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ABSTRACT 

The Riibiaceae, with a world-wide distribution, have a. 

variety of pollinator syndromes and include the greatest 

number of heterostylous species of any angiosperm family. 

Variation in heterostyly among taxa of Rubiaceae is often 

attributed to potential incidences of independent evolution. 

I doctimented incompatibility systems, floral dimensions at 

anthesis, and floral development for three heterostylous taxa 

in Rubiaceae. 

I collected data from populations of hummingbird-

pollinated Psvchotria poeppiaiana at La Selva Biological 

Station, Costa Rica and Soberania National Park, Panama, and 

from a population of hawkmoth-pollinated P̂ . chiapensis also 

at La Selva. My study populations of hummingbird-pollinated 

Bouvardia ternifolia were in the Catalina and Santa Rita 

Mountains near Tucson, Arizona. 

To characterize incompatibility, I recorded inhibition 

sites of illegitimate pollen tubes. For B̂  ̂ternifolia. 

locations of inhibition sites were similarly variable for 

each floral morph. In both species of Psvchotria. 

incompatibility reactions of short-styled (SS) flowers 

typically occurred within stigmas whereas in long-styled (LS) 

flowers, incompatibility reactions most often occurred in 

styles. 
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For all three species, I found significant differences 

in stigma and anther heights at anthesis corresponding to 

floral morph. However, because of extensive variation among 

individuals of both floral morphs, stigma and anther heights 

of LS and SS flowers are not strictly reciprocal. Mean 

anther height per plant forms a near continuuia from LS to SS 

plants in most populations. Stigma heights of different 

floral morphs overlap in several plants of ternifolia and 

of Pj. chiapensis. Only for stigmas of P̂ . poeppiaiana did the 

organs of both floral moirphs fall into distinct height 

categories. 

To study floral ontogeny, I measured buds representative 

of different developmental stages. For all species, height 

differences between anthers of LS and SS flowers at anthesis 

result from differences in relative growth rates. For B. 

ternifolia. a dimorphism in corolla size also contributes to 

anther height differences between floral morphs. Style 

heights of LS and SS flowers of ternifolia result from 

differences in relative growth rates between floral morphs. 

Constrasting with the Psychotrias, where style height 

differences are established early in development and 

maintained as styles elongate at the same relative rate. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Heterostyly is one of the more imusual sexual systems 

found in angiosperms, a group known for its diversity in this 

regard. Plant sexual systems are defined by the location of 

the male (anthers with pollen) and female (stigma, style, 

ovary with ovules) structures. Sexual systems in plants are 

highly variable, ranging from the common hermaphroditic 

flower with male and female parts within the same flower, to 

dioecy with separate plants producing either all male or all 

female flowers. Heterostyly encompasses both distyly (two 

floral morphs) and tristyly (three floral morphs); all 

heterostylous taxa in this study are distylous. Distyly is 

in part defined by the reciprocal placement of stigma and 

anthers in two floral morphs of one species (Darwin, 1877; 

Ganders, 1979). Individual plants of distylous species 

produce either all long-styled (LS) or all short-styled (SS) 

flowers. Flowers with the LS morphology have the stigma 

positioned above the anthers, whereas flowers with the SS 

morphology have the anthers positioned above the stigma. In 

addition to differences in floral morphology, heterostylous 

species typically have an accompanying genetically-based 

incompatibility system that prevents self and intramorph 
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(i.e., between flowers of the same morphology, but on 

separate plants) fertilizations (Barrett, 1990; 1992). The 

evolution and maintenance of heterostyly are thought to be 

driven by out-crossing advantage (Darwin 1877). Charlesworth 

and Charlesworth (1979) and Lloyd and Webb (1992b) propose 

that heterostyly also evolved as a means to reduce self-

fertilization. 

Both the definition of heterostyly and the basis of 

models for the evolution of this sexual system assiame that, 

within a typical heterostylous population, two or three 

distinct floral morphs will be present, anther and stigma 

heights will be reciprocal, and a heteromorphic 

incompatibility system will be in place. Whereas the 

presence of two distinct floral morphs with reciprocally 

placed anthers and stigmas has been confirmed in a niomber of 

studies (Sobrevilla et al., 1983; Murray, 1990; Passos and 

Sazima, 1995), other studies have found two modal floral 

morphs with significant variation in anther and stigma 

heights such that strict reciprocity is not general (Opler et 

al., 1975; Ornduff, 1986; Riveros et al., 1987). Additional 

population-level studies are needed to determine the degree 

of reciprocity between floral morphs and how pollen transfer 

is mediated by pollinators. Further assessment of the 

methods used to quantify stigma and anther height reciprocity 

(such as the reciprocity index; Richards and Koptur, 1993) 
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will identify those methods that are the most informative 

making comparisons among populations and species. 

Differences in the heteromorphic incompatibility system 

have been recorded not only among heterostylous taxa, but 

also between conspecific floral morphs. Ganders (1979) noted 

that in some studies short-styled (SS) morphs were described 

as having a "stronger" incompatibility reaction than long-

styled (LS) morphs (Darwin, 1877; Bahadur, 1966; 1970a; 

1970b; 1970c; Ornduff, 1971). However, in other studies, LS 

morphs had a "stronger" incompatibility reaction (Ornduff and 

Perry, 1964; Ornduff, 1970). Bawa and Beach (1983) and 

Anderson and Barrett (1986) recorded differences in the 

inhibition site of pollen tube growth among floral morphs 

and, in some taxa, differences in inhibition sites among 

flowers of the same morph. Variation in the expression of 

the heterostylous sexual system is thus foiand both within and 

between floral morphs, but additional studies documenting 

this variation will clarify patterns and facilitate 

understanding of its function. Differences in patterns of 

expression among species may reflect their phylogenetic 

history. Alternatively, ecological circumstances may 

determine the ways in which heterostyly is expressed. 

A nximber of models have been developed to address the 

evolution of heterostyly (Darwin, 1877; Mather and de Winton, 

1941; Baker, 1948; Stebbins, 1966; Anderson, 1973; Dulberger, 

1975; Charlesworth and Charlesworth, 1979; Lloyd and Webb; 
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1992b). The most recent and we11-developed evolutionary 

models for heterostyly, specifically distyly, differ from one 

another in several ways. These differences include whether 

the ancestor was homostylous (i.e., stigma and anthers 

positioned at the same height; Charlesworth and Charlesworth, 

1979) or approach herkogamous (i.e., stigma exerted above 

anthers; Lloyd and Webb, 1992b), and whether the 

heterostylous incompatibility system arose prior to 

(Charlesworth and Charlesworth, 1979) or following (Lloyd and 

Webb, 1992b) the reciprocal floral morphology. These models 

have been tested using a variety of means. One method 

involves mapping incompatibility system and floral morphology 

data onto a phylogeny for a group with heterostylous and non-

heterostylous members (Kohn et al., 1996; Schoen, et al., 

1997). Another method to test evolutionary models uses 

experimental populations of flowers that reflect assumptions 

of the model (Stone and Thomson, 1994). Ontogenetic data can 

also be used to make inferences about the evolutionary source 

of morphological differences (Alberch et al., 1979; Fink, 

1982) but this approach has rarely been used in studies of 

heterostyly. Richards and Barrett (1992) reviewed studies 

regarding the floral ontogeny of tristylous species from 

different angiosperm families. These authors also compared 

floral development in three distylous species of Rubiaceae. 

The results of these studies suggest that there are several 
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different developmental pathways resulting in flowers with 

the heterostylous floral morphology. 

Variation found in the expression of heterostyly, 

including floral morphology, incompatibility reaction and 

developmental variation, has been attributed to its 

evolutionary history (Ganders 1979, Vuilleumier 1967): it 

has been proposed that heterostyly evolved independently in 

23 of the 25 angiosperm families where it occurs (Lloyd and 

Webb, 1992a). Further, the pattern of its occurrence 

suggests that it has been independently gained and lost more 

than once within several of these families (Danvin, 1877; 

Bahadur, 1968), or even within genera (Hamilton, 1990). 

The predominantly tropical Rubiaceae has more 

heterostylous taxa than any other angiosperm family. The 

species I have studied are all R\ibiaceae. To determine if 

heterostyly is an evolutionarily vagile character within 

Rubiaceae, in collaboration with L.A. McDade and M.J. Clauss, 

I used a phylogenetic approach to generate preliminary 

results regarding the evolution of heterostyly in Rubiaceae. 

We combined congruent information from the two most recent 

family-level phylogenies for representatives of Rubiaceae 

(Bremer et al. 1995; Bremer, 1996; both constructed using 

rjbcL sequence data; Fig. 1.1). Using data from more than 

four dozen floras, we scored each genus represented in the 

phylogeny for the presence or absence of heterostyly. 

Surprisingly, all genera with heterostylous species also 



15 

Heterostvlv 

[=• Non-heterostylous 

Polymorphic** (Heterostylous^ 
and Non-heterostylous) 
** all polymorphic with 
exception of Rachicallis. 
a monotypic genus 

•Bertiera 
• Coffea 
•Gardenia 
•Tarenna 
•Mitriostigma 
•Ixora 
•Keetia 
• Meyna 
inVangueria 
IMussaenda 
•Pentagonia 

Pogonopus 
•CaTycophyllum 
•Pinckneya 
•Hintonia 
•Cinchona 
OHoffmannia 

^•Hamelia 
•Deppea 
•Hillia 
•Antirhea 
•Guettarda 
•Rachicallis 
IIRondeietia 
OCatesbaea 
•Cubanola 
OChiococca 
OErithalis 
• Exostema 
•Cephalanthus 
OHaidina 
•Mitragyna 
•Sarcocephalus 
• Nauclea 
•Uncaria 

Luculia 
Hydnophytum 

_Myrmecodia 
•Psychotrial 
iPsychotria2* 
•Geophila 
•Morinda 
IBouvardia* 
_Manettia 
• Richardia 
_Oldenlandia 
•Pentodon 
•Pentas 
iParapentas 
•Argostemma 

Plocama 
Rubia 

•Galium 
nTheligonum 
•Anthospermum 

Nertera 
_Coprosma 
•Danais 

Coccocypselum 
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• Pauridiantha 
•Ophiorrhiza 

Fig. 1.1 Phylogeny of Rubiaceae (Bremer et al., 1995; 
Bremer, 1996) with heterostyly mapped on. All genera with 
heterostylous species also contain some non-heterostylous 
members, and thus are polymorphic for this character. 
Starred genera include the species studied in detail here. 
According to Fig.2 in Bremer (1996) Psvchotria is not 
monophyletic and instead occurs as at least two clades. 
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Fig. 1.2 Phylogeny of Rubiaceae (Bremer et al. 1995; 

Bremer, 1996) with heterostyly mapped on. Genera with both 

heterostylous and non-heterostylous species are coded as 

polymorphic, which acts as a single character for this tracing. 

See Fig. 1.1 for information on starred genera and Psvchotria. 
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contained non-heterostylous species. Using MacClade 3.07 

(Maddison and Maddison, 1992) we mapped heterostyly onto our 

synthetic phylogeny of Rubiaceae (Fig. 1.1). Because most 

genera with heterostylous species also include homostylous 

species, coding of this character is problematic. We 

explored two coding methods that basically maximize and 

minimize the number of instances of evolution of heterostyly. 

When genera are coded as polymorphic, heterostyly is 

esentially optimized as evolving separately in each genus in 

which it occurs (Fig. 1.1). In contrast, when polymorphic 

genera are coded as heterostylous, the resultant optimization 

minimizes the number of evolutionary events leading to 

heterostyly (Fig. 1.2). The results of the first 

optimization (Fig. 1.1) indicate that heterostyly evolved a 

minimum of 28 times independently within Rubiaceae and that 

almost all of the transitions to heterostyly occur at or 

below the genus level. Alternatively, if all genera with 

heterostyly are hypothesized to be primitively heterostylous 

(Fig. 1.2), the ancestor of subfamily Rubioideae (clade 

containing HvdnoDhvtum through Qphiorrhiza) may have been 

heterostylous. The tracing of heterostyly to the base of 

Rubiaceae is questionable, as it is in part driven by the 

presence of heterostyly in Luculia, a taxon that is not well-

supported in its placement. Heterostyly on the tree in Fig. 

1.2 has evolved a minimum of 6 times and been lost 4-5 times 
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(variation in results due to different, equally parsimonious 

optimizations). 

This analysis provides perspective on the question of 

how many times heterostyly has evolved within Rubiaceae and 

at what taxonomic level (Faivre, Clauss, and McDade, in 

prep.). It also provides a context for the present study. 

For my dissertation research, I studied the expression of 

heterostyly, including morphology, incompatibility system and 

development, in three species of Rubiaceae (Bouvardia 

ternifolia. and two species from the very large genus of 

Psvchotria. see starred genera in Figs. 1.1, 1.2). The 

optimization presented in Fig. 1.1 suggests that heterostyly 

evolved independently in these two genera. The most 

conservative optimization (Fig. 1.2) suggests that 

heterostyly may have evolved only once for Bouvardia and 

Psvchotria. However, considering that many genera are not 

included in the phylogenies to date, it is quite possible 

that these two genera represent different evolutionary 

transitions to heterostyly. 

As part of my dissertation, I examined and compared the 

floral morphology at anthesis, incompatibility system, and 

floral ontogeny of Psvchotria chiaoensis. P. poeppiaiana. and 

B. ternifolia. The evolutionary relationships and shared 

pollinator syndromes of these taxa were considered in the 

interpretation of the results. I also documented floral 

morphology and ontogeny for two approach herkogamous species 
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of Rubiaceae, P. pittieri and P. brachiata. Under the 

assTomption that the approach herkogamous floral morphology is 

the ancestral state (Lloyd and Webb, 1992b), I compared the 

floral ontogeny of P, pittieri and P. brachiata to the three 

heterostylous species. From this comparison I propose 

required ontogenetic shifts in the approach herkogamous 

floral morphology that would result in the LS and SS floral 

morphologies. 
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1.2 Format of dissertation 

This dissertation includes three appendices. The first 

and second are in the form of publishable papers to be 

submitted to the American Journal of Botany. The third 

appendix is in the form of a publishable paper to be 

submitted to the journal Evolution. 

Appendix A is entitled "Rarity of Reciprocity in Three 

Heterostylous Species of Rubiaceae: Quantification and 

Implications." This paper docvmients a surprising degree of 

variation found in stigma and anther "reciprocity" in two 

populations of P. poeppiaiana. one population of P. 

chiapensis. and two populations of B. ternifolia. Stigma and 

anther heights of the approach herkogamous species, 

Psychotria pittieri and P̂ . brachiata are compared with the 

data from the three heterostylous species. The approach 

herkogamous floral morphology (i.e., stigmas positioned above 

the anthers; Lloyd and Webb, 1992b), has been proposed as the 

ancestral form of heterostylous taxa (Lloyd and Webb, 1992b) . 

This study is unusual in that individual and population level 

patterns of variation are assessed. The evolutionary 

relationships and pollinators of the taxa are considered in 

an assessment of the results. Reciprocity is difficult to 

quantify and several methods for relating stigma and anther 

height among individuals are evaluated. 
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Appendix B is entitled "Variation in the Heteromorphic 

Incompatibility System Within and Among Three Heterostylous 

Species of Rubiaceae". This appendix presents the results of 

self, intramorph and intemorph hand-pollinations of flowers 

of Pj. chiapensis. P. poeppiaiana and ternifolia. The 

outcomes of these controlled pollinations were assessed by 

observing pollen tube growth in the styles. A number of 

inhibition sites were found, ranging from the stigmatic 

surface, within the stigma, and at several locations within 

the style. Interesting patterns emerge to indicate 

differences in inhibition sites between floral morphs of 

Psvchotria. but not of ̂  ternifolia. 

Appendix C is entitled "Differences in Floral Ontogenies 

of Three Heterostylous Rubiaceae and the Implications for 

Development from an Approach Herkogamous Ancestor." This 

study documents floral ontogeny of heterostylous Psvchotria 

chiapensis. P. poeppiaiana. and Bouvardia ternifolia. These 

results are compared to the ontogenies of the flowers of the 

approach herkogamous species P. pittieri and P. brachiata. 

Assuming that heterostylous taxa evolved from an approach 

herkogamous ancestor, models of heterochrony are proposed to 

explain the evolutionary sequence. 
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CHAPTER 2 

PRESENT STUDY 

In three species of Rubiaceae, Psvchotria chiapensis. 

poeppiaiana. and ternifolia. I documented a number of 

characteristics of the heterostylous syndrome. For each 

species, I recorded floral morphology at anthesis, 

incompatibility system characteristics, and floral ontogeny. 

I also collected these data for Psvchotria pittieri and P. 

brachiata, two species with the approach herkogamous floral 

morphology, a morphology proposed to be ancestral to 

heterostylous taxa (Lloyd and Webb, 1992b). Detailed 

descriptions of the materials and methods, results, and 

conclusions of my work are presented in the papers appended 

to this dissertation. This chapter contains a summary of the 

conclusions for the appended papers. 

The reciprocity of stigma and anther heights between 

long-styled (LS) and short-styled (SS) flowers is thought to 

act as a mechanism to enhance outcrossing in heterostylous 

taxa (Darwin, 1877; Charlesworth and Charlesworth, 1979; 

Lloyd and Webb, 1992b). The separation of stigma and anther 

heights within individual flowers is also thought to act as a 

mechanism to decrease self-pollination (Charlesworth and 

Charlesworth, 1979; Lloyd and Webb, 1992b). In the study 

described in Appendix A, I documented mean stigma and anther 
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heights for individual LS and SS plants within populations. 

In previous studies (Sobrevila, Ramirez, and deEnrech, 1983; 

Murray, 1990; Passos and Sazima, 1995; Riveros, Barria, and 

Humana, 1995; Nishihiro and Washitani, 1998), data from all 

plants were pooled and mean anther and stigma heights were 

calculated to represent all of LS and SS flowers in a 

population. These values were then used to assess the level 

of reciprocity within populations. In this study, 

individuals were tracked separately. Individuals are the 

xinits of selection and to address evolutionary questions 

required examination of patterns at the level of individuals. 

For populations of P̂ . chiaoensis and ternifolia. I found a 

continuum in an.ther heights from LS to SS plants, with some 

overlap in organ heights between plants of the opposite 

floral morph for ternifolia. Stigma heights were equally 

variable, with some overlap between mean stigma heights of 

individual LS and SS plants. In one population of P. 

poeppiaiana. there was similar overlap in anther heights 

between floral morphs. However, for stigma heights in both 

populations, and anther height in one, LS and SS floral 

organs fell into two distinct, non-overlapping height 

classes, as was expected for a typical heterostylous species. 

Separation between stigma and anther heights within 

individual flowers was maintained in all populations of all 

species, although the magnitude of the separation was quite 
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variable. In both species of Psvchotria. this distance was 

greater in LS flowers than in SS flowers. For the approach 

herkogamous species, mean stigma and anther heights were 

fairly constant on a per plant basis for P̂ . brachiata. and as 

variable as the heterostylous species for pittieri. 

Interestingly, using regression analysis, the relationship 

between corolla length and stigma or anther height is 

significant in all three heterostylous species. The latter 

(=anther height) is expected because all three species have 

epipetalous stamens. The former (=stigma height) is not 

expected on purely structural grounds and suggests that 

changes in stigma heights have been selected to change with 

corolla size, which may actually reflect selection to change 

with anther height. Of these two relationships, only that 

between corolla length and anther height is significant in 

the approach herkogamous species suggesting again that 

relationships between corolla length and stigma height has 

been acquired in the heterostylous species. 

The variability found in these three species was not 

explained by degree of phylogenetic relationships, nor by the 

shared hummingbird-pollination syndrome of B. ternifolia and 

P. poeppiaiana. However, the lack of reciprocity in stigma 

and anther heights potentially decreases pollinator 

effectiveness. Further studies regarding pollinator approach 

to and handling of the flowers will aid in determining if 
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variation in this sexual system interferes with its ability 

to act as a means of enhancing outcrossing. However, the 

consistent maintenance of separation between anthers and 

stigmas within flowers suggests that this sexual system is 

under selection to act as an anti-selfing mechanism. 

My work (Appendix A) also assessed several methods for 

quantifying reciprocity of stigma and anther heights between 

floral morphs of the same species. The relationship of 

corolla size at anthesis to stigma and anther heights were 

compared within and between floral moiiphs. The within flower 

comparison provided a method to detemine whether a constant 

stigma and anther height separation within flowers was 

maintained as corollas varied in size. In contrast, a review 

of the reciprocity index (Richards and Koptur, 1993) and the 

precision index (Eckert and Barrett, 1994) indicated that 

collapsing all information for stigma and anther height 

variation to one or two values led to a loss of information. 

In addition, these indices are difficult to interpret without 

having indices from other species for comparison. 

For each heterostylous species, I conducted a series of 

hand-pollinations to detenaine whether the "typical" 

heterostylous incompatibility system (Barrett, 1990; 1992) 

was present. This study is presented in Appendix B. If the 

heterostylous incompatibility system is in place, only 

intertnorph crosses should lead to viable seed set (Barrett, 

1990; 1992). Self and intramorph crosses do not lead to 



viable seed set. Instead of seed set, I used pollen tube 

growth to the base of the style as a proxy for successful 

fertilization. 

My observations of illegitimate pollen tube growth in 

all three heterostylous taxa indicated the existence of a 

series of inhibition sites. In some flowers, pollen grains 

were inhibited at the stigma surface with no pollen tubes 

initiated. Other flowers had pollen tubes that were 

initiated in the stigma but did not grow into the style. The 

remaining flowers had pollen tube growth inhibited in the 

distal or proximal portion of the style. In summary, for B. 

ternifolia. this full array of inhibition sites was found in 

flowers of both morphs. Rarely has such a level of 

variability in inhibition sites been reported in both floral 

morphs of a heterostylous species. More often, as in both 

species of Psvchotria. LS flowers exhibit a variety of 

inhibition sites. However, illegitimate pollen in the SS 

flowers was almost always inhibited in the stigma. The 

similarity in incompatibility expression between the two 

Psvchotria species in comparison to B. ternifolia. follows 

the pattern of phylogenetic relationships among taxa. 

Floral ontogeny of all three heterostylous species was 

recorded and compared to the ontogenies of P. pittieri and P. 

brachiata flowers as documented in Appendix C. These last 

two species have an approach herkogamous floral morphology 
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which has been suggested to be the ancestral floral 

morphology for heterostylous taxa (Lloyd and Webb, 1992b) , 

The Lloyd and Webb (1992b) model proposes an evolutionary 

sequence for the transformation of the approach herkogamous 

flower into flowers of the LS and SS morphologies. Once I 

documented the patterns of development for anther and style 

heights in each species, I proposed how the transformation 

from the approach herkogamous flower to the LS or SS floral 

morphology might have proceeded. 

The difference in anther heights between LS and SS 

flowers in all three species is the result of differences in 

relative growth rates. Slightly longer buds in the later 

stages of the development of SS flowers of B. ternifolia may 

also contribute to greater anther heights in comparison to 

the LS morph. The most marked differences between the three 

heterostylous taxa were regarding patterns of development in 

style height. For B. ternifolia. LS and SS style heights 

were the result of differences in relative growth rates. 

However, for both Psychotrias, LS and SS styles elongated at 

the same relative rates. Observations I made of buds at 

early stages of development suggested that there were already 

differences present in style heights between morphs, as well 

as differences in stigma lobe length. These size dimorphisms 

were maintained throughout development and were found at 

anthesis. The developmental differences between the 
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heterostylous Psychotrias and B. ternifolia may indicate two 

independent evolutionary shifts to heterostyly. 

Alternatively, if heterostyly has evolved only once in the 

most recent common ancestor of these taxa, modifications have 

been made to the original developmental pathway by each 

species. 

Few previous studies have assessed the development of 

heterostylous taxa (Stirling, 1932; 1933; 1936; Richards and 

Barrett, 1984; 1987; 1992) and, of these, none compared the 

results to the ontogenetic sequence of a potentially 

ancestral form. In my study, in approach herkogamous 

flowers, the styles elongated at a rate twice that of styles 

in the heterostylous species. Anther heights in the approach 

herkogamous buds were actually greater than style heights 

just prior to anthesis. These results suggest that if the 

approach herkogamous floral morph is assiamed to be ancestral, 

evolutionary modifications must have taken place in style 

development to result in the style heights characteristic of 

both LS and SS floral morphs. Simple ontogenetic shifts can 

be envisioned in the development of approach herkogamous 

anthers to result in the SS anther height. Further 

modifications might also be made to anther ontogeny in 

approach herkogamous flowers to result in a LS floral morph 

with anther heights that align with SS stigma heights. These 

results were assessed using models of heterochrony (Alberch, 
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1979) to suggest how ontogenetic shifts in the approach 

herkogamous floral morph may have led to the evolution of the 

SS and LS floral morphology. 



APPENDIX A 

RARITY OF RECIPROCITY IN 

HETEROSTYLOUS SPECIES OF RUBIACEAE 

QUANTIFICATION AND IMPLICATIONS 
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Rarity of Reciprocity in Three Heterostylous Species of 

Rubiaceae: Quantification and Implications 

Amy E. Faivre 

ABSTRACT 

The reciprocal placement of anthers and stigmas between the 

different floral morphs of heterostylous taxa has been 

proposed as a mechanism for the enhancement of outcrossing 

and the reduction of selfing. However, few studies have 

recorded anther and stigma heights for individuals across a 

population of heterostylous plants to determine if 

reciprocity of heights is present. Instead, population means 

for anther and stigma heights for each floral morph are 

usually reported, thus masking variation among individuals. 

Of the three heterostylous species in this study, only 

Psvchotria poeppiaiana (Rubiaceae) had stigma, and to a 

lesser degree, anther heights in two discrete classes 

corresponding to long-styled and short-styled floral morphs. 

Inter-plant variation in populations of Bouvardia ternifolia 

(Rubiaceae) and Psvchotria chiapensis resulted in a continuum 

of anther and stigma heights across populations. Tv;o species 

with an approach herkogamous floral morphology (stigmaa: 

exserted beyond anthers), Psvchotria brachiata and P̂  
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pittieri. provided a comparison for population-level 

variation in non-heterostylous species. Only flowers on 

plants of Pj. brachiata consistently maintained the approach 

herkogamous morphology. Floral morphological patterns for 

the three heterostylous species such as greater corolla and 

stigma lobe lengths in short-styled flowers as compared with 

long-style flowers were characteristic of heterostylous taxa 

in Rubiaceae. However, the general lack of anther and stigma 

height reciprocity in all three species, was not readily 

explained by phylogenetic relationship, by population 

location at the edge of a species' distributional range, or 

by pollinator syndromes in a simple way. In addition to 

highlighting the difficulties in appropriately quantifying 

reciprocity, this study suggests that the degree of 

reciprocity is linked with other factors such as pollinator 

behavior, incompatibility system, and floral architecture to 

influence the reproductive success of heterostylous taxa. 

Key words: Bouvardia, floral morphology, heterostyly, 

Psvchotria. reciprocity index, Rubiaceae 

INTRODUCTION 

Distyly is in part defined by the reciprocal placement 

of stigma and anthers in two floral morphs within one species 
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(Darwin, 1877; Ganders, 1979). Tristylous taxa have three 

distinct floral morphs among individuals of the same species 

(Barrett, 1990, 1992). Individual plants of distylous 

species produce either all long-styled (LS) or all short-

styled (SS) flowers. Flowers with the LS morphology have the 

stigma positioned above the anthers whereas flowers with the 

SS morphology have the anthers positioned above the stigma. 

In addition to differences in floral morphology, 

heterostylous species typically have an accompanying 

genetically-based incompatibility system that prevents self 

and intra-morph (i.e., between flowers of the same 

morphology, but on separate plants) fertilizations (Barrett, 

1990, 1992) . Heterostyly has been documented in 25 

angiosperm families (Barrett, 1990, 1992). Current 

phylogenetic information indicates that, in at least 23 of 

these families, the presence of heterostyly represents 

independent evolutionary events (Lloyd and Webb, 1992a). 

The evolution and maintenance of heterostyly are thought 

to be driven by outcrossing advantage, whereby reciprocal 

placement of stigma and anthers between morphs leads to 

pollen deposition on stigmas of the opposite floral morph 

(Darwin 1877). Charlesworth and Charlesworth (1979b) and 

Lloyd and Webb (1992b) proposed that heterostyly also evolved 

as a means to reduce selfing via separation of stigma and 

anthers within a single flower. A necessary prerequisite for 

testing these evolutionary models is determining the degree 
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to which heterostylous plants actually present what is 

considered to be the typical heterostylous syndrome: strict 

reciprocity between stigma and anther heights in plants of 

the two (or three) floral morphs. 

The presence of two distinct floral morphs with 

reciprocally-placed anthers and stigmas has been recorded in 

a number of populations (Sobrevila, Ramirez, and deEnrech, 

1983; Murray, 1990; Passos and Sazima, 1995; Riveros, Barria, 

and Humana, 1995; Nishihiro and Washitani, 1998) . However, a 

niimber of detailed, population-level studies have revealed 

deviation from "typical" heterostyly (Richards and Koptur, 

1993; Pailler and Thompson, 1997). In other studies there 

was significant variation in both anther and stigma heights 

among individuals of the same floral morph, as well (Opler, 

Baker, and Frankie, 1975; Ornduff, 1986; Riveros, Kalin-

Arroyo, and Hinnana, 1987) . Fev7 studies have reported 

variation on a plant-by-plant basis across a population (but 

see Richards and Koptur, 1993; Eckert and Barrett, 1994). 

Instead, data for individual plants were usually pooled and 

analyzed as a comparison between flowers of different morphs. 

When the data from individual plants are combined, 

information on the source of variation in stigma and anther 

heights is lost. 

Knowledge of the level at which variation in 

heterostylous expression occurs is needed to ascertain the 

significance and source of this variation. Variation among 
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flowers on the same individual would indicate that anther and 

stigma heights are not under strict genetic control and might 

be subject to any of several sources of environmental 

variation including temperature, humidity during floral 

development, and position on the plant (Diggle, 1991). 

Variation among individual plants within a population could 

be the result of microhabitat differences between plants or 

of underlying genetic variation which would indicate that the 

sexual system is evolutionarily labile (Richards and Koptur, 

1993; Eckert and Barrett, 1994). Alternativley, selection 

may not be sufficiently strong to maintain a rigid 

positioning of floral organs at consistent heights among 

individuals (Campbell, Waser, and Price, 1994). Variation 

among populations may indicate that plants in different 

populations are under different selective regimes perhaps 

related to pollinator differences (Ornduff, 1975; Harder and 

Barrett, 1993; Klips and Snow, 1997), or to environmental 

differences (Holtsford and Ellstrand, 1992). To document 

patterns of variation in expression of the heterostylous 

syndrome with the goal of exploring the sources of this 

variation, a set of floral characters including anther and 

stigma heights were measured in five populations of three 

heterostylous species of R\ibiaceae. 

A second goal of this study was to compare floral 

morphology between species. Rubiaceae has more heterostylous 

members than any other angiosperm family, reflecting several 
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origins of heterostyly as noted by Darwin (1877) and Bahadur 

(1968). It has been suggested that variation in the 

expression of heterostyly is related to independent origins 

of the syndrome (Ganders, 1979; Barrett and Richards, 1990). 

If so, heterostyly as expressed by closely related species 

should be more similar than between distantly related 

species. Phylogenetic data are not yet available to 

determine if the taxa chosen for this study represent a 

single evolutionary event leading to heterostyly, or as many 

as three independent events. Two of the heterostylous 

species in this study are in the same subgenus of Psvchotria. 

The third is in the genus Bouvardia. and is in the same sub

family as Psvchotria. 

Variation in plant sexual systems may also be the result 

of selection by pollinators, such that expression of the 

heterostylous syndrome may be more similar in species that 

share pollinators. Psvchotria poeppiaiana and Bouvardia 

ternifolia share a hummingbird pollination syndrome, whereas 

P. chiapensis is hawkmoth-pollinated. Comparing these taxa 

should help to elucidate the roles of phylogenetic 

constraints and selection by pollinators in shaping their 

heterostylous systems. 

A third goal was to contrast floral dimensions of non-

heterostylous species to those of heterostylous taxa. 

Presumably, non-heterostylous taxa are not under selective 

pressure to maintain reciprocal herkogamy. Thus, they should 



37 

demonstrate the pattern and degree of variation in stigma and 

anther heights that are expected in the absence of such 

selection. Psvchotria brachiata and P̂ . pittieri both have an 

approach herkogamous floral morphology (i. e., stigmas 

situated above the anthers and usually extending beyond the 

mouth of the corolla; Webb and Lloyd [1986]). Approach 

herkogamy has been proposed as an evolutionary precursor to 

heterostyly (Lloyd and Webb, 1992b) . Documenting stigma and 

anther height variation for approach herkogamous species is a 

first step in exploring predictions of the Lloyd and Webb 

(1992b) model. 

This paper documents morphological variation in a number 

of floral traits in three heterostylous and two approach 

herkogamous species. Subsequent papers will present the 

results of experiments to elucidate incompatibility systems 

in the heterostylous species, and of morphometric analyses of 

floral development. 

MATERIALS AND METHODS 

Studv Taxa and Sites—The heterostylous species studied were 

the sub-tropical Bouvardia ternifolia and two tropical 

species of Psvchotria (Rtibiaceae) . Both Psvchotria 

Doeppiaiana and P̂  chiapensis are in subgenus 

Heteropsvchotria. but may not be closely related within that 

subgenus. (Pj. poeppiaiana was formerly in Cephaelis. which 

is now grouped within Psvchotria (Steyermark, 1972)) . 
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Bouvardia ternifolia is more distantly related, although it 

is in the same subfamily (Rubioideae) , as Psvchotria. 

Flowers of poeppiaiana and B̂ . ternifolia were 

predominantly visited by hummingbirds, butterflies, and small 

bees (A. Faivre, unpubl. data). The bright red, tubular 

flowers of ̂  ternifolia served as the pollinator attractant, 

whereas pollinators were attracted to P̂ . poeppiaiana by the 

large, red bracts surrounding inflorescences of small (-15 mm 

in length), yellow flowers. Psvchotria chiapensis bloomed at 

night, and flowers were visited predominantly by hawkmoths 

and perching moths (A. Faivre, unpubl. data). Both approach 

herkogamous species, £;. brachiata and P̂ . pittieri. are in 

sxjbgenus Heteropsvchotria. Their flowers were visited 

predominantly by small bees and wasps (A. Faivre, unpubl. 

data). 

Bouvardia 

Plants of Bouvardia ternifolia form a contiguous 

population extending for > 1 km along Molino Basin, a 

drainage in the Santa Catalina mountains (SCM), northeast of 

Tucson, Arizona (1310-1470m elev.; 32°17'N, 110°40'W). 

Flowers were collected from 25 plants that produce LS flowers 

and 25 plants that produce SS flowers. In southern Arizona, 

plants flower from late April through late September, with 

flowering peaks in late May-early June, and August. 

Flowering time, intensity, and duration were greatly 
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influenced by winter and spring rains, and by the onset of 

summer monsoons and by cold nights associated with the onset 

of fall. Flowers from these plants were measured in the 

summers of 1994 and 1995. 

The second study population of ternifolia was located 

in Florida Canyon, Santa Rita Mountains (SRM) , ~60km south of 

Tucson, {1305-1340m elev,; 31°45'N, 110°50'W). Flowers were 

collected from 10 plants that produced LS flowers and 7 

plants that produced SS flowers in 1997. 

Psychotria 

The Psvchotria species co-occur at La Selva Biological 

Station (LAS), Costa Rica, (50-75m elev.; 10°26'N, 83°59'W), 

(McDade and Hartshorn, 1994). In the summers of 1995-1997 

flowers of P̂ . poeppiaiana were collected from 11 plants that 

produce LS flowers and 24 plants that produce SS flowers from 

two patches on the Senderos "Atajo" and "Jaguar," ~400ra 

apart. Given that the hummingbirds that pollinate these 

flowers are strong fliers and did not exhibit obvious 

territorial behavior (A. Faivre, pers. obs.), it is likely 

that the pollinators moved between patches such that they are 

not genetically isolated. Additional data were gathered in 

July 1997 from a population of Pj. poeppiaiana along "Pipeline 

Road" in Soberania National Park (SNP), Gamboa, Panama (25-

35m elev., 9°9'N, 79°51'W), (Croat, 1978). Data were 

collected from 8 plants that produce LS flowers and 9 plants 

that produce SS flowers. Both populations of P̂  poeppiaiana 
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appeared to flower throughout the year as the result of 

asynchronous, but overlapping, flowering episodes of 

individual plants (Burger and Taylor, 1993), 

Flowers of P̂ . chiapensis were collected initially from 

13 plants on the Sendero "Tres Rios" at La Selva. In 1996 

and 1997, a total of 8 additional plants were added for a 

total of 11 plants with LS flowers and 10 that produce SS 

flowers. At LAS, plants of chiapensis flower from May 

through September and in January (Burger and Taylor, 1993) . 

Stigma and anther heights of two approach herkogamous 

Psvchotria species at LAS were measured for comparison with 

the heterostylous species. Flowers were gathered from 6 

plants of Psvchotria brachiata and 6 plants of P̂ . pittieri 

along the Sendero "Atajo" in July of 1996, and from 7 plants 

of Pj. brachiata and 6 plants of P̂ . pittieri along the Sendero 

"Holdridge" in July and August of 1997. Plants of P. 

brachiata flower throughout the year, with peak flowering at 

LAS from May - July (Burger and Taylor, 1993) . Plants of P. 

pittieri flower primarily from May - July (Burger and Taylor, 

1993). 

Floral Morpholoov—Whereas the four Psychotria species 

produce flowers that are open for one day, flowers of B. 

ternifolia remain open for 5 days on average (range = 3-8 

days; A. Faivre, unpubl. data). After the first day of 

anthesis, the corolla lobes of B̂  ternifolia change from 

bright red to a duller red/light pink or, rarely, to a darker 
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maroon {A. Faivre, unpubl. data). The color change 

fascilitated distinguishing newly opened flowers from those 

that had been open > 1 day. 

Only fresh, first-day flowers of all species were 

measured, with the exception of flowers from the SRM 

population of ternifolia. These flowers were gathered 

regardless of age, but flowers were scored as first day or 

older. Flowers from all populations were measured 

immediately after collection or were refrigerated in glass 

vials and measured within 72 hours of collection. No notable 

changes were observed in refrigerated flowers, except that 

some of the Bouvardia flowers from the SRM population had 

slightly shriveled. These changes were noted but analyses 

indicated that post-collection changes did not affect the 

overall results. 

For measurement, corollas were slit longitudinally from 

just above the inferior ovary to the mouth. The apex of the 

inferior ovairy was used as a baseline for all measurements. 

Mitutoyo calipers were used to measure: (1) anther height 

(including filaments; stamens are epipetalous with minimal 

filaments), (2) stigma height (with stigma lobes closed and 

held vertically), (3) style height (not including the 

stigma), (4) corolla tube length, and (5) corolla length 

(numerals in Fig. 1 correspond to dimension measured) . Petal 

length was calculated by subtracting the length of the 

corolla tube from the length of the entire corolla. Stigma 
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length, likewise, was calculated by subtracting style height 

from stigma height. The difference between stigma and anther 

heights was calculated for each flower as the absolute value 

of anther height less stigma height. 

Analyses—Means of corolla length, anther height, and stigma 

height were calculated for each plant. The relationships 

between mean corolla length and mean anther and stigma 

heights per plant were described for each floral morph using 

linear regression analysis (SAS, 1990). Slopes of the 

regression lines that were significantly different from zero 

indicated a relationship between corolla length and the 

corresponding floral organ. Slopes of the regression lines 

for mean anther and stigma heights from plants of the same 

floral morph were compared within populations using the 

ANCOVA homogeneity of slopes model (SAS, 1990) . 

Variation among individuals of the same floral morph was 

assessed for the five characters described above and in Fig. 

1. Means for individual LS and SS plants were compared using 

one-way ANOVA (proc glm) . Pairwise t-tests were used to 

conduct an a posteriori multiple comparison of means for 

individual plants (SAS, 1990). To assess variation among 

individuals regardless of floral morph, data for all plants 

(i.e., both LS and SS morphs) were then combined and analyzed 

using the same tests. 

Finally, plants with the same floral morph were compared 

with one another. The mean values for each floral dimension 
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were calculated for each plant because sample sizes (i.e., 

number of flowers) varied considerably among individual 

plants (n = 2 to 48 flowers per plant). Wilcox 2-sample 

tests (X̂  approximation; SAS, 1990) were used to test for 

differences between floral morphs for each variable measured. 

RESULTS 

Corolla Length vs. Anther and Stiama Heights—All species 

included in this study have tubular flowers with epipetalous 

stamens, suggesting that anther height was partly determined 

by corolla length. The style was not directly attached to 

the corolla, and thus stigma height is less likely to be 

directly determined by corolla length. To test these 

relationships, mean anther and stigma heights per plant of 

each morph were regressed onto mean corolla length per plant 

(Table 1). For all heterostylous species, there was a 

significant relationship between both mean corolla length per 

plant and mean anther and mean stigma heights (i.e., the 

slopes of the regression lines were significantly different 

from zero). However, for the two approach herkogamous 

species, only the relationship between mean corolla length 

and mean anther height per plant was significant (Table 1). 

These regression relationships also permitted comparison 

of the changes in stigma and anther heights as a function of 

variation in corolla length. To maintain a consistent 
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difference between stigma and anther heights among flowers 

that vary in corolla length, the relative change in anther 

and stigma heights in relation to changes in corolla length 

should be equivalent (see example, Fig. 2a). For both floral 

morphs of plants of Bouvardia ternifolia in the SRM, 

Psvchotria poeppiaiana in SNP, and P̂ . chiaoensis. this was 

true; that is, the slopes of regression lines for mean anther 

and stigma heights relative to mean corolla length of plants 

of the same floral morph were not significantly different 

(Table 1), This same pattern held for LS flowers from plants 

of ̂  ternifolia in the SCM (Fig. 2a) ; however, in SS 

flowers, mean anther and stigma heights increased at 

different rates as corolla length increased (Fig. 2b). For 

plants of Pj. poeppiaiana at LAS, neither floral morph had the 

same rate of increase in mean anther and stigma heights 

relative to increases in corolla length. Taken together, 

these results suggest that flowers on plants of ̂  ternifolia 

in the SCM and on plants of poeppiaiana at LAS are 

lanlikely to have reciprocal placement of stigmas and anthers 

across the range of corolla lengths found in these 

populations. 

Intramorph Variation — In each population of B̂ . ternifolia 

and P̂  chiapensis there were significant differences between 

plants of the same floral morph for all floral dimensions 

measured (results not shown). There were significant 

differences among plants of the same floral morph for all 
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floral dimensions measured of poeppiaiana with the 

exception of petal length and, additionally for plants from 

SNP population, stigma lobe length. However, results of the 

a posteriori t-tests indicated that no plant from any 

population had flowers that differed significantly in all 

measured dimensions from other plants of the same floral 

morph. 

Of specific interest were differences in anther and 

stigma heights between flowers of the same morph. Variation 

in mean anther height per plant is depicted for ternifolia 

in the SCM (Fig. 3a) and in SEN (Fig. 4a), poeppiaiana at 

La Selva (Fig. 5a) and SNP (Fig. 6a) , and P̂ . chiapensis at 

LAS (Fig. 7a) . Variation in mean stigma height per plant is 

depicted for the same populations, in order as above, in 

Figures 3b-7b. In all populations, plants of the same floral 

morph showed a range of anther and stigma heights, with 

significant differences among some plants. A detailed 

description of the pattern of significant differences in mean 

anther and stigma heights among plants is shown in Appendices 

la-Ie. The most dramatic example of floral organs of the 

same morph falling into discreet size categories involved 

anther heights in LS flowers of ternifolia in the SRM 

which fell into two groups that differed significantly (i.e., 

plants 1-5 and 6-10 in Fig. 4a and Appendix Ibi) . However, 
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if additional plants had been included, plants with 

intermediate mean anther heights may have been found. 

Variation Between Lona-stvled and Short-stvled Flowers— 

Bouvardia ternifolia 

All floral dimensions, except petal length and the 

distance between stigma and anther heights within a flower, 

differed significantly between LS and SS flowers of B. 

ternifolia from both populations studied (Table 2). Short-

styled exceeded long-styled flowers in total corolla length, 

corolla tiobe length and stigma size. As expected for a 

distylous species (sensu Darwin, 1877) , anther height of SS 

flowers exceeded that of LS flowers, and stigma heights in LS 

flowers exceeded that of SS flowers (Table 2) . The range of 

mean anther heights on individuals with LS flowers overlapped 

that for individuals with SS flowers for ̂  ternifolia in the 

SCM (Fig. 3a; Appendix lai); this was true also of stigma 

heights (Fig. 3b; Appendix laii). Patterns of variation were 

similar for plants from the SRM (Figs. 4a, b; Appendix lb). 

In both populations, the difference between stigma and 

anther heights within flowers did not differ between floral 

morphs. However, this distance was highly variable (CVls, scm= 

15.1%, CVgs, scM~ 31.1%; CVls, srm~ 30.6%, CVgĝ  srm~ 17.6%; Table 

2); among individuals of both floral morphs (Figs. 3c, 4c). 

This distance was determined by both anther and stigma height 

and yet did not appear to be clearly associated with either 

anther or stigma heights. That is, plants were ordered by 
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increasing anther height in Figures 3a and 4a and this order 

was roughly similar, though not identical, for stigma 

heights. In contrast, the magnitude of the difference 

between anther and stigma heights (Figs. 3c and 4c) varied 

across individuals with no indication of a correspondence 

between either anther or stigma heights and this dimension. 

Psychotria poeppigiana 

Corolla length of poeppiaiana at LAS did not vary 

between floral morphs (Table 3), but LS flowers had 

significantly longer petals than SS flowers. In contrast, at 

SNP SS flowers had significantly longer corollas and corolla 

tubes than LS flowers (Table 3). However, there was no 

significant difference between floral morphs in petal length, 

indicating that differences in corolla length between morphs 

were related to corolla tube length. Stigma lengths of SS 

flowers significantly exceeded those of LS flowers. As 

expected for a distylous species, SS flowers had 

significantly taller anthers and shorter stigmas than LS 

flowers in both populations. The distance between stigma and 

anther heights within individual flowers was greater for LS 

flowers than SS flowers indicating that anther and stigma 

heights were not in strictly reciprocal positions between 

floral morphs. For example, even if floral organs were at 

the same height for LS anthers and SS stigmas, SS anthers and 

LS stigmas would not be at the same height. 
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Mean anther heights in flowers of P̂ . poeppiaiana from 

plants at LAS formed a continuum, with some overlap between 

LS and SS individuals (Fig. 5a; Appendix Ici) . However, P. 

poeppiaiana flowers from the SNP population had mean anther 

heights that fell into two distinct groups corresponding to 

plants of the LS and SS morph (Fig. 6a, Appendix Idi) . In 

each population of P̂ . poeppiaiana. mean stigma heights per 

individual of LS and SS flowers were discrete (Figs. 5b, 6b; 

Appendices Icii, Idii). As for ̂  ternifolia. the distance 

between stigma and anther heights (Fig. 5c, 6c) varied 

considerably among individuals (CVLS, las= 16.2%, CVss, las= 

20.4%; CVls,snp= 8.6%, CVss, snp= 21.2%), with LS plants from SNP 

showing the least variation. These results indicate that 

this distance was not consistent between flowers and did not 

vary simply in association with anther or stigma heights. 

Psychotria chiapensis 

Flowers of Pj. chiapensis from plants at LAS differed in 

corolla lengths between floral morphs (Table 4). As for 

other populations in which this dimorphism in corolla size 

occurred, SS flowers had significantly longer corollas and 

corolla tubes than LS flowers. However, petal length did not 

differ between floral morphs. As in all other populations, 

stigmas of SS flowers were significantly longer than those of 

LS flowers. Anther and stigma heights followed expectations 

for distylous flowers, with anthers at a significantly 
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greater height in SS flowers, and stigmas at a significantly 

greater height in LS flowers. The distance between stigma 

and anther heights within individual flowers was 

significantly greater in LS flowers than in SS flowers, as in 

flowers of poeppiaiana. 

Mean anther heights in flowers of chiapensis from LAS 

formed a continuum across the population with very little 

overlap in anther height between plants of the two floral 

morphs (Fig. 7a; Appendix lei). Mean stigma heights did 

overlap between morphs for several plants (Fig, 7b; Appendix 

leii) . There was considerable variation (CVls= 28.1%, CVss= 

33.9%) in the difference between stigma and anther heights 

among individuals (Fig. 7c). 

Psychotria brachiata and Psychotria pittieri 

Floral dimensions for the approach herkogamous flowers 

of Pj. brachiata and P̂ . pittieri are presented in Table 5. 

Mean anther and stigma heights for flowers of P̂ . brachiata 

formed a continuxjm among plants (Fig. 8a, b; Appendix If) , 

but varied little (anther height CV= 6.9%, stigma height CV= 

5.0%) . Among individuals of P̂ . pittieri. there was little 

variation in anther heights (CV= 7.7%), whereas stigma 

heights were more variable (CV= 10.7%). However, no plant 

had floral dimensions significantly different from the others 

(Figs. 9a, b; Appendix Ig). 

DISCUSSION 
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By definition, distylous taxa have flowers of two 

distinct morphologies with anthers and stigmas at reciprocal 

heights (Darwin, 1877; Barrett, 1990). Reciprocal anther 

and stigma heights are essential components in models 

explaining the evolution and maintenance of heterostyly 

whether based on enhanced outcrossing (Darwin 1877), or 

expanded to include reduced self-pollination (Charlesworth 

and Charlesworth, 1979b; Lloyd and Webb, 1992b). Assuming 

that the pollinators are positioned in a similar manner when 

visiting LS and SS flowers, strictly reciprocal stigma and 

anther heights should ensure pollen deposition from one 

floral morph in a location on the pollinator's body that 

enhances transfer of pollen to the stigma of the opposite 

floral morph. 

Because the transfer of legitimate, intermorph pollen in 

heterostylous plants is thought to be due primarily to 

reciprocal anther and stigma heights, the dimorphisms in 

corolla, stigma, pollen grain size and pollen production that 

have been foiand in a number of distylous taxa are less 

frequently addressed (Dulberger, 1992). Differences among 

taxa in expression of these dimorphic characters associated 

with heterostyly might relate to phylogenetic constraints 

(Anderson, 1973; Lloyd and Webb, 1992a), morphological 

constraints (Ganders, 1979), genetic linkage (Lewis and 

Jones, 1992), or the incompatibility system (Dulberger, 

1992) . If phylogenetic constraints influence the 
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characteristics associated with heterostyly, then closely 

related taxa should share similar patterns of e3<pression of 

the suite of dimorphic characteristics associated with 

heterostyly. Alternatively, selection by pollinators may 

result in species with the same pollination syndromes having 

the most similar dimorphic characteristics. 

Influence of Corolla Length on Within-Population Floral 

Variation—The significant relationship between mean corolla 

length and mean anther height on a per plant basis in all 

species was ejq̂ ected due to the epipetalous stamens. There 

was no such expectation regarding the relationship between 

mean corolla lengths and mean stigma heights. However, to 

maintain reciprocity in stigma and anther heights, stigma 

height must change along with anther height as corolla length 

in flowers of heterostylous species varies in all 

heterostylous species studied. In contrast, for the approach 

herkogamous species there was no relationship between mean 

corolla length and mean stigma height. For the approach 

herkogamous sexual system to function, stigmas need only to be 

maintained above the height of the anthers (Webb and Lloyd, 

1986) . The precise distance between stigma and anthers is 

presumably not as critical to reproductive success in approach 

herkogamous compared to heteroslbylous flowers. 

For strict reciprocal placement of stigmas and anthers, 

at the population level, stigma and anther heights must 

change at the same rate as corolla length increases. 
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chiapensis. one population each of £4. poeppiaiana. B. 

ternifolia. and LS flowers of B̂ . ternifolia from SCM conform 

to this expectation. However, in SS flowers of ternifolia 

from SCM, different rates of change resulted in a greater 

distance between stigma and anthers in larger flowers. 

Hence, some plants of the SS morph had stigmas and anthers 

that were not reciprocal to those of LS flowers. This may 

compromise the effectiveness of heterostyly as a mechanism to 

ensure out-crossing, but would still serve to reduce selfing. 

For flowers of both moiphs of P̂ . poeppiaiana at LAS, the 

distance between anthers and stigmas varied with corolla 

length. Depending upon the corolla length(s) at which anther 

and stigma heights are precisely reciprocal, this has varying 

implications for plant reproduction. If, for example, plants 

of different morphs with similar corolla lengths have stigmas 

and anthers that are reciprocal to one another, then there 

should be a significant non-random component to mating in the 

population. That is, plants with corollas of the same length 

should exchange pollen more frequently than plants that 

differ in corolla length. It seems more likely that the 

different relationships between stigma and anther heights in 

flowers of the two morphs yield a match at one size and less 

strict reciprocity at other corolla sizes. 

Intramorph and Intermoroh Variation—Most studies of 

heterostylous plants group individuals together by floral 
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morph and report floral dimensions as an average for all LS 

and all SS flowers rather than on an individual plant basis. 

This masks important patterns at the level of individuals. 

For example, the floral dimensions measured for the three 

heterostylous species in this study varied among plants with 

the same floral morph. However, the difference between 

anther and stigma heights within flowers and stigma lobe 

lengths varied to an even greater degree (see CVs, Tables 2-

4). At the level of individual plants, two of three species, 

Bouvardia ternifolia and Psvchotria chiapensis. showed a 

continuum in the magnitude of stigma and anther heights 

across individuals of both floral morphs rather than two 

discrete heights. 

Among the few studies in which intramorph and intermorph 

variation were examined on an individual basis, Richards and 

Koptur (1993) studied Psvchotria nervosa and Guettarda 

scabra, both Rubiaceae, in Florida. They documented a 

gradient in stigma and anther heights across plants of G. 

scabra. but distinct classes of stigma and anther heights for 

LS and SS flowers of P̂ . nervosa. Overlap in stigma and 

anther heights between floral morphs has also been clearly 

demonstrated for Decodon verticillatus (Lythraceae) (Eckert 

and Barrett, 1994) . Because understanding the level at which 

variation occurs is critical to understanding both the 

evolution and ecology of heterostyly, individual plants must 

be tracked separately. 
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Between-Population Variation— It is also important to 

docijment floral dimensions across the species' ranges. 

Plants from two populations of two heterostylous species 

showed similar patterns. In the SNP population of P. 

poeppiaiana. SS flowers had significantly longer corollas and 

corolla tubes than LS flowers, whereas this pattern was not 

found in the La Selva population. 

Similar variation has been found in previous studies 

that included more than one population of heterostylous 

species of Ri±»iaceae. In two species of Palicourea. a genus 

closely related to Psvchotria (Taylor, 1996), SS flowers had 

significantly larger corollas than LS flowers in only one of 

three study populations (Sobrevila, Ramirez, and deEnrech, 

1983), Pailler and Thompson (1997) reported significant 

differences in floral dimensions between LS and SS flowers 

among eight populations of Gaertnera vaginata (Rubiaceae). In 

some populations, LS flowers had larger petals or stigmas 

whereas in other populations the opposite pattern was 

dociomented. 

These results indicate that expression of heterostyly is 

highly variable even within a species and suggest that this 

sexual system may be quite labile. They highlight the 

importance of studying plants in several populations, ideally 

throughout a species' range, before concluding which 
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characteristics of heterostyly are associated with a 

particular species. 

Between-Species Comparisons—Comparisons between 

heterostylous species reveal the range in expression of this 

sexual system, and permit recognition of general versus 

species-specific patterns. 

For Bouvardia ternifolia and the two speices of 

Psvchotria. when corolla length differed between floral 

morphs, the SS flowers were consistently larger. Short-

styled flowers had larger stigmas than LS flowers in all 

three heterostylous species. 

Ganders (1979) stated that dimorphism in corolla size 

was rarely found in heterostylous taxa, but when found, the 

SS morph always had the larger corolla. Differences in 

corolla length between LS and SS flowers have been recorded 

for a number of heterostylous taxa of Rubiaceae. Short-

styled flowers have significantly larger corollas or corolla 

tubes in Rudaea iasminoides (Baker, 1956), Palicourea 

fendleri and Pj. petiolaris (Sobrevila, Ramirez, and deEnrech, 

1983), Luculia aratissima (Murray, 1990), Guettarda scabra 

(Richards and Koptur, 1993), Manettia luteo-rubra (Passos and 

Sazima, 1995), Hedvotis salzmannii (Riveros, Barria, and 

Humana, 1995), Gaertnera vaainata (Pailler and Thompson, 

1997), and Palicourea padifolia (Ree, 1997). Among Rubiaceae 

studied, only Psvchotria suerrensis (Stone, 1994 cited in 

Stone, 1995), has LS flowers that are larger than SS flowers. 
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Most heterostylous taxa have tubular corollas (Richards and 

Barrett, 1992). If epipetalous stamens are also common in 

heterostylous taxa, then differences in corolla size between 

floral morphs may contribute importantly to variation in 

anther heights. 

Variation in stigma size or shape between LS and SS 

flowers has also been documented in a number of species 

(Ganders, 1979; Dulberger, 1992). Although these authors 

suggested that the direction of difference is not constant, 

Rubiaceae that have been studied quantitatively do seem to 

show a consistent pattern. For taxa recorded in Rubiaceae, 

two species of Palicourea (Sobrevila, Ramirez, and deEnrech, 

1983), Luculia aratissima (Murray, 1990), Hedvotis caerulea 

(Ornduff, 1980), Neanotis montholoni (Bahadur, Laxmi, and 

Rama Swamy, 1984 cited in Dulberger, 1992), Palicourea 

lasiorrachis (Feinsinger and Busby, 1987) and padifolia 

(Ree, 1997), have SS flowers with significantly larger 

stigmas than LS flowers. In some species, stigmatic shape is 

also variable. Written descriptions, photographs, and 

sketches of the flowers studied by Richards and Koptur 

(1993), Riveros, Barria, and Hiimana (1995), and Pailler and 

Thompson (1997) suggest that LS flowers have wider, more 

capitate stigmas, whereas SS flowers have longer, more narrow 

stigmas. This difference in stigma shape was observed for P. 

poeppiaiana. In terms of f\mctional role, Feinsinger and 

Busby (1987) and Ree (1997) working with different species of 
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Palicourea (Rubiaceae), suggested that larger stigma sizes of 

SS flowers served to increase the reproductive success of 

that floral morph. 

Hypotheses about the placement of reproductive organs in 

heterostylous taxa generally envision reciprocity as a means 

to enhance pollen transfer between individual. These 

hypotheses suggest that the absolute value of the difference 

between anther and stigma heights should be the same in SS 

and LS flowers of the same species. This expectation was 

upheld, in this study, for both populations of ternifolia, 

but not for flowers of both species of Psvchotria. 

Comparable data have only rarely been presented for other 

heterostylous species. However, in three species of 

Rubiaceae, Pentas lanceolata (Bahadur, 1970), Gaertnera 

vaainata (Pailler and Thompson, 1997), and Palicourea 

padifolia (Ree, 1997), and in a species of Gelsemium 

(Loganiaceae) (Ornduff, 1970) there was also greater 

separation between anther and stigma heights in LS than in SS 

flowers. For Guettarda grahra (Richards and Koptur, 1993) 

and Manettia luteo-rubra (Passos and Sazima, 1995), distances 

were not measured but appear from graphs to be similar. 

Considering the separation in anther and stigma heights as an 

anti-selfing mechanism, the SS floral moirph would be expected 

to have the greater within flower separation due to the 

position of the stigma directly under the anthers. 
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Previously morph differences in the distance between stigma 

and anthers within flowers have been suggested to cause 

pollinators to manipulate flowers of the two moirphs 

differently, and lead to alterations in effective pollination 

between both floral morphs (Ree, 1997) , Perhaps a greater 

distance between stigma and anther heights has been selected 

for in LS flowers of some species because pollinators tended 

to deposit self-pollen on the stigma upon exiting the flower. 

Quantification of Stiama and Anther Height Reciprocitv—There 

are considerable difficulties in simply quantifying degrees 

of reciprocity in heterostylous flowers. Reciprocity indices 

have been developed to quantify the degree of reciprocal 

herkogamy (i.e., the alignment of anthers and stigmas between 

flowers of the opposite morphology) (Lloyd, Webb, and 

Dulberger, 1990; Richards and Koptur, 1993; J.H. Richards, D. 

G. Lloyd and S.C.H. Barrett, unpublished; and Eckert and 

Barrett, 1994, for tristylous species). These indices 

facilitate comparison of degrees of deviation from strict 

reciprocity between populations and taxa. 

For a population of heterostylous flowers, Richards and 

Koptur (1993) calculated a reciprocity index (RI) separately 

for heights of floral organs at the "short level" (i.e., the 

style height of SS flowers and the anther height of LS 

flowers) and an RI for heights of floral organs at the "long 

level" (i.e., the style height of LS flowers and the anther 

height of SS flowers): 
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RIls or ss= (Mean Anther Height - Mean Reciprocal Stioma 
Height) 

(Mean Anther Height + Mean Reciprocal Stigma 
Height) 

If the floral organs are at reciprocal heights, the numerator 

is zero for both indices such that the short-level and long-

level organs would be zero. Richards and Koptur (1993) 

plotted short and long-level RIs for taxa in Rubiaceae, as 

well as for two non-Rubiaceous taxa with unusual stylar 

heteromorphisms and whose sexual systems are in question. 

Richards and Koptur's (1993) Figure 11 is reproduced here 

with the taxa from the current study included (Fig. 8). The 

circle encloses an area close to the origin within which taxa 

have low RIs for short and long-level organs (i.e., taxa 

whose anther and stigma heights exhibit nearly perfect 

reciprocal herkogamy). 

Flowers from the SCM population of ternifolia and 

from chiapensis yield RIs that are near the origin. The 

RIs for flowers from plants of P̂ . poeppigiana from SNP and 

SRM plants of B̂ . ternifolia are further from the origin, but 

not markedly so compared to other Rxibiaceae for which RIs are 

plotted. However, the RIs for flowers of P̂ . poeppigiana from 

LAS place this population among the taxa that have unusual 

stigma and anther heteromorphisms. The taxa have "long-

styled" flowers with mean stigma heights greatly exceeding 

the mean anther heights of "short-styled" flowers. 
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These results highlight one of the problems with using 

RIs. The indices are calculated using the population means 

for anther and stigma heights (as shown in Tables 2-4), but 

do not take variation within or among individuals into 

account. Figures 3, 5, and Appendices la and Ic suggest 

that, when examined in terms of whether or not anthers and 

stigmas are of discrete heights corresponding to the two 

morphs, P̂ . poeppiaiana at La Selva is clearly heterostylous 

whereas ternifolia deviates sharply from this expectation. 

In contrast, the RIs for these two populations, calculated 

from mean values for these dimensions indicate just the 

reverse. 

For all RIs developed to date, population-level data are 

collapsed into mean stigma and anther heights. Thus, the 

range of reciprocity of floral organs among individual plants 

is masked. However, Eckert and Barrett (1994) developed the 

"precision index" in an effort to address this issue. In 

tristylous flowers, this index considers to what degree the 

floral organs at each of the three organ levels are at 

similar heights, and then a final value is calculated to 

represent this correspondence. This value differs from 

Richards and Koptur's (1993) RI where a separate value is 

calculated for long-level organs and short-level organs. The 

original precision index as published in the Appendix of 

Eckert and Barrett (1994) does not correct for variation 

among individuals of the same floral morph. However, a 



61 

modification of the index to account for this variation is 

described in the text. Using this modified version of the 

precision index, and further adjusting the index for 

distylous flowers, the revised precision index (PI) is 

{CVS+CVL)/2, CVS = mean coefficient of variation of short-

level organs and is calculated as (CVLSanther+CVssstigma) /2. CVl 

= mean coefficient of variation of long-level organs and is 

calculated as (CVLsstigma+CVgsanther)/2. The PI as described here 

was calculated for all five study populations and for other 

distylous taxa where mean and standard deviation values could 

be obtained from the literature (Table 6). Low values for 

the PI indicate stigma and anther heights are similar at the 

short levels and at the long levels. 

Using the PI as a gauge, flowers of Pj. chiapensis 

appeared to have the most precise reciprocal placement of 

stigma and anthers, and flowers of ternifolia from plants 

from the Santa Ritas appeared to have the least precise 

placement. Eckert and Barrett (1994) found that PI values of 

tristylous taxa varied as much between conspecific 

populations as between species. Table 6 illustrates the same 

pattern for distylous taxa as indicated by the PI values for 

eight populations of Gaertnera vaainata in comparison to the 

range of PI values for the three species studied here. 

The highest Pis in Table 6 are those of Ouinchamalium 

chilense (Santalaceae) and Guettarda scabra. Flowers of 0. 

chilense have a significantly greater distance between stigma 
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and anther heights in SS flowers compared to LS flowers 

(Riveros, Arroyo, and Hijmana, 1987) . The long-level organs 

of chilense are said to be in reciprocal positions, 

whereas the short-level organs are not. Flowers of Guettarda 

scabra have anthers at the same height in both floral morphs, 

but stigmas at two different heights (Richards and Koptur, 

1993). Although some of the differences in PI values reflect 

differences in methods of measurement between studies, the 

two taxa that have been described with unusual stylar 

heteromorphism do have the highest PI values compared with 

the other distylous taxa in Table 6. Hopefully, PI values 

will be calculated in future studies to determine the range 

in values associated with distylous, tristylous, and 

"unusual" heterostylous taxa. 

The RI and PI offer quantitative tools for comparing 

stigma and anther positions between populations and taxa. 

For some taxa (e.g., P̂ . chiapensis. and poeppiaiana at 

SNP), RI and PI are consistent relative to the RI and PI 

values of other taxa. However, RI and PI values yield 

conflicting estimates of the degree of reciprocal herkogamy 

for P̂  poeppiaiana at La Selva. Because the PI collapses all 

information to a single value, it is difficult to detemine 

whether the value reflects mismatches between short-level 

organs, long-level organs, or both. The PI is an improvement 

in that it takes within morph variation into consideration. 
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however, the single value that results again obscures the 

source(s) of the precision or lack thereof. 

Approach Herkoaamous Species—The approach herkogamous floral 

morphology is widely interpreted as a mechanism for reducing 

self-fertilization and enhancing outcrossing (Faegri and van 

der Pijl, 1979). Webb and Lloyd (1986) propose that 

herkogamy enhances pollinator precision and reduces self-

interference (i.e., reduces interference between pollen 

receipt and dispatch through floral architecture). They 

argue that it is not solely selected for as a means to 

prevent self-fertilization, as many approach herkogamous 

species are self-incompatible. Approach herkogamy has also 

been proposed as one of the ancestral conditions from which 

heterostyly evolves (Lloyd and Webb, 1992b). 

The approach herkogamous species of Psvchotria were 

included in this study to provide a comparison of variability 

in floral mo3:phology in co-occurring, related plants that 

lack the heterostylous sexual system. If there is less 

selective pressure on these plants to maintain stigmas and 

anthers at consistent heights, there should be greater 

variation in stigma and anther heights as compared to 

heterostylous plants. 

Flowers of brachiata have a consistent difference 

between stigma and anther heights, and show very little 

variation between plants. Approach herkogamy is present in 

all flowers on all plants. Flowers of pittieri show more 
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variability in stigma heights. Comparisons of anther and 

stigma heights indicate that some flowers on some plants are 

approach herkogamous, others homostylous, and a few are 

slightly reverse herkogamous (anthers exserted above the 

stigma). Preliminary data suggest that both Psvchotria 

brachiata and oittieri are self-compatible (A. Faivre, 

unpubl. data). Webb and Lloyd (1986) propose that in self-

compatible, approach herkogamous taxa, there would be 

stronger selection for maintenance of stigma and anther 

separation than in self-incompatible taxa. However, P. 

pittieri does not appear to be under strong selection for 

maintenance of approach herkogamy. A similar degree of 

variability in stigma and anther heights has been recorded 

for Ipomopsis aaareaata (Polemoniaceae). However, this 

approach herkogamous species is self-incompatible (Campbell, 

Waser, and Price, 1994). 

Studies of within-population variability in approach 

herkogamous flowers are useful in considering the basic 

assumptions of Lloyd and Webb's (1992b) model for the 

evolution of heterostyly. One of the initial assiamptions is 

that all flowers in a population are approach herkogamous, 

and that the presence of a reverse herkogamous flower would 

represent a new mutation. However, it appears that a number 

of putatively approach herkogamous taxa actually include some 

plants with homostylous and others with reverse herkogamous 

flowers. Assuming that these characteristics are under 
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genetic control, these populations may represent stages in 

the transition to heterostyly following the Lloyd and Webb 

(1992b) model. Such plants provide interesting systems to 

test the model's predictions regarding relative fitness of 

different morphs. 

Role of Phvloaenetic Signal in Expression of Heterostvlv— 

Some of the characteristics observed in the three 

heterostylous species studied here have also been documented 

for other Rubiaceae, notably, larger corollas and stigmas in 

SS compared to LS flowers. Although it is very unlikely that 

heterostyly has evolved only once in all taxa that share 

these characteristics, these shared traits suggest that 

heterostyly has evolved in this family via parallel changes 

to yield a heterostylous syndrome that is characteristic of 

Rubiaceae. 

If variation in the expression of heterostyly reflects 

more recent shared ancestry within Rubiaceae, then 

heterostyly in the two species of Psvchotria should be more 

similar than between these two species and Bouvardia. In 

fact, the two Psychotrias were similar only in having a 

greater difference between stigma and anther heights in LS 

flowers than in SS flowers; flowers of B. ternifolia showed 

no clear pattern. The results of the few other studies that 

have examined the separation distance between anthers and 

stigmas between floral morphs indicate that this dimorphism 

is not common. Studies of more species of Psvchotria will be 
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necessary to determine whether or not this aspect of the 

expression of heterostyly is characteristic of some or all 

heterostylous members of this genus. 

Contrary to ejqpectations based on phylogenetic 

proximity, ternifolia and P̂ . chiapensis were similar in 

having highly variable stigma and anther heights among 

flowers of the same morph. For ̂  ternifolia in the SCM, 

some of this variation can be attributed to differences in 

the relative increase of stigma and anther heights in 

relation to changes in corolla size in flowers of the SS 

morph. However, this is not the source of variation for B. 

ternifolia in the SRM, nor for P̂ . chiapensis. Flowers of P. 

poeppiaiana at LAS have stigmas and anthers that increase in 

height to differing degrees relative to changes in corolla 

length. However, this is the only species in the study in 

which stigmas, and to a lesser degree anthers, were in 

distinct height classes corresponding to floral morph. 

As mentioned above, for both Bj. ternifolia and P. 

chiapensis. variation in stigma and anther heights was 

continuous across the population. However, no dominant 

pattern of phylogenetic signal emerges from variation in the 

reciprocity of stigma and anther heights in these taxa. 

Role of Pollinators in the Expression of Heterostvlv—Because 

pollinators have a direct role in selection on floral 

morphology, it might be e3<pected that pollinator 

relationships would help to explain variation in the 
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expression of heterostyly. For example, in contrast to 

hummingbirds' bills, the proboscides of moths are much 

narrower and often inserted at an angle rather than straight, 

which has likely implications for the precision of pollen 

placement. One would thus expect these two pollinators 

(i.e., hummingbirds and hawkmoths) to exert different degrees 

of selective pressure on the position of floral structures. 

However, flowers of the two hummingbird-pollinated species, 

B. ternifolia and P. poeppiaiana. were not notably more 

similar in the e3<pression of heterostyly than they were to 

flowers of the hawkmoth-pollinated species, P̂ . chiapensis. 

However, it should be noted that flowers of B̂ . ternifolia and 

P. poeppiaiana were visited by different species of 

hummingbirds. Some experimental evidence suggests that 

visits by hummingbirds of different species may result in 

different placements of pollen. Campbell, Waser, and Price 

(1994) found high levels of variation in stigma exsertion of 

the approach herkogamous flowers of Ipomopsis aaareaata 

(Polemoniaceae). When they tested pollinator effectiveness 

of the two most common species of hummingbird visitors to I. 

aaareaata. they found that one species deposited more 

outcross pollen on flowers with inserted stigmas whereas the 

other deposited more pollen on exserted stigmas. Harder and 

Barrett(1993) found variation in the pollen-removing 

abilities of three bee species visiting tristylous flowers of 

Pontederia cordata (Pontederiaceae). Pollinator 
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effectiveness was confounded by variation in the 

accessibility of pollen from anthers at different positions 

between the three floral morphs. Flowers of both B. 

ternifolia and poeppiaiana are also visited by butterflies 

and small bees of several species. One or more of these 

visitors may be an effective pollinator that exerts selective 

pressure on floral morphology. 

Finally, whereas the corolla is the attractive organ in 

B. ternifolia. visitors to flowers of P̂ . poeppiaiana are 

presumably attracted by the large, red bracts subtending the 

inflorescence; individual flowers are not brightly colored 

and are rather small. This difference reinforces the point 

that the "hummingbird syndrome" is in fact highly variable. 

Evolutionary Breakdown of Heterostvlv—In previous studies of 

heterostylous taxa, variation in stigma and anther heights 

similar to that found in B̂  ternifolia and P̂ . chiapensis has 

been attributed to a potential evolutionary breakdown of the 

sexual system (Richards and Koptur, 1993; Eckert and Barrett, 

1994). If heterostyly is indeed being lost evolutionarily in 

a plant population, several factors may be involved and 

multiple outcomes are possible. 

One of the most common hypotheses regarding factors 

responsible for the breakdown of heterostyly is the loss of 

pollinators, especially in populations at the edge of the 

species' geographical (Richards and Koptur, 1993) or 

elevational range (Ornduff, 1975). Beach and Bawa (1980) 
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proposed that loss of pollinators may result in a transition 

from heterostyly to dioecy. In a few cases, the presence of 

homostylous populations for a species most often recorded as 

heterostylous has led Baker (1966), Barrett and Shore (1987) 

and Hamilton (1990) to suggest that heterostyly 

evolutionarily breaks down to homostyly. The breakdown of 

heterostyly may be reflected not only in variation within and 

between floral morphs, but also by the morph frequencies 

within a population. Plants of the LS and SS floral morphs 

are expected to be present in a 1:1 ratio in heterostylous 

populations. Shifts away from a 1:1 ratio may indicate the 

breakdown of heterostyly (Charlesworth and Charlesworth, 

1979a). In the most extreme cases, one floral morph may 

become extinct in a population (Barrett, 1985; Owens et al., 

1993). 

Despite variation in floral dimensions in the B. 

ternifolia and chiapensis populations, these populations 

do not conform to any of the trajectories described above for 

the breakdown of heterostyly. None of the populations 

studied is at the edge of the distributional range, although 

the study populations of B̂  ternifolia are in the northern 

portion of this species' range. In all populations studied, 

plants had flowers that were self- and intra-morph 

incompatible (A. Faivre, unpubl. data). Two or three plants 

of ̂  ternifolia in SO!! and one plant of P. chiapensis 

consistently produced flowers that had very little separation 
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between stigma and anthers within the flower, resembling 

homostylous flowers. However, flowers of these plants had 

the typical heterostylous incompatibility system (A. Faivre, 

unpubl. data). In each population, plants with LS and SS 

flowers were present in approximately equal proportions (A. 

Faivre, unpubl. data). If heterostyly is indeed breaking 

down evolutionarily in these populations, there must be other 

explanations and other correlates of this breakdown than 

those that have been advanced to date. 

Stiama and Anther Height Reciprocity Between Floral Morphs— 

The fitness consequences of reciprocally placed stigma and 

anthers are still being explored, but appear to be coupled to 

pollinator behavior (Ornduff, 1975; Stone and Thomson, 1994; 

Ree, 1997) . Although some studies have definitely shown that 

pollinators pick up pollen in separate locations on their 

bodies when visiting different floral morphs, there is less 

evidence that this affects pollen deposition (Barrett, 1990). 

In some studies of heterostylous taxa, there was strong 

evidence that stigmas received greater outcross pollen loads 

than expected from random pollination (Ganders, 1974; Barrett 

and Glover, 1985). Nishihiro and Washitani (1998) found that 

reciprocal herkogamy reduced self and geitonogamous (pollen 

movement between flowers on the same plant) pollen transfer. 

Campbell, Waser, and Price (1994) used a population of 

flowers with highly variable stigma heights to test the 

degree to which herkogamy could enhance outcrossing or reduce 
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self-pollination. They found no support for enhanced pollen 

donation where there was reciprocal herkogamy between donors 

and recipients. Instead, inserted stigmas always received 

more pollen regardless of the height of the anthers on the 

donor flower. Likewise, increasingly exserted stigmas did 

not have reduced amounts of self-pollen deposited on the 

stigma surface. However, Ganders (1975, cited in Ganders, 

1979) found that, for flowers of Lithospermum californicum 

(Boraginaceae), differences of as little as 2mm in stigma and 

anther height in LS flowers significantly affected the level 

of legitimate pollination between floral morphs. 

Contradictory results regarding the fitness consequences 

of reciprocal stigma and anther heights leave the question of 

its importance unresolved. Results of this study indicate 

that when examined at the population level, most plants have 

reciprocal placement of anthers and stigmas in relation to 

only a few other plants in the population. The level of 

variation in anther and stigma heights found between plants 

was surprising, and suggests that other factors such as 

pollinator behavior and the presence of the incompatibility 

system may play as large a role in determining the 

reproductive success of heterostylous taxa as stigma and 

anther height reciprocity. Though the distance between 

stigma and anther heights was variable, the distinct 

separation of stigma and anthers found within flowers 

suggests potential support for the anti-selfing component of 
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the heterostylous sexual system. The architecture of the SS 

flower suggests that selfing would be more common in this 

floral morph, however when a greater separation of stigma and 

anther heights within a flower was found, it was present in 

flowers of the LS morphology. The results of this study 

imply that at the very least more information is needed on 

the general variability in floral structure across 

populations. Without this information, incorrect assumptions 

will be drawn about the interactions of pollinators with 

plants of particular sexual systems. Once the level of 

variability in floral structure has been identified, further 

studies on how pollinator visitation and effectiveness is 

influenced by this variability will be invaluble in 

understanding the function of plant sexual systems. 
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Table 1: Regression analysis of mean anther height/plant and mean stigma height/plant 
vs. mean corolla height/plant for long-styled (LS) and short-styled (SS) flowers in 

each population studied. The difference between the slopes of the regression lines 

for mean anther and stigma heights within floral morph (e.g., LS anther vs. LS 

stigma of ternifolia at the Santa Catalinas) was tested for each population of 

the heterostylous species. = p< 0.05, '**' = p<0.01, '***' = p<0.001, ns = not 

significant. Populations: Santa Catalina Mountains (SCM), Santa Rita Mountains 

(SRM), La Selva (LAS), Soberania National Park (SNP). 

Species Population Morph Floral Organ Slope'' Test of Slopes 

B. ternifolia SCM 

B. ternifolia SRM 

poeppiaiana LAS 

LS Anther (25)® 

LS Stigma (25) 

SS Anther (25) 

SS Stigma (25) 

LS Anther (10) 

LS Stigma (10) 

SS Anther (8) 

SS Stigma (8) 

LS Anther (11) 

LS Stigma (11) 

0.76 

0.79 

0.99 

0.47 

0 . 8 8  

1.03 

0.95 

1.13 

0 . 8 8  

0.27 

NS 

NS 

NS 



p. poeppiaiana SNP 

P. chiapensis LAS 

P. brachiata 

P. pittxeri 

LAS 

LAS 

SS Anther (24) 0.93 

SS Stigma (24) 0.5 

LS Anther (8) 0.56 

LS Stigma (8) 0.66 

SS Anther (9) 0.97 

SS Stigma (9) 0.81 

LS Anther (11) 0.43 

LS Stigma (11) 0.66 

SS Anther (10) 0.66 

SS Stigma (10) 1.04 

Anther (13) 0.27 

Stigma (13) 0.14 

Anther (11) 0.49 

Stigma (11) 0.29 

NS 

NS 

NS 

NS 

® = niamber of plants from which flowers were taken 

^ = slopes are significantly different from zero in all cases except stigma vs.corolla 
for P^ brachiata and P^. pittieri. 



Table 21 Mean (• ISD) floral dimensions and coefficients of variation (CV) tor plants of the long-styled (LS) and 

short-styled (SS) morphs of Bouvardia ternifolia from the Santa Catalina and Santa Rita Mountains. Mote that means 

are of mean values calculated for each individual. The range-of flowers measured per individual is 2-48 for LS 

and 2-34 for SS plants from the Santa Catallnas (SCH) and 2-8 (LS) and 2-6 (SS) plants from the Santa Ritas (SRH). 

" p<O.OS, '**' = p< 0.01, »•••' = p< 0.0001, ns " not significant. 

SCH SRM 

Floral organ LS (25)* ss (25) LS (10) ss (7) 

(inn) CV (im) CV (mm) CV (mml 

Corolla 27.4 ± 3.1 (310)" 11.3t 31.6 + 2.6 (308)*»* 8.2% 27. ,5 + 4.4 (46) 16.0% 34. .5 + 2. .2 (25)»* 

Corolla tul>e 23.7 ± 2.8 (310) 11.B« 26.3 + 2.6 (308)*«* 9.2% 24. .2 + 4.1 (46) 16.0% 31. .5 + 2. .1 (25)*» 

Petal 3.8 ± 0.6 (308) 15.8% 3.4 + 0.5 (306)n8 14.7% 3. .3 + 0.5 (46) 15.1% 3. .1 i 0. .4 (25)n8 

Anther hnlqht 20.7 + 2.5 (309) 12.1% 20.4 + 2.7 (307)*** 9,5% 22 .3 + 3.9 (46) 17.5% 31 .5 + 2 .1 (7.5)«« 

Stigma height 27.5 ± 2.6 (301) 9.4* 21.0 2.1 (297)*«* 10.0% 20 .2 i 4.9 (45) 17.4% 24 .4 + 2 .8 (21)' 

Stigma length 2.4 + 0.5 (300) 20.8* 2.7 + 0.4 (296)** 14.8% 2 .5 ± O.S (45) 20.0* 2 .9 ±_ 0 .4 (21)* 

lAnther-Stlomal 6,6 1301) 15.n + 2.? 31.1% 6 ,2 4 1.9 (45) 39, f* 6 ,9 + I ..(U)n9. . 
* " number of plants from which flouern were taken 
' total number of flowers measured 



Table 3: Mean {+ ISD) floral dimensions and coefficients of variation (CV) for plants of the long-styled (LS) and short-s 

(SS) morphs of Pavchotria poepoiaiana from La Selva Biological Station, Costa Rica and Soberanla National Park, Panam 

that means are of mean values calculated for each individual. The range of flowers measured per individual is 2 - 23 

for LS and 2-13 for SS plants from La Selva (LAS) and 3-9 (LS) and 2-9 (SS) plants of Soberanla (SNP). 

= p< 0.05, '**' = p< 0.01, '***' = p< 0.0001, ns = not significant. 

LAS SNP 

Floral organ LS(ll)* SS(24) LS(8) SS(9) 

(mm) CV (mm) CV (nim) CV (mm) 

Corolla 15.0 + 1.3 (73)" 8.7% 14.9 ± 1.5 (92) ns 10.1% 14.6 + 1.3 (45) 8.9% 16.5 + 0.8 (45)* 

Corolla tube 12.7 + 1.4 (71) 11.0% 13.3 + 1.6 (95) ns 12.0% 12.4 + 1.2 (45) 9.7% 14.5 + 0.7 (45)** 

Petal 2.3 + 0.3 (71) 13.0% 1.7 ± 0.2 (92)*** 11.8% 2.2 + 0.2 (45) 9.1% 2.0 + 0.3 (45) ns 

Anther height 9.4 + 1.3 (73) 13.8% 12.9 + 1.5 (96)*** 11.6% 8.4 + 1.0 (45) 11.9% 14.1 + 1.1 (45)** 

Stigma height 16.3 + 0.7 (67) 4.3% 8.0 + 1.0 (96)*** 12.5% 15.4 + 1.0 (45) 6.5% 8.9 + 0.93 (42)** 

Stigma length 1.9 + 0.7 (67) 36.8% 3.1 + 0.5 (96)*** 16.1% 1.8 + 0.7 (45) 38.9% 3.0 + 0.5 (42)** 

1Anther-Stioma1 6.8 + 1.1 (67) 16,2^ 4.9 + 1.0 (96»** 20.4% 7.0 + 0.6 r45) 8.6% 5.2 + 1.1 <42^** 
* = number of plants from which flowers were taken 
**» total number of flowers measured 



Table 4: Mean (+ 1 SD) floral dimensions and coefficients of variation (CV) for plants 
of the long-styled (LS) and short styled (SS) morphs of Psvchotria chiapensis from 
La Selva Biological Station, Costa Rica (LAS) . Note that means are of mean values 
calculated for each individual. The range of flowers measured per individual is 
2-18 for LS and 4-16 for SS plants. = p< 0.05, «**' = p< 0.01, 
'***' = p<0.0001, ns = not significant. 

Population 

LAS 

Floral organ LS (11)® SS (10) 

(mm) CV (mm) CV 

Corolla 54.0 + 4.2 (81)" 7.8% 58.7 + 3.0 (85)* 5.1% 

Corolla tube 41.2 + 2.9 (73) 7.0% 44.4 +. 2.1 (76)* 4.7% 

Petal 12.8 +, 2.2 (73) 17.2% 14.1 + 1.3 (76) ns 9.2% 

Anther height 39.1 + 2.5 (81) 6.4% 48.7 + 2.6 (85)*** 5.3% 

Stigma height 49.2 + 3.9 (79) 7.9% 42.5 + 3.7 (86)** 8.7% 

Stigma length 5.1 + 1.0 (79) 19.6% 9.1 + 1.0 (86)*** 11.0% 

1Anther -Stiamal 10.3 + 2.9 ( 7 9 )  28.1% 6.2 + 2.1 (85^** 33.9% 
" = number of plants from which flowers were taken 
^ = total n\imber of flowers measured 



Table 5; Mean (+ 1 SD) floral dimensions and coefficients of variation (CV) for plants 
of Psvchotria brachiata and pittieri from La Selva Biological Station, Costa 
Rica (LAS). Note that means represent mean values calculated for each individual. 
The range of flowers measured per individual is (2-11) for plants of brachiata and 
(2-7) for plants of P^. pittieri. 

Populations at LAS 

Floral Organ P^. brachiata (13)® Pj^ pittieri (11) 

(mm) CV (mm) CV 

Corolla 6.6 +_ 0.5 (86)" 7.6% 3.9 + 0.4 (49) 10.2% 

Corolla tube 4.8 + 0.5 (86) 10.4% 2.8 ± 0.3 (49) 10.7% 

Petal 1.8 + 0.2 (86) 11.1% 1.1 ± 0.2 (49) 18.7% 

Anther height 2.9 + 0.2 (84) 6.9% 2.6 ± 0.2 (50) 7.7% 

Stigma height 4.0 + 0.2 (82) 5.0% 2.8 + 0.3 (48) 10.7% 

Stigma length 1.2 0.2 (81) 16.7% 0.8 + 0.2 (41) 25.0% 

1Anther-Stioma| 1.1 + 0.3 (81) 27.3% 0.3 + 0.2 (48) 66.7% 

" = number of plants from which flowers were taken 
= total number of flowers measured 
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Table 6: Precision indices calculated for study taxa, heterostylous 

Rubiaceae from the literature, and Ouinchamalium chilense 

(Santalaceae), a species with an unusual stylar heteromorphism. 

Species Population PI 

Bouvardia ternifolia Santa Catalinas 10.3% 

Bouvardia ternifolia Santa Ritas 13.2% 

Psvchotria poeppiaiana La Selva 11.0% 

Psvchotria poeppiaiana Soberania 9.3% 

Psvchotria chiapensis La Selva 7.1% 

Gaertnera vaainata Basse Vallee, La Reunion Island 7.1%' 

Gaertnera vaainata Hois de Nefle, La Reunion Island 9.0%® 

Gaertnera vaainata Mare Longue, La Reunion Island 9.3%' 

Gaertnera vaainata Piton de Bebour, La Reunion Island 9.9% ° 

Gaertnera vaainata Plaine Affouche, La Reunion Island 11.8%' 

Gaertnera vaainata Plaine des Fougeres, La Reunion Isand 8.3%' 

Gaertnera vaainata Plaine des Lianes, La Reunion Island 10.0%® 

Gaertnera vaainata Pointe du Tremblet, La Reunion Island 9.8%® 

Guettarda scabra Redd Hammock, Florida, U.S.A. 17.8%'' 

Palicourea fendleri Henry Pittier, Venezuela 8.9% ° 

Palicourea fendleri Sartenejas, Venezuela 9.6%° 

Palicourea lasiorrachis Monteverde, Costa Rica 8.4% ^ 

Palicourea petiolaris Sartenejas, Venezuela 6.7%° 

Palicourea petiolaris Yacambu, Venezuela 8.4%= 

Ouinchamalium chilense Volcan Casablanca, Chile 14.1% ® 

® Pailler and Thompson (1997) 

^ Richards and Koptur (1993) 

° Sobrevilla, Ramirez, and Xena de Enrech (1983) 

Feinsinger and Busby (1987) 

® Riveros, Arroyo, and Hiomana (1987) 
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FIGURE LEGENDS 

Fig. 1. Long-styled (LS) and short-styled (SS) flowers 
of Bouvardia ternifolia. Numerals correspond to the 
following measurements taken for both floral morphs: (1) 
anther height, (2) stigma height, (3) style height, (4) 
corolla tube length, (5) corolla length. 

Fig. 2a. Relationship between floral organ height and 
corolla length in long-styled flowers of Bouvardia ternifolia 
from the Santa Catalina Mountains, a.) Mean anther heights 
(circles) and mean stigma heights (squares) per plant are 
plotted against mean corolla length per plant, b.) Mean 
anther heights (circles) and mean stigma heights (squares) 
per plant are plotted against mean corolla length per plant. 

Fig. 3. Floral morphology of plants of ternifolia. 
Santa Catalina Mountains. Bars represent mean height per 
plant + ISE. Shaded bars represent plants with long-styled 
flowers (LS), unshaded bars represent plants with short-
styled flowers (SS) . (a) Anther heights of LS and SS plants, 
(b) Stigma heights of LS and SS plants, (c) Absolute value of 
difference between anther and stigma heights within 
individual flowers for LS and SS plants. 

Fig. 4. Floral morphology of plants of B̂ . ternifolia. 
Santa Rita Mountains. Bars represent mean height per plant ± 
ISE. Shaded bars represent plants with long-styled flowers 
(LS), lanshaded bars represent plants with short-styled 
flowers (SS). (a) Anther heights of LS and SS plants. (b) 
Stigma heights of LS and SS plants, (c) Absolute value of 
difference between anther and stigma heights within 
individual flowers, for LS and SS plants. 

Fig. 5. Floral morphology of plants of poeppiaiana. 
La Selva. Bars represent mean height per plant + ISE. Shaded 
bars represent plants with long-styled flowers (LS), unshaded 
bars represent plants with short-styled flowers (SS). (a) 
Anther heights of LS and SS plants, (b) Stigma heights of LS 
and SS plants, (c) Absolute value of difference between 
anther and stî a heights within individual flowers, for LS 
and SS plants. 

Fig. 6. Floral morphology of plants of P̂ . poeppiaiana. 
Soberania National Park. Bars represent mean height per 
plant + ISE. Shaded bars represent plants with long-styled 
flowers (LS), unshaded bars represent plants with short-
styled flowers (SS) . (a) Anther heights of LS and SS plants, 
(b) Stigma heights of LS and SS plants, (c) Absolute value of 
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difference between anther and stigma heights within 
individual flowers, for LS and SS plants. 

Fig. 7. Floral morphology of plants of chiaoensis. La 
Selva. Bars represent mean height per plant ± ISE. Shaded 
bars represent plants with long-styled flowers (LS), unshaded 
bars represent plants with short-styled flowers (SS). (a) 
Anther heights of LS and SS plants, (b) Stigma heights of LS 
and SS plants, (c) Absolute value of difference between 
anther and stigma heights within individual flowers, for LS 
and SS plants. 

Fig. 8. Floral morphology of plants of P̂ . brachiata. La 
Selva. Bars represent mean height per plant + ISE. (a) Anther 
heights of plants, (b) Stigma heights of plants. 

Fig. 9. Floral morphology of plants of pittieri. La 
Selva. Bars represent mean height per plant + ISE. (a) Anther 
heights of plants. (b) Stigma heights of plants. 

Fig. 10. Relative reciprocity index (RI) for the long 
organ level vs. the short organ level for distylous species 
in Rubiaceae and two non-Riabiaceaeous genera with unusual 
stylar polymorphisms (modified from Fig. 11. from Richards 
and Koptur (1993)). Taxa within circle have floral organs 
that are nearly reciprocal. Abbreviations for taxa are 
adjacent to symbols on the graph: BTl = Bouvardia ternifolia 
from the Santa Catalinas, BT2 = B̂  ternifolia from the Santa 
Ritas, PPl = Psvchotria poeppiaiana from La Selva, PP2 = P. 
poeppiaiana from Soberania, and PC = P̂  chiapensis from La 
Selva. Abbreviations for taxa in Rubiaceae (see Richards and 
Koptur, 1993, for references): FS = Faramea suerrensis. GS = 
Quettarda scabra, HN = Hedvotis nigricans, MR = Mitchella 
repens. OU = Oldenlandia umbellata. OS = Oldenlandia 
scopulorum. PE = Psvchotria elata. PF = Palicourea fendleri. 
PL = Pentas lanceolata. PN = Psvchotria nervosa. PP = 
Psvchotria poeppiaiana. and PS = Psvchotria suerrensis. Non-
Rubiaceaeous taxa with unusual stylar polymorphisms are: AH 
= Anchusa hvbrida. AO = Anchusa officinalis, and QC = 
Ouinchamalium chilense. Data from more than one sample are 
included where available. 
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APPENDICES la-g 

Data presented in Appendices la-g correspond to Figures 

1-7. Plants are ranked by mean anther height, as in Figures 

1-7. Mean anther and stigma heights, and standard error (SE) 

for each plant in a population are listed in each appendix. 

Plants that are not significantly different in anther or 

stigma heights share dark vertical bars of the same level. 
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APPENDIX B 

VARIATION IN THE HETEROMORPHIC 

INCOMPATIBILITY SYSTEM WITHIN AND AMONG 

THREE HETEROSTYLOUS SPECIES OF RUBIACEAE 
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Variation in the Heteromorphic Incompatibility System Within 

and Among Three Heterostylous Species of Rubiaceae 

Amy Elizabeth Faivre 

ABSTRACT 

This study examines the incompatibility system of three 

heterostylous species in Rubiaceae, the angiosperm family 

containing the greatest niomber of heterostylous taxa. Hand-

pollinations of Psvchotria poeppiaiana. P. chiapensis and 

Bonvardia ternifolia were followed by observation of pollen 

tube growth using fluorescence microscopy. In both 

Psvchotria poeppiaiana and P̂ . chiapensis. long-styled (LS) 

and short-styled (SS) flowers differed in the inhibition 

sites of illegitimate pollen tube growth. In LS flowers, 

illegitimate pollen did not germinate tubes in some flowers, 

while in other flowers, pollen tube growth was inhibited in 

the stigma, and in others, it was inhibited at various 

locations within the style. Short-styled flowers of both 

species of Psvchotria had a majority of illegitimate pollen 

tube growth arrested within the stigma. The results for 

Bouvardia ternifolia differed from the other two species, as 

there were only subtle differences in the inhibition sites 

between LS and SS flowers. For the most part, variation in 

inhibition sites was high, both among LS and among SS flowers 

of B. ternifolia. a result rarely found in other 
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heterostylous taxa. This study is one of the first on 

incompatibility systems conducted in the field, and suggests 

that the levels of variation in the e3<pression of the 

heteromorphic incompatibility system are similar to levels 

found in greenhouse studies. 

Key words: Bouvardia ternifolia, heteromorphic 
incompatibility system, heterostyly, pollen tube, Psvchotria 
chiapensis. Psvchotria poeppiaiana 

INTRODUCTION 

Self-incompatibility systems in flowering plants have 

historically been described as homomorphic and heteromoiphic. 

In species with homomorphic incompatibility systems, all 

plants have flowers of the same morphology and the 

incompatibility system is multiallelic and either sporophytic 

or gametophytic (Gibbs, 1986). In contrast, heteromorphic 

incompatibility systems are typically diallelic, sporophytic, 

and are found in species with dimorphic or trimorphic flowers 

(Gibbs, 1986). A few anomalous heteromorphic taxa have 

multiallelic incompatibility systems: Anchusa spp. 

(Boraginaceae) (Dulberger, 1970; Schou and Philipp, 1984), 

Narcissus spp. (Amaryllidaceae) (Fernandes [1935] as cited in 

Barrett [1992]; Bateman [1954] as cited in Barrett [1992]; 

Dulberger, 1964; Lloyd, Webb, and Dulberger, 1990), and 

Villarsia spp (Menyanthaceae) (Ornduff, 1988). 
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Ideas regarding the evolution of heterostyly differ, in 

suggesting that prior to the evolution of dimorphic or 

trimorphic floral morphologies, the ancestor was self-

incompatible (Charlesworth and Charlesworth, 1979) or self-

compatible (Lloyd and Webb, 1992b). One theory proposes that 

the heteromorphic incompatibility system evolved from either 

homomorphic sporophytic self-incompatibility (SI) or 

gametophytic SI (Beach and Kress, 1980). A second, more 

mechanistic theory proposes that the heteromorphic SI system 

may have originated directly from homomorphic, sporophytic SI 

through the loss of alleles (Crowe, 1964; Muenchow, 1982). 

On the other hand, direct comparisons perhaps favor 

gametophytic SI as the ancestral condition: the 

heteromorphic sporophytic SI system to the other SI systems 

indicate that, like the homomorphic gametophytic SI, the 

heteromorphic SI system reaction occurs in a diversity of 

sites within the gynoecium as is also observed in 

gametophytic SI (Gibbs, 1986; Barrett and Cruzan, 1994) . In 

contrast, the homomorphic sporophytic SI reaction occurs at a 

single location, the stigmatic surface. 

The heteromorphic SI system, as defined thus far, is a 

sporophytically controlled, diallelic self-incompatibility 

system that prevents self- and intramorph (i.e., between 

plants with the same floral morphology) pollen from 

generating viable seeds (Darwin, 1877; Barrett, 1990) . 

Heterostyly is defined by the presence of this 
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incompatibility system, as well as by the reciprocal 

placement of stigma and anthers between two (distyly) or 

three (tristyly) floral morphs on separate plants. Pollen 

transfer between stigma and anthers at the same height in 

flowers of different morphs is considered a legitimate or 

compatible pollination, whereas pollen transfer between 

stigma and anthers of different heights is considered an 

illegitimate or incompatible pollination (Barrett and Cruzan, 

1994). As detailed studies of heterostylous taxa have 

expanded to include species from diverse habitats 

representing a range of plant families, the heterostylous 

incompatibility system has been found to be more diverse and 

variable than previously thought (Barrett and Richards, 1990; 

Barrett and Cruzan, 1994). Specifically, the locations of 

the incompatibility reaction vary in some taxa from the 

stigmatic surface to the ovules (Dulberger, 1992). 

Differences in the location of the incompatibility 

reaction have also been recorded between conspecific floral 

morphs (Bawa and Beach, 1983; Anderson and Barrett, 1986; 

Wedderburn and Richards, 1990). Ganders (1979) states that 

short-styled (SS) morphs commonly have a stronger 

incompatibility reaction than long-styled (LS) morphs. Long-

styled morphs are thus more likely to have some ovules 

fertilized by self-pollen. These results are supported by 

studies of Darwin (1877), Bahadur (1966; 1970a; 1970b; 1970c) 

and Ornduff (1971) . However, in other taxa, LS morphs have 
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the stronger incompatibility reaction (Ornduff and Periy 

1964; Ornduff 1970). 

With more heterostylous species than any other plant 

family, Riobiaceae also are noted for variation in eĵ ression 

of the heterostylous incompatibility system (Darwin 1877; 

Bahadur 1968). In this study, the incompatibility systems of 

three heterostylous taxa of Rubiaceae were documented. 

Incompatibility reactions were compared between LS and SS 

flowers within species, and among species. Potential sources 

for variation in the incompatibility expression between 

floral morphs and among taxa are discussed in the context of 

the degree of relatedness among species, habitat differences, 

pollinator relationships, and floral phenology and 

morphology. 

MATERIALS AND METHODS 

Study Taxa — Study species included the sub-tropical 

Bouvardia ternifolia and two tropical species of Psvchotria. 

Both Psvchotria poeppiaiana and P̂  chiapensis are in subgenus 

Heteropsvchotria (C. M. Taylor, pers. comm.), but may not be 

closely related within that subgenus. Psvchotria poeppiaiana 

was formerly treated as Cephaelis tomentosa; this genus is 

now understood to be part of a larger, monophyletic 

Psvchotria. The more distantly related Bouvardia ternifolia 
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is in subfamily Rubioideae, in which Psvchotria is also 

placed. 

Bouvardia ternifolia ranges from the southwestern United 

States to Oaxaca and Vera Cruz, Mexico (Blackwell, 1968). In 

southern Arizona, flowers on these plants were predominantly 

visited by hummingbirds, butterflies, and bees (A. Faivre, 

pers. obsv.). Psvchotria poeopiaiana ranges from Mexico to 

Bolivia and Brazil (Burger and Taylor, 1993). In northern 

Costa Rica, hiommingbirds, butterflies, bees, and wasps were 

the most frequent floral visitors to this species (A. Faivre, 

pers. obsv.) . The range for chiapensis is from southern 

Mexico to central Panama (Burger and Taylor, 1993). In 

northern Costa Rica, flowers were predominantly visited by 

hawkmoths and other smaller moths (A. Faivre, pers. obsv.). 

Study Populations— Bouvardia ternifolia form a contiguous 

population at 1310-1470m elevation in Molino Basin, a 

drainage located in the Santa Catalina mountains, northeast 

of Tucson, Arizona (32® 17'N, 110® 40'W). Flowers of B. 

ternifolia remain open for 3-8 days (mean = 5 days; A. 

Faivre, unpubl. data). First-day flowers can be 

distinguished by the bright red color of the corolla lobes; 

corolla lobes of older flowers are faded red or dark maroon 

(A. Faivre, xinpubl. data). Hand-pollinations were conducted 

on flowers from 23 plants that produce LS flowers and 24 
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plants that produce SS flowers during the summers of 1994, 

1996, and 1997. 

The Psychotria species co-occur at La Selva Biological 

Station, Costa Rica (10226'N, 83®59'W), at 50-75m elevation 

(McDade and Hartshorn, 1994). Psvchotria poeppiaiana flowers 

are tiobular, pale yellow, and enclosed within bright red 

bracts. In the summers of 1995-1997, flowers of P. 

poeppiaiana were hand-pollinated on 15 plants that produce LS 

flowers and 30 plants that produce SS flowers. Flowers of P. 

chiapensis have a narrow, tubular, white corolla. Flowers 

were hand-pollinated on 10 plants that produce LS flowers and 

8 plants that produce SS flowers. Both species of Psvchotria 

have one-day flowers. 

Pollinations— Fine-mesh cloth bags were placed over young 

inflorescences of all study species and secured below with 

twist-ties. On the day the flowers opened, they were hand-

pollinated using toothpicks or insect pins. Flowers were 

either self-pollinated, intramorph-pollinated (i.e., pollen 

transferred between flowers from different individuals of the 

same morphology), or intemorph-pollinated (i.e., pollen 

transferred between flowers of different morphologies). 

Calyces were marked with acrylic paint and then rebagged. 

All hand-pollinations were done with flowers in the field, 

with the exception of chiapensis. For this night-blooming 

species, branches with inflorescences were cut in the late 

afternoon, bagged, and placed in water in a screened-room at 
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ambient temperature. For ternifolia. an additional set of 

intermorph hand-pollinations was conducted on flowers that 

were two days old to determine if stigmas remained receptive 

on the second day of flowering. 

For all species, collection times were determined in 

part by studying when pollen tubes from intermorph crosses 

reached the base of the style. For the Psychotrias, 

collection times of 15-24 hours post-pollination corresponded 

to when corollas of both species shriveled and fell from the 

plant. 

Earlier studies have shown that temperature and hximidity 

levels can affect the rate of pollen tube growth. Thus, the 

average temperature and humidity levels were recorded at each 

site in the summer of 1997. The maximum and minimum 

temperatures were recorded at Molino Basin using a Taylor 

maximum/minimum thermometer. The morning and evening 

temperatures at La Selva were recorded using the thermometer 

on a Bacharach sling psychrometer. The same psychrometer was 

used at all sites to record percent hiomidity. 

Staining and Observations—Collected flowers were stored for 

24-48 hours in FAA (5 parts formalin: 5-acetic acid: 90-70% 

ethanol) or FPA (5-formalin: 5-proprionic acid: 90-70% 

ethanol). Flowers were then changed to 70% ethanol and 

stored until staining. Following Dafni (1992), styles were 

softened in 8M NaOH for 3-4 hours, then rinsed in tap water 
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2-3 times and stored for an hour in tap water. After a final 

rinse in tap water, styles were stained for at least 12 hours 

in aniline blue, gently dried on a paper towel, transferred 

to a drop of glycerol on a microscope slide, and gently 

squashed with a coverslip. 

Pollen grains and pollen tubes in the styles were viewed 

with an Olympus BH-2-RFC epifluorescence microscope with 

mercury lamp for UV illumination with a "U" excitation filter 

(maximum transmittance 365nm) or with a Nikon Microphot-FXA 

epi fluorescence microscope with mercuiry lamp for UV 

illiamination with a chroma dapi excitation filter (maximum 

transmittance 365nm). Pollen grains were also viewed using 

the Nikon microscope with a blue excitation filter (maximum 

transmittance 480nm) . All observations were made at 125X. 

Under UV light, callose plugs within the pollen tubes 

fluoresce, allowing them to be viewed and distinguished from 

stylar canal cells, which also fluoresce. The exine of the 

pollen grains fluoresce at both wavelengths used, but appear 

brighter at 480nm. 

For all flowers, the presence or absence of pollen 

grains, the presence of pollen tubes initiated in the stigma, 

and the location of the longest pollen tubes were noted. If 

at least one pollen tube was found in either the stigma or 

the style, the flower was scored as having pollen tube growth 

in that location. The longest pollen tubes were quantified by 

counting the number of fields of view (field of view -1.5 mm) 
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through which they passed and relating this value to the 

length of the entire style measured in the same way (i.e., # 

of fields of view). 

Analyses—Two sources of variation in the incompatibility 

system were observed, the first was the cessation of pollen 

tube growth either in the stigma or in the style, the second 

was variation in the location of inhibition sites within the 

style. Thus, the growth of pollen tubes (PTs) was recorded 

in two ways. First, for each style, PT growth was 

categorized as: (1) none, (2) longest PT(s) only in the 

stigma or (3) longest PT beyond the stigma. Growth of the 

longest PT(s) was compared in LS and SS flowers that received 

the same pollination treatment. Pollination treatments 

(i.e., self, intramorph, intermorph crosses) were compared 

using 3x2 contingency tables with the three location 

categories of PT growth and the two floral morphs as 

contrasts. Floral moiph and distance of PT growth were 

tested using a G-test of independence with William's 

correction (recommended for n<200; Sokal and Rohlf, 1995) . A 

significant G-value for self and intramorph pollinations 

indicates that the incompatibility reaction occurs at 

different sites between floral morphs. A significant G-value 

for intermorph crosses implies several potential differences 

between floral morphs, including differences in PT growth 

rate between morphs or sites of inhibition. For the subset 

of flowers in which PT{s) grew beyond the stigma surface, a 
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second, more detailed method was used to score PT growth. 

These styles were scored as having PT growth ceasing between 

the base of the stigma and the midpoint of the style (distal 

half), between the midpoint and one field of view (~ 1.5mm) 

short of the base of the style (proximal end), or within one 

field of view (< 1.5mm) of the base of the style. For self, 

intramorph, and intermorph crosses of flowers of B. 

ternifolia. 3x2 contingency tables were used with the three 

categories of PT growth beyond the stigma and two floral 

morphs as contrasts. In these species, floral morph and 

observed distance of PT(s) growth beyond the stigma were 

tested using a G-test of independence with William's 

correction (Sokal and Rohlf, 1995). Lack of PT growth beyond 

the stigma in one floral morph of both Psychotrias made this 

analysis unnecessary. 

Data were also analyzed separately for each floral morph 

to compare the self and intramorph pollination treatments. 

For LS and SS flowers of ternifolia and for LS flowers of 

both species of Psvchotria. 3x2 contingency tables were used 

with the three categories of location of pollen tube growth 

beyond the stigma, and self and intramorph crosses as 

contrasts. A G-test of independence, with William's 

correction, tested for differences in location of the 

incompatibility reaction in self and intramorph pollinations. 

RESULTS 
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General Observations—Pollen tube growth after self and 

intramorph crosses (i.e., incompatible crosses) in all three 

species was inhibited, albeit in a variety of locations. In 

some flowers, pollen grains failed to germinate (Figs. 1 and 

2) . In other flowers, pollen tubes germinated, but grew 

chaotically at the stigmatic surface and did not penetrate 

the style (Figs. 2-5) . The ends of these tubes were often 

swollen and brightly fluorescent. Previous studies in other 

taxa indicate that the tips of incompatible pollen tubes 

appear swollen as a result of filling with callose and then 

bursting (de Nettancourt, 1977). Pollen tubes that grew into 

the style were often inhibited before reaching the ovary 

(Figs. 6a, 6b, and 8) . Some of these tubes had swollen ends, 

but many grew thinner as they proceeded down the style, and 

had indistinguishable ends by the time growth ceased. Pollen 

tubes from intermorph crosses in all three species grew to 

the base of the style. These tubes fluoresced strongly due 

to callose plugs and grew on a relatively straight path 

through the style towards the ovary (Figs. 7 and 9) . 

Bouvardia ternifolia 

Hand-pollination of first and second-day flowers of B. 

ternifolia with intermorph pollen showed similar results. 

For both first and second-day flowers, floral morphs did not 

differ in the location of PT inhibition. In other words, the 

number of styles with langerminated pollen, with PTs remaining 
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in the stigma surface, and with PTs growing beyond the stigma 

(Table la) did not differ between floral morphs. However, 

for first-day flowers in which PTs grew beyond the base of 

the stigma (Table lb), there was a significant difference 

between floral morphs (G=9.91, P<0.001), such that more SS 

flowers had PTs that had reached the base of the style. This 

difference was not observed in second-day flowers that 

received the same treatment (i.e., intermorph pollination; 

Table lb). After 24 hours in first and second day flowers, 

most PTs that grew beyond the stigma in both floral morphs 

reached the base of the style. 

For self and intramorph pollination treatments of first 

day flowers of ternifolia. there were no significant 

differences between floral morphs in number of flowers with 

pollen grains that did not germinate, with PTs inhibited in 

the stigma, or with PTs that grew beyond the stigma (Table 

la). Considering the subset of LS and SS flowers with PT 

growth beyond the stigma, SS flowers subjected to intramorph 

pollination tended to have PT growth to the base of the style 

(Table lb). In contrast, intramorph PTs in LS flowers tended 

to be inhibited earlier in the style usually, just beyond the 

midpoint (G=8.60, p<0.025). There were significant 

differences between floral morphs in the inhibition sites of 

tubes from self-pollen as well. For LS flowers, PT growth 

was most often inhibited before the midpoint of the style. 
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whereas in SS flowers, PTs were found in all regions of the 

style (G=11.21, p<0.005). 

Comparing the results of different pollination 

treatments indicated that, for LS flowers, PTs from 

intramorph pollination most frequently extended beyond the 

midpoint of the style (G=11.47, p<0.005; Table Ic) whereas 

more flowers with self PTs had PTs arrested before the mid

point of the style. For SS flowers, there were no 

significant differences in self and intramorph pollination 

treatments as PT growth beyond the stigma was inhibited in a 

variety of locations for flowers with either type of 

illegitimate pollination, 

Psychotria poeppigiana 

The floral morphs of P̂  poepoiaiana differed in the 

location of inhibition of PT growth following legitimate 

(i.e., intermorph) crosses (G=6.60, p<0.05; Table 2a). In 

some SS flowers, PT growth ceased in the stigma, whereas most 

had PT growth into the style. For LS flowers, most had 

pollen tube growth within the style. Among flowers in which 

PT growth reached the style, there was no significant 

difference between floral morphs in the location of pollen 

tube growth cessation (Table 2b). 

There were striking and significant differences between 

floral morphs in the degree of PT growth following intramorph 

(0=25.33, p<0.001) and self (0=57.74 , p<0.001) pollinations 
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(Table 2a). In most SS flowers, PTs either did not germinate 

or were inhibited in the stigma. In almost all LS flowers, 

PTs genninated and were later inhibited in the style. 

Considering only LS flowers in which PTs entered the styles, 

inhibition almost always took place beyond the midpoint of 

the style, regardless of pollen type (i.e., self or 

intramorph; Table 4). 

Psychotria chiapensis 

Intermorph pollinations of P̂  chiapensis resulted in 

successful growth of PTs to the base of the style more 

consistently than in the other two species. This was true 

for both LS and SS flowers, with no significant difference in 

PT germination and growth (Table 3a) or in the location of PT 

growth beyond the stigma (Table 3b) between floral morphs. 

In all but one SS flower, PTs from intemoiph crosses grew to 

the base of the style. 

The results of the self and intramorph hand-pollinations 

were similar to Pj. poeppiaiana. In both intramorph (G=25.48, 

p<0.001) and self pollinations (G=37.77, p<0.001) there were 

significant differences between floral morphs in the location 

of PT growth (Table 3a), In LS flowers, PTs from self and 

intramoirph pollen were inhibited beyond the midpoint of the 

style. In SS flowers, the incompatibility reaction appeared 

to take place at the stigmatic surface. Considering the LS 

flowers in which PTs grew beyond the stigma, those from 

intramorph pollinations were inhibited before the midpoint of 



the style, whereas those from self pollinations tended to 

grow beyond the midpoint (G=5.91, p=0.05; Table 4). 

DISCUSSION 

Inhibition of Pollen Tube Growth in Gametophvtic and 

Sporophvtic Incompatibility Systems--Inhibit ion of pollen 

tube growth has been characterized in flowers from a number 

of taxa with either homomorphic gametophytic or sporophytic 

incompatibility systems. In most taxa with gametophytic SI 

systems, incompatible pollen grains germinate and grow 

partially into the style before being inhibited (de 

Nettancourt, 1977; Newbigin, Anderson, and Clarke, 1993) . 

However, exceptions include Papaver rhoeas L.(Papavaraceae) 

(Foote, et al., 1994), species of Oenothera (Onagraceae) 

(Hecht [1964] cited in de Nettancourt [1977]), and a number 

of rye grasses (Cornish, Hayword and Lawrence, 1979) . These 

taxa have gametophytic incompatibility systems, but 

incompatible PT growth is inhibited at the stigmatic surface. 

Taxa with homomorphic sporophytic SI typically exhibit the 

incompatibility reaction at the stigmatic surface (de 

Nettancourt, 1977; Nasrallah and Nasrallah, 1993) . If 

incompatible pollen grains do germinate in these taxa, the 

tubes rarely penetrate the papillae of the stigma. 

It is difficult to characterize an inhibition site for 

the incompatibility reaction in taxa with the heteromorphic, 
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sporophytic incompatibility system. Variation in the site of 

inhibition within and between taxa exceeds that known for the 

homomorphic incompatibility systems combined (Dulberger, 

1992; Barrett and Cruzan, 1994). Dulberger (1992) simmarized 

results from studies of incompatible PT growth in 

heterostylous species indicating that the incompatibility 

reaction can occur at the stigmatic surface, at the base of 

the stigma, at various locations within the style, and within 

the ovules. Highlighted by Dulberger (1992), and as noted in 

a number of earlier studies (Ganders, 1979; Shivana, Heslop-

Harrison, Heslop-Harrison, 1981; Gibbs, 1986), location of 

the incompatibility reaction often differs between floral 

morphs of the same species. 

Variation in the expression of the heterostylous 

incompatibility system has been attributed, in part, to its 

evolutionary history (Vuilleumier, 1967; Ganders, 1979; 

Barrett and Cruzan, 1994). Heterostyly has evolved in at 

least 25 angiosperm families (Ganders, 1979). Using current 

phylogenetic information, Lloyd and Webb (1992a) estimate 

that, in 23 of these families, heterostyly has evolved 

independently. These authors suggest that heterostyly may 

have evolved more than once within some of these families as 

well. With the exception of species thus far examined in 

Pliambaginaceae (Baker, 1966; Dulberger, 1975), it appears 

that the location of the incompatibility reaction varies 

extensively within plant families (Dulberger, 1992) . In 
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fact, among species of Primula (Wedderburn and Richards, 

1990) and of Psvchotria (this study; Bawa and Beach, 1983), 

variation in the location of the heterostylous 

incompatibility reaction is comparable to that found among 

genera within families and among families. 

Heterostvlous Incompatibility Reaction in Rubiaceae—Earlier 

studies of the incompatibility reaction in heterostylous taxa 

concentrated on temperate, herbaceous species (Barrett and 

Richards, 1990) . Despite the recognized richness of 

heterostylous species in Rubiaceae (Darwin, 1877; Bahadur, 

1968), it was not until Bawa and Beach's (1983) study that 

the incompatibility reaction was extensively documented in 

flowers of woody, heterostylous taxa in this family. Of the 

five heterostylous species of Psvchotria in Beach and Bawa's 

(1983) study, three (P̂  officinalis. P. chiaoensis. and P. 

elata) exhibit results similar to those presented here. Bawa 

and Beach (1983) found that incompatible PT growth was 

arrested in the stigma of SS morphs and stopped just past the 

midpoint of the style in LS morphs. These authors also 

documented variation in the inhibition site of pollen tubes 

among flowers of the LS morph, a finding confirmed in the 

present study. This pattern was found for P̂ . chiaoensis here 

and by Beach and Bawa (1983) , for P̂  poeppiaiana (this 

study), and for P̂  elata (Bawa and Beach, 1983) . In these 

three species, the incompatibility reaction in some LS 
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flowers occurred within the stigma whereas in others it 

occurred within the style. Psvchotria elata (formerly 

Cephaelis elata) is presxjmably closely related to P. 

poeppiaiana (formerly Cephaelis tomentosa) (Steyermark, 

1972), and all three species are in the subgenus 

Heteropsvchotria (C. M. Taylor, pers. comm.)- To my 

knowledge, variation among flowers of the LS morph has only 

been reported in two other species of Rubiaceae, an 

unidentified species of Coussarea (Bawa and Beach, 1983) and 

Manettia luteo-rubra (Passes and Sazima, 1995); it has also 

been found in a number of Primula (Primulaceae) species 

(Wedderburn and Richards, 1990). This suggests that they may 

share a common heterostylous ancestor such that this unusual 

expression of heterostyly may be a shared derived character. 

Based upon studies of other taxa of Rubiaceae (Coussarea 

sp., Faramea spp., Psvchotria spp., Rudaea cornifolia. Bawa 

and Beach, 1983; Palicourea lasiorrachis. Feinsinger and 

Busby, 1987; Luculia aratissima. Murray, 1990), the results 

represented here for Bouvardia ternifolia appear to be 

unique. Variation in the location of the incompatibility 

reaction of the LS morph resembles other Rubiaceae. However, 

such great variation in the location of the incompatibility 

reaction in the SS morph has not previously been recorded. 

In fact, the only species in which the two floral morphs 

resemble each other in their degree of variability of 

inhibition sites are species of Primula (P. vulgaris. 
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Shivanna, Heslop-Harrison and Heslop-Harrison, 1981; several 

species of Primula. Wedderburn and Richards, 1990). Some 

potential explanation for variability in the location of 

inhibition sites for floral morphs are discussed below. 

Differences in inhibition sites between floral morohs— 

Several theories have been proposed regarding mechanisms for 

differences in the location of the incompatibility reaction 

between floral morphs. One theory suggests that differences 

in pollen grain size between floral morphs (see below) 

results in cessation of pollen tube growth in different 

locations (Darwin, 1877). Alternatively, differences in 

stigmatic morphology and surface moisture between floral 

morphs may influence the germination and growth of pollen 

tubes (Lewis [1943] cited in Barrett and Cruzan [1994]). A 

third theory recognizes that the mechanisms proposed by the 

two previous theories prevent illegitimate fertilization, and 

suggests that these potentially in concert with other 

mechanisms, cause the heteromorphic incompatibility system to 

act as a series of barriers through the gynoecium. Thus, 

differences in the effectiveness of these barriers result in 

variation of inhibition sites between floral morphs, and 

ultimately determine whether fertilization occurs (Shivanna, 

Heslop-Harrison, and Heslop-Harrison, 1981). 

In most distylous taxa, pollen grains of the SS morph 

are larger than those of the LS morph (see Dulberger, 1992, 

for exceptions). Differences in the rate of pollen tube 
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growth between floral morphs was dociimented by Lewis (1942, 

cited in Dulberger [1992]) and thought to be related to 

differences in pollen grain size. In Lewis (1942) and other 

studies cited in Dulberger (1992), tubes from SS pollen grew 

more quickly than those from LS pollen in intermorph 

pollinations. Pollen grain size has also been shown to 

correlate with pollen tube length in species of 

Pontederiaceae (Glover and Barrett, 1983; Anderson and 

Barrett, 1986). Dulberger (1992) summarized the conclusions 

from these studies and made a strong argument that variation 

in the inhibition sites between floral morphs must, in part, 

be related to differences in pollen grain size between 

morphs. These size differences alter the rate and length of 

pollen tube growth such that cessation of pollen tube growth 

occurs in different locations for each floral morph. 

However, there are a number of heterostylous taxa in 

which the floral morphs have pollen grains of the same size 

(Dulberger, 1992). In these taxa, the incompatibility 

reaction may occur at the same relative site in the styles of 

each floral morph or the morphs may be self-compatible. 

There is no notable variation in pollen grain size between 

floral morphs of B̂ . ternifolia (A. Faivre, xmpxiblished data) , 

which may explain why pollen tube inhibition occurs at the 

same site in both floral morphs. In contrast, although both 

species of Psvchotria in this study show only slight 

differences in pollen grain size between floral morphs (A. 
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Faivre, unpublished data), these species show distinct 

differences in the location of the incompatibility reaction 

between floral morphs. Other taxa in Rubiaceae, including P. 

suerrensis (Stone, 1995; Bawa and Beach, 1983) and Palicourea 

lasiorrachis (Feinsinger and Busby, 1987) , have only slight 

pollen dimorphisms but also show distinct differences in the 

inhibition site of pollen tube growth between floral morphs. 

Thus, in a number of taxa, intermorph variation in the 

inhibition site of illegitimate pollen tubes was not the 

direct result of dimorphic pollen grains. 

Intermorph variation in the expression of the 

incompatibility system may also be related to the interaction 

between pollen grains and the stigmatic surface (Lewis [1943] 

as cited in Barrett and Cruzan [1994]). Several studies have 

noted differences in the shape of stigma papillae or in the 

amount of moisture on the stigmatic surface between floral 

morphs (Shivanna, Heslop-Harrison and Heslop-Harrison, 1981; 

1983; Scribailo and Barrett, 1991a). Lewis (1943, as cited 

in Barrett and Cruzan, [1994]) proposed that differences in 

the osmotic potential between pollen grains and the stigma 

surface would influence pollen tube growth (i.e., pollen 

grains of each morph require different amounts of moisture to 

become sufficiently hydrated to geminate, and stigma 

papillae cells can control the amount of moisture released to 

a particular pollen grain depending upon its identity as 

legitimate or illegitimate). However, results from 
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subsequent studies have been unable to correlate the 

difference in osmotic pressure of stigma cells between floral 

morphs with the location of pollen tube inhibition (Murray, 

1986) . 

Detailed studies of the anatomy of the gynoecium in 

heterostylous flowers (Scribailo and Barrett, 1991a) and the 

behavior of illegitimate pollen tubes (Shivanna, Heslop-

Harrison, and Heslop-Harrison, 1981; 1983; Scribailo and 

Barrett, 1991b) have led to the synthesis of earlier ideas: 

differences such as pollen grain size and osmotic potential 

between floral morphs are all part of a series of barriers 

within the gynoecium that act to prevent illegitimate 

fertilization (Shivanna, Heslop-Harrison, and Heslop-

Harrison, 1981). These authors envision differences in the 

strength of these barriers both within individual flowers and 

between floral morphs resulting in the diversity of 

inhibition sites found for pollen tube growth. 

Self and intramorph hand-pollinations—Comparisons between 

legitimate and illegitimate pollination are frequent in 

studies of heterostylous taxa. Rarely are comparisons made 

between types of illegitimate crosses, as it is often assumed 

that results for both self and intramorph pollination will be 

the same. Some studies do not clearly indicate whether 

illegitimate crosses were self-, intramorph pollinations, or 

both. As indicated here, there can be subtle differences in 

the incompatibility reaction depending upon whether 
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illegitimate pollen comes from the same flower or from 

another plant of the same floral morph. In LS flowers of B. 

ternifolia and chiapensis. the locations within the style 

of the incompatibility reaction differed significantly for 

self and intramorph pollinations. For ternifolia. most 

pollen tubes from intramorph crosses grew past the midpoint 

of the style, whereas most pollen tubes from self pollination 

were arrested in the distal half of the style. For LS 

flowers of chiapensis. significant differences in the 

location of PT inhibition for self and intramorph crosses is 

somewhat reversed, with more illegitimate PTs in self 

pollinations arrested in the proximal half of the style. 

The subtle differences in the incompatibility reaction 

between self and intramorph crosses in this study are hard to 

explain. In previous studies, differences between self and 

intramorph pollinations were recorded only if one of the 

incompatibility reactions was non-functional. The 

combination of self-compatibility and intramorph 

incompatibility is not uncommon in heterostylous taxa, 

whereas SI and intramorph compatibility is much rarer 

(Barrett and Cruzan, 1994) . In some taxa with SI but 

intramorph compatibility, floral morphology is also unusual 

in that style height varies between floral morphs, but anther 

height does not (Dulberger, 1964; Schou and Philipp, 1983; 

Ornduff, 1988) . In previous studies, this floral morphology-

has also been associated with both self and intramorph 
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compatibility (Richards and Koptur, 1993; Negron-Ortiz, 

1996) . The authors of these studies suggest that populations 

where this occurs represent a "breakdown" in the sexual 

system to selfing, potentially due to an absence of 

pollinators. 

Potential causes for differences in the location of the 

incompatibility reaction between taxa--There were dramatic 

differences in the incompatibility reactions between LS and 

SS flowers of both species of Psvchotria. but not in B. 

ternifolia. For both species of Psvchotria. most SS flowers 

had the incompatibility reaction only within the stigma, 

whereas the location was variable for LS flowers. Long-

styled and SS flowers of B. ternifolia were equally variable 

for inhibition sites of illegitimate pollen tube growth 

These differences may reflect two or more independent 

evolutionary events leading to heterostyly in these taxa. 

However, as described above, the degree of variation among 

congeners is frequently comparable to variation found between 

species in distinct plant families. However, it appears that 

closely related species, as indicated by their placement in 

the same section within a genus, may have similar expressions 

of the heterostylous incompatibility system in comparison to 

more distantly related congeners. This was the case for 

species of Primula (Wedderburn and Richards, 1990) and for 

Psychotrias in Heteropsvchotria. as indicated by the results 

here combined with the results for other taxa in 
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Heteropsvchotria that were in the study by Bawa and Beach 

(1983) . These patterns suggest that a shared, recent 

ancestor may partially explain the degree of variation in 

heterostyly amongst taxa. 

Environmental conditions also influence the 

incompatibility system. Differences in temperature can 

affect rates of pollen tube growth, and thus where inhibition 

appears to take place (Stevens and Murray, 1982). Flowers 

exposed to a lower (by 3=0 average temperature exhibited 

slower pollen t\ibe growth than flowers exposed to higher 

temperatures. Decreased humidity can also inhibit pollen 

grain hydration and germination (Shivanna, Heslop-Harrison 

and Heslop-Harrison, 1983). 

Temperature and humidity readings taken during the 

Slammer of 1997 at the sites of all three populations 

indicated that whereas average daily temperatures (+ 1 SD) 

were quite similar (29®C + 4^ c in Arizona, and 26®C + 1®C at 

the La Selva sites) the diurnal range in temperature differed 

considerably. Plants of B. ternifolia experienced a daily 

range of 15 °C, whereas the Psychotrias experience a flux of 

only 2®-3®C. Further, relative humidity at the La Selva site 

exceeded 90% (95% + 9%), whereas at Molino Basin, relative 

humidity was 50% + 15%. Thus, lower nighttime temperatures 

or lower hiimidity may have impacted pollen gemination and 

growth in ̂  ternifolia. This may explain the great range of 
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inhibition sites in this species compared to the Psychotrias. 

However, if relative hiomidity affects pollen germination in 

this species, then flowers of the SS morph should show higher 

rates of pollen germination. The stigmas of SS flowers 

presumably experience somewhat higher levels of humidity as 

they are located within the corolla tube compared to the 

exserted stigmas of LS morphs. Instead, more SS than LS 

flowers showed no pollen germination after intermorph 

crosses. 

Differences in flowering phenology may also be 

responsible for some of the observed variation. Flowers of 

B. ternifolia remained open from 3 to 8 days. Flowers that 

were pollinated on the second day still had sufficient time 

for the pollen tiibes to grow to the base of the style. This 

extended period of anthesis suggests that the incompatibility 

system of ternifolia might be more selective, with an 

extended opportunity for inhibition of self and intramorph 

pollen tubes. Flowers of the two species of Psvchotria had a 

much shorter period of anthesis, approximately 12 hours for 

P. poeppiaiana and 9 hours for P̂  chiaoensis (A. Faivre, 

unpublished data). Corollas of P̂  poeppiaiana decomposed and 

withered and those of chiapensis fell from the plant; 

however, in flowers of both species, styles remained intact 

and attached. The shorter period of anthesis might be 

expected to lead to a less selective incompatibility system 

as a mechanism of reproductive assurance. However, this was 
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only fo\md for the LS flowers of both species of Psvchotria. 

The SS flowers of both species, instead, appeared to have 

more of a selective incompatibility system, or at least an 

early-acting one, in comparison to flowers of ̂  ternifolia. 

The morphology of flowers of poeppiaiana and P. 

chiapensis may also contribute to the differences found in 

the incompatibility reaction. In both species of Psvchotria. 

anthers dehisced prior to bud anthesis. In the SS flowers, 

the stigma was positioned directly below the anthers such 

that it often contacted the bottom portion of the anthers and 

received self-pollen. In these SS flowers, the 

incompatibility reaction consistently occurred at the 

stigmatic surface or within the stigma, with the result that 

self-fertilization did not occur. The stigmas of LS flowers 

were separated from the anthers, and were thus less likely to 

receive self-pollen. In flowers of B. ternifolia, the 

anthers did not dehisce before anthesis. Most ternifolia 

flowers of the SS morphology had a distinct separation of 

stigma and anthers such that self-pollination was prevented. 

Pollinator relationships do not appear to directly 

explain the differences in incompatibility reactions among 

species. Bouvardia ternifolia and P̂  poeppiaiana shared 

similar pollinators, in that flowers of both species were 

most frequently visited by hummingbirds, with butterflies and 
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small bees visiting less frequently. Flowers of P. 

chiaoensis were predominantly visited by hawkmoths. Despite 

differences in pollinators, behavior of pollinators on plants 

of Bj. ternifolia and P̂ . chiaoensis was fairly similar (A. 

Faivre, pers. obsv.). Both plants have a number of open 

flowers on a given day (> 25 flowers, ternifolia) or night 

(> 150 flowers, chiapensis). These large displays caused 

the pollinators to remain on the same plant and undoubtedly 

led to a number of geitonogamous (pollen transfer between 

flowers on the same plant) pollinations. Plants of P. 

poeppiaiana rarely had more than 1-2 flowers open on a given 

day. Fewer chances for geitonogamous pollination would 

suggest that the incompatibility system of P̂  poeppiaiana 

need not be as strong at those of B̂ . ternifolia and P. 

chiapensis. However, the incompatibility system of the two 

Psvchotria species are both more similar and stronger than 

that of B̂  ternifolia. at least for SS flowers. 

Conclusions—In recent years, extensive work at the molecular 

level has revealed complex and diverse mechanisms involved in 

the function of both the homomorphic gametophytic (Newbigin, 

Anderson, and Clarke, 1993) and sporophytic (Nasrallah and 

Nasrallah, 1993) incompatibility systems. The heteromorphic 

incompatibility system has yet to be examined using molecular 

techniques. Thus far, Shivanna, Heslop-Harrison and Heslop-

Harrison's (1981) model for the heteromorphic incompatibility 
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system acting as a series of barriers within the gynoeciLim 

best eĵ plains the variation found in the location of 

inhibition among individual flowers, floral morphs, and taxa. 

As the phylogenetic relationships between species with 

homomorphic and heteromorphic incompatibility systems are 

further resolved and similar advances are made in 

understanding the heteromorphic incompatibility system at the 

molecular level, the evolutionary origin and functional 

mechanisms of the heteromorphic incompatibility system will 

be better understood. 

To date, two studies have used a phylogenetic approach 

to explore whether the ancestors of heterostylous taxa in 

Pontederiaceae (Kohn, et al., 1996) and Amsinckia 

(Boraginaceae) (Schoen, et al,, 1997) were self-compatible or 

self-incompatible. In both studies, there are several 

possible conclusions depending upon the methods used to 

optimize character states of ancestors. However, the results 

of Kohn, et al. (1996) suggested that several tristylous taxa 

in Pontederiaceae may have evolved from heteromorphic self-

compatible taxa that later became self-incompatible, as 

predicted by the Lloyd and Webb (1992b) model for the 

evolution of heterostylous taxa. For Amsinckia. Schoen et 

al. (1997) propose that homostylous, self-compatible taxa 

represent the evolutionary breakdown of heterostylous 

ancestors. However, a different interpretation of the 

results would suggest that heterostylous taxa evolved from 
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homostylous, self-compatible taxa. If the first step in this 

transition involved the evolution of the incompatibility 

system this would provide support for the Charlesworth and 

Charlesworth (1979) model for the evolution of heterostyly. 

Alternatively, the dimorphic floral morphology may have 

evolved before the incompatibility system, as suggested by 

Lloyd and Webb (1992b). 

Until we have a better understanding of the factors that 

influence the function and strength of the heteromorphic 

incompatibility system, determining the causes of variation 

in its expression will be difficult. Barrett and Cruzan 

(1994) questioned whether variation in expression of the 

incompatibility systems found in greenhouse studies of 

heterostylous plants reflects variation in the natural 

environment. This work is one of the first to use plants in 

their natural habitat and indicates that the level of 

variation foiind between taxa, and even between floral morphs 

of the same species, is similar to that found in studies 

where environmental factors were more controlled. Thus, it 

would appear that factors beyond environmental differences 

influence variation in the expression of the heteromorphic 

incompatibility system. The results reported here indicate 

that factors such as phylogenetic relationships, flowering 

phenology, floral morphology, and pollinators can all be 

influential in the expression of the heterostylous 
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incompatibility system in each species although their precise 

roles require more investigation. 
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Table la. Contingency tables to contrast the location of pollen txibe growth and floral 
morphology for each pollination treatment of B. ternifolia. The total number of 
flowers that had pollen grains or tubes in a particular location in the style are 
recorded. A total of 23 plants with LS and 24 with SS flowers were used. 

= p< 0.05, '**' = p< 0.01, '***' = p<0.0001, ns = not significant. 

Pollination 
treatment 

Floral Location of Pollen Grains or Longest Pollen Tube LS vs. SS 
Morph Following Pollination Treatment 

Pollen Grains, Pollen tubes Pollen tube 
No Pollen Tubes within stigma growth beyond 

sticmia 
First Day Flowers 
Intermorph LS 

SS 

15 (0.13)' 

10 (0.17) 

7 (0.06) 90 (0.81) G = 0.73, ns 

5 (0.08) 44 (0.75) 

Intramorph LS 

SS 

3 (0.07) 14 (0.37) 22 (0.56) G = 0.55, ns 

1 (0.04) 9 (0.33) 17 (0.63) 

Self LS 

SS 

Second Dav Flowers 
Intermorph LS 

SS 

3 (0.06) 23 (0.47) 23 (0.47) G = 1.42, ns 

1 (0.02) 24 (0.44) 29 (0.54) 

4 (0.13) 3 (0.10) 24 (0.77) G = 2.35, ns 

0 (0.0) 2 (0.13) 13 (0.87̂  

Proportion of total flowers 



Table lb. Pollen grains that do make it beyond the stigma are inhibited in a 
variety of locations. Contingency tables to contrast the different inhibition 
sites of pollen tubes in a subset of B. ternifolia flowers with pollen tube 
growth beyond the stigma and floral morphology for each pollination treatment. 
The total niimbers of flowers that have pollen tube growth to a particular 
location beyond the stigma are recorded in the table. A total of 19 plants 
with LS and 23 with SS flowers were included. = p< 0.05,'**' = p< 0.01, 
»***' = p<0.0001, ns = not significant. 

Pollination Floral Location of Longest Pollen Tube Beyond the LS vs. SS 
treatment Morph Stigma Following Pollination Treatment 

Pollen tiibes 
in distal 
half of style 

Pollen tubes 
in proximal 
half of style 

Pollen tubes 
reach base 
of style 

First-Dav Flowers 
Intermorph LS 14 (0. 16)̂  32 (0. 35) 44 (0. 49) G = 9. 91** 

SS 7 (0. 16) 5 (0. 11) 32 (0. 73) 

Intramorph LS 6 (0. ,27) 13 (0. .59) 3 (0. .14) G = 8. 60* 
SS 2 (0. .12) 5 (0. .29) 10 (0. .59) 

Self LS 17 (0. .74) 3 (0, .13) 3 (0. .13) G = 11 .21** 
SS 8 (0, .27) 13 (0, .46) 8 (0. .27) 

Second-Dav Flowers 
Intermorph LS 3 (0 .13) 8 (0 .33) 13 (0, .54) G = 2. 01, ns 

SS 0 (0 .0) 4 (0 .31) 9 (0 .69) 

* Proportion of total flowers 



Table Ic. Contingency table to contrast the inhibition sites of pollen tiobe growth 

in subset of flowers with pollen tube growth within the style and type of 

illegitimate pollination treatment of B. ternifolia. Data were analyzed 

separately for each floral morph. The total niimbers of flowers that have 

pollen tvibe growth to a particular location beyond the stigma are recorded 

in the table. A total of 7 plants with LS and 4 with SS flowers were included. 

= p< 0.05, '**' = p< 0.01, ns = not significant. 

Floral Morph Pollination 
treatment 

Location of Longest Pollen Tube Beyond the 
Stigma Following Pollination Treatment 

Intramorph 
vs. Self 

Pollen tiibes 
in proximal 
half of stvle 

Pollen tubes 
in distal half 
half of stvle 

Pollen tubes 
reach base 
of stvle 

LS Intramorph 6 (0.27)" 13 (0.59) 3 (0.14) G = 11.47** 

Self 17 (0.74) 3 (0.13) 3 (0.13) 

SS Intramorph 2 (0.18) 5 (0.46) 4 (0.36) G= 0.47, ns 

Self 8 (0.275) 13 (0.45i 8 (0.275) 

" Proportion of total flowers 



Table 2a. Contingency tables to contrast the location of pollen tiobe growth and floral 
morphology for each pollination treatment of P. poeppiaiana. The total niimbers of 
flowers that had pollen grains or tubes in a particular location are recorded in the 
table. A total of 15 plants with LS and 30 with SS flowers were used. = p< 0.05, 
«**' = p< 0.01, '***' = p<0.0001. 

Pollination 
treatment 

Floral 
Morph 

Location of Pollen Grains or Longest 
Following Pollination Treatment 

Pollen Tube LS vs. SS 

Pollen Grains, 
No Pollen Tubes 

Pollen tubes 
within stigma 

Pollen tiobe 
growth beyond 
stigma 

Intermorph LS 2 (0.17)® 0 (0.0) 10 (0.83) G = 6.60* 

SS 1 (0.04) 8 (0.33) 15 (0.63) 

Intramorph LS 1 (0.085) 1 (0.085) 10 (0.83) G = 25.33** 

SS 10 (0.29) 22 (0.65) 2 (0.06) 

Self LS 0 (0.0) 3 (0.14) 19 (0.86) G = 57.74** 

SS 10 (0.23) 33 (0.77) 0 (0.0) 

" Proportion of total flowers 



Table 2b. Contingency table to contrast the sites of inhibition of pollen tube growth 

in a subset of flowers with pollen tube growth within the style and floral morphology 

for intermorph pollination treatment of P. poepoiaiana. The total niimber of flowers 

that have pollen tube growth within the style are recorded in the table. A total of 

6 plants with LS and 8 with SS flowers were included, ns = not significant. 

Pollination Floral Location of Longest Pollen Tube Beyond the LS vs. SS 

treatment Morph Stigma Following Pollination Treatment 

Pollen tubes Pollen tubes Pollen tubes 

in distal in proximal reach base 

half of style half of style of style 

Intermorph LS 0  ( 0 . 0 ) »  2  ( 0 . 2 0 )  8  ( 0 . 8 0 )  G = 0.41, ns 

SS 0  ( 0 . 0 )  1 (0.07) 14 (0.93) 

' Proportion of total flowers 



Table 3a. Contingency tables to contrast the location of pollen tube growth and floral 
morphology for each pollination treatment of P. chiapensis. The total niomber of 
flowers that had pollen grains or tubes in a particular location are recorded in the 
table. A total of 10 plants with LS and 8 with SS flowers were used. = p< 0.05, 
»**' = p< 0.01, '***' = p<0.0001, ns = not significant. 

Pollination 
treatment 

Floral 
Morph 

Location of Pollen Grains or Longest 
Following Pollination Treatment 

Pollen Tube LS vs. SS 

Pollen Grains, 
No Pollen Tubes 

Pollen tubes 
within stigma 

Pollen tube 
growth beyond 
stigma 

Intermorph LS 0 (0.0)® 0 (0.0) 23 (1.00) G = 0.73, ns 

SS 0 (0.0) 1 (0.11) 7 (0.88) 

Intramorph LS 6 (0.22) 4 (0.14) 18 (0.64) G = 25.48*** 

SS 2 (0.13) 13 (0.87) 0 (0.0) 

self LS 8 (0.27) 4 (0.13) 18 (0.60) G = 37.78*** 

SS 2 (0.09) 21 (0.91) 0 (0.0) 

" Proportion of total flowers 



Table 3b. Contingency table to contrast the inhibition sites of pollen tube growth 

in a subset of flowers with pollen tube growth within the style and floral 

morphology for intermorph pollination treatment of P. chiaoensis. The total numbers 

of flowers of P̂ . chiapensis that have pollen tube growth to a particular location 

beyond the stigma are recorded in the table. A total of 10 plants with LS and 4 with 

SS flowers were included, ns = not significant. 

Pollination Floral Location of Longest Pollen Tube Beyond the LS vs.SS 

treatment Morph Stigma Following Pollination Treatment 

Pollen tiibes Pollen t\ibes Pollen tubes 

in distal in proximal reach base 

half of style half of style of style 

Intermorph LS 0 (0.0)® 0  ( 0 . 0 )  23 (1.00) G = 0.03, ns 

SS 0  ( 0 . 0 )  1 (0.125) 7 (0.875) 

* Proportion of total flowers 



Table 4. Contingency tables to contrast the inhibition sites of pollen tube growth in a 
subset of flowers with pollen tube growth within the style and the type of 
illegitimate pollination treatment. Data were analyzed only for LS flowers of 
P. taoeppiaiana and chiapensis because very few SS flowers of either species had 
pollen t\ibe growth beyond the stigma. The total niimber of LS flowers of P. 
poeppiaiana and P̂  chiapensis that have pollen tube growth to a particular location 
beyond the stigma were recorded. A total of 14 plants of Pj. poeppiaiana and 10 
plants of Pi. chiapensis were included. = p<0.05, ns = not significant. 

Species Pollination Location of Longest Pollen Tube Beyond Intramorph 

treatment the Stigma Following Pollination Treatment vs. Self 

Pollen tubes Pollen tubes Pollen tubes 

in distal in proximal reach base 

half of stvle half of stvle of stvle 

P. poeppiaiana Intramorph 0 (0.0)® 10 (1.00) 0 (0.0) G = 0.01,ns 

Self 0 (0.0) 19 (1.00) 0 (0.0) 

P. chiapensis Intramorph 5 (0.28) 12 (0.67) 1 (0.05) G= 5.91* 

Self 0 (0.0) 17 (0.95̂  1 ( 0 . 0 5 )  

* Proportion of total flowers 
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Fig. 1. Self-pollen of Bouvardia ternifolia on LS morph 

stigma. Two or three grains have pollen tubes just emerging 

from the colpi, but most have no pollen tube germination 

(flower collected 28 hrs. after pollination). All photos 

taken at 125X. 

Fig. 2. Self-pollen of Bj. ternifolia on an SS morph 

stigma. Most grains have not germinated; those that have 

germinated grow in a chaotic pattern and do not leave the 

stigma surface (flower collected 28 hrs. after pollination). 

Fig. 3. Self-pollen of ̂  ternifolia on an LS morph 

stigma. Most pollen grains have germinated; however all 

pollen tube growth has ceased before tubes have reached the 

base of the stigma (see arrow) (flower collected 25 hrs. 

after pollination). 

Fig. 4. Self-pollen of Psvchotria poeppiaiana on an SS 

morph stigma. The pollen tubes that have germinated on the 

stigma have limited, non-directional growth (flower collected 

24 hrs. after pollination). 

Fig. 5. Intramorph pollen of Psvchotria chiapensis on an 

LS morph stigma. Most pollen grains have germinated tubes 
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that have limited, non-directional growth (flower collected 

19 hrs. after pollination). 

Figs. 6a. Self-pollen of P̂ . poeppiaiana on an LS morph 

stigma. Pollen grains have germinated tubes that grow beyond 

the stigma and into the style (flower collected 24 hrs. after 

pollination). 6b. Same style as Fig. 6a, midsection showing 

cessation of self pollen tube growth. 

Fig. 7. Pollen tube growth following intermorph 

pollination of a second-day SS flower of ̂  ternifolia. 

Nearly all pollen grains have germinated tubes that grow 

beyond the stigma and continue through the base of the style 

(not shown) (flower collected 28 hrs. after pollination). 

Fig. 8. Self-pollen of Pj. chiapensis on LS morph stigma. 

Pollen tubes initiated in the stigma continue to grow into 

the style where they cease growth (not shown) (flower 

collected 18 hrs. after pollination). 

Fig. 9. Pollen tube growth following intermorph 

pollination of an LS flower of P̂  poeppiaiana. Most pollen 

grains geminate tubes that grow beyond the stigma and 

continue through the base of the style (not shown) (flower 

collected 24 hrs. after pollination). 
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APPENDIX C 

DIFFERENCES IN FLORAL ONTOGENIES OF 

THREE HETEROSTYLOUS RUBIACEAE AND THE 

IMPLICATIONS FOR DEVELOPMENT FROM 

AN APPROACH HERK06AM0US ANCESTOR 
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Differences in Floral Ontogenies of Three Heterostylous 

Rubiaceae and the Implications of Development from an 

Approach Herkogamous Ancestor 

Amy E. Faivre 

ABSTRACT 

Results of this study suggest several different ways 

that long-styled (LS) and short-styled (SS) flowers develop 

among heterostylous taxa of Rubiaceae. Differences in the 

growth rates of the anthers relative to corollas between LS 

and SS flowers of Psychotria chiapensis, P. poeppigiana, and 

B. ternifolia (all Rxabiaceae) resulted in the differences in 

anther heights between floral morphs. The extended 

elongation of SS buds in comparison to LS buds of B. 

ternifolia may also contribute to differences in anther 

heights between floral morphs. Distinct style heights for LS 

and SS flowers of P. chiapensis and P. poeppigiana originate 

in the earliest stages of bud development and appear to be 

due, in part, to dimorphisms in both stigma lobe size and 

style length between morphs. Differences in style height are 

retained throughout development, as the styles of LS and SS 

relative to corolla length elongated at the same rate. This 

contrasts with B. ternifolia, in which differences in style 

heights are the result of alterations in relative growth 

rates between floral morphs. These results suggest at least 

two independent origins of heterostyly among these taxa. It 
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has been proposed that heterostylous taxa evolved from an 

ancestor with the approach herkogamous (AH) floral 

morphology. The development of two species with the AH 

floral morphology, Psychotria pittieri and P. brachiata, were 

compared to the development of the three heterostylous taxa 

in this study. Using heterochronic models to predict the 

ontogenetic shifts necessairy to go from an AH floral 

morphology to the LS and SS floral morphology, an additional 

evolutionary step is proposed for the Lloyd and Webb (1992b) 

model of a transformation of AH style morphology to a style 

height characteristic of the LS morphology. 

Key Words: approach herkogamy, floral development, 

heterochrony, heterostyly, ontogeny, Rxabiaceae 

INTRODUCTION 

Most organisms exhibit some form of allometric growth, 

whereby different organs or parts of organs grow at unequal 

rates or at rates different from that of the organism as a 

whole. When allometry is used to compare ontogenetic 

trajectories between species, heterochrony (i.e., 

evolutionary changes in the relative timing of key 

developmental events) is often implicated as the mechanism by 

which these differences arose (DeBeer, 1958; Gould, 1977/ 

McKinney, 1988; Raff and Wray, 1989). Alberch et al.(1979) 

developed simplified models to represent the kinds of 
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heterochronic shifts in ontogeny that can occur relative to 

the ancestral conditions. These models identified changes in 

the rate and timing of initiation or cessation of growth as 

key parameters. 

Models of heterochrony were originally constructed to 

describe animal development and can be difficult to apply to 

plants (Guerrant, 1982), which is inherently different (Lord 

and Hill, 1987; Mishler, 1988; Diggle, 1992). Specifically, 

indeterminate growth in plants makes it difficult to define 

the distinct start and end points of development that are 

necessary to make comparisons between organisms (Alberch et 

al., 1979; Fink, 1982;. Mishler, 1988). Further, plant 

development is potentially sensitive to changes in 

temperature, light, and water availability (Mishler, 1988). 

As a result, plants may not have developmental stages that 

occur at repeatable intervals, another feature that impedes 

application of models of heterochrony (Alberch et al. 1979; 

Fink, 1982). To overcome some of these, plant organs with 

determinate growth, such as leaves (Allsopp, 1965; Kaplan, 

1973, as cited in Lord and Hill, 1987) and flowers (Guerrant, 

1982; Smith-Huerta, 1984) have been studied. 

Specific processes that occur during development are 

often used to define comparable start and end points of 

developmental series, such as meiosis in the anthers, 

pollination of the stigma (Lord, 1982; Lord and Hill, 1987) 

or the formation of the megaspore and fertilization of the 
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female gametophyte (Friedman and Carmichael, 1998). Another 

approach, the plastochron index, developed by Erickson and 

Michelini (1957) and modified by Hill and Lord (1990), 

provides a means to compare organs that develop repeatedly 

(e.g., sequential flowers on a spicate inflorescence), but 

whose development in real time may not be comparable. 

A number of researchers have studied heterochronic 

development of flowers of heterostylous species (Richards and 

Barrett, 1984; 1987,-1992; Richards and Koptur, 1993), 

gynodioecious species (Gibson and Diggle, 1998), taxa with 

both cleistogamous and chasmogamous flowers (Lord, 1982), and 

in outcrossing and selfing populations (Hill, Lord, and Shaw, 

1992). Allometric growth has also provided a basis to 

explore plant speciation events (Guerrant, 1982; Smith-

Huerta, 1984; Fenster, et al. 1995) and phylogenetic 

relationships between plant species (Kirchoff, 1983; Hufford, 

1988; Kellogg, 1990). 

In this study, flower development in three heterostylous 

species of Rubiaceae was examined. Heterostyly is a sexual 

system in which plants of the same species produce one of two 

(distyly) or three (tristyly) floral morphs (Darwin, 1877; 

Ganders, 1979; Barrett, 1990; 1992). In a distylous species, 

plants produce either all long-styled (LS) flowers with the 

stigma positioned above the anthers, or all short-styled (SS) 

flowers with the anthers positioned above the stigma. 

Anthers and stigmas of the two floral morphs are reciprocally 
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positioned, and each floral morph has a genetically-based 

incompatibility system that prevents all but intermorph 

crosses (i.e., between LS and SS plants or vice versa) from 

leading to viable seed set (Darwin, 1877; Ganders, 1979; 

Barrett, 1990; 1992). 

For the three distylous species of Rubiaceae studied, 

the allometric relationship between bud length and style or 

anther height was determined for each floral morph from an 

early stage at which growth is arrested to anthesis. These 

data were used in conjunction with observations of structural 

differences between floral morphs to describe how flowers of 

the LS and SS morphologies are produced. Comparisons were 

made between species to determine whether flowers of the two 

congeneric species had more similar developmental pathways 

than those of the more distantly related species. In 

addition, because Lloyd and Webb (1992b) suggested that 

heterostyly evolved from an ancestor with AH flowers (i.e., 

flowers with stigmas positioned above the anthers; Webb and 

Lloyd, 1986), floral ontogeny was studied in two species with 

this sexual system. Based upon these results, predictions 

are made regarding evolutionary shifts in development of the 

AH floral morphology that could lead to LS and SS flowers. 

MATERIALS AND METHODS 

Study Taxa and Research Sites 



166 

Floral development was studied in three heterostylous 

and two approach herkogamous species of Rubiaceae. 

Heterostylous Psychotria chiapensis and P, poeppigiana are in 

subgenus Heteropsychotria (C. Taylor, pers. com.), but may 

not be closely related within that subgenus. Psychotria 

poeppigiana was formerly in the genus Cephaelis, which is now 

included within Psychotria (Steyermark, 1972) . The two 

approach herkogamous species, Psychotria pittieri and P. 

brachiata, are also in subgenus Heteropsychotria (C. Taylor, 

pers, com.). The more distantly related Bouvardia 

temifolia, also heterostylous, is in the same subfamily of 

Rubiaceae as Psychotria. Populations of the four tropical 

species, P. chiapensis, P. poeppigiana, P. pittieri and P. 

brachiata were studied at La Selva Biological Station, 

Heredia, Costa Rica (10=26'N, 83259'W) . Data for the sub

tropical species Bouvardia ternifolia were collected from a 

population in the Santa Catalina Mountains, northeast of 

Tucson, Arizona (32® 17'N, 110®̂  40'W). 

Psychotria chiapensis flowers are white, with a narrow 

tube, ca. 55mm in length. The tubular, yellow flowers of P. 

poeppigiana are ca. 15mm in length and are nestled within 

bright red, 20-25mm long bracts. Both P. pittieri and P. 

brachiata have extremely small flowers, ca. 4mm and ca. 

6.5mm, respectively. The flowers of P. pittieri have a 

narrow tube and are pale yellow; those of P. brachiata are 

funnelfom and bright yellow. Flowers of B. ternifolia are 
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scarlet, tubular, and ca. 31inm in length. All three 

heterostylous species have dimorphic stigma lobe lengths for 

long-styled (LS) and short-styled (SS) flowers (Faivre, 

1998). Additional information about the study sites and 

flowering phenology of these species can be found in Faivre 

(1998). 

Data Collection and Measurement 

Psychotria chiapensis flower buds were collected from 

ten plants with LS flowers and 5 plants with SS flowers. 

Flower buds of P. poeppigiana were collected from 11 LS 

plants and 14 SS plants. Flower buds of P. pittieri and P. 

brachiata were collected from 5 and 8 plants, respectively. 

Buds were collected from these four species June-August, 1996 

and 1997. Flower buds of B. ternifolia were collected from 9 

LS plants and 9 SS plants during May, June, and August of 

1997. 

At least two inflorescences with buds at similarly early 

stages of development were chosen on each study plant. 

Between two and ten buds on each inflorescence were marked on 

the calyx with acrylic paint. Subsequent measurements of 

these floral buds were taken at timed intervals daily, using 

hand-held, Mitutoyo calipers. A subset of buds on each plant 

was measured for changes in size from early developmental 

stages until anthesis. These data were used to provide an 

approximate calibration for changes in bud size in real time. 
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Other buds were measured repeatedly until they were collected 

at sequential developmental stages; these were preserved in 

FAA (5 parts formalin: 5 parts acetic acid: 90 parts 70% 

ethanol). 

In the field, buds of P. pittieri, P. brachiata, and B. 

ternifolia were measured from the indentation between calyx 

lobes to the apex of the bud. The indentation between calyx 

lobes corresponds to the top of the ovary in these flowers. 

Buds of P. poeppigiana and P. chiapensis are tightly 

clustered in dense capitate inflorescences and could not be 

measured directly without causing damage. A flat, wooden 

toothpick was inserted between flower buds until it rested 

against the point of attachment of the bud to the stem. A 

pencil line was drawn on the toothpick to correspond to the 

apex of the bud and the marked portion of the toothpick was 

measured using calipers. The real-time data for buds of P. 

poeppigiana and P. chiapensis included the ovary, and thus 

differed slightly from bud size as it was measured in the 

other three species. 

Video images of buds were taken using a Pulnix TMC-7 

camera that was mounted on a stand directly over the 

specimen, or mounted on an Olympus SZH dissecting scope with 

the specimen on the stage. Once the image had been 

calibrated, Optimas 5.2 (Optimas, 1995) on a Dell Dimension 

XPS P200s computer was used to take measurements directly 

from an image of the specimen that was projected onto a video 
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monitor. Measurements were imported directly into a 

Microsoft Excel spreadsheet. Two images were recorded for 

each bud (Figs, la and lb). The first image captured the 

entire bud (Fig. la) and was used to measure bud size (from 

the apex of the calyx to the apex of the bud) (1; numerals 

correspond to the measurements shown in Figures la and lb). 

Bud size (1) was used throughout the analyses, as it most 

closely corresponded to field data for bud size. Buds were 

dissected, pinned open, and imaged (Fig. lb) to measure style 

height (2, distance from apex of the ovary to base of 

stigma); stigma height (3, distance from apex of the ovaiy to 

apex of the stigma); stigma lobe length (4, distance from 

apex of the style to tip of the stigma lobes); and anther 

height (5, distance from apex of the ovary to apex of the 

anthers). 

Analyses 

To analyze anther and style development for flowers of 

each species, bud size (1), style height (2), stigma lobe 

length (4), and anther height (5) were log-transformed. 

Individuals of P. chiapensis and B. ternifolia for which the 

full range of bud sizes was not available were removed from 

all analyses. Unfortunately, for P. poeppigiana, P. 

pittieri, and P. brachiata sample sizes per plant rarely 

represented a full range of bud sizes. Plants of P. 

poeppigiana from which only a single bud was measured were 
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removed from the analyses but, all plants of P. pittieri and 

P. brachiata were retained as removal would have resulted in 

low sample sizes. Plants of each heterostylous species were 

separated by floral morph. For all species, among individual 

variation was tested using an ANCOVA homogeneity of slopes 

model (SAS, 1990) to examine the relationship between bud 

size and anther or style heights among individual plants of 

the same floral morph. 

For heterostylous species, plots of log-transformed bud 

size versus log-transformed anther height and of log-

transfomed bud size versus log-trans formed style height were 

made to compare LS and SS flower buds of each species. Data 

were analyzed using regression analysis (proc glm; SAS, 1990) 

with and without a second-order term in the model to 

determine if the relationship could best be described as 

curvilinear or as linear. The slope of the line representing 

each floral morph of each species was compared to 1 (which 

would indicate isometry) . A non-parametric bootstrap 

analysis with 10̂  iterations resampled the data and calculated 

a distribution of slopes with 5% confidence intervals (see 

Kowalewski et al., 1997, for a description of this program). 

Growth is isometric when changes in the length of the bud are 

proportionally equal to changes in the length of the floral 

organ. Slopes < 1 indicate a deceleration of floral organ 

length relative to changes in bud length (negative 

allometry). Likewise, slopes > 1 indicate positive 



171 

allometric growth, or changes in the floral organ that exceed 

changes in bud length. For the heterostylous species, the 

slopes of the lines for anther height, style height, and 

stigma lobe length were compared between LS and SS flower 

buds of each species using an ANCOVA homogeneity of slopes 

model (proc glm; SAS, 1990) . 

RESULTS 

Comparison of Conspecific Plants of the Same Floral Morph 

With one exception, there were no significant 

differences among LS or among SS plants for the relationships 

of bud size to anther height or of bud size to style height 

in the three heterostylous species (ANCOVA homogeneity of 

slopes model; SAS, 1990). For P. pittieri and P. brachiata 

the relationships of bud size to anther height and bud size 

to style height were also not significantly different among 

plants. The single exception concerned P. chiapensis, for 

which there was significant heterogeneity among SS plants in 

the relationship between bud size and style height. 

Differences were influenced by variability among buds <16mm 

in length. If these buds were removed, there were no 

significant differences among SS plants. These results 

indicate that floral development in plants of the same floral 
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morph is relatively homogeneous, such that data can be pooled 

to compare development between floral morphs. 

Comparable Developmental Stages Within and Between Species 

Due in part to the inflorescence structure of the 

heterostylous species of Psychotria, the earliest stages of 

development could not be docxamented. As a result, a strictly 

comparable point in the developmental trajectories of all 

five species, such as anther meiosis, could not be 

established as an absolute zero. However, data from buds 

measured in real time suggested a very similar developmental 

pattern in all five. In the earliest stages of development, 

buds were initiated and developed to a point at which growth 

was arrested; at this stage they were consistently about 25% 

of length at anthesis. Buds remained at this arrested stage 

for several days. Once buds began to grow again, they 

entered a period of rapid elongation and opened within a 

predictable range of hours spanning a few days. This pattern 

of development was especially true for flowers of P. 

chiapensis (Fig. 2, note data are log-transformed). Buds of 

P. chiapensis LS and SS flowers took ca. 60 hrs. to develop 

to anthesis once growth was reinitiated. For all species, 

buds were collected to represent the full range of sizes; 

however, results reported here emphasize the last 

developmental stage which starts as buds elongate following 

the arrested stage and ends with anthesis. 
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Style Height vs. Stigma Height 

Style height, stigma height, and stigma lobe length were 

compared across the three heterostylous taxa to determine 

which measurement would be most comparable among taxa. In 

the earliest stages of bud elongation, stigma heights (i.e., 

style height + stigma lobe length) of LS and SS floral morphs 

were nearly identical (A. Faivre, pers. obs.). However, 

style heights in the early stages of bud elongation, 

especially for the two Psychotrias, were dimorphic. Even at 

this early stage of development, LS flowers already had 

longer styles and shorter stigmas than those of SS flowers. 

Stigma lobe lengths of LS and SS flowers were equal (B. 

temifolia) or dimorphic (P. chiapensis, P. poeppigiana) with 

SS flowers having greater stigma lobe lengths. Overall, 

during bud elongation, most of the change in stigma height 

was due to elongation of the style, rather than growth of the 

stigma lobes. If stigma height alone had been measured, the 

differences between floral morphs in morphology and rates of 

style and stigma lobe growth would have been masked. Because 

most of the change in total gynoecial height was due to style 

height, this variable was used for comparison both within and 

between species. 

Anther and Style Growth and Development 
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For LS and SS flowers of P. poeppigiana, and for LS 

anther and SS style development in flowers of B. ternifolia, 

a second-order term did not significantly improve the 

explanatory power of the relationship between bud length and 

the variables measured. In contrast, for both floral morphs 

of P. chiapensis, and for anther heights of SS and style 

heights of LS flowers of B. ternifolia, adding a second-order 

term improved the fit of the model to the data, giving slight 

increases in the r̂  values. However, a linear term 

consistently explained a greater amount of the variation in 

the data than a second-order term. Thus, for all taxa, the 

best-fit linear equation was used to describe anther and 

style development. 

Psychotria chiapensis 

The difference in anther heights between LS and SS 

flowers of P. chiapensis was produced by a small but highly 

significant (p < 0.0001, Table 1) difference in relative 

growth rates of these organs between floral morphs (Fig. 3a). 

Anther heights in both floral morphs were positively 

allometric relative to changes in bud size (Table 1). In the 

early stages of bud elongation, the two morphs had similar 

rates of change in anther height, represented by the 

overlapping lines for LS and SS buds (Fig. 3a). However, in 

the final stages of bud elongation, anther heights in SS buds 

grew at a faster rate relative to those in LS buds, as 
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indicated by the divergence of the lines representing anther 

development in both morphs (Fig. 3a). 

Style development followed a different pattern (Fig. 4a) 

in that the relationship between bud length and style height 

did not differ between floral morphs (Table 2). This 

indicates that structural differences in earlier stages of 

development, prior to the stage of bud elongation emphasized 

here, must have led to the difference in style heights that 

was maintained throughout bud elongation. As described 

above, buds of P. chiapensis observed at the earliest stages 

of elongation had similar stigma heights, regardless of 

floral morph. Thus, early in development, stigma heights in 

LS and SS buds did not differ. However, in LS buds, most of 

overall stigma height was stylar, whereas the opposite was 

observed in SS buds. There were no significant differences 

in relative rates of stigma lobe development between floral 

morphs (Table 3). However, the stigma lobes of SS flowers 

exceeded those of the LS floral morph throughout the period 

of development monitored in this study (Fig. 5a). 

Psychotria poeppigiana 

As with flowers of P. chiapensis, the difference in 

anther heights between LS and SS flowers of P. poeppigiana 

resulted from significant differences (p < 0.0027) in the 

relative growth rates between floral morphs (Table 1). 

Growth rates of anthers in LS vs. SS flowers appeared to 

diverge at an earlier stage of bud elongation in P. 
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poeppigiana compared to P. chiapensis (compare Figs, 3a and 

3b). Changes in anther height of SS flowers were isometric 

relative to changes in bud length (Table 1). In contrast, 

anther heights in LS flowers had a negative allometric 

relationship to bud length (Table 1). 

Style development in LS and SS flowers of P. poeppigiana 

showed a pattern similar to P. chiapensis in that stylar 

growth rates did not differ between LS and SS flowers (Table 

2; Fig. 4b). Growth rates of styles of both floral morphs 

were positively allometric in relation to changes in bud 

length (Table 2). As with P. chiapensis, differences in the 

earlier stages of development prior to bud elongation 

apparently led to dimorphism in style heights. This may be 

due in part to differences in the proportion of total stigma 

height that is stylar versus stigmatic, as described for P. 

chiapensis. For P. poeppigiana, the stigma lobes of the SS 

floral morph were not only larger at the time of bud 

elongation, but they also developed at a significantly 

greater relative rate than LS stigma lobes (Table 3, Fig. 

5b) . 

Bouvardia ternifolia 

Differences in anther heights of LS and SS flowers of B. 

temifolia were the result of a small but highly significant 

difference in relative growth rates between the two floral 

morphs (Table 1), as in the other two study species. 

Cessation of growth of the anther prior to anthesis may occur 
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at a slightly smaller bud size in LS compared to SS flowers 

of B. ternifolia (see arrow, Fig. 3c). This observation is 

supported by the dimorphism found in corolla size at anthesis 

for B. ternifolia; SS flowers have significantly longer 

corollas (Faivre, 1998). Anthers of both floral morphs have 

positive allometric growth relative to changes in bud length 

(Table 1). 

Unlike the two heterostylous Psychotrias, differences in 

style heights of LS and SS flowers of B. ternifolia were the 

result of differing relative growth rates from the earliest 

stages of bud elongation (Table 2, Fig. 4c) . Changes in 

style heights for both floral morphs were positively 

allometric relative to changes in bud length (Table 2). 

Style heights of LS and SS floral morphs prior to bud 

elongation did not show the obvious size dimorphism found in 

the Psychotrias. However, as for both Psychotrias, flowers 

of B. ternifolia also had dimorphic stigmas at anthesis 

(Faivre, 1998) . The size dimorphism was less marked for B. 

ternifolia (ca. 0.3inm) in comparison to both Psychotrias (ca. 

1.2-4mm) (Faivre, 1998). The relative growth rates for 

stigma lobes of each morph were not significantly different 

(Table 3). Figure 5c indicates considerable overlap in 

stigma lobe sizes between LS and SS floral morphs at all bud 

sizes considered, 

Psychotria pittieri and P. brachiata 
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There was a negative allometric relationship between bud 

length and anther height during floral development in P. 

brachiata, whereas all other relationships in the AH species 

were positively allometric (Table 4). For both AH species, 

the magnitude of the slope of bud length versus style height 

was twice that observed in the LS morphs of the heterostylous 

species (Figs. 6, 7; Table 4). In flowers of the AH species, 

anthers were above the style throughout most of development 

and the style grew to equal or surpass anther height just 

prior to anthesis (Figs. 6,7). 

DISCUSSION 

Anther Height Development 

Anther height in the heterostylous species was closely 

linked to changes in bud length, as the stamens of all three 

are epipetalous (i.e., attached to the internal surface of 

the corolla). For both B. ternifolia and P. chiapensis 

Faivre (1998) documented small, but significant differences 

in corolla lengths between LS and SS flowers at anthesis, 

with SS flowers having longer corollas and corolla tubes than 

LS flowers. These results suggest that continued growth of 

SS buds to achieve greater size at anthesis (arrow. Fig. 3c) 

may also contribute to the differences in anther heights 

between morphs of B. ternifolia. Any increase in length 

between SS and LS buds of P. chiapensis must occur in the 
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final 2-3 hours of development prior to anthesis; a period of 

time not reflected in the buds included in Fig. 3a. 

Anther heights were eĵ ected to have an isometric 

relationship with bud elongation due to the direct attachment 

of anthers to the corolla. However, only the SS flowers of 

P. poeppigiana had anthers with isometric growth relative to 

bud length (Table 5). Positive allometric growth in P. 

chiapensis and B. ternifolia suggests that anther height may 

also be due to elongation of the filaments in these species. 

Changes in filament length were found in both heterostylous 

species of Psychotria, especially in SS flowers (A. Faivre, 

per. obsv.). However, filament elongation does not explain 

the developmental patterns in B. ternifolia, as filaments are 

minute and serve only to attach anthers to the corolla. In 

fact, the magnitude of the slopes for both LS and SS anther 

height relative to bud length for B. ternifolia (Table 1) 

suggested nearly isometric growth. Long-styled buds of P. 

poeppigiana had a negatively allometric relationship between 

anther height and bud length. This suggests that the corolla 

may be elongating in the region above the point of filament 

attachment. However, until a study of cell size and cell 

number is made in regions above and below filament 

attachment, conclusions cannot be drawn. 
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Style Height Development 

In B. ternifolia, differences in relative growth rates 

led to differences in style heights of LS and SS flowers 

(Table 5). For both heterostylous species of Psychotria, 

style heights in LS and SS buds increased at the same 

relative rate throughout bud elongation. Observations of 

style heights in Psychotria buds at different stages of 

development indicated that the differences in style lengths 

between floral morphs were present early in development, 

prior to bud elongation, and were maintained throughout. 

This difference was accompanied by dimorphism in stigma lobe 

size, opposite to that for style heights (i.e., SS buds and 

flowers had greater stigma lobe lengths than LS). 

Previous Studies of Floral Development in Heterostylous Taxa 

Few studies have documented floral development in 

heterostylous species. The most detailed studies thus far 

have concentrated on tristylous species (reviewed by Richards 

and Barrett, 1992). Observations of anther and pistil 

development in species of Oxalidaceae and Lythraceae 

(Stirling, 1933; 1936), and of anther and style development 

for taxa in Pontederiaceae (Richards and Barrett, 1984; 1987) 

dociamented different developmental pathways leading to anther 

and style heights in long-, mid-, and short-styled flowers 

among these families (Richards and Barrett, 1992). Richards 

and Barrett (1992) proposed that differences in floral organ 



181 

development among families is the result of independent 

evolutionary events leading to tristyly. 

Most of the few studies of development of distylous 

flowers involved Rubiaceae (Richards and Barrett, 1992; 

Richards and Koptur, 1993/ Riveros, Barria, and Humana, 

1995). Results from these and the present study indicate at 

least four developmental pathways for achieving differences 

in style heights between LS and SS flowers. One pathway 

indicated differences in style heights between LS and SS 

flowers were the result of a late reduction in growth rate of 

SS styles. This pathway was found for flowers of P. 

poeppigiana, P. suerrensis (Richards and Barrett, 1992) and 

Guettarda scabra (Rubiaceae) (Richards and Koptur, 1993) . 

The second pathway depicted styles of SS buds as not changing 

in height throughout development, while LS styles steadily 

increased in size (Richards and Barrett, 1992). Faramea 

suerrensis exemplified this pathway. Hedyotis salzmannii 

(Rubiaceae) had a third developmental pathway with style 

heights diverging at very early stages of bud elongation 

(Riveros, Barria, and Hiimana, 1995), similar to the pattern 

found here for B. ternifolia. A fourth developmental pathway 

was found by Richards and Barrett (1992) for Cephaelis 

tomentosa (= P. poeppigiana). These authors concluded that 

differences in developmental rates led to LS and SS style 

heights of P. poeppigiana, a conclusion that differs from 

this study. Richards and Barrett (1992) included smaller-
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sized and fewer buds of P. poeppigiana than used in this 

study, both of which may have led to the contrasting results. 

Such differences among taxa may reflect the independent 

evolutions of heterostyly as previously suggested for 

heterostyly within Psychotria (Hamilton, 1990) , and for 

Rubiaceae as a whole (Darwin, 1877; Bahadur, 1968). 

Alternatively, if these represent a single evolutionary 

event, then the developmental pathway has been subsequently 

modified in each species. 

Fewer data are available for developmental differences 

in anther heights of distylous taxa. For Guettarda scabra 

(Richards and Koptur, 1993) and Hedyotis salzmazmii (Riveros, 

Barria, and Humana, 1995), differences in anther height were 

the result of differences in growth rate from early stages of 

bud elongation. However, the plots of bud length versus 

anther height for H. salzmannii resemble those of both 

heterostylous Psychotrias in this study, whereas those for G. 

scabra resemble B. ternifolia. These results suggest at 

least two developmental patterns that lead to differences in 

anther heights between floral morphs. 

A Model for the Development of Distyly from an Approach 

Herkogamous (AH) Ancestor 

The most recent and well-developed evolutionary models 

for heterostyly, specifically distyly, differ from one 

another in several ways. These differences include whether 
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the ancestor was homostylous (Charlesworth and Charlesworth, 

1979) or approach herkogamous (Lloyd and Webb, 1992b), and 

whether the heterostylous incompatibility system arose prior 

to (Charlesworth and Charlesworth, 1979) or following (Lloyd 

and Webb, 1992b) the reciprocal floral morphology. Support 

for the Charlesworth and Charlesworth model (1979) is found 

in the evolutionary sequence of heterostyly proposed by Baker 

(1966) for Plumbaginaceae. Baker (1966) suggested that 

monomorphic self-incompatible taxa were ancestral to 

dimorphic self-incompatible taxa, and from these dimorphic 

taxa the heterostylous taxa were derived. Because 

heterostyly has evolved independently in at least 23 of 25 

angiosperm families in which it occurs (Lloyd and Webb, 

1992a), it is possible that more than one evolutionary 

pathway to heterostyly will be documented. Ganders (1979) 

argues that the monomorphic, self-compatible ancestor as 

described by Charlesworth and Charlesworth (1979) is unlikely 

as most self-compatible taxa have some separation between 

anthers and stigmas within flowers. Darwin (1877) also 

proposed that the dimorphism in stigma and anther heights 

would have arisen prior to the incompatibility system. 

Anderson (1973) suggested that the ancestor of heterostylous 

taxa in Rubiaceae may have had a protandrous floral 

morphology, and later evolved the incompatibility system. 

These arguements all lend support to the evolution of 

heterostyly as suggested by the Lloyd and Webb (1992b) model. 
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In this study, the development of the AH species was 

compared to three heterostylous species to provide insight 

into predictions of the Lloyd and Webb (1992b) model. 

According to the Lloyd and Webb (1992b) model, a mutation in 

style height of the AH floral morphology results in a reverse 

herkogamous (RH) flower (i.e., anthers positioned above the 

stigma; Webb and Lloyd, 1986) such that anthers are at the 

same height in both the AH and RH floral morphs, but the 

stigma is below the anthers in the RH morph. A fitness 

advantage allows the new mutation to spread through the 

population, and eventually a second mutation alters the RH 

floral morphology (i.e., the SS flower) to have anthers at a 

height equal to that of the style in the AH floral morph 

(i.e., the LS flower) . Adding to the plausibility of the 

Lloyd and Webb model is the observation that the AH floral 

morphology is common in plant families with heterostylous 

taxa, and in angiosperms in general (Lloyd and Webb, 1992a) . 

The assumptions of the Lloyd and Webb model can be used 

to build predictions regarding the ontogenetic shifts 

required to transform the AH floral morphology to that of the 

SS morphology. Lloyd and Webb (1992b) do not propose any 

changes in the AH floral morph to transform it to the LS 

floral morph: the AH floral morph essentially is the LS 

floral morph. The evolution of the SS flower involves first 

changing style height to become the RH floral morphology and 
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second adjusting anther height to match that of the style 

height of the AH (= LS) morph. 

Here floral development in P. pittieri and P. brachiata, 

two AH, self-compatible species, was compared to that of the 

heterostylous taxa. Style height in AH flowers increases at 

a much greater rate relative to bud length than observed in 

heterostylous flowers. This suggests a modification of the 

Lloyd and Webb (1992b) model to include a transformation of 

the AH floral morphology to the LS floral morphology. Thus, 

whereas the Lloyd and Webb (1992b) model calls for a mutation 

in AH style development that results in the style height 

characteristic of the SS morph, the results of this study 

suggest instead that an initial mutation may occur in AH 

style development to yield LS style height. A concomitant 

mutation may occur that changes the AH (or newly established 

LS) style height to the style height characteristic of SS 

flowers. 

Regarding anther height, results for P. pittieri (Fig. 

6) and P. brachiata (Fig. 7) showed that anther height 

exceeded style height throughout most of bud elongation. The 

style heights appear to exceed the anther heights just prior 

to anthesis to result in the anthers being positioned beneath 

the styles. This developmental pathway suggests that a 

simple shift, such as an earlier cessation of style 

development or an acceleration in the development of anther 

height relative to style height, could lead to anthers 
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positioned above the stigma resembling the anther position of 

an SS flower. Presiamably, the separation between style and 

anthers in AH flowers is greater than that of LS flowers, as 

the anthers of LS flowers must align with the stigma of SS 

flowers. However, from these data a direct mechanism for a 

decrease in anther height in LS flowers relative to AH 

flowers cannot be proposed. 

Combining the predictions of the Lloyd and Webb model 

with the developmental studies of AH and heterostylous taxa 

in this study, a set of heterochronic models can be developed 

to represent the evolution of heterostyly in these taxa. One 

source of error here is the absence of real time data 

(critiqued by McKinney, 1988; Gibson and Diggle, 1998). 

Field data (see materials and methods; Fig. 2) indicate that 

changes in bud size are similar over time between floral 

morphs, and thus suggest that bud length can act as a proxy 

for time. The models were interpreted with this as an 

assumption (Figs. 8,9). Confidence in the interpretation of 

these models is also limited by the fact that phylogenetic 

relationships among the Psychotria species are not known; the 

AH species may not be the closest relatives of either 

heterostylous species. Despite these limitations, simplified 

models following Alberch et al. (1979) may provide further 

insight into Lloyd and Webb's (1992b) ideas regarding the 

evolution of heterostyly. 
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In the heterochronic models (Figs. 8, 9), the AH floral 

morphology is depicted as the ancestral form. The 

developmental differences in LS and SS anther height for P. 

poeppigiana arise predominantly from differences in relative 

growth rates between floral morphs (Fig. 8a). Though it 

seems likely that anthers of LS flowers would be positioned 

at a lower point in the corolla than in AH flowers, there is 

no direct support from the data for this. Thus, as both AH 

and LS flowers have anthers positioned below the stigmas, 

their developmental trajectories will be plotted as 

equivalent. The increased relative growth rate of anther 

height of SS flowers represents an acceleration in 

development from the LS form, and thus pres\jmably from the AH 

form. 

Based upon the results in Fig. 3a, the development of 

anther height in P. chiapensis may follow the same 

heterochronic model as P. poeppigiana. However, because this 

species is known to have dimorphic corollas at anthesis, it 

may follow the heterochronic model proposed for B. ternifolia 

(Fig. 8b). Differences in anther height for B. ternifolia 

are also the result accelerated development of SS anthers 

relative to the LS, and presumably the AH, floral morphology. 

However, the larger corolla size in the SS floral moirph at 

anthesis and the existence of SS buds that are also longer 

than any of the sampled LS buds (Figure 3c), suggest that 

differences in anther height for B. ternifolia are also due 
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to a shift in relative time of maturation, or progenesis. 

Specifically, the SS floral morph may reach anthesis later 

than the LS floral morph, and presumably the AH ancestor, 

indicating hypermorphic development of anthers in the SS 

floral morph. 

Differences in style height between morphs in P. 

chiapensis and P. poeppigiana appear to reflect a shift in 

relative rate from the ancestral, AH form (B̂ ig. 9a) . 

Relative to the ontogeny of style height in both AH species, 

the rate of style growth in both the LS and SS floral morphs 

has been retarded and is neotenic. Relative to one another, 

style elongation in LS and SS buds occurs at the same 

relative rate. In the smallest buds used in this study, the 

style size differences between morphs were already present, 

as indicated by the different intercepts of the LS and SS 

line in Fig. 9a. Without knowledge of the earliest 

developmental stages in these buds, it cannot be determined 

how these differences in style heights originated. They may 

be the result of differences in the timing of initiation of 

LS and SS stylar development, or differences in rates of 

growth that subsequently equilibrated later in development. 

Developmental differences between stylar height of the 

AH floral morphology and LS and SS flowers of B. ternifolia, 

are due to changes in relative growth rates (Fig. 9b). 

Neoteny describes style development in both the LS and SS 

floral morphs relative to the AH morph. There are at least 
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two potential pathways of evolutionary change that could have 

led to SS style height. Neotenic shifts in development of 

the AH style may have resulted in the stylar height 

characteristic of LS flowers, and subsequently LS style 

heights may have undergone neotenic shifts leading to the 

style heights characteristic of SS flowers. Alternatively, 

neotenic shifts to AH style height may have occurred twice to 

result once in the style heights characteristic of LS 

flowers, and once in the style heights characteristic of SS 

flowers. 

Conclusions 

The results of this and other studies suggest that there 

are a niomber of ways that differences in anther and style 

heights may develop between floral morphs and among 

heterostylous species. Neither the ontogenetic data nor the 

phylogenetic data fully clarify the evolutionary histoiy of 

these developmental pathways of heterostyly. Still, as 

floral ontogeny is more similar in the Psychotrias than 

between these and Bouvardia suggests that different 

evolutionary transitions to heterostyly may be marked by 

different ontogenetic patterns. 

The most dramatic differences between the Psychotrias 

and B. ternifolia were with regard to the developmental 

pathways for style height. For the Psychotrias, style height 

differences between LS and SS flowers appeared to originate 
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from proportional differences in stigma lobe and style 

lengths originating in the earliest stages of development; 

these were maintained throughout development as SS and LS 

styles grew at the same relative rates. In B. ternifolia, 

there was no obvious dimorphism in stigma lobe size in the 

earlier stages of bud elongation between floral morphs, and 

differences in style height were achieved by differences in 

relative growth rates. 

Anther development was similar among all three species, 

potentially due to the fact that all have epipetalous 

stamens. In all three species, differences in LS and SS 

anther heights were due predominantly to differences in 

relative growth rates. However, in B. ternifolia, buds of 

the SS floral morph were longer at anthesis, contributing to 

the difference in LS and SS anther heights. Long-styled and 

SS floral morphs of Psychotria chiapensis have dimorphic 

corollas at anthesis, as well, but differences in bud length 

between morphs were not found for buds collected just prior 

to anthesis. 

These developmental differences between the 

heterostylous Psychotrias and B. ternifolia may reflect two 

independent evolutionary shifts to heterostyly. 

Alternatively, if heterostyly has evolved only once in or 

prior to the most recent common ancestor of these taxa, 

modifications have been made to the original developmental 

pathway in at least 1 of 3 species. If developmental 
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differences represent separate origins of heterostyly, these 

results together with those from other, more distantly 

related heterostylous taxa in Riibiaceae, suggest that 

heterostyly has evolved a number of times independently 

within this family. Alternatively, if it evolved only once, 

then developmental differences among species must represent 

modifications of the original pathway. The degree of 

developmental lability is surprising considering that the 

products of these developmental pathways must have stigma and 

anthers at reciprocal positions. This requirement for 

reciprocal herkogamy between the two mature floral forms 

would suggest a non-plastic developmental pathway that would 

not be subject to facile adjustment of ontogenetic 

differences in timing, initiation, and maturation. 

Assuming bud length can be used as a surrogate for real 

time, heterochronic models provide simplified representations 

of style and anther development both between LS and SS floral 

morphs and among species. Style elongation relative to bud 

elongation in two AH species occurred at a more rapid rate 

than in either the SS or LS buds. These results suggest that 

an additional step may be necessary in the Lloyd and Webb 

(1992b) model to adjust stylar growth to that typical of the 

LS style morph. Changes in anther height throughout ontogeny 

in AH taxa led to anther heights just above or equaling style 

height just prior to anthesis. A small shift in the relative 

growth rate of anther height could lead to placement above 
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stigmas, resulting in the SS floral morph. There may also be 

a change in AH anther development leading to LS anther 

heights that coincide with SS stigma heights. These ideas 

generally fit Lloyd and Webb's (1992b) model, although the 

model does not explicitly indicate that anther height in AH 

or LS flowers must be altered to align with SS stigma height. 

As phylogenetic relationships among taxa become are 

clarified, developmental studies of homostylous and AH taxa 

that are closely related to heterostylous taxa will allow for 

rigorous testing of the Charlesworth and Charlesworth (1979) 

and Lloyd and Webb (1992b) models. Based upon the diversity 

of ontogenetic pathways found for heterostylous taxa in 

Rubiaceae, future studies may suggest further modifications 

to both models to explain the evolution of heterostyly in 

different lineages of angiosperms. 
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Table 1: Results of regression analysis of relative growth rates of anther height 

against bud length for long-styled (LS) and short-styled (SS) flowers of Psychotria 

chiapensis, P. poeppigiana, and Bouvardia ternifolia. Differences between the 

slopes for LS vs. SS morphs are indicated in parentheses after the 

species name. Each slope value is compared to 1, ('*' = p< 0.05, •**' = p< 0.01, 

ns = not significant). 

Species Sample Size 

Floral Morph (Plants, flowers) 

Slope Intercept 

Psychotria chiapenis (p<0.0001) 

LS 

00 

0 .99 1.046** -0.555 

SS (5, 81) 0 .99 1.146** -0.765 

Psychotria poeppigiana (p<0.0027) 

LS (12, 53) 0 .89 0.873* -0.229 

SS (14, 60) 0 .94 1.045 ns -0.354 

Bouvardia ternifolia (p<0.011) 

LS (9, 107) 0 .99 1.022* -0.256 

SS (14, 60) 0 .99 1.068** -0.246 

O 



Table 2: Results of regression analysis of relative growth rates of style height 

against bud length for long-styled (LS) and short-styled (SS) flowers of 

Psychotria chiapensis, P. poeppigiana, and Bouvardia tBrnifolia. Differences 

between the slopes for LS and SS morphs are indicated in parentheses after the 

species name. Each slope value is compared to 1, ('**' = p< 0.01). 

Species Sample Size 

Floral Morph (Plants, flowers) 

Slope Intercept 

Psychotria chiapenis (p<0.7815) 

LS 

00 

0.98 1.300** -1.365 

SS (5, 80) 0.98 1.291** -1.580 

Psychotria poeppigiana (p<0.4619) 

LS (12, 53) 0.93 1.331** -1.045 

SS (14, 60) 0.83 1.258** -1.794 

Bouvardia ternifolia (p<0.0001) 

LS (9, 107) 0.95 1.375** -1.164 

SS (14. 60) 0.95 1.191** -1.149 



Table 3: Results of regression analysis of relative growth rates of stigma lobe 

length against bud length for long-styled (LS) and short-styled (SS) flowers of 

Psychotria chiapensis, P. poeppigiana, and Bouvardia ternifolia. Differences 

between the slopes for LS and SS morphs are indicated in parentheses after the 

species name. Each slope value is compared to 1, {****» = p< 0.0001). 

Species Sample Size Slope Intercept 

Floral Morph (Plants, flowers) 

Psychotria chiapenis (p<0.715) 

LS (4, 86) 0 .84 0.568*** -0.728 

SS 

H
 

00 in 0 .87 0.582*** -0.239 

Psychotria poeppigiana (p<0.0004) 

LS (12, 53) 0 .45 0.403*** -0.976 

SS (14, 60) 0 .85 0.673*** -0.595 

Bouvardia ternifolia (p<0.796) 

LS (9, 107) 0 .65 0.400*** -0.709 

SS (14. 60) 0 .76 0.391*** -0.579 



Table 4: Results of regression analysis of relative growth rates of anther height 

against bud length and style height against bud length for flowers of approach 

herkogamous Psychotria pittieri and P. brachiata. Each slope value is compared 

to 1, {'**' = p< 0.01, '***' = p<0.0001). 

Species Sample Size Slope Intercept 

Floral Organ (Plants, flowers) 

Psychotria pittieri 

Anther 

Style 

Psychotria brachiata 

Anther 

Style 

(5, 55) 

(5, 54) 

(8, 25) 

(8, 24) 

0,91 

0.89 

0.91 

0.90 

1.281*** 

2.107*** 

0.849** 

2.007*** 

-1.029 

-2.043 

-0.649 

-2.454 



Table 5: Siammary of relationships between bud length and anther or style heights for LS 

and SS representatives of the heterostylous species. Different = slopes of 

relationship between bud length and organ length in LS vs. SS differ significantly 

(see Tables 1, 2 for p-values, ns = not significant). The allometric relationship 

between bud length and floral organ length are represented as positive (slope>l), 

negative (slope<l), or isometric (slope=l). 

Species 

Floral Morph 

ANTHER 

LS vs. SS Relationship 

to Bud Length 

STYLE 

LS vs. SS Relationship 

to Bud Length 

Psychotria chiapenis 

LS 

SS 

Psychotria poeppigiana 

LS 

SS 

Bouvardia ternifolia 

LS 

SS 

different 

different 

different 

+ allometry 

+ allometry 

- allometry 

isometry 

+ allometry 

+ allometrv 

ns 

ns 

different 

+ allometry 

+ allometry 

+ allometry 

+ allometry 

+ allometry 

+ allometrv ro 
2 



205 

Fig. la. Bud length (1), measured from the indentation 

between calyx lobes to apex of the bud. 

Fig, lb. Style height (2), stigma height (3), stigma 

lobe length (4), and anther height (5). 

Fig. 2. Relationship between bud length and time for 6 

LS (1-6) and 10 SS (7-16) buds of P. chiapensis measured from 

stage of arrested growth through elongation to anthesis. 

Repeated measurements were taken at 8 hour intervals for 10 

days in the field. Note that the growth of bud 6 was 

arrested until 80 hours after which it grew rapidly to 

anthesis. Similarly, bud 15 was arrested until 150 hours. 

Fig. 3a. Log-transformed data of bud length(mm) versus 

anther height(mm) for buds of Psychotria chiapensis. In 

Figures 3-5, circles represent data for an individual bud of 

the LS floral morphology and squares represent data for an 

individual bud of the SS floral morphology. Regression lines 

have been fit separately to the data for each floral morph. 

Fig. 3b. Log-transformed data of bud length(mm) versus 

anther height (mm) for buds of Psychotria poeppigiana. (See 

Fig. 3a for symbols). 
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Fig. 3c. Log-transformed data of bud length(mm) versus 

anther height (itim) for buds of Bouvardia ternifolia. (See 

Fig. 3a for symbols). 

Fig. 4a. Log-transfomed data of bud length (mm) versus 

style height (mm) for buds of Psychotria chiapensis. (See 

Fig. 3a for symbols). 

Fig. 4b. Log-transformed data of bud length(mm) versus 

style height(mm) for buds of Psychotria poeppigiana. (See 

Fig. 3a for symbols). 

Fig. 4c. Log-transformed data of bud length(mm) versus 

style height(mm) for buds of Bouvardia ternifolia. (See Fig. 

3a for symbols). 

Fig. 5a. Log-transformed data of bud length(mm) versus 

stigma lobe length (mm) for buds of Psychotria chiapensis. 

(See Fig. 3a for symbols). 

Fig. 5b. Log-trans formed data of bud length (mm) versus 

stigma lobe length (mm) for buds of Psychotria poeppigiana. 

(See Fig. 3a for symbols). 



207 

Fig. 5c. Log-trans formed data of bud length (nun) versus 

stigma lobe length(mm) for buds of Bouvardia ternifolia. 

(See Fig. 3a for symbols). 

Fig. 6. Log-transformed data of bud length(mm) versus 

anther height and style height for buds of Psychotria 

pittieri (AH). In Figs. 6 and 7, squares represent anther 

heights measured for individual buds. There is a 

corresponding circle for every square that represents style 

heights measured for individual buds. Regression lines have 

been fit separately to the data for each floral organ. 

Fig. 7. Log-trans formed data of bud length (mm) versus 

anther height and style height for buds of Psychotria 

brachiata (AH), See Fig. 6 for symbols. 
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Fig. 8a. Heterochronic model for anther height 

development in approach herkogamous (AH) flowers (A) , long-

styled (LS) flowers (•), and short-styled (SS) flowers (•), 

in real time. Anther growth rate (K̂ )̂ of AH flowers has been 

accelerated (K̂  ̂+ 8K) for SS flowers, whereas anther growth 

rate in LS flowers remains the same as for AH flowers. The 

time of bud maturation, or anthesis, (P) has not been 

altered. This model fits anther development in P. 

poeppigiana and P. chiapensis compared to the AH species 

studied here. 

Fig. 8b. Heterochronic model for anther height 

development. See Fig. 8a for symbols and explanation of 

differences in developmental rates. In addition to 

differences in developmental rates between floral morphs, the 

anthers of SS flowers reach their final height due to 

hypermorphic development, or maturation at a later stage of 

corolla growth (̂ +8(3), than the AH and LS flowers (P) . This 

model fits anther development in Bouvardia ternifolia and is 

an alternative model for P. chiapensis compared to the AH 

species studied here. 
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Fig. 9a. Heterochronic model for style development. See 

Fig. 8a for symbols. A neotenic model accounts for the 

slower growth rates (K̂  - 6K) of LS and SS styles relative to 

the style growth rate (K̂ ) of AH flowers. The difference 

between LS and SS style heights has already been established 

at this stage of development. This model fits style 

development in P. poeppigiana and P. chiapensis compared to 

the AH species studied here. 

Fig. 9b. Heterochronic model for style development. See 

Fig. 8a for symbols. Differences in style heights of AH, LS 

and SS floral morphs are the result of neoteny. The style 

growth rates in LS flowers have been retarded (Kg - 8KI) 

relative to the style growth rates of AH flowers (K̂ ) . Style 

growth rates of SS flowers are further retarded (K̂  - SKj) . 

Anther growth rates of SS flowers may be the result of a 

single step process, as a direct alteration of the AH growth 

rate. Alternatively, it may have been a two step process as 

a modification of the LS growth rate, that already has been 

modified once relative to AH flowers. This model fits style 

development in B. ternifolia compared to the AH species 

studied here. 
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