the limiting case of infinite population size. 

As suggested above, the equation for Wy is unrealistic when P is rare. 

Wy will, in fact, be much lower since virtually no seed will normally 

be set in this case. With large populations, then, only Ps and Hs 

can be resource-limited and Ts will be pollen-limited. If Ps can 

increase in the virtual absence of Ts, Ts will eventually increase 

after Ps have become abundant enough to satisfy the pollen requirements 

of Ts. Here, then, the conditions for increase of Ps and Ts are ini

tially the same as those for the increase of Ps alone. For Ps to 

increase in a population of Hs, it must be true that Wp>W^, or, from 

Equations 4-6 and 4-7, 

x  <  ( P + t ) ( h + t )  ( 4 _ 8 )  
A p(l+h+st) ' ^ ' 

When t=0 and h=l (p very small), this reduces to X<l/2. Line a^ in 

Figures 4-1 through 4-4 show boundary conditions (A=l/2) of s as a 
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<5max 
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Figure 4-1. Conditions for increase of P phenotypes (above line a_, 
where A<1/2), increase of P and T phenotypes (to the 
right of line b., where A<(2-s)/2), and resistance to 
invasion to H phenotypes (to the right of line £, 
where X<--2_). -- Here conditions are calculated for 

2+s 
z->0. For a full explanation, see text. 
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Figure 4-2. Explanation as in Figure 4-1 but for z =  0 . 1 .  
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Figure 4-3. Explanation as in Figure 4-1 but for z = 0 . 5 .  
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Figure 4-4. Explanation as in Figure 4-1 but for z = 1.0. 
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function of 5max for several values of z. Above and to the right of 

a^ lies the region where Ps can increase in the presence of Hs. Notice 

that as z->0, the Charlesworth criterion 6s=l/2 is approached. This is 

as it should be since the assumptions of our models become equivalent 

as z-K). The critical assumption here is that P phenotypes must increase 

in the effective absence of Ts. In the Charlesworth model it is assumed 

a mutation has yet to produce T phenotypes, whereas in this model T is 

present but has negligible impact in a large population. 

When all three phenotypes co-occur in small populations, per

mitting the assumptions of the resource-limited model to be fully met, 

restrictions on the increase in Ps and Ts are relaxed. Here we must 

equate fitnesses of all three phenotypes (from Equations 4-6 and 4-7) 

and solve simultaneously for equilibrium frequencies of t, p, and h, 

giving: 

l.2 (1-X)(S-1 ) , u 2(1-A)+s(As+sA-3) L 2(1-A)-As _ n 
n A As As 

(4-9) 

p = 1 - t - h . 

Now consider conditions necessary for the increase of P and T 

in a population dominated by H phenotypes. In this case, set h=l and 

for arbitrary values of 6 and z, solve for s. This gives boundary 
IliCtA 

conditions (A=(2-s)/2) for the establishment of Ps and Ts in a popula

tion of Hs. These are shown graphically as line ID in Figures 4.1 

through 4-4. In the shaded regions, Ps and Ts are favored. Notice 
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that as z-K), the boundary condition approaches 6=1/2. Compare this 

to <a to see the extent to which conditions for increase of Ps are 

relaxed in the fully resource-limited model. 

Finally, consider what conditions are necessary for P and T 

phenotypes to resist invasion by Hs. From Equation 4-6, notice that 

when h=0, t=p=l/2. In this case, Equation 4-9 reduces to the boundary 

condition This is illustrated as line c_ in Figures 4-1 through 

4-4. In the region above and to the right of line c^, Ps and Ts are 

secure from invasion. Notice, however, that line £ falls in the region 

above and to the right of line lb. The region between line and c_ 

represents conditions for a protected polymorphism of all three phenotypes 

under assumptions of the resource-limited model. Only in the limit as 

z-K) does this region vanish. Notice also that even if Ts become pollen-

limited as p is reduced, thereby making line a_ a more realistic boun

dary to increase of Ps and Ts, a region where all three phenotypes 

coexist is still found (to the right of a_and left of cj. This is a 

significant finding since it provides theoretical confirmation of the 

proposition that polymorphic populations of Primula which contain pins, 

thrums, and homostyles can be stable and may not represent a transition 

stage in the breakdown of heterostyly. Recall also that the stability 

of all three phenotypes is independent of any morphological differences 

between them and does not depend on invoking viability selection against 

H phenotypes per se. 

To conclude the analysis of pollen-limited and resource-limited 

models, notice that conditions for establishment and maintenance of 
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self-incompatible phenotypes are most favorable when: (1) P and T 

phenotypes are both resource-1imited (rather than pollen-limited), as 

they might be in a small population where both P and T mutants are 

found; and (2) when z-*0. Under these conditions, it is still necessary 

that <5>l/2 (Figure 4-1) for Ps and Ts to increase. It should be noted, 

however, that in practice Smax and z are largely unascertainable 

parameters. In real populations it is conceivable to measure an aver

age selection coefficient (call this A) against selfed individuals, 

compared to outcrossed individuals, where (from Equation 4-7 and the 

definition of A): 

-2s wl+h+st\._ A / 2s \ , l+h+st-2 
M h+t } ' Mh+tj h+t 

Solving for A leads to 

A = _ ( 4_1 0 )  

Under conditions for establishment of P and T phenotypes (h=l, t=0), 

this reduces to: 

A = (X~p+s , (4-11) 

and for maintenance (h=0, t=l/2), 

A = (^-1)(2+S)+4S _ (4_12) 

When values of s, and X conforming to these boundary conditions are 

substituted into Equations 4-11 and 4-12, it is seen that A >_ 1/2 

for establishment and A >_ 3/4 for maintenance. Note these criteria 

are independent of s. 



CHAPTER 5 

SELF-INCOMPATIBILITY VIA CRYPTIC INCOMPATIBILITY 

The pollen-limited and resource-limited models rely on the 

appearance of two linked mutations, one affecting the pollen reac

tion and one the pistil reaction. This is the simplest genetic 

mechanism which can be postulated to provide for the evolution of 

complete self-incompatibility from a population of self-compatible 

individuals (D. Charlesworth and B. Charlesworth, 1979). In addition, 

it appears to fit well with the fact that in Primula the pollen and 

style reactions can be separated by recombination, indicating function

ally separate genes. However, it is not known if this genetic pattern 

is found in many other heterostylous groups, and it is possible to 

imagine a single controlling gene operating as apparently occurs in 

some multi-allelic systems of incompatibility (Heslop-Harrison, 1978). 

Moreover, there is a theoretically possible pathway which relies on a 

single gene specifying both pollen and pistil reactions. The fol

lowing model explores this pathway. It depends on a single gene 

promoting cryptic incompatibility which, once established, can be 

transformed into complete incompatibility by unlinked modifier 

genes. 

Cryptic incompatibility, first described by Darwin (1876) as 

prepotency, and later studied by Bateman (1956), is a system whereby 
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other-form pollen outcompetes own-form pollen for ovules. The mecha

nism seems normally to involve faster pollen tube growth in styles of 

dissimilar mating types. If seedset tends to be resource-limited 

rather than pollen-limited, that is if outcrossed pollen is abundant, 

then a high proportion of seeds set might be products of fertilization 

by pollen which is the superior competitor. It is cryptic in the sense 

that selfing in the absence of cross-pollination will set seed but 

selfed pollen is largely preempted by pollen from another mating type 

if it is present. Because of this, it is difficult to detect and may 

be a commoner phenomenon than is often supposed. 

Establishment of Cryptic Incompatibility 

Consider a population of self-compatible plants with genotype 

SS. Introduce a recessive mutation s which outcompetes pollen from 

SS or Ss parents on SS or Ss styles; and, second, has stigmas or styles 

which accept pollen from SS or Ss individuals preferentially to pollen 

from ss individuals. To make this concrete, assume that seed sets are 

constant but if "compatible" pollen is available it outcompetes own-

type pollen by a factor c, c>l. Otherwise available ovules are fertil

ized by own-type pollen. In addition, assume there is a cost to selfing 

in terms of survival of selfed offspring. For simplicity, assume this 

cost is only applied to selfed ovules, not to inbreeding per se as in 

the previous models considered. In this way the model is directly 

comparable to the Charlesworth model and to models in the previous 

chapter when z-K). Then let: 
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6 = selection coefficient against selfing 

s = frequency of self-pollination 

Cp = competitive advantage of pollen of ss origin on S- pistils 

c^ = competitive advantage of pollen of S- origin on ss pistils 

P = number of ss individuals in population 

T = number of S- individuals in population 

m = number of units of pollen delivered to stigmas, including 

self-pollination (a unit being the mean number of grains 

necessary to fertilize one ovule) 

f = number of seeds set 

Wp = fitness of ss individuals 

Wj = fitness of S- individuals 

Let m>f, making this a resource-limited model. In order to 

determine the fitness of individuals we need to consider contributions 

through pollen and ovules separately. Consider contributions to Wp 

through ovules. Pollen on a stigma can be partitioned into selfed 

pollen (sm); outcrossed pollen from individuals of the same mating type 

(P-l)(l-s)m/(P-l+t); and outcrossed pollen from S- individuals, which 

holds a competitive advantage c^.T(l-s)m/(P-l+T). Then self-fertilized 

ovules contribute: 

f(l-6)sm 

sm + {(P-l)(1-s)m + ctT(l-s)m}/(P-l+T) 

and outcrossed ovules: 
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f{(P-l)0-s)m + ctT(l-s)m}/(P-l+T) 

sm + {(P-l)(l-s)m + ctT(l-s)m}/(P-l+T) 

Fitness through pollen can be tallied as follows. Selfed pollen con

tributes the same fitness as selfed seed. Outcrossed pollen can be 

carried to like and unlike mating types. A fraction (P-l)(1-s)m/(P-l+T) 

goes to plants of mutant origin and a fraction T(1-s)m/(P-l+T) goes to 

plants of original S- phenotype. In the first instance pollen competes 

on stigmas with pollen loads similar to those on stigmas of its plant 

of origin, thus contributing: 

f(P-l)(l-s)m/(P-l+T) 

sm + {(P-l)(l-s)m + ctT(l-s)m}/(P-l+T) 

to fitness. In the second, competition comes from stigmatic pollen 

loads partitioned as: 

sm + {c P(l-s)m + (T-l)(1-s)m}/(P-l+T), 
r 

thus contributing: 

fcpT(l-s)m/(P-l+T) 

sm + (CpP(l-s)m + (T-l)(1-s)m}/(P-l+T) 

Adding contributions through pollen and ovules, and reducing, gives: 

2{(1-6)s(P-l+T) + (1-s)(P-l)} + (l-s)cj 
u = £_ + 
p s(P-l+T) + (l-s)(ctT+P-l) 

<2̂ 1 (5-1 a) 
s(P-l+T) + (l-s)(c P+T-l) 

r 
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By analogous reasoning, 

2{(1-5)s(P+T-l) + (1-s) (T-l)} + (l-s)cnP 
w = e_ + 
T s(P+T-l) + (l-s)(c P+T-l) 

H 

(l-s)ctP 

s(P+T-l) + (1-s)(ctT+P-l) 
(5-1b) 

To consider conditions for increase when mutant individuals 

are rare, set P = 1; and, for simplicity, set c = ct. Then for 
P 1-

Wp>Wj, it must be true that: 

26s c(l-c)(T+l) 
> . (5-2) 

1 - s (C-l)T 

If we assume, further, that effective population size is large enough 

so that T - (T+l), then the criterion for the mutant gene increasing 

in frequency is: 

25s c(l-c) 
> . (5-3) 

1 - s  c  -  1  

This condition is always met if c>l (and 6>0). Thus, even in 

the absence of selection against selfed offspring the mutant will in

crease in frequency. A glance at Equations 5-1 reveals a precisely 

symmetrical system (when c = c.) such that a stable equilibrium of 
P ^ 

the two types will obtain when their frequencies are equal. When 

c >cf the mutant phenotype will be more common at equilibrium, and p z 

vice versa. 



These results can be understood intuitively. If the mutation 

only had the effect of giving outcrossed pollen a competitive advan

tage it would be invincible and proceed to fixation. The added effect 

of competitive inferiority on like stigmas has two consequences on 

fitness for the rare phenotype. First, fewer seeds will be self-

fertilized because crossed pollen, largely from the common phenotype, 

will tend to outcompete selfed pollen for available ovules. However, 

the reduction in self-fertilization will be greatest for intermediate 

values of s since when s is large more potentially selfed ovules are 

at stake but less crossed pollen is available to take advantage of 

them. Second, although outcrossed pollen of the rare phenotype 

realizes a competitive advantage on virtually all stigmas encountered, 

outcrossed pollen from the common phenotype experiences no substantial 

advantage since it also largely encounters stigmas of the common type. 

When s is small, most pollen is outcrossed and the rare phenotype's 

advantage is greatest. Increasing s decreases the advantage rapidly, 

but as long as c = c. it will prevail. However if the disadvantage 
P ** 

of rare pollen on rare stigmas is greater than the competitive advan

tage on common stigmas (c^. > Cp), the rare phenotype may not increase 

for large values of s. In this case 6, selection against selfed pro

geny, may have to be invoked to maintain higher fitness of the rare 

phenotype. In any case, it is clear that if a mutation with these 

properties is possible and actually does occur, the conditions for its 

spread are easily met and an equilibrium will be established with two 

mating types, each possessing some degree of cryptic incompatibility. 
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Transformation to Complete Self-Incompatibility 

The problem now is to determine circumstances under which such 

a system might be transformed into a typical distylous system (before 

floral differentiation) characterized by virtually complete self-

incompatibility for both mating types. A simple possibility is the 

introduction of an unlinked mutation effecting self-sterility for both 

mating types. Since the system is presumed symmetrical (no linkage), 

we can analyze this possibility by investigating the relative fitness 

of mutant and "wildtype" individuals within a single mating type. 

Assume a mutation occurs at a locus unlinked to the cryptic 

incompatibility locus which introduces the modification that stigmas 

of mutant individuals of both mating types are no longer receptive to 

pollen of their own mating type. The ability, of mutant pollen to 

germinate on stigmas of the other mating types is unaffected. Consider 

the relative fitness of normal and mutant P phenotypes (Wp and Wp,). 

For simplicity assume c = c. and P = T. Let <f> designate the frequency 
P 

of mutant individuals (of either mating type). Table 5-1 illustrates 

the various contributions to fitness for these phenotypes. In each 

term in the table the denominator represents the compatible stigmatic 

pollen load (for normal individuals, s+l/2(l+c)(1 -s); and for mutant 

phenotypes, 1/2c(1-s)) and the numerator represents the value and 

quantity of pollen of particular origin. Adding contributions through 

male and female function and reducing gives: 

(2-<j)) (1+c) (1-s) + 4 (1 -5) s 
U = + <|> (5-4a) 
p (l+c)(l-s) + 2s 



Table 5-1. Contributions to fitness through male and female function of common (P) 
and mutant (P*) pin phenotypes in cryptic incompatibility model. — See 
text for explanation of symbols. 

Phenotype 
Sexual 
Function 

Self-
Fertilization 

_ _ _ _ _ _ _ _ _ _  - C r o s s i n g  T o / F r o m -  - - - - - - - - - -

P P' T T' 

P 

d 
2(1-6 )s (l-^)d-s) 

0 
(1 -4»)c(l -s) 4>c(l -s) 

P 

d 
2s+(l+c)(l-s) 2s+(l+c)(1-s) 

0 
2s+(l+c)(l-s) c(l-s) 

P 

9 
2(1 -6)s (i-^)d-s) cj>(l-s) (l-*)c(l-s) C|>c( 1 -S) 

P 

9 
2s+(l+c)(l-s) 2s+(l+c)(l-s) 2s+(l+c)(l-s) 2s+(l+c)(l-s) 2s+(l+c)(l-s) 

P' 

d 0 
0-<J>)(l-s) 

0 
(l-4>)c(l-s) 4>c(l -s) 

P' 

d 0 
2s+(l+c)(l-s) 

0 
2s+(l+c)(1-s) c(l-s) 

P' 

9 0 0 0 
c(l-s) 

c(l-s) 

c(l-s) 

c(l-s) 

CT> 
<£> 
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(l-<fr)(l+c)(l-s) 
W , = + <f> + 1 . (5-4b) 
p (l+c)(l-s)+ 2s 

If mutants are to increase in frequency and replace cryptic 

incompatibility with complete self-incompatibility in the population, 

it must be that Wp,>Wp. The criterion for this inequality (Equations 5-4) 

is 5>l/2. The fate of self-incompatible phenotypes is independent of 

selfing rate (s) frequency (cf>) or competitive advantage (c), but 

depends solely on the value of 6, the selection coefficient applied 

against self-fertilized offspring. To recapitulate: if a mutation 

promoting cryptic incompatibility arises, it can easily become estab

lished; then if 6>l/2, a modifier promoting complete self-incompatibility 

may become established. This criterion is identical to the most favor

able conditions established in Chapter 4 for the resource-!imited model. 

In one important way the cryptic incompatibility model is more plausible: 

it does not require the simultaneous presence of two linked mutations in 

a small population. The first mutation required, however, does exhibit 

a combination of properties which may make it extremely rare, if pos

sible at all. 

In this chapter and the last, I have presented a series of models 

for the evolution of the kind of self-incompatibility associated with 

distyly. Table 5-2 summarizes the results of these models in a format 

which also permits comparison with theoretical studies of heterostyly 

performed by others. The aim of my research has been to investigate 

the evolution of sporophytically controlled self-incompatibility under 



Table 5-2. Summary of assumptions and results of heterostyly models 

Focus Seedset Self-Fertilization 
Differential Selection 
Affecting Viability Equilibria Reference 

1. breakdown resource 
1imi ted 

none none "infinite linear 
continuum" 

Bodmer, 1960 

2. II II complete in 
homostyles 

none homostyles only Bodmer, 1960 
Fisher, 1949 

3. II II complete in 
homostyles and 
10% in pins 

0.65 in homozygous 
homostyles 

21% pins 
79% homostyles 

Bodmer, 1960 
Crosby, 1949 

4. It II partial in 
homostyles 

little or none in thrums,P & T only w/ 
some in homozygous homo- low frequency of 
styles, less or none in s; P & H or P & T 
heterozygous homostyles & H otherwise 

Bodmer, 1960 

5. II II partial viability decreased 
equally in both homo-
style genotypes 

homostyles only 
with 6< "about 
.05" 

Bodmer, 1960 

6. origin resource 
1 imitation 
threshold 

partial in 
"homostyles" 

(1-6) applied to selfed 
progeny 

P & T if 6s>l/2 
D. Charles
worth and B. 
Charlesworth 
1979 

7. breakdown resource 
1imi ted 

partial in 
homostyles 

(1-6) applied to selfed 
progeny 

H only if 6<l/2 
B. Charles
worth and D. 
Charlesworth 
1979 



Table 5 . 2 .  -- Continued 

Focus Seedset Self-Fertilization 
Differential Selection 
Affecting Viability Equilibria Reference 

8. origin pollen partial in (1-6) applied to homostyles only present 
1imi ted "homostyles." "homostyles" study 

9. origin res. lim. partial in (A) applied to II 
for P & H; "homostyles" "homostyles" 
pollen lim. 
for T see text and 

10. origin resource partial in { X )  applied to — Figures 4-1 - II 
1imi ted "homostyles" "homostyles" through 4-4 

11. breakdown resource partial in (A.) applied to II 

limited homostyles homostyles 

12. origin resource partial in P & T: (1-6) applied to cryptic s. i. if II ^ 
1imi ted competitive selfed progeny 6>0; complete s 

fertilization i. if 6>l/2 



the broadest possible range of circumstances, in order to specify the 

most plausible pathways toward its establishment. Plausibility is 

difficult to measure, in part because it changes with new knowledge. 

Here we are confronted with choosing between extremely rare combina

tions of circumstances and extremely severe selection coefficients 

against selfing. It is not clear which pathways have actually been 

followed, but given the not insubstantial number of travelers it seems 

prudent not to lightly dismiss any possibility. 



CHAPTER 6 

THE EVOLUTION OF DISTYLY: CHANGES IN FLORAL MORPHOLOGY 

A complete model for the evolution of distyly must at least 

account for the presence of the following conditions: (1) sporophytically 

controlled self-incompatibility, with two mating types in approximately 

equal abundance; and (2) morphological differentiation of mating types 

to the extent that positions of anthers and stigmas are reversed. D. 

Charlesworth and B. Charlesworth (1979) argue that self-incompatibility 

evolves first, followed by morphological differentiation of mating 

types. Their argument is based on the following assertions and theo

retical results:. 

1. In the Plumbaginaceae this sequence is well-documented in a 

study of closely related taxa (Baker 1966). 

2. In almost all known cases of heterostyly, self-incompatibility 

is tightly linked with morphological differentiation, and when 

self-incompatibility is lacking, as in some species of Amsinckia, 

it almost certainly results from the breakdown of self-

incompatibility rather than from de novo evolution of a stigma-

anther polymorphism (Weller and Orndoff, 1977). 

3. Under resource-limited seed set, a mutation for a new stigma 

position can be favored, but conditions for spread are identical 

to conditions for fixation, so that no polymorphism is possible. 

74 
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4. A mutation for a new anther position requires quite restrictive 

conditions for spread, but if these conditions are met and a 

tightly linked mutation for stigma mutation appears subse

quently, morphological distyly can evolve in the absence of 

self-incompatibility. 

5. Even if such a system evolves, conditions for the subsequent 

evolution of self-incompatibility are much more severe than in 

the absence of morphological distyly. 

The evidence, on balance, suggests that the usual pathway is 

from the evolution of self-incompatibility to morphological differentia

tion of mating types, rather than vice versa. However, it should be 

noted that, as we have seen, many assumptions are possible as to how 

selection against selfing operates. In addition, the dynamics of pollen 

dispersal as a function of flower morphology can be modeled in several 

ways. It is difficult, then, to exhaustively refute the proposition 

that self-incompatibility precedes floral differentiation. The case for 

the reverse sequence of events, adopted here and by the Charlesworths, 

is considerably strengthened, though, if it can be shown that floral 

differentiation can evolve with greater ease in self-incompatible popu

lations than in self-compatible ones. 

D. Charlesworth and B. Charlesworth (1979) postulate that once 

self-incompatibility evolves, floral differentiation proceeds from a 

state in which anthers and stigmas are in the same position. They assume 

any change in stigma or anther position affects rates of self- and cross-



pollination equally and independently, except when they introduce 

a "pollen-saving" parameter in plants with stigma and anthers separ

ated, giving them increased outcrossing rates. Yet in order to 

achieve distyly, they are forced to postulate partial selfing in one 

mating type. Even they, distyly evolves under a very restricted 

range of parameter values and linkage constraints. 

In this chapter I propose a model with a different sequence 

of events which incorporates a functional dependence between crossing 

and selfing similar to the Charlesworths' pollen-saving parameter, 

and which makes no ad hoc assumptions about partial selfing in one 

mating type. I believe the model that follows constitutes a more 

plausible and general pathway for the evolution of heterostyly. In 

Chapters 4 and 5, I have outlined several paths for the evolution 

of self-incompatibility. Here I consider morphological differentia

tion. I will first show that in the absence of self-incompatibility, 

spatial separation of stigmas and anthers is likely to evolve but 

such a phenotype, if found, will go to fixation under a wide range 

of parameter values. Next, self-incompatibility is presumed to evolve, 

perhaps by one of the routes outlined in Chapters 4 and 5. Once 

spatial separation and self-incompatibility evolve, subsequent mor

phological changes to complete distyly can follow. It is further shown 

that this final step depends on tight linkage with self-incompatibility. 

The basic model is generalized to encompass a continuum be

tween complete pollen-limited and resource-limited seed production. 
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It is also designed to use the generalized form of selection against 

selfing developed in Chapter 2 and used extensively in Chapter 4. 

Let: 

P = number of pollen grains produced per plant. 

F s number of seeds produced per plant 

Z = labile proportion of pollen (P(l-&) = untransported wasted 

pollen) 

a = autogamous proportion of labile pollen 

g = geitonogamous proportion of labile pollen 

s = selfed proportion of labile pollen (s = a+g) ' 

c = proportion of remaining pollen (1-s) outcrossed 

w = proportion of remaining pollen wasted (w = 1-c) 

p = number of compatible pollen grains received on a stigma 

t = proportion of plants of mating type 1 

q s proportion of plants of mutant morpho-type 

X = rate of increase of self-compatible phenotypes as defined 

in Chapter 2 

Further, let us suppose seedset (F) depends on compatible pollen 

received (p) in the following way. When p is small, F is a linear 

function of p: F = ap; 0<a<_ 1. But as p increases, F approaches a 

maximum value: F = Fm . A function with these properties is: 
!TiaX 

F " Fmax[1 - exp(-ap/Fmax)] • (6",) 

For much of what follows,, this will be simplified to F = ap or F = Fmgx. 

Equation 6-1 will be taken up again in Chapter 7. 
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Separation of Stigma and Anthers Under Self-Compatibility 

First consider a population of monomorphic, self-compatible 

plants with stigma and anther heights identical. Let there be a muta

tion separating stigma and anther positions. Either anther or stigma 

position can change, and in either case it can be moved up or down with 

respect to normal types. Assume that their relative position affects 

the likelihood of pollen being transported by pollinators between 

anthers and stigmas; and that this likelihood is decreased as their 

positions are differentiated relative to nectaries at the base of the 

flower. Where features of mutants differ, they are designated by 

primes. If stigma position is changed it will decrease the rate of 

self-pollination, s', but will also decrease the rate of incoming pol

lination from other plants, c1. If anther position is changed, it too 

will decrease s', but will also decrease the rate of cross-pollination 

to other plants (to distinguish from c1, call this c"). If plants 

are largely pollen-limited (that is, if ap « Fmax)> then c1 and c" 

might both reduce fecundity substantially, but if plants are largely 

resource-limited (ap » F ) then c" will have a more substantial 
mdx 

effect on reducing fecundity than c1. For this reason a mutation 

shifting stigma position is less likely to be selected against. Assume, 

then, that the mutation affects stigma position by, say, elongation of 

the style (Figure 6-1, pin phenotype). Consider fitness of normal indi

viduals first. Assume mutant types are rare to begin with. P£(l-s)c 

pollen grains are outcrossed and P&s grains are selfed. Selfed and out-

crossed pollen competes equally for ovules, and F seeds are produced. 
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morphology: 

phenotype: pin > thrum > type 1 

frequency: 1-t  t-q q 

Figure 6-1. Proposed sequence of morphological changes when seedset 
is resource-limited and self-incompatibility has 
already been established. 
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Then, if we include selection against self-fertilized offspring, total 

pollen fitness is Wd = AF. For this part of the analysis it is more 

illustrative (and will be seen to have little effect on the outcome) to 

assume z = 0 and, thence, replace A with 6 as in Lloyd (1975, 1979) and 

D. Charlesworth and B. Charlesworth (1979). This gives: 

r rPfcs(l-S) + P^(l-s )c-t 
= F { P&s + P£(l-s)c } 

= F + (1~s)c} (6-2) 
h 1 s + (l-s)c im { ' 

Seed fitness is identical in a monomorphic population. Hence 

1-6) + (1-s 
s + (l-s)c 

W = 2F . (6-3) 

Recall that F is determined as in (6-1), where in the case of normal 

individuals: 

p = P£(s + (1-s)c). (6-4) 

Now consider fitness of mutants. P£(l-s)c' pollen grains are 

transported to mutant stigmas from other plants, where c1 < c because 

incoming pollen is not deposited on displaced stigmas quite as effi

ciently. P£s1 pollen grains come from selfing, where s' < s, again 

because stigmas are displaced with respect to anthers. Here F' < F, 

because: 

p1 = PS,(s' + (l-s)c') , (6-5) 



giving 

w .. = p,/S'(l-6) + (| ~s )c'} (6_6) 
9 h  ^ S' + (l-S)c'>' K  1  

Pollen fitness of mutants depends on the contribution through selfing, 

s'+(Ps)c'' ̂ us t'ie cont,r"ibution through outcrossing, Total 

reproductive fitness for mutants is the sum of these components: 

_ r,,2s'(l-<5) + (1-s)c\ . F(1 -s' )c (6 7) 
W " F ( s' + (l-s)c' ) + s+(1-s)c • {67) 

We wish to know under what conditions W' exceeds W. In addi

tion, we must investigate whether mutants proceed to fixation under 

conditions for which W > W. To begin with, assume seedset is resource-

limited, even for mutants. Then F = F', and for W' > W, 

2s'(1-3) + (l-s)c' (l-s')c > 2fs(l-6) + (l-s)c] (6_8) 
s' + (l-s)c s+(l-s)c s + (l-s)c 

It is reasonable to suppose that s1/s = c'/c. This means that the place 

of origin of pollen, since all anthers are at the same position, has no 

effect on the relative likelihood of being delivered to displaced stig

mas. With this assumption, (6-8) reduces to: 

s' < s , (6-9) 

which is always true regardless of the value of 6. Now consider whether 

mutants living under these circumstances go to fixation. Since Equation 6-8 

is not frequency-dGpGndont, it will apply unaltered as nutants increase 

in frequency. Therefore, mutants, once established, will proceed to 
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fixation regardless of the effects of selection against self-fertilized 

offspring. 

Obviously this result relies on the resource-limited seedset 

assumption being maintained. Mutations widening the distance between 

stigma and anther placement can continue to become established until the 

distance of separation between stigmas and anthers becomes great enough 

to make F' < F. 

Consider, then, the opposite extreme where seedset is a linear 

function of pollen received (F = ap). From (6-3), (6-4), (6-5), and 

(6-7), the criterion for increase of rare mutants becomes: 

(s. . s) < C' - c. (6-10) 

To investigate the possibility for an optimal rate of selfing under 

these conditions, we can ask whether a particular value of s is resistant 

to invasion by any s' f s. If we assume as before that s'/s = c'/c, 

then we require: 

(s' - s)[2s(l - 6 - c) + 1] < 0. (6-11) 

Call the left side of this inequality M. Then a stable equilibrium 

3M 
value of s is one for which qJT • 0 and 

9s'2 
< 0. Evaluating the 

first partial derivative gives: 

2s(1 - 5-c) + 1 = 0, (6-12) 

but evaluating the second gives zero. This demonstrates that there is 

an optimal value, s*, given by (6-12), but that since s* is a population-
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wide average, any number of mutants can coexist as long as their average 

remains s*. Such a population will show variation in distance of separa

tion between anthers and stigma around a mean optimal value, but a 

distylous polymorphism is not possible unless s* is met when anthers 

and stigma are unseparated. Even then it would be unstable. 

This analysis suggests the following likely course of evolu

tionary change, starting with a self-compatible population in which 

stigma and anther positions are the same. First, resource-!imited 

seedset is likely to obtain (see Chapter 3). In this case, mutations 

which move the stigma position away from anthers will increase to fixa* 

tion, even in the absence of selection against selfing. This is because 

there is presumed to be a selfing-crossing interaction such that a 

reduction in self-pollination leads to an increase in the amount of pollen 

available for outcrossing. Second, as stigma position evolves away from 

anther position, seedset tends to become pollen-limited. As this 

occurs a limit is reached as to how far stigmas can move. This 

distance, which determines s, depends on 6 and c (Equation 6-12). 

Under resource-!imitation a distylous polymorphism cannot occur, 

whereas under pollen-limitation it appears unlikely and unstable. 

A cursory look at floral morphology demonstrates that numerous 

self-compatible plants show anthers and stigmas positioned separately 

in the flower. The preceeding analysis confirms that there is almost 

no barrier to the establishment of at least some separation in plants 

which rely on some outcrossing. For distyly to evolve, it is likely 
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such separation has occurred before the evolution of self-incompatibility. 

Then once this is established, one morphological type already exists in 

the population and to develop full distyly it is only necessary for a 

second type with anthers and stigmas in the reverse position to evolve. 

It should be recalled, however, that self-incompatibility cannot evolve 

under conditions of pollen-limited seedset (see Chapter 4). In Chapter 

3 it was shown that resource-!imited seedset can evolve from 

a state of pollen-limitation through reallocation of resources from 

female to male function. If this occurs, conditions for the spread of 

self-incompatibility are improved. 

Bringing Anthers to Stigma Under Self-Incompatibility 

Once self-incompatibility evolves, a second floral mutation 

bringing anthers and stigma back together is necessary if a polymorphism 

leading to full distyly is to be established. First consider the case 

of no linkage to self-incompatibility. Assume seedset is resource-

limited (F1 = F). Normal plants have fitness W = 2F. Suppose a muta

tion arises bringing anthers to the level of stigmas. When rare, all 

compatible pollen comes from normal plants. If we assume that increased 

rates of selfing do not clog the stigma appreciably, W' = F, just as 

in normal plants. Male fitness is different. P£(l-s')c' pollen is 

carried to stigmas of normal plants and roughly half are compatible 

with it. It competes with P£(l-s)c pollen from normal plants, half 

of which is compatible. Adding contributions from male and female 

fitness gives: 
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(6-13) 

where c' > c and s1 > s. 

For W' > W we require: 

or 

— > 
c 

s (6-14) 
s 

This inequality can be met fairly easily for s small (< 1/2). However, 

under such conditions it will proceed to fixation. 

I now show that through linkage, self-incompatibility accommo

dates the evolution of distyly by providing conditions for a floral 

polymorphism. Suppose the mutation affecting anther height is completely 

linked to mating type 1. Then mutants can only mate with mating type 2. 

We need to calculate fitnesses W-j, li,, and W-j (all plants of type 2 are 

normal). Let mutant plants be in frequency q, and type 1 plants be in 

frequency t. Then normal type 1 plants are in frequency (t-q) and 

normal type 2 plants in frequency (1-t). First consider W2- A propor

tion t of outcrossed pollen goes to compatible stigmas. Type 2 plants 

compete amongst each other to fertilize ovules of Type 1 plants 

so their pollen fitness is W2d = F^~. Under resource limitation, 

their ovule fitness is F, giving: 

Linkage 
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W2 = F(T3t + 1). (6-15) 

Pollen fitness of mutant plants is calculated as follows. P£(l-s')c' 

pollen is compatible on a proportion (1-t) stigmas and competes with 

pollen from other mutants (qP£(l-s')c') and normal type 1 plants 

((t-q)P£(l-s)c). Added to ovule fitness F, this gives: 

Wi • + 1] ' (6"16) 

Similarly, 

W1 * ̂ q(l-S^)ctI(!t-^)(l-S)c + U • <6"17> 

Notice that W.j > has the same requirement (Equation 6-14) 

as in the case without linkage. Under favorable conditions, these 

mutants with anthers moved to stigmas will replace normal plants of the 

same mating type. But for W-j > IA^: 

(l-t)d-s' )c' N t (6-18) 
q(1-s1)c + (t-q)(1-s)c 1 - t 

This shows that as mutants replace normal type 1 plants (q-*t), equi

librium with type 2 plants is maintained at t = 1/2. I have shown that 

a floral polymorphism can occur if morphology is linked to mating type. 

But linkage must be a fortuitous event. There is no indication that 

modifiers increasing linkage would be selected. This is confirmed in 

the Charlesworths1 analysis (D. Charlesworth and B. Charlesworth, 1979). 
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Complete Distyly 

All that remains to achieve fully symmetrical distyly is to 

introduce another mutant among type 1 plants which brings the stigma 

position down to the level of type 2 anthers (Figure 6-1). Under 

pollen-limited seedset this could have the advantage of increasing 

seedset, but to be consistent I still assume resource-limitation holds. 

Then any advantage must apply to pollen fitness. Let s and c now 

represent selfing and crossing frequencies between anthers and stigmas 

at the same level, and s' and c1 can indicate frequencies at different 

levels. Then s' < s and c1 < c. First consider type 2 phenotypes, 

which can now be called pins. They are found with frequency 1-t and 

can mate successfully with type 1 mutants (thrums) found in frequency 

q, and with "normal" type 1 plants, found in frequency t-q. Then 

(t-q)PJl(l-s' )c' pollen is transported to type 1 plants and qP&(l-s')c 

to thrums. This gives: 

Type 1 plants engage in competition among themselves and thrums 

to pollinate pins. Crossing rates for type 1 and thrums are the same, 

but selfing is reduced in thrums. Fitnesses are: 

= F<rbr + 1> (6-19) 



W1 = Ft(t-q)(l-s)c + q(l-s')c + 1] 

(6-20)  

w - rr. (i-tHl-s')c . 
T (t-q)(1-s)c + q(l-s')c 1J* 

Thrums will replace type 1 plants as long as s' < s. Equilibrium with 

pins will be reached at t = 1/2, giving a fully symmetrical idealized 

case of heterostyly. 

Pollen-Limited Seedset 

I have outlined a sequence of mutational changes that can lead 

to heterostyly which I hope may be regarded as plausible. A critical 

assumption has been that seedset is essentially resource-limited. This 

menas that any morphological changes, to be successful, must enhance 

male fitness. It was shown that this is indeed possible, but it begs 

the question whether resource-limitation is a necessary prerequisite 

to the evolution of heterostyly. To attain self-incompatibility, it 

is certainly helpful, if not essential (Chapters 4 and 5). But sup

pose seedset becomes pollen-limited in a self-incompatible population. 

I will show in Chapter 7 that this may sometimes be a reasonable assump

tion. It turns out heterostyly can evolve here too. In this case, 

selection acts to increase female fitness as well as male fitness. The 

sequence of morphological changes can be the same as"under resource-

limitation (Figure 6-1) or different (Figure 6-2). I will only give 

a proof of the sequence shown in Figure 6-2. The first change after 

establishment of self-incompatibility is for stigma position to move 
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morphology: 

phenotype: pin thrum >• type 1 

frequency: 1-t  t-q q 

Figure 6-2. Proposed sequence of morphological changes when seedset 
is pollen-limited and self-incompatibility has already 
been established. 
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back to the original anther position. Unless stigma clogging with 

incompatible pollen is severe, female fitness will be increased under 

a wide spectrum of parameter values. Such a mutant will go to fixation 

unless it is fortuitously linked to the self-incompatibility locus. 

With complete linkage, a polymorphism will become established. If the 

original separation of floral parts occurred through elongation of the 

style, this will be a heterostyled population with equal numbers of pins 

and short "homostyles" (Figure 6-2). This kind of arrangement is found 

in several heterostyled species (i.e., Linum grandiflorum). A second 

morphological change giving fully symmetrical distyly can then follow. 

To model pollen-limited seedset, assume F = ap. Most of the 

population is composed of plants which are morphologically pins, but of 

either of two mating types. A mutant is introduced with short stigma 

and anther positions. Assume the mutant is fortuitously linked to 

mating type 1. Then pin plants of mating type 2 occur with frequency 

1-t, type 1 pins are in frequency t-q, ..and mutant short styled type 1 

plants are in frequency q. First consider how much compatible pollen 

each phenotype receives. This depends on positions of stigmas relative 

to stigmas and anthers of donor phenotypes, as well as the frequency 

of donor phenotypes. Thus: 

P] = pad-s'Jc'O-t) 

plm = pMl-s')c(l-t) (6-21) 

p2 = P£(l-s')c1(t-q) + P (l-s)c'q . 
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Now consider fitness of each phenotype. For type 2 pins, 

female fitness is simply F2 = ap2< Male fitness depends on the ability 

to transport pollen to type 1 stigmas of both kinds as well as on how 

successful each of these is in receiving pollen: 

t - q = F-i 4 2- + F-"2<* 1 1 - t '1ml - t ' 

Combining male and female fitnesses with Equations 6-21 gives: 

W2 = aPU2(t-q)(l-s' )c* + q[(1 -s)c' + (l-s')c]}. (6-22) 

For type 1 plants, male fitness is determined by how much pollen is 

delivered to type 2 plants: 

w - f P^(1-s')c'(l-t) 
ld " 2 p2 

Adding W-^ = F-j, and substituting in Equations 6-21 gives: 

W1 = 2aP£(l-s')c'(l-t) . (6-23) 

Fitness of mutants, determined analogously, is: 

W-|m = aP£(l-t)[(l-s1 )c + (l-s)c'] . (6-24) 

Mutant phenotypes can replace normal type 1 plants when wim>w-j» 

or (from Equations 6-23 and 6-24) when: 

(1-s1)(c-c1) > c'(s-s') . (6-25) 

Recall that s1 < s and c1 < c. This inequality will be met under a 

wide range of values, especially when s' and c' are rather small. 
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Comparing W-jm with W2 (Equations 6-22 and 6-24) reveal s that when W-jm > 

it is also true that Wlm > W2, until all normal type 1 plants are eli

minated. At this point an equilibrium can become established with 

type 1 mutants and type 2 pins in equal abundance (q = 1/2). 

Now consider how a second morphological change leading to 

fully symmetrical heterostyly can become established. Let a mutant 

linked to mating type 1 appear which raises anther position to a level 

with pin stigmas (Figure 6-2). These mutants (designated T) are fully 

thrum in morphology and mating type. We now have: 

P2 = Pft(l-s')cq + P&(1-s)c'(t-q) . 

Fitnesses are determined as with the first morphological change: 

p.j = P£(l-s1 )c(l -t) 

PT = P£(l-s')c(l-t) (6 -26)  

(6-27) 

= aPft[2q(l-s1)c + (t-q){(1-s1)c + c'(l-s)}] , 

W1 * F1 + F2 
P&(1-s)c'(1-t) 

(6-28)  

= aPft(l-t)[(1 —s1 )c +• (l-s)c'] , 

Pild-s')c(l-t) 
P2 

= 2aP£(l-t)(l-s')c . (6-29) 



For Wy > W-j it must be (from Equations 6-28 and 6-29) that: 

(l-s')c > (l-s)c'. (6-30) 

But this is always true. Thrum mutants will replace the "normal" type 1 

plants and, from Equations 6-27 and 6-29, equilibrium will be established 

with pins and thrums in equal abundance (q = 1/2). 

Notice that under pollen-limitation the first morphological 

change is successful only if gains in female fitness offset losses in 

male fitness. But with the second change, female fitnesses are un

changed and it is only as a result of increased efficiency of pollen 

transfer, hence increased male fitness, that full heterostyly is achieved. 



CHAPTER 7 

DISTYLY IN LITHOSPERMUM COBRENSE 

In Chapters 4, 5 and 6 I have investigated pathways for the 

evolution and maintenance of distyly by natural selection. Several 

kinds of assumptions have been made to facilitate the analysis. In 

this chapter I attempt to test the reasonableness of some of these as

sumptions by investigating the roles they play in the reproductive 

biology of Lithospermum cobrense, a distylous member of the Boraginaceae. 

This species is fully distylous with reciprocal placement of anthers and 

stigmas in the two mating types. Here I report observed effects of 

morphological features in order to see how distyly is selectively advan

tageous. To this end I estimate some of the parameters of the floral 

differentiation models to test their plausibility. In view of this 

goal I also investigate to what extent-seedset is resource- and pollen-

limited. 

Recall that the floral differentiation schema incorporate the 

assumption that outcrossing rates can be functionally related to self-

ing rates as (l-s)c. Criteria for floral differentiation of mating 

types (Equations 6-14, 6-20, 6-25, and 6-30) are couched in terms of 

these parameters. Which criteria are appropriate depend on values of 

a, p, and Fmax in Equation 6-1. I will now describe a program of field-

work on L_. cobrense conducted in the summers of 1977, 1978 and 1980 

94 
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that was designed to measure these and other features pertinent to 

understanding the evolution and maintenance of distyly in this species. 

The Study Area and Organisms 

The genus Lithospermum, like several other genera in the 

Boraginaceae, has both distylous and monomorphic members (Johnston, 

1952). It is apparent that here, as in Cryptantha and Amsinckia (Ray 

and Chisaki, 1957), self-compatible, monomorphic species are prob

ably derived from heterostylous ancestors. It appears that heterostyly 

is ancient in these genera and the family. In Lithospermum distylous 

and monomorphic taxa are encountered in about equal frequency on five 

continents (Johnston, 1952). In Arizona three species are common: 

L_. cobrense and L_. multiflorum (distylous); and L_. incisum (monomor

phic, self-compatible). In southeast Arizona L_. cobrense is occasion

ally found in mountain meadows and grassy areas from 2,000 to 3,000 

meters elevation, but more commonly grows in large, often spatially 

diffuse populations in shortgrass prairie at about 1500 m. I worked 

most intensively in the San Rafael Valley on the Mexican border east 

of the Patagonia mountains and west of the Huachucas. 

Here L_. cobrense blooms during the summer rainy season in July, 

August and September. It is an herbacious root perennial usually grow

ing on deep soils in the bottoms and lower slopes of swales, but it may 

be found in low density almost anywhere in the grasslands of this 

valley. I studied three different populations. In 1977 I gathered pre

liminary data from a group of about 100 plants at the eastern boundary 
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of the San Rafael Cattle Co. along road 61. In 1978 I worked on Coro-

nado National Forest land approximately 1 km north of Mexico and 500 m 

east of the first wash east of Parker Canyon Wash. Here I worked with 

about 200 plants in two neighboring swales. In the unusually dry summer 

of 1980 many areas, including my former study sites, had few plants in 

bloom. Several large swales sloping toward the Santa Cruz River on 

Sharpe Ranch land are greened by perennial springs and support well 

over 10,000 individuals. During 1980 I worked largely in one of these 

swales known as Sheehy Spring. All three sites are within 8 km of each 

other. 

Lithospermum cobrense, like all borages, sets at most 4 seeds 

per flower. These take 6-8 weeks to mature fully but reach nearly full 

size after about 3 weeks. Flowers can usually be scored for seedset 

within 10 days of fertilization. Individuals have broad rosette leaves 

which may remain green through most of the year in protected areas. In 

July reserves from a thick storage root are mobilized into flowering 

shoots. These are often initiated even before summer rains begin, but 

subsequent growth and initial vigor of these shoots appears to be highly 

correlated both with water balance and rosette size. Individuals may 

produce from one, to in excess of 10 of these scorpioid spikes, each of 

which displays indeterminate growth and may occasionally branch one or 

two times. Each spike produces small narrow leaves toward the base. 

The inflorescence may produce, under favorable conditions, a new flower 

each day for a period of a month or more. Vigorous plants may ultimately 
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produce well over 100 flowers during a blooming period of as much as 

two months. Fruit maturation is initiated rapidly but continues past 

the end of the blooming period. 

Predation on flowers and fruits is minimal until the second 

half of the blooming season. At this time grasshoppers may do extensive 

indiscriminate damage to leaves, flowers, stems, and developing fruit. 

In addition, an unidentified lepidoteran larvae builds small tents in the 

unfolding scorpioid tips of the spikes and may do extensive damage. 

Plants are occasionally browsed by cattle. 

The plants are visited occasionally by bumblebees, noctuid 

moths, hawkmoths and beeflies, but the great majority of visitors are 

butterflies, which are attracted to nectar produced at the base of the 

corollas. In 1978 skippers (Hesperiidae) were common, in 1980 uncommon. 

In all years several species of pierids and danaids were regular visi

tors; fritillaries (Nymphalidae) and swallowtales (Papilionidae) casual 

visitors. Skippers were seen foraging methodically throughout the warm 

sunny part of the day but most species were seen actively foraging pri

marily in the morning. 

Flowers last three or four days, during which time the yellow 

corolla becomes progressively lighter. This color change permits both 

experimenter and forager to age flowers. During the first day nectar 

is secreted, anthers dehisce, and the stigma is apparently receptive. 

Butterflies restrict their visits largely to first- and second-day 

flowers, suggesting nectar secretion is terminated after the first day. 



When foraging methodically they often sample one or two new flowers per 

plant, but when a flower is found to be rewarding others nearby are 

more likely to be visited. Likewise, between-plant flights may be short 

if plants are found to have rewarding flowers; longer if not. 

Materials and Methods 

Several demographic features were measured which are useful in 

understanding pollen dispersal. These are: (1) the proportions of each 

morph; (2) spatial dispersion of morphs; and (3) plant size. In 1977 

and 1978, 67 and 110 plants, respectively, were mapped with a Suunto 

sighting compass and 30 m tape. Each was scored for phenotype. In 

1980 500 plants were scored for phenotype on a "random walk" through the 

Sheehy Spring population. In a separate set of observations on July 20, 

1980 I counted 250 plants in an adjacent swale and scored each for pheno

type and number of spikes. These plants were counted on a transect from 

dry shallow soil at the edge of the swale to moist deep soil at the 

center. Halfway along the transect an obvious demarcation between wet 

and dry was passed. This was noted in order to measure the effect of 

edaphic conditions on plant size. Later in the season (August 3), two 

30 m transects were made through a dense region of the population. All 

plants whose inflorescences came within a handspan (0.25 m) of the tape 

were scored for phenotype and distance along the tape. Nearest neighbor 

analyses (Pielou, 1969) and runs tests were performed on these data and 

on mapped populations from former years to measure to what extent (if 

any) phenotypes are under-dispersed. This information, along with plant 
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size data are then used to estimate the potential for geitonogamy 

(between-flower within-plant selfing). 

' To test the possibility that butterflies can distinguish between 

phenotypes from a distance, light reflectance by corolla limbs and 

throats were measured with a Beckman DB-G reflectance spectra-photometer. 

The strength of the incompatibility system in the Sheehy Spring 

population was experimentally measured. On July 25, 1980 I placed gauze 

bags over 20 plants, after removing open flowers on each. Plants were 

then mapped and tagged for future reference. The next morning I hand-

pollinated 126 newly opened flowers on these plants. Of these, 65 were 

thrum and 61 pin; 68 were own-form pollinations and 58 other-form. Ini

tially I used bagged plants for donor pollen but since this was very 

time-consuming I used unmarked plants as pollen donors for the last half 

of the hand-pollinations. Initially I pollinated thrum flowers by 

holding a dehisced donor anther with sharp forceps and inserting it down 

the corolla tube to reach the stigma of the recipient flower. But I 

decided the risk of contamination with its own pollen was too great 

(even though its anthers had been removed), so for the second half of 

hand-pollinations I cut windows through the corollas of thrums to reach 

stigmas by the "back door." I used separate forceps for thrum and pin 

pollen throughout the experiment. The calyx of each hand-pollinated 

flower was then coded with colored Liquid Paper. Plants were then re-

bagged for two days to prevent open pollination. Then bags and corollas 

of marked flowers were removed. To reduce the risk of predation on 
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marked plants, I scored flowers for seedset at the earliest possible 

data, August 2, one week after hand pollination. Of the initial 126 

flowers, 108 could be scored. 

Pollen in U cobrense is dimorphic. Thrum grains are larger 

and fewer in number. Pollen production was measured in two ways. 

First, basic fucsin glycerin jelly semi-permenant slides (Beattie, 1971) 

were made of undehisced anthers of both morphs. In the process of 

preparing the slides, anthers released their pollen. Grain size was 

measured under the microscope and estimates of number of grains per 

anther were made. Second, undehisced anthers were collected in glass 

vials and pollen, production and size were measured with a model TA 

Coulter Counter. Pollen grains from all 5 anthers of a flower were soni- ' 

cated and dispersed with a surfactant in 200 ml of electrolyte. Several 

runs of 20 ml aliquots were counted. The run with least variance among 

size channels was used in subsequent analyses. 

Differences in stigma and anther heights between types were also 

measured. Stigma and anther heights (from the nectaries at the base of 

the corolla) were determined for 50 flowers of each type from the Sheehy 

Spring population. Each flower came from a separate plant. Measure

ments were made to the nearest 1/50 of an inch and later converted to 

millimeters. Anther heights were taken to the midpoint of the anthers. 

To measure autogamy (within-flower selfing), geitonogamy 

(between-flower selfing), and xenogamy (outcrossing) in L_. cobrense, 

three parallel experiments were conducted in 1978 and again in 1980. 



101 

Each involved collecting stigmas and counting stigmatic pollen loads of 

open-pol1inated flowers. Before describing the experiments, a few words 

are in order about the method used for counting pollen. Stigmas were 

collected in the field and immediately made into semi-permanent slides 

(Beattie, 1971). Later each was viewed under 400 power and pollen was 

counted with the aid of an ocular grid. It was usually possible to dis

tinguish thrum and pin pollen by size and shape (pin pollen is smaller 

and narrower). But several conditions make accurate counts difficult. 

First, stigmatic tissue takes up almost as much stain as pollen grains. 

This makes it difficult to count grains underneath the bilobed stigmas; 

and consequently, counts are underestimated, particularly when large 

numbers are present. This has little effect, however, on the accuracy 

of estimating the frequencies of the two pollen types. Second, portions 

of the style were collected with each stigma. Pollen adheres to this 

tool. When slides are made, pollen from both places often becomes de

tached and is found elsewhere on the slide. In order to restrict atten

tion to stigmatic pollen it must be decided for each slide how much 

pollen to count in the "halo" of pollen which may form around the stigma. 

I judge error from this source to be small and conservative. If I err 

in any direction, it is in counting too few pollen grains. Third, 

pollen is sometimes present in such large quantities that individual, 

grains are obscured. In these cases I made estimates which, again, are 

probably conservative. Finally, pollen grains are sometimes collapsed, 

making original size and shape more difficult to ascertain. The overall 
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result is that for small pollen loads counts are quite accurate, but 

for large loads they may be underestimates. To check consistency in 

my method I picked 10 slides at random from among those first counted 

at least 4 months before. These were recounted and compared. Paired 

,t-tests showed no significant differences between original counts and 

recounts. 

The three experiments to determine pollen dispersal are now 

described. First, stigmas of open-pollinated unmanipulated flowers were 

collected and scored for pollen of both types. Flowers used were esti

mated to be in their third or fourth day. Pollen counts from these 

stigmas give measures of pollination from all three sources—autogamy, 

geitonogamy, and xenogamy—combined. In 1973 55 pin and 54 thrum stigmas 

were collected, and in 1980 29 pin and 25 thrum stigmas were collected 

and pollen loads were subsequently counted. Next, individual flowers 

were emasculated early- in the morning or late in the afternoon of the 

previous day before anthesis. Two days later stigmas were collected and 

pollen loads were counted subsequently. To emasculate pins it was neces

sary to cut a small window in the corolla with sharp forceps and remove 

each anther without disturbing the style. This treatment measures pol

lination from both geitonogamy and xenogamy but eliminates the effect of 

autogamy. In 1978 20 stigmas of each type, and in 1981 41 of each type 

were processed. The difference between pollen loads in these two 

experiments gives a measure of autogamous pollination. Finally, all 

flowers of individual plants were emasculated for two consecutive days. 
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The stigmas of second-day flowers were collected. These bear only 

xenogamous pollen loads. In 1978 30 pin and 34 thrum stigmas; and in 

1980 41 pin and 52 thrum stigmas were treated this way. Geitonogamy 

is estimated as the difference between counts from the two emasculation 

experiments. The level of geitonogamy was expected to differ between 

years because in 1978 plants sampled were smaller than in 1980. 

From these data estimates can be made of parameter values for 

the floral differentiation models (Chapter 6). P, the total amount of 

pollen produced, has been measured. The labile fraction, %, has not 

been quantified but a relative estimate is made by .comparing production 

values with frequency of occurrence on butterfly tongues." Judging 

from the look of anthers of old flowers, I > 0.5 for both morphs. Then 

s1 (here primes are used as in the last part of Chapter 6 to indicate 

pollen transfer to stigmas at a different level) is equal to the sum of 

autogamy and geitonogamy divided by PS,. Then c is estimated as the 

average xenogamous compatible pollen load divided by P5,(1 -s1). To 

estimate c1, outcrossing between anthers and stigmas at different posi

tions, the average xenogamous incompatible pollen load is divided by 

PA(l-s'). Finally, s is estimated using data from the fortuitous dis

covery of a plant with anthers and stigmas in the same position. 

Butterfly tongues were censused for pollen loads to estimate 

the relative magnitude of I in pins and thrums and to document the 

mechanism of any disassortative pollen dispersal between mating types. 

In 1980 butterflies were captured while foraging on L_. cobrense. Upon 
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removal from the killing jar, proboscides were severed and taped to 

slides with transparent tape. Normally the tongue is coiled tightly 

but pressure applied with forceps at the base sometimes causes it to 

uncoil. Otherwise, an insect pin was used to uncoil the tongue before 

applying tape. Later 2 mm sections were dissected out with a portion 

of tape and slides were made of these by the usual method. Two metho

dological conditions add inaccuracy and higher variance to pollen counts. 

First, in uncoiling and taping the tongue with the aid of an insect pin 

pollen can easily be moved to another part of the tongue (usually toward 

the tip), or fall off completely. In some cases well over half the 

pollen being carried was lost, judging by unaided visual estimates. 

Second, the tongue in most species is heavily meTanized and fairly 

opaque, thereby potentially hiding pollen grains. I estimate loss or 

inaccuracy from this cause to be insubstantial (<5%). In all, twenty 

tongues from 19 butterflies of 5 species and one day-flying noctuid moth, 

each with a substantial pollen load, were processed. Distribution of 

pollen along the length of the tongue was then compared with stigmatic 

pollen loads to elucidate the mechanism of differential pollen dispersal 

between types. 

Seedset was measured with the view of testing the extent to 

which it is limited by availability of compatible pollen or allocation 

of resources. Stigmas were collected from fourth day open pollinated 

flowers. The persistent calices of these were marked with nail polish 

or colored Liquid Paper and seedset was recorded two weeks later. 
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Stigmatic pollen loads were counted from slides made in the field. 

To control for the possibility that collecting stigmas reduces seedset 

(by interrupting pollen tube growth, for instance), seedset of adjacent 

flowers was also recorded. A total of 151 cases were recorded in late 

August 1978 and mid August 1980. These data were then regressed against 

Equation 6-1 with p = compatible stigmatic pollen load and F = seedset, 

using the BMD P3R non-linear regression program. This analysis gave 

estimates of parameters and a.  By relating these parameters to max 

actual pollen loads it is possible to estimate the probability that a 

flower has pollen-limited seedset. Since growth of reproductive spikes 

is indeterminate and fruit maturation broadly overlaps flowering, plants 

may be able to compensate for some pollen-limited seedset by producing 

more flowers later. For this reason per-flower estimates of the proba

bility of pollen limitation may overestimate whole plant probabilities. 

There is no indication that one type flowers longer than the other, so 

I will.ignore this possibility. 

In addition to this analysis, a general relation between stigma 

pollen loads and seedset was established on July 19, 1980, about one-

third of the way through the blooming season. On this date, perhaps 

two-thirds of all adult plants were in bloom. Many were just beginning 

to develop full-sized seed--from flowers which bloomed about two weeks 

before. Twenty-five plants of each morph were chosen without design in 

one swale. Seedset was determined by counting the number of seeds per 

flower in the 10 most recent flowers for which seedset could be 
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determined. For plants with only two or three flowering spikes, three 

or four flowers in a row were sampled (they bloom sequentially up the 

spike). Some plants had 10 or more spikes. Here the single most 

recently set flower was sampled on each spike. If seeds mature, they 

begin to swell within a week of fertilization. Thus, seedset was meas

ured in flowers which had bloomed 7-12 days previously. In addition, 

a single stigma was collected from each plant sampled. Care was taken 

to select stigmas from flowers which had been in bloom about four days. 

This provides corroborating evidence for the results of the regression 

analysis. 

Results and Discussion 

The plan of this section is, after taking up some preliminary 

matters, to discuss patterns of pollen dispersal as mediated by the 

floral dimorphisms, including an analysis of the mechanism behind these 

patterns. This is followed by analysis of how these patterns relate to 

the evolution and maintenance of distyly as described in Chapter 6. 

Finally, translation of pollen dispersal into seedset is investigated, 

and implications for the models (particularly of Chapter 6) are inves

tigated. 

Frequency of Morphs 

In all cases investigated (see Ganders, 1979a) distyly has been 

shown to be controlled by what is functionally a single locus with two 

alleles, one of which is completely dominant over the other. Thus, if 
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self-incompatibility is complete the two forms will segregate in a 1:1 

ratio. Population counts in L_. cobrense do not dispute this hypothesis 

(Table 7-1). In subsequent analysis I will assume pins and thrums are 

equally abundant. The question of self-incompatibility will be taken 

up in more detail below. 

Table 7-1. Proportions of pins and thrums in study populations 

Date Censused Pins Thrums Total Test of Significance 

August 26, 27, 1977 36 31 67 X2 = 0.37, n.s. 

July 28, 1978 60 50 110 X^ = 0.91, n.s. 

July 18, 1980 244 256 500 X2 = 0.29, n.s. 

July 20, 1980 117 133 250 X2 = 1.02, n.s. 

Totals 457 470 927 X2 = 0.18, n.s. 

Plant Size 

Plant size does not differ significantly between morphs, but 

plants on dry sites are significantly smaller (Table 7-2). Plants aver

aged about 4 spikes on this date (July 20). This increased very little 

later in the season but many spikes branched once so that the number of 

flowers per plant coming into bloom each day exceeded 4 at the peak of 

the flowering season in early August. Most experiments were carried out 

in moist areas where plants were larger. 

The analysis of rosette dispersion suggests some vegetative 

reproduction occurs under favorable conditions. Nearest neighbor 
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Table 7-2. Plant size. — Number of spikes in bloom (July 20, 1980). 
Comparing microhabitats, t = 3.58, d.f. = 248, a < 0.001. 
Comparing phenotypes, t = 0.60, n.s. 

Microhabitat 

Phenotype Dry Wet Total 

x 

Pin (s) 

(n) 

x 

Thrum (s) 

(n) 

x 

Total (s) 

(n) 

analysis of plants mapped in 1977 and 1978 showed little or no clumping 

(Table 7-3), but plants are significantly clumped on favorable sites at 

Sheehy Spring (1980, Table 7-3). It might also be possible to explain 

this pattern in another way. If some self-fertilization occurs and if 

seed dispersal is not great (this is likely) then a clumped dispersion 

could occur since closely spaced selfed progeny are likely to have the 

phenotype of their parent. However, with partial selfing and complete 

dominance, the homozygous recessive type would have a higher frequency 

than the other type. This is not the case, suggesting selfing does not 

cause clumped dispersion. In order to eliminate this clumping pattern 

documented in the runs tests, it would be necessary to increase plant 

2.32 5.15 3.77 

(1.59) (9.02) (6.68) 

(57) (60) (117) 

3.01 5.78 4.25 

(1.81) (8.37) (5.90) 

(74) (59) (133) 

2.69 5.46 4.01 

(1.75) (8.67) 

(131) (119) (250) 
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size to an average of 1.5 rosettes on both transects of the Sheehy 

Spring data. This implies that estimates of geitonogamy given below 

may be underestimates, and measures of incompatible ("illegitimate") 

zenogamy may be overestimates. In favorable areas of Sheehy Spring 

genets may produce 10-15 new flowers each day during the peak of the 

season. 

Table 7-3. Analysis of rosette dispersion. -- Positive s indicates 
clumping (nearest neighbor analysis) and negative t 
indicates clumping (runs test). 

Year Soil Condition s *8 

1977 deep 0.13 

1978 shallow -0.08 

1980 deep, poorly drained -4.65 (a«0.01) 

deep, well drained -2.9 (a< 0.02) 

Flower Color 

Spectral reflectance patterns for pins and thrums were virtually 

identical (Figure 7-1). The corolla limb is a rich lemon yellow. The 

throat is pale yellow and reflects to some extent in the near UV region. 

Butterflies can probably not distinguish between flower types. The UV 

pattern probably assists them in guiding their tongues to nectaries at 

the base of the tubular corolla. Differences in percent reflectance 

between types (Figure 7-1) are probably due to different areas of the 
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Figure 7-1. Reflectance spectrum for U cobrense. 
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detection field being covered by petal material or to different flower 

ages rather than to inherent differences between morphs. 

Self-Incompatibility 

Incompatibility was shown to be nearly complete (Table 7-4). 

These results are virtually identical to Ganders' (1979b) performed in 

the greenhouse on plants grown from seed collected at a site about 20 

km east of Sheehy Spring. Of 9 seeds produced from matings between 

like morphs, 5 appeared to be experiencing arrested development. This 

suggests that seeds produced through selfing may not usually develop 

into viable adults. This may result from inbreeding depression. Popu

lation counts (Table 7-1) corroborate the suggestion that very few (if 

any) adults are the product of selfing. The significant difference 

between P x T and T x P crossings may result from insufficient pollina

tion of thrum flowers in those pollinated before I began cutting corrolas 

to reach the stigmas. 

Table 7-4. Strength of incompatibility revealed through experimental 
hand-pollination. -- The difference between P x T and T x P 
is significant (t = 2.57, d.f. = 46, a < 0.05). Asterisks 
indicate apparent arrested seed development. 

Frequency of Seedset/Flower (max = 4) 

Cross n Fruit Production X s 

T selfed 19 0.21* 0.21 

T x T 14 0.14* 0.21 

T x P 30 0.87 1.57 1.04 

P selfed 16 0.06* 0.06 

P x P 11 0.09 0.09 

P x T 18 1.00 2.17 0.79 
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Pollen Dimorphism 

Pollen is distinctly dimorphic. The larger thrum grains are 

shaped like blunt footballs while the smaller pin grains are more 

nearly cylindrical with parallel sides. Preliminary estimates of pollen 

numbers per anther made under the microscope gave counts of 232,500 

grains per pin flower and 82,750 grains per thrum flower. These esti

mates were only performed on two anthers of one flower of each type, 

but they correspond closely to estimates from the Coulter Counter analy

sis given in Table 7-5. These are almost twice those given by Ganders 

(1979b). Between-flower variance in pollen production and size is quite 

low. Pins produce 2.65 times as many pollen grains as thrums, but total 

volume of pollen produced is nearly identical for the two types. This 

suggests that there has been selection in one morph for an increase in 

pollen size at the expense of number, or an increase in number at the 

expense of size. It is noteworthy that in virtually all distylic species 

Table 7-5. Pollen dimorphism. -- Pins produce 2.65 as many pollen 
grains as thrums, but total volume per flower is about 
equal. Pin flowers came from 6 different plants; thrum 
flowers from 7 plants. 

A. Total Number Pollen Size 

Per Flower B. Diameter (y) C. Volume (yJ) A x C(yJ) 
of Grains " „ 3> 

Pins x 205,286 11.65 831.3 2.08 x 108 

(n=7) (s) (44,621) (0.44) 

Thrums x 77,515 16.96 2,555 1.98 x 108 

(n=8) (s) (17,422) (0.25) 
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with dimorphic pollen, thrums produce larger grains, but there is not 

always compensation in numbers. Darwin (1877) suggested larger grains 

provide necessary reserves for growing down longer pin styles, but it 

is not clear if this is always true (Ganders, 1979a). 

Distyly 

The reciprocal stigma-anther dimorphism is remarkably symmetri

cal and very precise (Table 7-6). Pin anther placement is significantly 

above the level of compatible thrum stigmas (t = 5.95, d.f. = 98, 

a < 0.001), but the difference between thrum anthers and pin stigmas is 

not significant, nor are the distances between anthers and stigmas of 

each morph. How this is selectively maintained will be considered below. 

Table 7-6. Stigma-anther placement dimorphism 

Anther Height Stigma Height D.i f f erence 
Phenotype (mm) (mm) (mm) 

Pin x 4.86 11.49 6.63 

(n=50) (s) (0.62) (1.38) (1.35) 

Thrum x 11.19 4.19 6.98 

(n=50) (s) (1.12) (0.50) (1.17) 

Disassortative Pollination 

It is this dimorphism that creates the possibility for differ

ential pollen dispersal between phenotypes. The results of the experi

ments designed to measure this are given in Tables 7-7 through 7-12. 
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Table 7-7. Stigmatic pollen loads of unmanipulated open-pollinated 
flowers (autogamy, geitonogamy and xenogamy). --
Asterisks mark compatible pollination. 

(a) Stigmas collected August 9, 1978. Pin grains are 2.93 times as 
numerous as thrum grains. 

Pollen 

Pin Thrum Total 

Pin X 220.7 74.95* 295.7 

(n=55) ( s )  (105.3) (77.12) 

Sti gmas 

Thrum X 120.2* 41.31 161.5 

(n=54) ( s )  (76.01) (37.39) 

Total 340.9 116.3 457.2 

(b) Stigmas collected August 12, 1980. Pin grains are 2.43 times as 
numerous as thrum grains. 

Pin 

Pollen 

Thrum Total 

Pins X 626.6 165.5* 812.1 

(n=29) (s) (317.6) (133.8) 

Stigmas 

Thrum X 242.1* 200.6 442.7 

(n=25) (s) (152.1) (186.7) 

Total 888.7 366.1 1254.8 
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Table 7-8. Estimation of xenogamy and geitonogamy. -- Asterisks 
indicate compatible pollination, (a) 1978; (b) 1980. 

(a) 1978. 

Pollen 

Pin Thrum Total 

Pin X 168.0 90.80* 258.8 

(n-20) (s) (104.1) (110.1) 

Stigmas 

Thrum X 236.0* 39.20 275.2 

(n=20) 
(s) (174.7) (35.47) 

404.0 130.0 534.0 

(b) 1980. 

Pollen 

Pin Thrum Total 

Pin X 365.0 105.6* 470.6 

(n=41) (s) (250.6) (92.12) 

Stigmas 

Thrum X 217.2* 74.71 291.9 

(n=41) 
(s) (236.2) (65.47) 

Total 582.2 180.3 762.5 



116 

Table 7-9. Estimation of autogamous pollination. -- Data from Table 
7-8 are standardized with respect to compatible pollen 
loads in Table 7-7 and differences in incompatible loads 
are taken, (a) 1978; (b) 1979. 

(a) 1978. 

Pollen 

Pin 

Stigmas 

# of grains 
% of total 

Tl„,J of-grains Thrum% Qf tQtal 

Pin Thrum 

120.48 
54.5 

17.91 
43.3 

(b) 1979 

Pollen 

Pin 

Stigmas 

# of grains 
% of total 

# of grains 
Thrum% of total 

Pin Thrum 

185.7 
28.7 

106.3 
53.0 
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Table 7-10. Estimation of xenogamy. — Asterisks indicate compatible 
pollination, (a) All new flowers per plant emasculated; 
stigmas collected after 1 day. Stigmas collected August 
9, 1978. All pairs are significantly different except 
pin and thrum pollen on pin stigmas, (b) All new flowers 
per plant emasculated for 2 consecutive days, after which 
2-day stigmas were collected on July 21 and July 28, 1980. 
All pairs significantly different except pin and thrum 
pollen on pin stigmas. 

(a) 

Pin 

Stigmas 

Thrum 

x 

(s) 

X 

(s) 

total 

Index of 
Disassortative 
Pollination 

Pin 

Pollen 

Thrum Total 

Index of 
Disassortative 
Pollination 

40.47 27.97* 68.44 0.69 

(41.76) (38.80) 

105.1* 8.88 114.0 11.84 

(95.13) (7.65) 

145.5 36.85 182.4 

2.60 3.15 

(b) 

Pin 

Stigmas 

Thrum 

x 

(s) 

X 

(s) 

Total 

Index of 
Disassortative 
Pollination 

Pin Thrum 

Pollen 

Total 

Index of 
Disassortative 
Pollination 

100.7 80.88* 181.6 0.80 

(128.4) (109.7) 

197.4* 35.35 232.7 5.58 

(201.8) (39.44) 

298.1 116.2 414.3 

1.96 2.29 
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Table 7-11. Estimation of geitonogamy. — Determined by subtracting 
incompatible loads in Table 7-10 from incompatible 
loads in Table 7-8 after each data set is standardized 
to reflect pollination rates of Table 7-7. (a) 1978; 
(b) 1980. 

(a) 1978. 

Pollen 

Pin 

Stigmas 

# of grains 
% of total 

Pin Thrum 

40.97 
18.6 

10.39 
25.1 

(b) 1980. 

Pollen 

Pin Thrum 

Pin 

Stigmas 

# of grains 
% of total 

-ru # of grains Thrum% Qf tQtal 

313.4 
48.5 

42.56 
21.2 
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Table 7-12. 

(a) 1978. 

Pin 

Stigmas 

(b) 1980. 

Average pollen loads (data of Table 7-7) partitioned into 
autogamy (a), geitonogamy (g), and xenogamy (x). — Total 
selfing is a+g. Numbers in parenthesis are frequencies 
of occurrence in illegitimate pollen loads. Asterisks 
mark compatible pollination, (a) 1978; (b) 1980. 

Thrum 

Pin 

Stigmas 

Thrum 

Pollen 
Pin Thrum 

(a) 120.4 (.545)" 
• 161.4 (.73) 

( g )  40.97(. 186) 

( X )  59.35(.269) 74.95* 

(a) 17.91 (.433)" 28.30 

( g )  10.39 (.251) (.684) 

( x )  120.2* 13.02 (.315) 

Pollen 
\ Pin Thrum 

(a) 185.7 (.287)" 
• 499.1 (.77) 

( g )  313.4 (.485)_ 

( X )  147.5 (.23) 165.5* 

(a) 106.3 (.530)*" 148.9 

( g )  42.56 (.212)^ (.74) 

( X )  242.1* 51.78(.26) 
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Stigmatic pollen loads of unmanipulated flowers (Table 7-7) show a pre

ponderance of pin pollen on pin stigmas. Two differences between years 

(and populations) are evident. One is that overall levels of pollina

tion are higher in the Sheehy Spring (1980) population. This may re

flect different pollinator densities or different foraging behavior 

between the large dense population (1980) and the small scattered popu

lation (1978). Second, incompatible pollination is proportionally 

greater in the 1980 data. As suggested earlier, this may reflect larger 

plant size at Sheehy Spring and, hence, a larger geitonogamous component. 

This point is taken up again below. From the pollen totals it is evident 

that the proportion of pollen dispersed to stigmas is roughly similar for 

both pins and thrums (p = 2.98t in 1978 and p = 2.43t. in 1980, compared 

with p = 2.65t from production data, Table 7-5). 

The single flower emasculation experiments (Table 7-8) measures 

xenogamy and geitonogamy. By standardizing total compatible loads 

(P x T + T x P) to data for full open pollination (Table 7-7) and taking 

differences between incompatible loads, a rough estimate of autogamy is 

possible (Table 7-9). Autogamy apparently accounts for about 50% of 

illegitimate pollination on pin stigmas and 40% on thrum stigmas in 

1978; and 30% on pins and 50% on thrums in 1980. Whether the differen

ces between morphs (and between years) are significant is not clear, 

but it is apparent that autogamy is substantial. 

The third experiment, where all new flowers per plant were 

emasculated, measures xenogamy (Table 7-10). As an index of disassor-
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tative (compatible) pollination, Table 7-10 also tabulates the factor 

by which compatible loads exceed incompatible loads. In both years 

outcrossed pin and thrum pollen was dispersed to compatible stigmas 

with considerably greater frequency than to incompatible stigmas. As 

noted above, the 1980 data may underestimate this index because plant 

size was probably underestimated for the emasculation experiment. But 

because pins produce (and disperse) more pollen than thrums, an asym

metry is set up with respect to the composition of stigmas loads. Here 

thrum stigmas have predominantly compatible loads while pin stigmas have 

somewhat more incompatible than compatible pollen. 

To estimate the level of geitonogamy, the two emasculation 

experiments are compared (Table 7-11). Geitonogamy is somewhat higher 

in the Sheehy Spring population. The average level of geitonogamy for 

pins and thrums is 22% of illegitimate pollen loads in 1978 and 35% 

in 1980. As suggested above this difference may reflect larger plant 

size at Sheehy Spring. 

In Table 7-12 the data of Table 7-7 are partitioned into auto

gamous, geitonogamous, and xenogamous components. The xenogamous-

fraction of illegitimate pollen loads is estimated by standardizing 

values from the full emasculation experiment. In both years, selfing 

comprised about 3/4 of illegitimate pollination. If this is typical of 

distylous taxa it is no wonder investigators have been perplexed at the 

apparent inefficiency of the system when they have looked only at total 

pollen loads (see Ganders, 1979a, for review). 
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Pollen Distribution on Butterfly Tongues 

It is clear that pollination is significantly disassortative 

once pollen is carried from the plant of origin. These data confirm 

that the effect of distyly in J_. cobrense is in part, at least, to 

increase the efficiency with which pollen is transferred to compatible 

stigmas. Before exploring this further, I wish to consider the mecha

nism by which this is achieved. Darwin (1877) postulated that insects 

carried pollen of the two morphs on different parts of their bodies and 

thereby achieved increased rates of compatible pollination. To my 

knowledge this hypothesis has been tested twice before, once with honey

bees visiting Fagopyrum (Rosov and Screbtsova, 1958) and once with 

bumblebees visiting Pulmonaria obscura (Olesen, 1979). In both cases 

some segregation of pollen on pollinators was observed. It has also 

been suggested that electrostatic or physical properties of pollen 

grains and stigmas could increase disassortative pollination (Dulberger, 

1975). Considering butterfly feeding behavior, it seems remarkable 

that enough segregation of pollen types along the tongue could be 

maintained. After feeding at a flower the butterfly retracts its tongue, 

and if it flies to the next flower it usually coils the tongue on the 

way. This should have the effect of mixing pollen picked up at differ

ent points along the tongue. On entering a new thrum flower the tongue 

may brush by the anthers and pick up pollen along nearly its entire 

length. Likewise it can deposite pollen on pin stigmas from almost any 

point along its length. Only pin pollen would seem to be restricted 
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toward the tip of the tongue, were it not for the tendency to coil the 

tongue during flight. The results of the analysis substantiate this 

potential for mixing. Of twenty tongues analyzed, 16 showed thrum and 

pin pollen distributions to be distinct at significance level p < 0.001, 

and one more at p < 0.01 with a Kolmogorov-Smirnov two sample, one-

tailed test for goodness of fit (3 of 20 showed no significant differ

ence). But the mean distance from the distal end for thrum grains was 

only 5.46 mm, compared with 4.40 mm for pin grains. This seems surpris

ing in view of the fact that thrum anthers are 11-12 mm from the base 

of the flower where nectar accumulates. The distribution is shown in 

Figure 7-2. 

This distribution is presumably representative of what flowers 

are presented with when a butterfly first visits their plant (before 

any selfing occurs). But this is only half the story. Segregation 

first occurs as pollen is picked up on the tongue. It occurs again in 

the way it is removed by stigmas: pin stigmas will "sample" more toward 

the proximal end than thrum stigmas. To illustrate, I suggest the 

following model of pollen deposition. 

Let the probability be zero that a stigma removes a pollen grain 

from the tongue proximal to a distance from the distal end greater than 

the style length. This seems reasonable since the tongue is very un

likely to contact a stigma in this region. Next, let the probability 

of pollen removal by pin stigmas be greatest at a point equal in dis

tance from the tip of the tongue to the average length of the style 
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Figure 7-2. Distribution of pollen grains along butterfly tongues. 
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(11.5 mm); and let this probability decline toward the tip of the 

tongue according to a normal density with the total distance to the 

tip equal to 3 standard deviations. Finally, let the same rules apply 

to thrum stigmas but with the probability distribution truncated at 

the tip (4.2 mm from the stigma position'). These probability densi

ties are plotted in Figure 7-2 (with arbitrary units for the vertical 

axis), together with the distribution of pollen on tongues. For each 

length increment along the average tongue the probability that a 

stigma will pick up a pollen grain is proportional to the area under 

the appropriate curve. These are calculated and standardized to com

pare with estimates of xenogamy (Table 7-1 Ob) and set out in Table 

7-13. 

Table 7-13. Estimates of xenogamy from the hypothetical model of 
pollen deposition. -- Asterisks mark compatible 
pollination. 

Pollen 

Pin Thrum Total 

Pin 

Stigma Thrum 

Total 

Index of 
Disassortative 
Pollination 

This model predicts an index of disassortative pollination of 

2.11 for pin pollen, which is comparable to the observed value (Table 

7-1 Ob), but predicts virtually no disassortative pollination of thrum 

88.4 

186.4* 

274.8 

70.8* 

68.8 

139.6 

159.2 

255.2 

414.4 

2.11  1.03 
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pollen. It is unlikely that deposition probabilities could be much 

more favorable in nature than in this hypothetical model, so I must 

conclude that my technique for preparing butterfly tongues introduces 

considerable mixing as well. In any case it appears that segregation 

of pollen stigmas can be considerably more pronounced than segregation 

on pollinators might seem to predict. 

Floral Differentiation Model Parameters 

From measurement of pollen dispersal, it is possible to estimate 

parameters of the floral differentiation models (Chapter 6), following 

the method outlined under materials and methods. These values are set 

out in Table 7-14. They are calculated on a per-flower basis rather 

than per-plant since pins and thrums are not significantly different 

in size (Table 7-2) and our interest is to calculate reUtive^ reproduc

tive fitnesses. Hypothetical values for long homostyles (LH) and short 

homostyles (SH) are based on stigmatic pollen counts from a fortuitously 

discovered long homostyle mutant at Sheehy Spring. This plant had normal 

seedset (suggesting it may be self-incompatible) and produced small pin

like pollen grains, but the anther position was at about 10 mm, just 

below the stigma. Selfing is apparently mediated by pollinators. The 

seven stigmas counted which had compatible (thrum) pollen averaged 

80.57 thrum grains (s = 58.1) and 1234 pin (and long-homostyle) grains 

(s = 389.5). By standardizing to compatible loads in normal open-

pollinated plants (Table 7-7b), I estimate that selfing is increased 

4.78 fold over normal rates in pins. In Table 7-14 I assume this 



Table 7-14. Estimates of parameter values in floral differentiation models 

Parameter 

Estimate 

Parameter 

Pin 

1978 1980 

Thrum 

1978 1980 

LH (Pin Pollen) 

1978 1980 

SH (Thrum Pollen) 

1978 1980 

P 205,286 77, 515 205, 286 77, 515 

^(set = .80) 0.52 0.80 0.66 0.66 

0.0015 0.0047 0.00046 0.0024 

s(= 0.0057 0.0176 0.0026 0.0139 

cl^ P£-(a+g)^ 0.00056 0.0014 0.00021 0.00084 

c2( p£-(a+g)^ 0.00044 0.00111 0.00026 0.0010 

c1 (=z*/[PJL-(a+g)]) 0.00113 0.0023 0.00121 0.0027 

c2(=z*/[P^-(a+g)]) 0.00089 0.00182 0.00147 0.00328 

Note: cj and c-j are to be used when outcrossing is described as c'(l-s') or c(l-s'); and 

c£ and C2 are to be used when outcrossing is described as c'(l-s) or c(l-s). 
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increase both for hypothetical long and short homostyles. I assume £ 

is identical in the two homostyles and is equal to the average esti

mated value in pins and thrums. This is because it is not clear that 

differential dispersal of the two pollen types is due to pollen size 

differences or anther position differences. By taking the average in 

homostyles, I assume both conditions contribute. 

These parameter values can be used to estimate stability of 

distyly in L_. cobrense. First consider the floral differentiation model 

under resource-limited seedset (Chapter 6). The condition for resist

ance to invasion by long homostyles of the kind discovered at Sheehy 

Spring is not given in Chapter 6 since it represents the midpoint of an 

unlikely sequence of events in the establishment of distyly. Now I 

consider the possibility of breakdown by this route. Under resource 

limitation, long homostyles compete with pins to pollinate thrums (this 

is not well established for the LH at Sheehy Spring, but it seems likely). 

Incoming rates of pollination from thrums will be the same, but out

crossing rates in LHs will be reduced and selfing rates increased. This 

gives: 

u = rr (l-t)(1-s')c , 
P •"(t-qHl-sJc' + q (1 -s1 )c 

(7-1) 

W = r r  (l-tHl-s)c' 1 
LH (t-q)(l-s)c* + q(1-s' )c * ' 

For Wp > WLH, (l-s')c > (l-s)c'. Using appropriate parameter values 

from Table 7-13 (s1 = 0.0047, s = 0.0176, c£ = 0.0011, c] = 0.0027), 

this inequality holds, and setting Wp = 1, = 0.71. It is evident 
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the LH mutant is at a disadvantage, but notice why: differences between 

s and s' have almost no effect; differences between c and c1 have a 

great effect. What matters is the ability to disperse pollen to com

patible plants, not to reduce selfing. Notice also that the value of 

Z (built into the estimated values of s, s', c and c') can also have a 

profound effect. Unfortunately, experiments "designed to measure Z 

directly failed, necessitating the admittedly crude estimates used here. 

It is curious that all theoretical work on heterostyly has con

sidered both male and female function whereas to my knowledge no descrip

tive or experimental report, with one exception, has considered the 

adaptive value of heterostyly from any but the standpoint of increasing 

seedset. The exception is Ganders (1979a), who attributes (erroneously, 

I believe) to Darwin the notion that heterostyly may reduce the amount 

of pollen wasted on self-pollination. He correctly points out that the 

amount saved which can then contribute to outcrossing is inconsequential 

(and in the floral differentiation models will increase outcrossing to 

the extent that (1-s1) > (1-s)). The LH example above is a case in 

point but also points to the seemingly obvious fact that in addition to 

reducing selfing, heterostyly can directly increase the efficiency with 

which pollen is transferred to compatible stigmas (which in the models 

is (l-s')c >(1-s)c')- When (1-s1) - (1-s), as it almost always will, 

c/c' is identical to the index of disassortative pollination given in 

Table 7-10 for L^. cobrense. The reason this consistent clearcut advant

age has never been noted before probably results from the fact that both 



130 

autogamy arid geitonogamy have never before been partitioned out of 

illegitimate pollen loads and the pattern has thereby been obscured 

(see Ganders, 1979a, for review). 

Consider next the resource-!imited model for floral differentia

tion proposed in Chapter 6 (Figure 6-1). The criterion for the final 

step (Equation 6-20) is also appropriate for investigating the stability 

of distyly against breakdown to the asymmetrical case of pins and long 

homostyles. Notice that in this case long homostyles (type 1 mutants 

in the model) are compatible with pins, not with thrums as in the Sheehy 

Spring mutant LH. As noted in Chapter 6, Wj>W^ if s'<s, which is 

clearly true for a system such as is found in L_. cobrense. However, 

the magnitude of fitness difference is exceedingly small: (1-s1) is just 

barely greater than (1-s). In this case, as Ganders points out, the 

savings from reduced selfing is minute and is unlikely to play much of 

a role. Why then is distyly maintained with near perfect reciprocal 

arrangement of stigmas and anthers? In some species distyly is spatially 

quite asymmetrical but what of the many symmetrical species like L_. 

cobrense? 

The answer may be that seedset is not often strictly resource-

limited. Recall from Chapter 6 that distyly can evolve and be main

tained under pollen limitation too. The first morphological change 

(Figure 6-2) after self-incompatibility has evolved is contingent upon 

Inequality 6-25 being met. Now that we realize c, c', s, and s1 are 

very small, it is clear this change will easily occur. The second 
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change is contingent upon Inequality 6-30. But here, unlike in Equa

tion 6-20, success depends on c>c' as well as (1-s1)>(!-s). In fact 

this requirement for the maintenance of distyly against invasion under 

pollen-limited seedset is identical to the requirement for resistance 

to invasion by LH mutants as described in Equation 7-1. 

Pollen Limitation 

The question becomes, then, how important is pollen limitation 

of seedset? A preliminary analysis is summarized in Table 7-15, which 

illustrates the general relationship between seedset and pollination. 

Compatible pollen loads are considerably lower than they were later in 

the year (Table 7-7) in an adjacent swale, but seedsets are not signifi

cantly different. Furthermore, seedsets are not statistically different 

between morphs in spite of thrum stigmas receiving twice-as much com

patible pollen as pins. No pin stigma sampled received fewer than 22 

compatible grains, and no thrum stigma received fewer than 15. Tenta

tively it seems reasonable to assume seedset is not limited by 

availability of compatible pollen even though it averaged just under 

half the maximum possible. The results of the regression analysis are 

given in Table 7-16. The data were subsampled by year and by morph. 

The reciprocal of a is an estimate of the number of pollen grains neces

sary to fertilize a single seed. To estimate the relative importance 

of pollen and resource limitation on seedset, I ask what is the proba

bility that a stigma will receive less compatible pollen grains than is 
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Table 7-15. 

Pin A 

(n=25)(s) 
Stigmas 

Thrum x 

(n=25)(s) 

Stigmatic pollen loads and average recent seedset about 
one-third into the 1980 flowering season 

Seedset Pollen 

Pin Thrum 
(n=10 per case) 
x s 

498.8 77.5* 1.88 0.81 

(259.6) (52.5) (0.64) 

162.2* 197.0 2.02 0.75 

(124.8) (125.7) (0.61) 

Table 7-16. Regression of seedset as a function of compatible pollen 
loads; best fit to Equation 6-1 

Data 
Set ^max a 

Frequency 
In p.-l. Region 

1978 1.849 0.099 10.05 43.00 0.28 

1980 1.885 0.362 2.76 11.99 0.04 

Pins 1.828 0.174 5.75 24.19 0.21 

Thrums 1.911 0.069 14.57 63.77 0.16 

Total 1.864 0.118 8.46 36.37 0.19 
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necessary to account for 90% of Fmax on the regression line. This is 

given in the last column of Table 7-16. Ninety percent was chosen 

somewhat arbitrarily but with the assumption that the effect of differ

ing values of c will begin to have a stronger influence on the outcome 

in Equation 6-20 than differences in s, with only a small degree of 

pollen limitation. A histogram of the frequency of compatible pollen 

loads is plotted over Equation 6-1 for the combined data set in Figure 

7-3. The 90% cutoff is also shown. There seems to be little differ

ence between morphs in the tendency toward pollen limitation but there 

is a substantial difference between years (last column, Table 7-16). 

From this analysis seedset does appear to be resource-!imited, 

but enough pollen limitation may be occurring to maintain symmetry in 

the stigma-anther reciprocity of mating types according to the pollen-

limited model in Chapter 6. It should be noted, however, that even if 

some flowers are pollen-limited the plant as a whole may not be. One 

way to test the model is to compare the degree of pollen limitation in 

distylous species with different degrees of asymmetry in the spatial 

segregation of anthers and stigmas. According to the model, we can 

expect species with the most symmetrical dimorphisms to be more subject 

to pollen-limited seedset than asymmetrical species. 
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Figure 7-3. Seedset (F) as a function of stigmatic compatible pollen loads (P); 
the best fit to Equation 6-1 for the total data set. -- Also included 
is a compatible pollen load frequency histogram for that data set, 
and an arbitrary demarcation between pollen-limited (p.l.) and ^ 
resource-limited (r.l.) seedset (P9:R=0.9F ). x max7 



CHAPTER 8 

GENERAL DISCUSSION AND SUMMARY 

In this dissertation I have focused on the evolution of sex in 

higher plants from two points of view, one broad and one narrow. First 

I considered general conditions favorable to the evolution and mainte

nance of outcrossing. Then I focused on one kind of outcrossing system, 

distyly. Here I attempt to place each point of view in perspective with 

respect to the other. 

Chapter 2 is concerned with outlining conditions favorable for 

the evolution of partial and complete outcrossing. I distinguish between 

the effects of two kinds of selection against selfing: advantages be

lieved to be inherent in heterozygosity, per se; and inbreeding depression 

from the buildup of deleterious recessives. The model demonstrates that 

intermediate levels of outcrossing are adaptive over a wide range of 

values of selection against selfing, if selection acts primarily on 

levels of heterozygosity (Figure 2-2). It implies that obligate out

crossing may often be adaptive in situations where sufficient genetic 

variation is lacking for an intermediate optimum to be reached. But 

once obligate outcrossing has evolved, it can become an optimum solution 

with the development of inbreeding depression . 

In Chapters 4 and 5 I look closely at the evolution of the sort 

of self-incompatibility found in distylous plants. Several pathways are 
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shown to be possible but all require either highly fortuitous combina

tions of mutations, mutations which are highly complex in function, or 

severe selection against selfing. The floral dimorphism found in 

distyly can also evolve by several pathways (Chapter 6) but depends on 

self-incompatibility to have evolved first. Field studies (Chapter 7) 

add insight into the function of the floral dimorphism and provide 

estimates of parameters used in the floral differentiation models. 

They demonstrate that the stigma-anther polymorphism may promote con

siderable disassortative pollination when viewed from the standpoint of 

male function. 

The two points of view are linked, in part, by Chapter 3, which 

provides some insight into assumptions common to all models: that fruit 

production is limited either by the allocation of resources or the 

availability of pollen. There is a clear necessity for resource limita

tion to predominate in order for self-incompatibility to evolve (Chapters 

4 and 5), but floral differentiation benefits from some pollen limitation 

(Chapters 6 and 7). The model in Chapter 3 provides some justification 

for supposing that resource limitation may not be an uncommon phenomenon. 

This is corroborated by field studies (Chapter 7). Chapter 3 provides 

a link in another way by beginning to place different outcrossing sys

tems into perspective. I refer here to insight provided concerning 

when dioecy is favored over hermaphroditism. In animal-pollinated 

plants, which provide pollen vectors with rewards in return for carrying 

pollen between plants, resources devoted to this attraction system are 

in a sense shared by both male and female function. This provides a 
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basis for hermaphroditism being favored over dioecy (which, incidentally, 

does not exist in most wind-pollinated plants—hence the predominance of 

dioecy and monoecy in this group). 

In this present chapter I attempt to set heterostyly in perspec

tive with other hermaphrodite outcrossing systems. To begin with it 

must be admitted that hererostyly is not a particularly common out

crossing system. It may be that the necessarily tight coevolution with 

pollinators reduces the potential for speciation and adaptive radiation 

in heterostylous taxa. It may also be a relatively simple matter gene

tically for it to break down. It is not clear what mechanisms can lead 

to secondary self-incompatibility in multiallelic systems (although 

polyploidy promotes breakdown in gametophytically controlled incompati

bility). But there is little indication that heterostyly has evolved 

de novo from self-compatible plants fewer times than other self-

incompatibility systems, in spite of severe conditions for establishment. 

It seems likely that all self-incompatible systems are initially 

presented with difficulties of a similar magnitude. In fact this has 

been elegantly shown for dioecy (Lloyd, 1975; Ross and Weir, 1976; 

Charlesworth and Charlesworth, 1978). This system is found sporadically 

in more plant families but it is not clear that many of these cases 

have not had their origin in "lateral" evolution fron an hermaphroditic 

self-incompatibility system, even from heterostyly (Baker, 1958; Opler, 

Baker and Frankie, 1975). 

I wish to advance the view that models for the origin of hetero

styly, at least the cryptic model presented here, apply with equal force 
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(be it large or small!) to the evolution of sporophytically controlled 

multiallelic incompatibility. A brief digression is in order first. 

It is commonly asserted that this sort of system should not be confused 

or associated with heterostyly. The arguments fall into two categories. 

One is that multi-allelic systems are fundamentally different from 

heterostyly. The other is that multi-allelic incompatibility arose 

once, is primitive in angiosperms, and heterostyly is of secondary 

origin, having arisen de novo many times. I consider each argument in 

turn. 

The Charlesworths argue that heterostyly is fundamentally dif

ferent from S-allele systems because in heterostyly self-compatibility 

can be obtained by recombination within the incompatibility locus whereas 

in multiallelic S-allele systems it cannot (D. Charlesworth and B. 

Charlesworth, "1979). Moreover, in multiallelic systems the incompati

bility mechanism seems to involve a qualitative difference between 

compatibility types which is recognized on the stigma or in the style 

(Heslop-Harrison, 1978); whereas the only heterostyled system studied 

(Lewis, 1943) seemed to reveal a quantitative difference involving 

osmotic relations. 

It must be granted that if these proposed differences are con

sistently represented, they argue strongly for considering heterostyly 

and S-allele incompatibility as fundamentally different kinds of systems. 

But evidence on both these points is not altogether convincing. There 

seems, to be little indication that recombination does not produce self-
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compatibility in sporophytically controlled S-allele systems nor does 

it seem assured that the pollen and pistil reactions can always be 

separated by recombination in heterostyly. Some models proposed for the 

physiological basis of S-allele systems posit the existence of a compound 

molecule with a part unique to pollen and stigma or style and a part com

mon to both (de Nettancourt, 1969; van der Donk, 1975). The S locus is 

supposed to specify the common element and thereby control compatibility 

relationships. If genes specifying all these elements are tightly 

linked, a simple duplication of the S locus and subsequent spatial asso

ciation of one copy with the pollen specificity gene and the other with 

the pistil specificity gene would permit the kind of recombination found 

in Primula. Moreover, Lewis' (1943) osmotic explanation of the physio

logy of incompatibility in Linum qrandiflorum could only partially 

account for the events he observed. Even if it could, it still would 

not apply to species where the site of inhibition is in the style (e.g., 

Primula, Fagopyrum). 

Several authors (Whitehouse, 1950; Bateman, 1952; Crowe, 1964), 

but Pandey (1960, 1968) most cogently, argue for ancient origin of most 

systems of multi-allelic incompatibility in angiosperms. Gametophytic 

control of the pollen reaction is thought primitive and except for a 

few aberrant groups, sporophytic systems are supposed to have evolved 

directly from gametophytic systems by altering the developmental time 

of S-allele action. In contrast, heterostyly is thought to be of secon

dary origin, having evolved numerous times from self-compatible ances

tors. This argument balances on two points. 
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First, Pandey (1968) argues that it is more parsimonious to 

imagine sporophytic multiallelic self-incompatibility evolving directly 

from gametophytic self-incompatibility rather than for it to have 

evolved de novo from self-compatible ancestors. But he stresses that 

this change has occurred "independently and repeatedly in the course of 

evolution" (Pandey, 1968). To my knowledge, aside from heterostyly, for 

which sporophytic control of the pollen reaction is the norm, only four 

families have been shown to exhibit sporophytically controlled multi

allelic self-incompatibility (Asteraceae, Brassicaceae, Convolvulaceae, 

Sterculiaceae), although this probably reflects difficulties in detec

tion rather than their paucity in nature (Pandey, 1960). My point is 

simply that even if sporophytic multiallelic self-incompatiblity might 

evolve directly from another self-incompatibility system, that fact that 

heterostyly has evolved many times de novo argues against supposing the 

other has not been able to do the same. In fact this is almost undoubt

edly the case in the Sterculiaceae wherein Theobroma cacao exhibits a 

clearly aberrant system with inhibition in the ovary (Cope, 1958). 

Second, it is often pointed out that heteromorphic species may 

have trinucleate or binucleate pollen and this is correlated with whether 

the site of incompatibility is on the stigma or in the style. In con

trast, sporophytic homomorphic systems are known to have trinucleate 

pollen and stigma inhibition of pollen germination. The lack of consis

tency in this regard among heterostyled species points to their multi-

phyletic origins. However, the evidence for uniformity in homomorphic 
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systems is not strong. After dismissal of the Theobroma case as a minor 

exception, it is based on investigations in two families (Asteraceae, 

Brassicaceae). Yet even here He!ianthus, against expectation, is found 

to have trinucleate pollen with stylar inhibition. Furthermore, evi

dence is contradictory whether pollen is trinucleate or binucleate in 

the Convolvulaceae (Martin, 1965). 

A more fruitful approach to understanding the diversity of self-

incompatibility breeding systems may be to emphasize similarities rather 

than differences. This is not to deny the usefulness of categorizing 

self-incompatibility systems according to their mechanisms of operation. 

But until it is clearly demonstrated that different mechanisms imply 

different sets of circumstances promoting their evolutionary origin it 

seems useful to ask what implications heterostyly models might hold for 

the evolution of other systems of self-incompatibiltiy. 

In particular, consider the suggestion which stimulated this 

digression, namely, that heterostyly models might also apply to the 

origin of homomorphic multiallelic systems with sporophytic control of 

the pollen reaction. The first step is the evolution of a single-locus, 

two-allele system by one of the routes proposed. Possibly the cryptic 

route (Chapter 5) is more likely since it is satisfied with a single 

incompatibility gene at the S locus rather than two tightly linked loci. 

At this point evolution might proceed in either of two directions. 

Morphological differentiation of the two mating types will give a fully 

heterostylous system (Chapter 6; D. Charlesworth and B. Charlesworth, 



142 

1979). Alternatively, a proliferation of incompatibility alleles may 

transform the two-allele system into a multiallelic one. Increasing 

the number of segregating alleles and developing morphological hetero-

styly both have the effect of increasing the efficiency with which pol

len is transferred to compatible stigmas. Whether natural selection can 

act on this basis is not altogether clear. But it seems probable that 

once several self-incompatibility alleles are segregating, floral dif

ferentiation of mating types is unlikely to evolve, since there is a 

strong linkage constraint. Tristyly may represent the maximum feasible 

number of morphologically distinct mating types that can be justified 

from a topological standpoint. Further, it is unlikely that a multi

allelic system will evolve once the original two (or three) mating types 

have diverged morphologically. The only system which seems to incorpor

ate both morphological features of heterostyly and multiallelic incom

patibility is found in Narcissus (Dulberger, 1964) and here they are 

unlinked and the incompatibility is of the gametophytic type. The 

evolutionary basis for this combination is unclear. The implication is 

that morphological differentiation of heterostyly may be in some sense 

analogous to increasing the number of alleles in homomorphic systems; 

and, further, that in early stages of evolution these systems may be 

identical. It may be significant that both recently proposed cases of 

cryptic incompatibility probably represent the residual effect of a 

complete self-incompatibility system which has broken down (Pandey, 

1968; Weller and Ornduff, 1977), one from an homomorphic sporophytic 



system (Cheiranthus, Asteraceae) and one from heterostyly (Amsinckia, 

Boraginaceae). This hints that the reverse could occur as well. For 

these reasons I view the evolution of distyly as a pradigm for the 

evolution of other obligate outcrossing breeding systems in higher 

plants. 
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