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ABSTRACT 

I utilize a variety of methods, from field studies of selection to phylogenetic 

systematics, to study the historical processes involved in the evolution of 

reproductive structures of milkweeds {Asdepias L. [Asclepiadaceae]). In an 

experimental study of a natural population of Asdepias tuberose L., I explore the 

mechanisms by which pollinators select on the arrangement of flowers on a plant. I 

present an evolutionary model for the manner in which pollinators select on 

inflorescence design (the number of flowers in inflorescence units), considering 

reproductive success gained through both male and female function. In this model, 

the maximum fitness is achieved when proportional changes in male and female 

reproductive success with changes in inflorescence-unit size are balanced. The 

model is used to predict optimal inflorescence-unit size in Asdepias tuberosa, 

which roughly match inflorescence-unit sizes observed in nature. 
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In studies of selection on plant reproductive characters in natural 

populations, the pollinators responsible for selection remain unidentified or are 

inferred from floral morphology. In the same experimental population of Asclepias 

tuberosa in which I studied selection on inflorescence design, I measured the 

effectiveness of all common pollinators. Although A. tuberosa possesses 

characteristics of butterfly-pollinated plants, and many butterfly species are found at 

its flowers, the most effective pollinators are bees. Furthermore, the most effective 

pollinators in the study population varied between years. These results suggest that 

inferences about the identity of effective pollinators should be based on careful 

measurements of effectiveness over several seasons. 

In order to study factors that affect the evolution of reproductive characters 

like inflorescence design in this large genus, it is desirable to employ a phylogenetic 

hypothesis of the relationships among Asclepias species. I present such an analysis 

based on morphological data. My results suggest that some of the North American 

species of Asclepias are more closely related to African species in other genera than 

to other North American species of Asclepias. Also, most infrageneric groups 

currently recognized are not monophyletic. Several novel infrageneric groupings 
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are well-supported by my results. I also present analyses of the evolution of growth 

form and flower "horns" based on an explicit phylogenetic hypothesis. 
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CHAPTER 1 

INTRODUCTION 

"The function of the corona and its relationship to pollination is 

but little understood, and though it is unlikely to be the same in 

all taxa, field studies will undoubtedly lead to interesting results 

which may well yield evidence bearing on the phylogeny of the 

family [Asclepiadaceae]." 

A. A. Bullock (1953) 

1.1 Background 

Starting with the observations and experiments of Sprengel and Darwin, the 

remarkable diversification of flowering plants has been associated with aspects of 

pollination. Sprengel (1793) was among the first to observe and meticulously record 

the astounding interspecific variation in floral morphology. He also noted the elaborate 

means by which flowers interact with animal pollinators. Darwin, too, recorded 

voluminous observations of floral structure and function. His outstanding contribution 

was to develop a theoretical framework for understanding the diversification of floral 

structures. He hypothesized that variations in floral morphology evolved so as to 
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promote outcrossing, and he carried out experimental tests of corollaries of this premise 

(Darwin 1876). 

Darwin's adaptive explanations for the function of flowers were widely accepted 

in the first half of the twentieth century, and pollination biologists busied themselves 

with die task of documenting further the intricacies of floral design. On a larger scale, 

the role of pollination biology in the diversification of angiosperms was considered. 

Grant (1949, 1971) and Stebbins (1974), in particular, advocated a prominent role for 

animal pollination in the processes leading to speciation and diversification in flowering 

plants. By extending Darwin's argument for the outcrossing function of flowers to 

modes of speciation. Grant and Stebbins implicated evolution of floral structures in the 

reproductive isolation of plant populations. 

In the middle part of this century, the field of pollination biology was 

dominated by adaptive. Darwinian explanations for floral features. The premise that 

floral diversity evolved to foster outbreeding, which contributed to the rapid evolution 

of new species, was theoretically sound, but lacked testable hypotheses. The critical 

step that resulted in the blossoming of plant reproductive ecology was the integration of 

population-genetic and sexual-selection theories into the study of plant reproduction in 

the 1970's. In particular, the application of Bateman's principles (Willson and Rathcke 

1974, Willson 1977) for the gender-specific limitations on reproductive success and the 

application of sex-ratio theory (Charnov 1982, Lloyd 1984) to the evolution of 

allocations to male and female structures, brought about a synergistic effect on the 
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development of evolutionary theories of pollination ecology. These theories produced 

testable hypotheses about the way selection operates on floral structures that may 

function in reproductive success through either ovules or pollen (or both). 

Similarly, developments in the theories and techniques of systematic biology, 

notably the acceptance and refinement of phylogenetic systematics (Hennig 1966), 

made it possible to test more rigorously the relationship between pollination biology 

and species diversification. These techniques also allow for the extension of 

population-level explorations of the adaptive significance of floral traits (newly 

interpreted through the synthesis described above) to the level of interspecific 

comparisons (Donoghue 1989, Armbruster 1993). 

1.2 Explanation of Dissertation Format 

The major chapters of this dissertation consist of a published paper, a submitted 

manuscript, and a manuscript to be submitted, each contained in a separate appendix. 

Appendix A, "Infrageneric relationships oi Asclepias L. (Asclepiadaceae)," is to be 

submitted to Systematic Botany. It consists entirely of my own work. Appendix B, 

"Evolution of Inflorescence Design: The Importance of Male Function in Milkweeds 

Reconsidered." is co-authored by D. Lawrence Venable, and is submitted to Evolution. 

The model presented in this paper was largely developed by Dr. Venable, whereas the 

field experiments, data analysis, and writing are essentially my own. Appendix C, 



"Diversity and Temporal Change in the Effective Pollinators of Asclepias tuberosa,'' 

also co-authored by D. Lawrence Venable, and is published in Ecology. The 

experimental design, field work, data analysis, and writing are essentially my own. 



14 

CHAPTER 2 

PRESENT STUDY 

My interests center on integrative approaches to the study of floral function and 

evolution in the genus Asclepias L. (Asclepiadaceae). Asclepias (milkweeds) is a 

relatively large genus (120 to ca. 300 species, depending on circumscription) of mostly 

subtropical and temperate herbs. The family Asclepiadaceae is notable for the extreme 

specialization of floral morphology that involves connation (fusion of like parts) and 

adnation (fusion of different parts) of structures of the androecium and gynoecium. 

The two carpels of the gynoecium are fused by their styles. The five stamens are 

usually fused into a ring by both the filaments and anthers, and are also fused to the 

common style, forming a gynostegium. Pollen grains from a single anther theca are 

usually coherent into a waxy pollinlum that is transferred between flowers as a unit. 

Almost all Asclepiadaceae are further characterized by elaborations of the stamens or 

corolla that are collectively termed the corona. Asclepias species are notable in the 

family for coronas that are composed of unusually large abaxial appendages of the 

filaments that are deeply cupped and serve as nectar reservoirs. These coronal 

segments are highly diverse in Asclepias, such that nearly every one of the 120+ 

species can be identified by its characteristic corona. This diversity is suggestive of 
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selection by pollinators, but specific hypotheses are lacking for the evolutionary 

transitions between coronal forms and for the role of pollinators as selective agents. 

In order to understand the diversification of floral form and function in 

Asclepias, I employ a variety of techniques that address the historical patterns and 

processes of floral evolution as well as current ecological and selective aspects of 

pollination. I use the techniques of phylogenetic systematics to construct evolutionary 

hypotheses of species relationships in the genus. Such hypotheses are useful in 

inferring patterns of evolution of floral characters, such as corona form or umbel size 

and in testing hypotheses of correlation between such evolutionary transitions and other 

morphological or ecological factors. I use field experiments to test hypotheses about 

the way selection operates on floral characters. I also use detailed field observations to 

precisely determine pollinator relationships of Asclepias species. In the future, these 

approaches will be more completely integrated. For example, phylogenetic studies will 

be used to identify particular species of interest for field studies of floral function and 

selection. More intensive field studies of many species will also provide valuable data 

to be analyzed phylogenetically, such as pollinatoc relationships. In this dissertation, I 

present the initial results of this research program. I present a phylogenetic study of 

infrageneric relationships of Asclepias, a model and data considering the evolution of 

umbel size, and data regarding the effective pollinators of Asclepias tuberosa. 

In Appendix A (Infrageneric relationships oi Asclepias L. [Asclepiadaceae]), I 

present a phylogenetic analysis of Asclepias. Because the generic circumscription of 



Asclepias is controversial, I briefly investigate the monophyly of the North American 

species and their relationships to closely related species that are often considered 

congeneric. The principle goal of this study is to discover the major evolutionary 

lineages within North American Asclepias and to discover the relationships among diese 

species groups. I use parsimony analysis of morphological data recorded fi^om 

observation of dried and spirit-preserved specimens to determine these phylogenetic 

relationships. The resulting phylogeny is used to infer patterns of evolution of 

ecologically interesting characteristics of milkweeds, such as growth form, and corona 

morphology (see above). 

In Appendix B (Evolution of Inflorescence Design: The Importance of Male 

Function in Milkweeds Reconsidered), I address evolutionary explanations for the 

number of flowers per umbel (a unit of the inflorescence) in milkweeds. Asclepias 

species are notable for their exceedingly low fhiit production. Although most 

outcrossing plants with hermaphroditic flowers produce substantially less than one fruit 

per flower (about 20% of flowers per plant produce fruit; Sudierland and Delph 1984), 

milkweeds often achieve on the order of I % fruit set (Wyatt and Broyles 1994). An 

explanation for the low fruit set of Asclepias syriaca L. (common milkweed) was one 

of the first applications of Bateman's principles to plant reproduction (Willson and 

Rathcke 1974). Low fruit set was explained as a result of strong selection on flower 

number through male function: large tloral displays in this species evolved because 

pollen from individual flowers achieved greater fitness through an increased probability 

of fathering seeds on other plants. Male function was deemed more important in the 
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evolution of this trait (floral display) than female function, because seed production per 

flower was constant over a wide range of sizes of floral displays. There are, however, 

other interpretations of the role of differential selection on floral display via male and 

female function (Broyles and Wyatt 1995). The principal argument against the 

relatively greater importance of male function in selection on floral display is that 

selection should act through differences in total reproductive success among 

individuals. At the level of an entire plant, total reproductive success typically 

increases through both male and female function with increases in total flower 

production, suggesting that emphasis on selection via male function alone is 

unwfirranted. 

In Appendix B, an evolutionary model for floral displays is developed that 

incorporates a game-theoretical approach (Maynard Smith 1982). This model assumes 

that floral displays are composed of iteratively produced units upon which selection 

acts, and that the number of these units is controlled primarily by the availability of 

resources for reproduction. Fitness through male and female function is modelled 

separately and depends not only on an individual's phenotype, but on that of all others 

in the population. The insights from this model are used to interpret an experimental 

study of the floral display of Asclepias tuberosa L. In this study, I manipulated the 

number of flowers per inflorescence unit (umbels, in milkweeds), holding total display 

size constant, and measured components of male and female reproductive success. The 

empirical relationships between number of flowers per umbel and male and female 
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reproductive success are interpreted with the model results to predict the umbel size 

favored by selection for this population, which is compared to the actual umbel size of 

A. tuberosa. 

In Appendix C (Diversity and Temporal Change in the Effective Pollinators of 

Asclepias tuberosa), I address the validity of pollination syndromes. Diversification of 

pollinator relationships in flowering plants is often inferred fi-om diversification in 

floral morphology. Accurate data on the effective pollinators in a given plant 

population, however, can be exceedingly difficult to obtain. Observation of single 

visits of pollinators, including measuring rates of pollen transfer, is the most precise 

means of assessing pollination effectiveness, but this may not be practical for many 

species. As a surrogate for these type of data, and as a means of inferring the effective 

pollinators for species not yet studied by pollination biologists, floral morphology has 

been used to predict effective pollinators. By applying the principles of Sprengel and 

Darwin, pollination syndromes were developed that classified floral types by their 

presumed pollinators (Proctor and Yeo 1972, Faegri and van der PijI 1979). Although 

useful for generating hypotheses about pollinator relationships, these syndromes are 

viewed, at best, as very rough generalizations and, at worst, as misleading dogma. 

Unfortunately, they are invoked more often than is prudent to assume the existence of a 

specific pollinator based on floral morphology or casual observation of visitation alone. 

I present the results of a study in which 1 carefully measured the per-visit 

pollination effectiveness of all common visitors to flowers in a natural 
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population of Asclepias tuberosa. This milkweed is known commonly as "butterfly 

weed," due to the large numbers of butterflies attracted to its flowers. The flat-topped 

inflorescence of orange flowers with narrow nectar chambers of A. tuberosa also 

suggests butterfly-pollination, following the classification of Faegri and van der Pijl 

(1979). I present results that challenge inferences based on floral morphology and 

casual observations of floral visitation. I also document significant between-year 

variation in pollinator effectiveness, which has important implications for the 

consistency of selection on floral traits. 

This dissertation represents the beginning of an integrated approach to the study 

of floral diversification in Asclepias. I combine the use of phylogenetic systematics and 

field ecological studies to gain both a broad view of evolutionary patterns across a large 

genus and a detailed understanding of the evolutionary mechanisms operating in a 

single population. Much work remains, however, in unravelling the knotty history of 

the milkweed pollination. 



CHAPTERS 

CONCLUSIONS 

In this dissertation, I have combined the approaches of phyiogenetic systematics 

and evolutionary ecology in order to explore the evolution of reproductive characters in 

a model genus, Asclepias. Although the completion of this dissertation marks more 

properly the beginning, rather than the end, of my studies of Asclepias, I have 

presented several important results in the papers that comprise the dissertation: 

1. The American species of Asclepias are probably not monophyletic 

without the inclusion of at least some African species. 

2. Recognized species groups (sensu Woodson [1954]) of North 

American Asclepias are probably not monophyletic. Some small subgenera are 

monophyletic, but these are nested within the large subgenus Asclepias. Most 

of the series of subgenus Asclepias are not monophyletic. 

3. Some previously unrecognized species groupings in Asclepias are 

well supported. 
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4. Although inconclusive, the phylogeny of Asclepias is more consistent 

with an African origin and diversification of the genus, followed by dispersal to 

the Americas and subsequent (perhaps Pleistocene) extirpation in Eurasia, than 

with a Gondwanan-vicariance hypothesis. 

5. A shrubby growth form has evolved several times in the genus; the 

growth form of Sonoran Desert shrubs with photosynthetic bark may be derived 

from African shrubs. 

6. The presence of coronal "horns" is apparently homologous in 

American and some African species, but horns in other African species may be 

convergent. 

7. A model for the evolution of inflorescence design predicts that 

selection will operate so as to balance the proportional changes in male and 

female fitness with changes in the size of inflorescence units. 

8. Measurement of selection on umbel size in a natural population of 

Asclepias tuberosa shows that male fitness components are maximized at 
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intermediate umbel sizes, but that female fitness components do not vary with 

umbel size. 

9. When interpreted through the predictions of the model for the 

evolution of inflorescence design, the empirical fitness functions suggest that A. 

tuberosa should evolve toward the mean umbel size of 12 flowers that is 

actually observed in populations of this species. 

10. Fitness functions varied between years, perhaps due to changes in 

pollinators, suggesting that selection on umbel size may be inconsistent. 

11. The most effective pollinators (Hymenoptera) of A. tuberosa are not 

those that would be predicted by floral morphology or casual observation 

(Lepidoptera). 

12. Pollination effectiveness of different visitors varies between years, 

due mostly to variation in visitation rate. 

13. Pollination effectiveness of floral visitors does not correspond well 

to pollen loads that they carry. 
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The results of this dissertation demonstrate that an integrative approach to the 

study of floral evolution can be fruitful. Phylogenetic study of Asclepias helps to 

inform ideas about the evolution of morphological features, such as corona horns, that 

are involved in the pollination process. Modelling is usefiil in analyzing the way in 

which selection operates on floral structures, and in generating testable predictions 

about the function of such structures. Precise measurement of pollination effectiveness 

in natural populations is useful in evaluating the validity of pollination syndromes. The 

approaches that have been implemented in this dissertation can be further integrated in 

future studies of Asclepias pollination ecology and evolution. 

There are several areas in which the work presented in this dissertation could be 

extended in the future. Phylogenetic study of the genus is still in its initial stages. 

More field observations need to be made for the poorly known North American 

species. The South American species need to be included in order to complete analysis 

of the genus. The relationships among African taxa need to be more thoroughly 

explored in order to test more robustly the hypotheses presented here. Some characters 

that are poorly known for many species should be more completely studied, e.g., root 

and fruit morphology. Other sources of data should also be utilized, e.g., anatomical 

and molecular data. 

My study of selection on inflorescence design has demonstrated strong year-to-

year variation in pollinator abundance and the shapes of fitness functions. Longer-term 



studies are essential for more accurately evaluating hypothesized factors that influence 

the evolution of inflorescence design (and other reproductive characters). Extension of 

my experimental techniques to other species of Asclepias would be informative as to the 

generality of the match between model predictions and field observations in A. 

tuberosa. More detailed studies of the behavior of pollinators on milkweed flowers 

will be required to explain the shapes of fimess functions. 

An important extension of this work will be to integrate ecological study of 

pollination with phylogenetic study of Asclepias. Study of the evolution of 

inflorescence design will be furthered by phylogenetic analysis of the history of 

changes in design in Asclepias. Such analysis will be used to study correlations 

between changes in inflorescence design and other morphological characteristics, and to 

identify species or lineages in which inflorescence design has been changing unusually 

slowly or rapidly. Since my work has shown that traditional pollination syndromes do 

not work well for Asclepias. refined syndromes appropriate to the genus may be 

developed. These, too, can be studied phylogenetically, which would give insights into 

the processes of pollinator shifts and speciation. 
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ABSTRACT: Asclepias and related genera comprise a well-marked group of several 

hundred, mostiy North American and African species distinguished by an erect 

herbaceous habit and the structure of staminal appendages. The circumscription of 

Asclepias is a matter of contention; broader treatments include a number of African 

taxa, whereas narrow circumscriptions restrict Asclepias to American species. There 

has been no modern comprehensive treatment of these taxa. Current infrageneric 

classification is limited to 108 North American species (Woodson 1954) and has been 

questioned due to apparent overemphasis on single characters. In order to explore 

more rigorously these infrageneric relationships, I analyze the phylogeny of North 

American Asclepias using morphological data. By including representatives of related 

Afirican taxa, I test the monophyly of the North American species. I discuss problems 

associated with analysis of large taxonomic groups and formalize a method for reducing 

the number of terminal taxa while maximally preserving phylogenetic information. 

Analysis of a data set of 80 taxa and 67 characters resulted in the discovery of 4 islands 

of most parsimonious trees. Monophyly of North American Asclepias is not supported 

by any of the most parsimonious trees discovered. Several of Woodson's smaller 

infrageneric taxa are supported: however, many of his groupings are found to be 

polyphyletic. 1 also use phylogenetic hypotheses to explore the evolution of unusual 

ecological traits in Asclepias (e.g., arborescent growth form), which have arisen 

several times independently. 
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The rapid increase in the number of phylogenetic studies of plant groups has 

yielded many successes in testing traditional systems of plant classification and in 

uncovering hitherto unsuspected relationships. These studies have addressed such 

large-scale problems as the relationships among green algae and land plants (e.g., 

Mishler et al. 1994), among seed plants (e.g., Doyle and Donoghue 1992, Nixon et al. 

1994, Rothwell and Serbet 1994), among flowering plants (e.g., Doyle et al. 1994), 

among several large orders (e.g., Hufford 1992, Olmstead et al. 1993), and among and 

within large families (e.g., Bremer 1987, Bremer and Struwe 1992, Kellogg and 

Watson 1993). There has also been considerable success in discovering the 

relationships within and among small- to medium-sized genera (e.g., Luckow and 

Hopkins 1995, among many possible examples). Very large genera, however, have 

received comparatively little attention. Among the largest genera of flowering plants 

(e.g.. Acacia Miller, Astragalus L., Justicia L., Psvchotria L., Salvia L., Senecio L., 

Solanum L.), only North American Astragalus has been investigated recently by 

phylogenetic biologists (Sanderson 1991). Large genera have been neglected in part 

due to logistical and methodological limitations and, in the case of tropical genera, to 

inadequate knowledge of species (L. McDade pers. comm.). Large genera are 

problematic because of the obvious difficulties in amassing data on hundreds of species 

that often occur on multiple continents, and in summarizing, assessing character 

homologies, and analyzing these data. Fur±er difficulties arise because outgroups for 

and the monophyly of large genera are often highly speculative. 
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Asclepias L. (Asclepiadaceae) in North America and northern South America 

includes about 120 species of mostly subtropical and temperate root-perennial herbs 

(Woodson 1954). Another half dozen or so species are native to subtropical South 

America (Bollwinkel 1969), and are seemingly congeneric with the North American 

species based on similarity of floral features. In the broad sense, Asclepias in Africa 

could include 300 or more species (my estimate); however, these are currently 

distributed among some 20 genera. These African species, in varying combinations, 

have been treated within an inclusive Asclepias by Schlechter (1895-1896, summarized 

in Nicholas 1982), Brown (1904, 1909), Dyer (1975), and others. Following 

Schumann's (1897) and Bullock's (1952, 1953 a, b, 1955, 1956, 1963) attempts to 

recognize phylogenetically less diverse (and considerably more finely split) genera, 

current workers consider Asclepias sensu stricto to be restricted to the Americas, with a 

number of African species to be assigned to as yet unnamed genera (A. Nicholas pers. 

comm.). Asclepias s.l. is placed in the tribe Asclepiadeae, which is characterized 

within the family by pendulous (as opposed to horizontal or erect) pollinia. Within the 

tribe, the genus is placed in the largely African subtribe Asclepiadinae, characterized 

by an erect, usually herbaceous (as opposed to twining) growth form and "hood-like" 

corona segments (Brown 1811, Decaisne 1844, Schumann 1897, Liede and Albers 

1994). A cosmopolitan revision of all of these species has not been undertaken since 

the species-level compendium of Decaisne (1844) and the genus-level u-eatment of 

Schumann (1897). Modern regional monographs have been completed for American 
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Asclepias (Woodson 1954, Bollwinkel 1969), and South African members of 

Xvsmalohium R. Br. (Langley 1980), Asclepias (including Aspidonepsis A. Nicholas 

& Goyder, Lagarinthus E. Meyer p.p., Stathmostelma K. Schum. p.p., Stenostelma 

Schlechter p.p., and Trachvcalvmma Bullock p.p.: Nicholas 1982, Nicholas and 

Goyder 1992), Schizoglossum E. Meyer (including Aspidoglossum E. Meyer and 

Miraglossum Kupicha; Kupicha 1984) and Pachvcarpus E. Meyer (Smith 1988). 

Current ideas about global generic limits and relationships among these taxa ^e 

controversial and uncertain. Phylogenetic study of Asclepias s.l. is required to 

formally test generic and infrageneric taxonomic groupings. 

Relationships among Asclepias species are of particular interest because of the 

complex, highly synorganized floral morphology (sensu Endress 1994) and specialized 

pollination mechanism characteristic of the genus. All Asclepiadaceae possess connate 

stamens, which are adnate to the common style apex of die bicarpellate gynoecium (the 

resulting structure is termed the gynostegium). The stamens are modified in several 

remarkable ways: (1) pollen are coherent and encased in a waxy matrix comprising a 

pollinium, (2) pollinia from individual anther thecae are united in pairs from adjacent 

anthers by hardened secretions of the stigma to form a pollinarium, (3) anthers bear 

sterile apical appendages from the connective, and (4) filaments bear abaxial 

appendages that may be simple, small strap-shaped structures, but are often highly 

elaborate, differentiated structures that comprise the characteristic coronas of most 

genera. These coronal structures are exceptionally well developed in Asclepias and are 
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highly diverse. Diversification of coronas may be implicated in adaptation to differing 

suites of pollinators (cf. Grant 1952). However, rigorous testing of this hypothesis is 

hampered by the absence of accurate data on pollinator relationships and a phylogenetic 

hypodiesis for Asclepias on which to base scenarios for the evolution of coronas. 

Asclepias species are of interest to ecologists and evolutionary biologists 

because they have served as model systems for studies of plant reproduction (Wyatt and 

Broyles 1994). In particular, the relative ease of studying pollen movement (due to its 

packaging in pollinia), coupled with the observation of unusually low fhiit production 

per flower in many species, has promoted intensive theoretical and empirical research 

on the evolution of floral displays (reviewed in Broyles and Wyatt 1995, Fishbein and 

Venable in press [Appendix B of this dissertation]). As with the evolution of corona 

morphology, understanding the diversification of floral displays in Asclepias will be 

enhanced by phylogenetic analysis of floral displays and their presumed ecological and 

morphological correlates (Fishbein unpubl. data). 

In this study, 1 analyze the phylogenetic relationships of North American 

Asclepias using morphological data. The principal aim of this study is to generate 

hypotheses concerning the composition of and relationships among the infrageneric 

species groups of Asclepias. Because of die large number of species in this group, 

complete resolution of dichotomous relationships is not currently possible. Currently 

accepted infrageneric groupings were formulated by Woodson (1941, 1954) when he 

submerged all North American Asclepias-like genera into Asclepias. resulting in nine 



subgenera (Table 1). Species of subgenus Asclepias were additionally distributed 

among eight North American series (Table 1; Woodson also included Afi-ican A-

phvsocarpa and A- fruticosa. which are naturalized in the Americas, in a ninth series of 

subgenus Asclepias). Subsequent workers have considered some of Woodson's 

groupings to be phylogenetically sound (e.g., series Incarnatae, subgenus Acerates) and 

other dispositions to be problematic (e.g., the separation of A- elata and A- mirifica 

from series Grandiflorae; G. Adelson, S. Lynch, W. D. Stevens pers. comm.). Thus, 

this study evaluates the phylogenetic basis for Woodson's classification and suggests 

appropriate emendations of non-monophyletic groupings. 

Because the monophyly of North American Asclepias is uncertain, and the 

nearest outgroups are unknown, a secondary goal of this study is to assess the 

monophyly of the ingroup and discover the closest relatives of Asclepias s.s. (i.e., the 

North American species). Although current workers on the subtribe Asclepiadinae in 

Africa consider Asclepias in the Americas to be phylogenetically distinct from all 

related taxa in Africa (Nicholas pers. comm.), there are remarkable similarities among 

American and African taxa (Fig. 1). If these similarities are homoplasious, they would 

indicate extraordinary cases of convergent evolution. If they are homologous, they 

would suggest die polyphyly of American Asclepias. Significandy, no synapomorphy 

for the American species has yet been proposed. 

The monophyly of North American Asclepias bears on explanations for the 

present-day distribution of the genus and related taxa. The perplexing distribution of 



species-rich centers of Asclepias s.I. in North America and Africa and a comparatively 

depauperate center in subtropical South America is not consistent with simple 

biogeographic hypotheses. Woodson (1954) identified what are as yet the two most 

plausible explanations for this distribution. These are 1) a Gondwanan origin and 

diversification of Asclepias s.I., followed by the invasion and subsequent diversification 

in North America along with a disproportionately high extinction rate (or low 

speciation rate) in South America; and 2) an African origin with dispersal to £urasia 

and North America, followed by extinction in Eurasia, independent diversification in 

North America and Africa, and chance colonization of South America from North 

America or Africa. Although Woodson (1954) favored the explanation involving 

vicariance following Gondwanan diversification (1), the second hypothesis, which does 

not require inexplicably high extinction rates in South America, also merits 

examination. Assessing the monophyly of North American Asclepias may aid in 

distinguishing these hypotheses. Hypothesis I implies that Asclepias s.I. diversified 

throughout Gondwanaland; thus. North American Asclepias may be derived from 

several independent ancestral lineages of Asclepias s.I. Hypothesis 2 implies that North 

American Asclepias are derived from an African lineage(s) that spread across Eurasia 

and diversified subsequently; this scenario is more consistent with only a single lineage 

successfully colonizing North America by a circuitous route. Monophyly of North 

American Asclepias. then, is more consistent with hypothesis 2. Although neither 

hypothesis makes explicit predictions regarding monophyly of the North American 
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species, phyiogenetic results can offer some insights to the probable biogeographic 

history of Asclepias. 

A third goal of this study is to use the resulting phyiogenetic hypotheses to 

analyze the evolution of two characteristics of Asclepias. Nearly all species of 

Asclepias in North America are herbs. Several species exhibit some kind of 

"shrubbiness," albeit in different ways. Shrubbiness in these species varies from basal 

woodiness of otherwise herbaceous stems to strong, fibrous stems lacking secondary 

growth to typical woody stems. Phyiogenetic analysis can be used to determine 

whether the origins of these diverse types of shrubbiness are independent or 

concentrated in particular lineages. Coronal segments in North American Asclepias 

typically bear an adaxial arching appendage ("horn") that has been used in the 

placement of some African species in Asclepias (see METHODS: OUTGROUP 

SELECTION). Similarly, the absence of a horn in some North American species 

(e.g., A. hvpoleuca) has been used to place these species in the African genus 

Gomphocarpus R. Br. More recently, the homology of this structure in American and 

African species has been questioned (Nicholas and Goyder 1990). Phyiogenetic 

analysis can be used to determine whether the presence or absence of the horn actually 

marks large taxonomic groups. 
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METHODS 

Taxonomic Sampling. Morphological data were collected by examination of 

herbarium specimens of all 127 species and infraspecific taxa of North American 

Asclepias (except A., nummularioides W. D. Stevens and two or three undescribed and 

poorly known Mexican species [S. Lynch pers. comm.]) and 39 species of putative 

outgroup, African taxa (exsiccatae are listed in Appendix 1). North American taxa are 

described in Woodson (1954) or in subsequent descriptions of new species (Blackwell 

1964, McVaugh 1978, Holmgren and Holmgren 1979, Stevens 1983, Heil et al. 1989, 

Fishbein and Lynch unpublished). African taxa are described in Brown (1904, 1909), 

Bullock (1952, 1953 a, b, 1955, 1956, 1961, 1963), Nicholas (1982, 1987), Hilliard 

and Burtt (1986), and Nicholas and Goyder (1992). No members of the small, poorly 

known group of endemic Soudi American taxa (series "Mellodorae," sensu Bollwinkel 

[1969]) were studied; these were believed to belong to subgenus Asclepias by 

Bollwinkel (1969). Specimens representing more than five populations were examined 

for each species, except as noted (see Table 1). Data from herbarium specimens were 

supplemented for about one-third of the North American species by field observations 

of living plants. Floral characters were studied in greater depth by inspection and 

measurement of spirit-preserved flowers of 79 North American and 3 African species, 

representing all of Woodson's (1954) infrageneric groupings (Table 1). 
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OUTGROUP SELECTION. Because generic relationships in Asclepiadaceae 

are so poorly understood, appropriate outgroup selection for genus-level studies is 

problematic (Liede 1994, 1996), as is probably also the case for such analyses in many 

large plant families (e.g., Luckow and Hopkins 1995). This is due, in the case of 

Asclepias. to both the difficulty in assessing homology between floral characters 

(especially in characters of the corona, which have often been used to distinguish 

genera) and because of apparently high levels of homoplasy in these characters 

(Nicholas and Goyder 1990). Thus, cavitate corona segments ("hoods") and adaxial, 

ligulate appendages of the corona segments ("horns") are present in some African taxa, 

but have been considered to be convergent with those in North American Asclepias by 

some workers (Nicholas and Goyder 1992). 

Within Asclepiadinae, the following African genera have at one time or another 

been included in Asclsplas: Gomphocarpus. Pachvcarpus, Stathmostelma. Lagarinthus. 

Stenostelma. Trachvcalymma. and Aspidonepsis (Brown 1904, 1909, Bullock 1952, 

1953 a, b, 1955, 1956, Nicholas 1982, 1987, Hilliard and Burtt 1986, Smidi 1988, 

Nicholas and Goyder 1992), and some African "Asclepias" remain to be assigned to 

new genera (cf. Nicholas 1982). Corona segments like those present in species of 

Asclepias s.s. (i.e., cavitate and sometimes bearing a horn) are found in all species of 

Aspidonepsis and some Gomphocarpus. Stathmostelma. Stenostelma. Trachvcalvmma. 

and other species yet to be formally ffansferred from Asclepias to other genera. In 

spite of the segregation from Asclepias of African species, there is no a priori reason to 
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believe that these character states are homoplasious in African and North American 

species and there are no vegetative or floral characters that argue strongly against a 

close relationship among these taxa. Thus, outgroup selection is focussed primarily on 

these genera. Other genera in the subtribe that have been considered to be somewhat 

more distantly related to Asclepias s.s. include Aspidoglossum. Fanninia Harvey, 

Glossostelma Schlechter, Kanahia R. Br., Margaretta Oliver, Miraglossum. 

Parapodium E. Meyer, Periglossum Decne., Schizoglossum. Woodia Schlechter, and 

Xysmalobium (Brown 1904, 1909, Bullock 1952, 1953 b, Langley 1980, Nicholas 

1982, Kupicha 1984, Field et al. 1986). These taxa have been excluded from 

consideration as outgroups in this study. 

The 39 putative outgroup taxa examined for this study (Table 1) include 28 

African species yet to be transferred from Asclepias. three of the five species of 

Aspidonepsis. four species of Gomphocarpus (three species included in Asclepias may 

belong here), one species each of Stathmostelma. Stenostelma (three species included in 

Asclepias may belong here), and Trachycalymma (five species included in Asclepias 

may belong here; all suggested generic realignments fide A. Nicholas 1982, pers. 

comm.). Schizoglossum periglossoides was also included because it was aligned 

tentatively with Stenostelma by Kupicha (1984). Aspidonepsis. Stathmostelma. 

Sienostelma, Trachvcalvmma and many of the African Asclepias are root perennial 

herbs similar in many respects to North American Asclepias. Gomphocarpus species 

are typically more strongly fibrous herbs or are distinctly shrubby, and most species 
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have unusually shaped or ornamented fruits compared to other species of Asclepias s.l. 

Some species associated with Gomphocarpus (e.g., Asclepias cancellata and A-

buchenaviana: A. Nicholas pers. comm.), however, have cavitate corona segments 

quite similar to those of North American species. Generally, only a single specimen 

was observed for each outgroup taxon. Spirit-preserved flowers were observed for 

Asclepias buchenaviana, A- cancellata. and Gomphocarpus fniticosus. Availability of 

specimens restricted comprehensive examination of potential outgroup taxa. However, 

a broad sampling of relevant groups was achieved, including representatives of all 

pertinent genera. 

Character Analysis. The data matrix includes 67 morphological characters 

(Table 2). Mensural data were measured to the nearest 0.1 mm with calipers. Discrete 

states of quantitative characters were defined by apparent breaks in their distributions or 

in other ways that seemed biologically meaningful; specific criteria used for the 

definition of character states are discussed for individual characters separately 

(Appendix 2). In some cases, difficult choices were made between the treatment of 

characteristics as separate characters or as multiple states of a more complex character; 

such situations are discussed and justified for the relevant characters (Appendix 2). In 

most cases in which specimens of the same species expressed multiple states of a 

character, the species was coded as polymorphic. In some cases, however, rarely 

exhibited character states were interpreted as being atypical of the species or derived 

within the species and not phylogenetically informative. In such cases species were 
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coded as possessing fewer character states than were actually observed (some examples 

are discussed in Appendix 2). An idealized Asclepias flower is presented in Fig. 2 and 

those of several species are illustrated in Figs. 3-17. 

Construction flf Summary Taxa. In phylogenetic analyses of large groups, it 

is often feasible to include only a sample from among all possible taxa because of limits 

in the quantity of character data or in computer-searching algorithms and hardware. 

The number of fully bifurcating trees increases rapidly with the number of taxa 

included in a study (Felsenstein 1978b), placing a practical limit on the completeness of 

tree-searching procedures. All else being equal, decreasing the ratio of taxa to 

characters in a study increases the support for internal nodes (Sanderson 1989). It is 

also intuitive that resolution of trees obtained in phylogenetic analyses decreases with 

increasing taxon to character ratio, because a minimum of one binary character for 

every internal node is needed to fully resolve a tree, given completely concordant data. 

Thus, in studies of large groups, sampling may be appropriate even if it is feasible to 

obtain character data for the entire study group. In this study of Asclepias. although it 

was possible to construct a nearly complete data matrix (i.e., with few missing data) 

for all of the North American species and appropriate outgroups, limiting the analysis 

to a sample of these taxa permitted more efficient searches for most-parsimonious trees. 

Unfortunately, there has been little theoretical development of appropriate 

procedures to utilize in taxonomic sampling (Lecointre 1993, Sanderson 1996, M. 

McMahon unpubl. ms.). In most studies, the taxa included are largely those that are 
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available for study, and are not chosen using an explicitly systematic procedure (e.g.. 

Chase et al. 1993). However, because the primary goal of this study was to discover 

die major species groups of Asclepias and to estimate the phylogenetic relationships 

among these groups, I employed the following procedure to create "summary taxa" that 

replaced small clades of species. First, I limited all analyses of the 127 ingroup taxa to 

those for which spirit-preserved flowers had been observed, in order to most accurately 

describe floral morphology (Table 1). Data for other species were used to interpret the 

membership of summary taxa and of clades discovered in the global analysis (see 

Discussion). After an initial round of tree searching (see Tree Searching Procedures), 

several small groups of taxa were identified in the strict consensus of all most 

parsimonious trees that corresponded to sets of species that were considered to be very 

closely related by Woodson (1954) and that agreed with my assessment based on my 

study of the taxa. Such groups were present in all reasonable rootings of the tree 

among the clearly less derived taxa found in the series Syriacae, Exaltatae, 

Pupurascentes, and Macrotides of subgenus Asclepias. These groups were replaced by 

summary taxa, which were constructed character-by-character, as follows. For 

characters that were invariant in the group being replaced, the summary taxon was 

scored as possessing the invariant character state. For most characters for which the 

taxa being replaced were polymorphic, the summary taxon was scored as possessing all 

of the character states found among these taxa. In some of these cases, one or more of 

the rarely observed polymorphic states was excluded because 1 hypothesized that they 
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were derived within the summary taxon and were not present in the common ancestor 

of the group. Thus, summary taxa did not necessarily possess character state 

distributions identical to any known taxon; rather, they were constructed to best 

estimate the ancestral character states for the group. Following this initial round of 

replacements, tree searching was conducted for a reduced data matrix including 

summary taxa, and the replacement procedure was repeated if new summary taxa were 

found. This procedure was reiterated until no new summary taxa were found, resulting 

in the final set of 62 ingroup taxa (Table 1). 

A similar procedure was used to construct summary taxa for outgroups. 

Initially, characters were coded for 39 putatively closely related African species (Table 

1). Subsequendy, two species (Asclepias adscendens and Schizoglossum 

perigiossoides) were eliminated because their extreme character states suggested that 

they were either considerably more distantly related than other outgroup taxa or were 

highly derived members of outgroup clades that would be irrelevant or misleading in 

polarizing character states of the ingroup. This procedure resulted in a final set of 18 

outgroup taxa (Table 1). 

Tree-Searching Procedures. Tree searches were conducted using PAUP 

version 3.1.1 (Swofford 1993) running on one Macintosh PowerPC 8100/100 MHz and 

two 8500/120 MHz. The maximum size of the tree buffer was set at 7,000 or 10,000 

trees for all searches. All characters were considered unordered and equally weighted, 

except for differential weighting produced by unequal numbers of states per character 
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(Swofford and Begle 1993). All searches began with trees constructed from random 

order of addition of taxa, followed by tree bisection-reconnection branch swapping. 

Zero-length branches were ignored in all searches and the steepest descent option was 

not used in order to avoid the "bogging down" problem, as recommended by Swofford 

and Begle (1993). Slightly different search strategies were utilized for the initial 

construction of summary taxa and for the final search including ingroup and butgroup 

taxa. In the procedure for obtaining summary taxa, ten replicates of random taxon 

addition followed by branch swapping with all most parsimonious trees saved at each 

step were conducted. Following this set of searches, the minimum tree length was used 

as a guide to initiate a "shotgun" approach to discovering shorter trees or other islands 

(sensu Maddison 1991) of equally parsimonious trees. Five hundred random addition 

sequence replicates were conducted, followed by branch swapping with only 5 trees 

held at each step until the minimum tree length discovered previously was attained, 

after which all most parsimonious trees were held. In no case did the shotgun approach 

discover shorter trees than those found in the more thorough initial search, indicating 

either that the initial searches were highly effective or that the number of replicates in 

the shotgun approach was inadequate. Because the goal of the summary taxon 

procedure was to discover very well-supported clades, I did not consider failure to 

discover the most parsimonious trees to be a serious problem; the clades that were 

reduced and summarized were well supported and were unlikely to be broken up in 

slightly shorter trees. 
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In the analysis of the final data set of 62 ingroup and 18 outgroup taxa 

(hereafter termed "global analysis"), 50 random addition sequences were followed by 

tree bisection-reconnection branch swapping to completion, holding all most 

parsimonious trees during each round of swapping. Tree statistics (i.e., tree length, 

consistency index [c.i.], retention index [r.i.]) are reported without autapomorphies. 

Analysis af tree structure and character evolution. Tree rooting, clade 

support, and character evolution were explored using MacClade (Maddison and 

Maddison 1992). 

ROOTING. A corollary of the difficulty in choosing outgroups for North 

American Asclepias is the difficulty in choosing a root among the several outgroup 

taxa. Proper rooting of the networks is critical for evaluating the monophyly of North 

American Asclepias. The necessity of choosing a rooting among outgroup taxa arises 

because of uncertainty in the monophyly of the ingroup; were the ingroup definitively 

monophyletic, the root would be placed between outgroup and ingroup. The problem 

becomes quite difficult when the monophyly of the ingroup relative to outgroup taxa is 

uncertain. Different rootings can alter interpretations of the monophyly of the ingroup 

and of groups within. A commonly implemented solution to this problem is the 

inclusion of a distant outgroup that is unambiguously excluded from the ingroup (e.g., 

Liede 1994). This approach is not entirely satisfactory, however, because global 

parsimony analysis permits outgroups to affect ingroup relationships (Maddison et al. 

1984). Distantly related outgroups may ineffectively or incorrectly polarize character 
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states due to inabilities in determining homologous states or to high levels of 

homoplasy. Too distant outgroups may also incorrectly root a tree because of long-

branch attraction (Felsenstein 1978a). 

When the relationships among near outgroups are unknown and character 

polarities are also unknown (cf. Maddison and Maddison 1992), I suggest that there are 

two acceptable procedures for rooting the tree. The unrooted network may be rooted to 

a more distant outgroup after the tree search procedure is completed, i.e., Lundberg 

rooting (Lundberg 1972). This procedure is still subject to the problems of long-branch 

attraction and should only be used when the more distant outgroup is not too divergent 

from the more inclusive study group. Alternatively, networks can be rooted by 

hypothesizing a more distant relationship of some members of the outgroup. I have 

elected to adopt the latter strategy, because in this case any definitively more distant 

outgroup (e.g., Calotropis R. Br.) would be highly divergent from the taxa already 

included. 1 have chosen to root trees to a group of species that consistently group 

together in the global analyses and that appear most dissimilar to the American species 

(see Results). 

CLADE SUPPORT. Clade support was measured by the number of characters 

that change unambiguously in common ancestor of the group, using MacClade. 

Support for several clades was further investigated by examining specific changes 

character-by-character. 
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CHARACTER EVOLUTION. Several notable morphological characteristics of 

Asclepias were studied by examining die most parsimonious optimization of character 

changes on most parsimonious trees. Although characters of interest are commonly 

excluded from tree-searching procedures before mapping onto trees (e.g., Armbruster 

1993), I agree with Luckow and Bruneau (1995) that this procedure is potentially 

flawed. There is no a priori justification for considering a character to be 

phylogenetically misleading just because its ecological function is adaptive. This 

assumption implies that other characters chosen for analysis are selectively neutral, 

which is doubtlessly faulty. Even adaptive characters are likely to be phylogenetically 

informative at some levels of a large analysis, even if they change convergently in 

other lineages of a tree. Eliminating such adaptive characters from analysis is 

tantamount to claiming that all characters that exhibit homoplasy are totally misleading. 

The process of constructing phylogenetic hypotheses from a data set should be, in part, 

an exploration of how characters under varying degrees of selection combine and 

interact to support conflicting hypotheses, thereby potentially giving insight to the 

evolutionary processes affecting those characters. 

RESULTS 

Summary Taxa. Of a total of 79 ingroup species included in this analysis, 27 

were replaced by 10 summary taxa (Table 1). Two of these summary taxa. 
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INVOLUCRATA and VESTITA (throughout the text and in Table 1, capitalized names 

refer to summary taxa), involve a pair of taxa that have been previously considered to 

represent a single species (Woodson 1954, Sundell 1990). Three of the summary taxa 

(ACERATES, ASCLEPIODORA, PODOSTEMMA) represent small subgenera of 

Asclepias (Woodson 1954). Subgenus Acerates (sensu Woodson) comprises five 

species. Of these, three species are included in the summary taxon, ACERATES 

(Table 1). The remaining two species, which were excluded from analysis for lack of 

spirit-preserved material, clearly belong here as well based on unique corona 

morphology (cf. Woodson 1954). Subgenus Podostemma (sensu Woodson) comprises 

six species. Of these, two species are included in summary taxon PODOSTEMMA 

(Table 1), as is A- prostrata. which was described subsequent to Woodson's 

monograph. Two species excluded from the phylogenetic analysis for lack of spirit-

preserved flowers (A. emoryi and A- standleyi) clearly belong here based on floral and 

vegetative characters. A- subulata. placed in subg. Podostemma by Woodson (1954), 

was not included in the PODOSTEMMA summary taxon, because of its shrubby, 

microphyllous habit similar to the ALBICANS group. The final member of subg. 

Podostemma. A- auriculata. differs in many characters from other members of the 

subgenus, but unfortunately was excluded from phylogenetic analyses for lack of 

complete study material. The heterogeneous subgenus Asciepiodora (sensu Woodson) 

comprises seven species, one of which includes two subspecies. Of these, two core 

species (including one subspecies). A- asperuia and A- viridis are included in summary 



47 

taxon ASCLEPIODORA (Table 1). These species possess similar large, showy flowers 

quite unlike any other species in the genus. Two species of subg. Asclepiodora, 

elata and A- mirifica. are included in summary taxon ELATA. These species are so 

similar to those in ser. Grandiflorae (subg. Asclepias) that A- elata (Asclepiodora) 

previously had been treated as a variety of A- glaucescens (Grandiflorae), and it is 

remarkable that Woodson (1954) separated these taxa in different subgenera. The 

remaining three species in the subgenus are a heterogeneous set of narrow-leaved 

milkweeds very different in appearance from the species of the ASCLEPIODORA and 

ELATA summary taxa. 

The final four ingroup summary taxa comprise species of subgenus Asciepias 

(sensu Woodson). Series Grandiflorae (sensu Woodson) includes three species. Two 

of these are included in the summary taxon, GRANDIFLORAE (Table 1). The third 

species of ser. Grandiflorae, A- crocea. is quite distinctive but unfortunately poorly 

known. I am aware of only three collections of this species, which is apparently 

endemic to the Sierra de Manantlan, Jalisco, Mexico. The ALBICANS summary taxon 

(Table I) consists of three indisputably closely related species of Sonoran Desert shrubs 

placed in series Roseae by Woodson (1954). The vegetative similarity of these species 

to A- subulata (subg. Podostemma). is of great interest. Series Incarnatae (sensu 

Woodson) comprises 16 species (Table I). Members of this series are included in two 

summary taxa. The VERTICILLATA summary taxon includes four species (A-

fascicularis. A- pumila. A- subverticillata. and A- verticillata^ that Woodson (1954) 
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considered pan of a geograpiiic continuum of poorly differentiated species with very 

similar floral morphology (Table 1). Three species that Woodson considered part of 

this group, A. linearis. A- mexicana. and A- pseudoruhricaulis. were not included in 

the global analysis because spirit-preserved floral material was lacking. A- incarnata. 

which was included in the group by Woodson (1954), is treated outside of this 

summary taxon. The ANGUSTIFOLIA summary taxon includes three species (A. 

an^ustifolia. A- perennis. and A- texana) that are similar to those of the 

VERTICILLATA summary taxon (Table 1), but differ in having taller corona segments 

and broader leaves that are never whorled. Other members of ser. Incarnatae (sensu 

Woodson) differ from these two groups in floral and/or vegetative characters and are 

included as distinct terminal taxa. 

Outgroup summary taxa (Table 1) are not discussed in detail, because analysis 

of relationships among these taxa is outside the scope of this paper. Of the 39 taxa 

studied, 25 were replaced by six summary taxa (Table 1). The ASPIDONEPSIS, 

GIBBA, and LAGARINTHUS summary taxa correspond roughly to currently 

recognized genera (Table I). 

Global Analysis. Parsimony analysis of the data matrix including 62 ingroup 

and 18 outgroup taxa resulted in the discovery of four islands of 38, 56, 2080, and 288 

most parsimonious trees of length 1788 steps. The MAXTREES limit was reached for 

only a single replicate at a u-ee length of 1794 steps, indicating that die search 

efficiency was not limited by computer memory. No island was found by more than a 
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single random-addition sequence replicate, so tlie existence of additional islands or 

marginally shorter trees cannot be ruled out. Hypothesized relationships based on trees 

from the four islands are summarized separately in strict and 50%-majority-rule 

consensus trees (Figs. 18-21). These trees have a consistency index of 0.57 and a 

retention index of 0.49. 

Rooting. Whenever possible, the trees reported (Figs. 18-21) are rooted 

between a single clade of the outgroups (consisting of the MACROPUS summary 

taxon, related Asclepias flexuosa and A- multicaulis. the GIBBA summary taxon, A 

brevicuspis. A- woodii. A- dieggmia. A- peitigera. and Trachvcalvmma cristatum^ and 

the remaining taxa (see Table I). This clade appeared in all of the most parsimonious 

trees on three of the four islands and consists of species that possess vegetative (e.g., 

MACROPUS summary taxon) and/or coronal characters (e.g.. A- peltigera. A-

cristatum) quite different than anything seen in American Asclepias. In cases where 

this clade was not present (i.e., consensus trees of island-2080 [islands are labeled by 

their size]), trees were rooted between a subset of this clade (MACROPUS summary 

taxon + A- multicaulis + A flexuosa -I- GIBBA group) and the remaining taxa. 

Monophvlv flf North American Asclepias. The North American species of 

Asclepias are not monophyletic in any of the most parsimonious trees (Figs. 18-21). In 

the strict consensus of island-38 (Fig. 18), American species are derived from a grade 

of African species, and species affiliated with Gomphocarpus (sensu Nicholas; see 

Table I) are nested within the largely American clade. African Asclepias buchenaviana 
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is part of a polytomy at the base of ser. Incarnatae. African Asclepias cancel lata is part 

of a small clade including A- tuberosa and the PODOSTEMMA summary taxon. The 

FRUTICOSUS summary taxon (Gomphocarpus) and Afi-ican Asclepias rivularis are 

both positioned within the same clade of American species. Two American species, A. 

connivens (subg. Anatherix) and A. circinalis (subg. Podostigma). are intermixed with 

the grade of African species at the base of the largely American clade. These results 

suggest multiple origins of American taxa, related to different Gomphocarpus-

associated African species. 

In the strict consensus of island-56 (not shown) and in the 50%-majority rule 

consensus (Fig. 19), the relative placement of African and American taxa is very 

similar to that for island-38. Asclepias connivens and A- circinalis. however, are at the 

base of the clade including the rest of the American species. Thus, all American 

species are positioned within a single clade, but are not monophyletic because species 

associated with Gomphocarpus are nested within the clade in similar positions as for 

island-38. 

The strict consensus of island-2080 (not shown) is too poorly resolved to 

evaluate adequately the monophyly of North American Asclepias. other than to note 

that at least some African Gomphocarpus-related species (i.e.. A- buchenaviana. A-

rivularis. the FRUTICOSUS summary taxon) are more closely related to American 

species than to other African species. The 50%-majority-rule consensus of island-2080 

(Fig. 20) suggests the division of American species into two separate clades. The 
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consensus tree is rooted to a subgroup of the outgroup used for isiands-38 and -56; the 

remaining species form grades at the base of two major clades. Within the smaller of 

the two clades, American species are monophyletic. Gomphocarpus-associated species 

are nested within the larger clade of American species. Ai. circinalis. but not A. 

connivens. is positioned similarly to island-38 in a grade of African species at the base 

of the larger clade. Trees on island-2080 support a biphyletic origin of major groups of 

North American Asclepias. with species in one clade related to various Gomphocarpus-

associated species. 

The strict consensus of trees on island-288 (Fig. 21) is similar to island-38 in 

the placement of African species relative to American species. 

Infrageneric Groups in Asclepias. Few of Woodson's (1954) infrageneric 

taxa are found to comprise monophyletic groups as originally circumscribed (Table 3). 

Several groups, however, are well supported as monophyletic, either in the 

construction of summary taxa (e.g., subg. Acerates. see above) or in die consensus 

trees for all four islands (e.g., ser. Incarnatae). Others groups are paraphyletic, with 

small groups nested within (e.g.. subg. Solanoa) or could be recircumscribed as 

monophyletic with little modification (e.g., ser. Purpurascentes + ser. Syriacae p.p.). 

Most, however, are polyphyletic as currendy circumscribed (Table 3). 

On the strict consensus tree for island-38 (Fig. 18), several groups are well 

supported, as judged by the number of unambiguous character changes supporting those 

nodes. About one-half of the American species belong to the group above node A 
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(Fig. 18). This is a highly diverse clade that contains all sampled members of subg. 

Acerates and subg. Solanoa. subg. Asclepiodora s.s. (i.e., summary taxon • 

ASCLEPIODORA), subg. Podostemma (summary taxon PODOSTEMMA, but not A-

subulata). and members of several series of subg. Asclepias. including all sampled 

members of Tuberosae, all of Purpurascentes except A- sullivantii. much of 

Macrotides, Roseae, and Syriacae, and A- jaiiscana of ser. Exaltatae. African A-

cancel lata is also present in this clade. Unambiguous character changes that support 

this clade (chars. 8, 20, 22, 50, 56, 66) are hirsute vestiture of stems, abaxial and 

adaxial leaf surfaces, and fruits (from glabrous); corona horn tips reaching over the 

apex of the anther/style head (from being distant fi-om the head); and anther wing 

openings very slightly spread (from slightly spread). Clearly, vestiture characters may 

be developmentally and/or functionally related and support for this clade may be 

exaggerated. Other well supported clades on trees on island 1 are A- macrotis + A-

sperryi (7 unambiguous changes). A- erosa + A. eriocarpa + A- vestita (all ser. 

Roseae, sensu Woodson; 6 changes), summary taxon ACERATES + summary taxon 

ASCLEPIODORA + A- soianoana (5 changes), A. californica + A- crvptoceras (both 

subg. Sclanoa; 5 changes), A. amplexicauHs + A. sullivantii + A. macroura + 

summary taxon GRANDIFLORAE + ELATA summary taxon (5 changes), die same 

group excluding A- ampiexicaulis (5 changes), and A- exaltata + A- similis + A-

ovata (all ser. Exaltatae; 5 changes). 
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On the strict consensus of the trees that comprise island-56 (not shown), 

resolution is poor and no large species groups are well supported. A group comprising 

summary taxon ACERATES + summary taxon ASCLEPIODORA + A- solanoana is 

supported by 5 unambiguous changes as is the pair A- californica + A- crvptoceras 

(both groups also present on isIand-38; see Fig. 18). The only additional well 

supported group present on the better-resolved 50%-majority-rule consensus tree for 

this island is ser. Incarnatae (Fig. 19; 7 unambiguous changes). The unambiguous 

character changes that support the monophyly of the Incarnatae are superficial tap or 

fibrous roots (from deeply seated roots), puberulous or pilose abaxial calyx vestiture 

(from tomentose), faint medial thickening of corona segment keel (from no keel), short 

attenuate dorsal corona segment apex (from truncate), entire corona segment margin 

(from sharply lobed), dorsal corona apex taller than proximal margin (fi-om equal to), 

and corona horn exerted well above the anther/style head (from being distant from 

head). 

As with island-56, the strict consensus of island-2080 (not shown) is poorly 

resolved and few groups are well supported. The only groups with substantial support 

are those also found on the strict consensus of island-38, i.e., summary taxon 

ACERATES + summary taxon ASCLEPIODORA -I- A- solanoana and A- crvptoceras 

+ A- californica (each with 5 ambiguous changes; see Fig. 18). No large groups are 

well supported on the 50%-majority-rule consensus tree for island-2080 (Fig. 20). The 

best supported small groups are A- tomentosa + A. obovata (both ser. Roseae, sensu 
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Woodson; 6 changes), the highly heterogeneous group (supported by 5 changes) of A. 

engelmanniana (subg. Poivotis) + a. linania (ser. Syriacae) + A. luihiae + A- cuilm, 

the species pair A- ruthiae + A- cutleri (both Colorado Plateau endemics of subg. 

Asclepiodella: 9 changes), and the group A- connivens (subg. Anatherix) + summary 

taxon ELATA +summary taxon GRANDIFLORAE + A- macroura + A sullivantii 

(8 changes). This interesting group of glaucous, broad-leaved species was also found 

on island-56, without A connivens. It is supported on island-2080 by the following 

character state changes: lamina length/width 1-3 (from >20), lamina apex mucronate 

(from no mucro), venation brochidodromous (from hyphodromous), lamina adaxial 

vestiture sparse puberulent on midvein and margin (from uniformly puberulent), leaves 

glaucous (from no glaucum), corona horn not exserted from segment cavity (from 

exserted but distant from anther/style head), staminal column height/diameter . 17-.25 

(from .33-.75), and pollinium proportionally shortened (from teardrop shaped). The 

variety of vegetative and floral characters that support this clade adds further" 

confidence in this grouping. 

One medium-sized clade is well supported on the strict consensus of trees on 

island-288 (Fig. 21). This clade (above node A) is supported by 5 unambiguous 

changes, consists of species representing a variety of subgenera and series, and is 

comparable to a sub-clade of the large, well-supported clade identified on the strict 

consensus of island-38 (Fig. 18). This clade is supported by changes of corona 

segment dorsal apices taller than proximal margin (from shorter), horns adnate .67-.75 
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X length of corona segment (from completely adnate), horns longimdinally falcate with 

an abrupt narrowing of the tip (from longitudinally falcate, sharp-curved, gradually 

narrowing), horn apices reaching over the apex of the anther/style head (from horn just 

reaching to edge of head), and fruits with faint bicolored striations (from distinctly 

striated). Two well-supported clades that include members of subg. Acerates. 

Asclepiodora. and Solanoa. which were well supported on islands-38, -56, and -2080, 

are also well supported on the strict consensus tree of isIand-288 (5 changes for each 

group). A group comprising A- amplexicaulis. summary taxon GRANDIFLORAE, 

summary taxon ELATA, the pair A. sullivantli-A. macroura. and the pair A-

tomentosa-A. obovata is supported by 5 changes as is the subset of this clade excluding 

A- amplexicaulis. Within this group. A- tomentosa -f- A^ obovata is supponed by 6 

changes, and was also identified as a well-supported group on the 50%-majority-rule 

consensus for island-2080. Another well-supported group on the 50%-majority-rule 

consensus tree of island-2080 that is well supported here is A- engelmanniana + A-

linaria + A- ruthiae + A- cutler! (5 changes). The pair A- ruthiae-A. cutleri is 

strongly supported on islands-2080 and -288 (9 changes on the strict consensus of 

island-288 trees). Additional clades that are well supported on the strict consensus of 

island-288 trees include a subset of the medium-sized clade above node A. This group 

contains summary taxon PODOSTEMMA, A- tuberosa. A- jaliscana. A- lemmonii. 

and African A- cancellata. and is supported by 6 changes (Fig. 21). The species pair 

A. ovata-A. similis is supported by 5 changes (Fig 21). 
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DISCUSSION 

Infrageneric relationships. The infrageneric clades discovered in this study 

correspond quite well to several of Woodson's (1941, 1954) groupings, but the overall 

picture of hypothesized relationships in the genus is quite different from that envisaged 

by Woodson (Table 3). Some of Woodson's smaller groups, e.g., subg. Acerates, are 

defined by unique synapomorphies and their monophyly was supported. Subgenus 

Podostigma is also likely to be monophyletic (perhaps only with the addition of A-

fournieri and/or A- zacatecana). based on the combination of unique anther wings that 

are basally truncated, sharply deflexed corona segments with proximal margins that 

reach the base of the anther/style head, and spreading corolla lobes. The largest 

monophyletic group discovered in this study that was identified by Woodson is ser. 

Incarnatae (16 species). 

Certain clades were well supported that were not identified as taxonomic groups 

by Woodson (1954). The close relationship between ser. Grandifiorae and A. elata and 

A. mirifica of subg. Asclepiodora was speculated on by Woodson (1954) and has been 

noted by subsequent workers (W. D. Stevens pers. comm., S. Lynch pers. comm.). 

These species do indeed form a clade in almost all most parsimonious trees, sometimes 

in association with A- sullivantii (ser. Purpurascentes). The species in the core group 

(A- glaucescens. A- grandiflora. A. daia. A- mirifica) are among the most distinctive 

and showy of the North American species, usually with broad, glaucous leaves and the 
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largest flowers of Asclepias s.s. Their possible shared ancestry with A- suHivantii is an 

interesting and unexpected hypothesis that requires further investigation. The sister 

species relationship between A- macrotis (ser. Macrotides) and A- sperryi (subg. 

Asclepiodora). although previously unrecognized, was suspected based on similar 

growth form, distribution and habitat. Both species are most commonly found on 

rocky calcareous slopes, primarily in the Chihuahuan Desert; the range of the relatively 

rare A- sperrvi is included entirely within that of A- macrotis. There are certainly 

similarities in the floral structures of A- sperrvi and some members of subg. 

Asclepiodora and Podostigma. but these are most parsimoniously hypothesized to be 

convergent. 

Some hypothesized relationships that strongly contradict Woodson's 

classification also run counter to my overall impressions of the correct relationships in 

the genus. The improbable relationship between A- tuberosa and subg. Podostemma 

can be explained in large part by the sharing of character states involving vestiture. 

Plants of both taxa are hirsute on vegetative parts and fruits. If the change to hirsute 

vestiture of several features is due to a single evolutionary event, vestiture has been 

overweighted in the analyses in this study. 

The placement of several new species that have been described since Woodson's 

monograph are well supported in the present study. A. zacatecana (not included in the 

global analysis due to lack of spirit-preserved tlowers), shares the basally truncate 

anther wing characteristic of subg. Podostigma. Its overall similarity to A-
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atroviolacea. A- circinalis. and A. mcvaughii and the common distribution of these 

four species in the western and southern Sierra Madre of Mexico also supports a close 

relationship. A- fournieri and A- zanthodacryon (subg. Asclepiodora) probably are 

better placed in subg. Podostigma as well. The relationship of A- sai\f'uanensis (also 

not included in the global analysis) to the constellation of diminutive species in subg. 

Asclepiodella endemic to the southwestern U.S. (also including A- cutleri. A. 

eastwoodiana. A- ruthiae. and A- uncial is) is indisputable (cf. Sundell 1990). This 

group was represented by A- cutleri and A. ruthiae. which were strongly supported as 

sister species in the global analysis. Two new species have been described in ser. 

Exaltatae. Of these, I cannot distinguish A- bifida from A- virletii. and A- rzedowskii 

is very close to A- guinquedentata. if specifically distinct. These species, along with 

A- scaposa. form a tightly associated group that unfortunately was excluded fi-om 

analysis due to lack of spirit-preserved flowers, and should be a focus of future study. 

A. prostrata was included with A- nyctaginifolia and A. oenotheroides in summary 

taxon PODOSTEMMA, because its placement in subg. Podostemma was strongly 

supported. A- jorgeana is nearly indistinguishable from A- pringlei in vegetative 

characters where they occur sympatrically in Durango, Mexico (Fishbein and Lynch 

unpubl. data), yet are so divergent in floral morphology that diey are never placed as 

sister taxa in most parsimonious trees. A- jorgeana is consistently placed with species 

of ser. Purpurascentes with which it shares greater similarity in floral morphology (i.e., 

A. hallii. A curtissii. and A. variegata. All included species of ser. Purpurascentes, 
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except A. sullivantii. are usually associated with several species of ser. Syriacae (e.g., 

A. syiiaca. A- ovalifolia. A. pringlei A- hvpoleuca) in most parsimonious trees and 

the possibility that these species form a clade, including A. jorgeana. should be studied 

further. 

Monophviv jof North American Asdepias and Biogeographic Hypotheses. 

There is no support in this study for the monophyly of North American Asdepias. On 

trees from three of the four islands discovered all American species appear in a single 

clade, or with A- circinalis and/or A- connivens positioned within a grade of African 

species at the base of the clade. These hypotheses are generally consistent with a single 

origin of North American Asdepias. except that species of African Gomphocarpus and 

Gomphocarpus-associated species are nested within the clade at several positions. 

Trees on island-2080 suggest that there are two major clades of American species, with 

some Gomphocarpus-associated species nested within one of them. Thus, all trees 

support a polyphyletic origin of Asdepias s.s. This result is tentative due to the 

relatively sparse sampling of African taxa. Relevant outgroups, especially the South 

American species, may have been omitted. Future studies of the Asclepiadinae should, 

however, begin with the premise that North American Asclepia.s are polyphyletic if 

treated separately from their African relatives. 

The phylogenetic hypotheses developed in this study are more consistent with 

multiple origins of North American Asdepias from separate lineages of African taxa 

than with independent diversification of Asclepia.s s.s. in North America. The 
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principle hypotheses for the disjunct distribution of Asclepias s.l. in North America and 

Africa are (1) Gondwana vicariance and (2) dispersal from Africa to North America 

through Eurasia. Based on phylogenetic evidence alone, the hypothesis of a 

Gondwanan origin and diversification of Asclepias s.l., followed by vicariance and 

subsequent independent diversification in Africa and the Americas, is better supported 

than the hypothesis of migration of a single lineage from Africa to North America via 

Eurasia. The Gondwanan vicariance hypothesis is unsatisfactory, however, for two 

reasons. First, it requires mass extinction of several lineages of Asclepias in South 

America, but not North America. I am not aware of any documented massive climatic 

disturbances since the Cretaceous that would have unduly affected South America. 

Second, the estimated time of final splitting of South America and Africa in the mid-

Cretaceous (prior to 86 mya; Pitman et al. 1993) requires a relatively ancient origin 

and diversification of Asclepias s.l. that seems extraordinarily unlikely. The origin of 

the family Asclepiadaceae within a derived group of Apocynaceae is well supported 

(Wanntorp 1988, Thome 1992. Judd et al. 1994), and the derived position of the tribe 

Asclepiadeae within Asclepiadaceae has been suggested (Liede 1996). Thus, the 

Gondwanan vicariance hypothesis for the distribution of Asclepias s.l. requires the 

diversification of a highly derived group of genera contemporaneous with the 

hypothesized time of origin and initial diversitlcation of the family Asclepiadaceae (cf. 

Raven and Axelrod 1974). 
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My phylogenetic results, coupled with information about the timing of 

geological events, suggest new hypotheses involving migration of Asciepias to the 

Americas via Eurasia. Starting with an African origin and diversification of Asciepias. 

perhaps multiple lineages colonized Eurasia (and subsequently North America), but 

were subsequently extirpated in Eurasia. Such catastrophic extirpation of multiple 

lineages is more plausible for Eurasia than South America. East-west trending 

mountain ranges in Eurasia have been hypothesized to have been insurmountable 

barriers to migration for taxa of tropical affinity during the Pleistocene (Tiffney 1985). 

Such barriers did not exist in North America due to the north-south orientation of major 

ranges. The timing of such climatic catastrophes is more commensurate with the 

presumably young age of Asciepias. Plausible hypotheses for the origination of 

dispersal of Asciepias s.l. include (I) an African origin in the austral tropics, followed 

by dispersal across the Tethys Sea and subsequent dispersal with boreotropical 

vegetation (Wolfe 1975) across the North Atlantic to North America in the Eocene 

(Tiffney 1985); and (2) an Oligocene (or later) origin and dispersal of Asciepias from 

Africa to North America via Europe. The earlier scenario is unlikely because most 

extant Asciepias s.l. are adapted to temperate climates (although the few tropical 

African species may retain the ancestral condition) and because dispersal between 

Africa and Europe prior to the Oligocene is considered to have been rare (Wolfe 1975). 

The scenario involving an Oligocene or later dispersal from Africa to North America is 

also problematic. Dispersal routes through the Bering and North Atlantic land bridges 



62 

for taxa with tropical affinities were eliminated by the end of the Eocene (Tiffney 

1985). However, if Asclepias species were already adapted to temperate climates, it is 

plausible that these dispersal routes were still feasible in the Oligocene. 

Character Evolution. Among mostly herbaceous Asclepias species, the 

shrubby and sub-shrubby species appear to have evolved several times. This hypothesis 

is supported not only by Woodson's (1954) classification of the genus, which places 

these woody taxa among several groups, but by differing morphology of these woody 

species. For this study, I have recognized three types of "woodiness" (growth form, 

character 1): typical brown-barked shrubs with secondary growth; sub-shrubs with 

woody, persistent stem bases, but annual herbaceous stems; and green, fibrous-

stemmed shrubs. This last character state is particularly interesting because of the 

vegetative similarity of species that were placed in different subgenera by Woodson 

(1954) based on floral morphology. A- subulata (subg. Podostemma) is a fibrous-

stemmed shrub similar to the species of summary taxon ALBICANS, with which it 

shares a broadly overlapping geographic distribution in the Sonoran Desert. The long, 

fluted, cream-colored corona of A- subulata. however, is remarkably similar to that of 

species of subg. Podostemma. 

Different kinds of shrubbiness appear to have arisen independently from one 

another in Asclepias (Fig. 22). Among taxa in the global analysis, only A- macrotis 

and A- sperrvi are sub-shrubs. This character is a synapomorphy of this pair in all 

most parsimonious trees. In all most parsimonious trees, sub-shrubbiness is 
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reconstructed as evolving from herbaceousness, not another form of woodiness (Fig. 

22). "True" shrubs with brown bark and secondary growth are limited in the global 

analysis to A- linaria in the ingroup and, more tentatively, to A- cancellata and some 

members of summary taxon FRUTICOSA among the outgroup taxa. Shrubbiness in 

A- linaria is independently derived from that in African taxa and from other types of 

shrubbiness in all most parsimonious trees. The only green, fibrous-stemmed shrubs in 

the global analysis are all species of summary taxon ALBICANS and A- subulata. In 

all trees on islands-38, -56, and -2080, these two taxa appear as sister groups. In the 

strict (and 50%-majority-rule) consensus of trees on isIand-288, these two taxa appear 

as members of a large polytomy at the base of a large clade containing most of the 

American species. In some trees on this island, these taxa are placed as sister taxa, as 

on the odier three islands (Fig. 18-20). In all trees on islands-38, -56, and -2080, and 

some trees on island-288, tlie pair summary taxon ALBICANS + A- subulata is sister 

to summary taxon FRUTICOSA, which contains some members coded as being brown-

barked shrubs (Fig. 22). In the consensus of trees on island-288, summary taxon 

FRUTICOSA appears in the same polytomy as summary taxon ALBICANS and A-

subulata. These results suggest that woodiness in the xerophytic fibrous-stemmed 

shrubs of the Sonoran Desert may be homologous with that in the African, widely-

distributed (including Saharan) summary taxon FRUTICOSUS of Gomphocarpus. A-

subulata is distant from subg. Podostemma in all most parsimonious trees. This result 

suggests a remarkable convergence in floral morphology between A- subulata and other 
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members of subg. Podostemma. This seemingly implausible result could be refuted if 

the vegetative characters (e.g., growth form, filiform leaves) that unite the shrubby 

species are convergent; however, I can see no reason to expect a priori that one or the 

other set of characters is more likely to represent convergent adaptations. 

Among North American Asclepias. corona horns (adaxial, internal appendages 

of the corona segments) are absent in only a few species. Among the taxa in the global 

analysis, they are absent in A- engelmanniana. A- cordifoiia. A- solanoana. subg. 

Acerates. and in some individuals of A- hvpoleuca and A. pringlei. Except for subg. 

Acerates and A- solanoana. each instance of horn absence in American species appears 

to be an independent loss on all trees (e.g.. Fig. 23). Most African taxa lack horns, 

but among taxa in the global analysis they are present in Asclepias buchenaviana. 

Aspidonepsis. some members of summary taxon AUREA, some individuals of 

Stathmostelma pauciflorum. Asclepias peltigera. and some members of summary taxon 

GIBBA. Horn presence in African species appears to be definitively homologous to 

American species only in A- buchenaviana. The horn in Aspidonepsis can be 

alternately viewed as homologous with that of American species (in trees in which the 

genus is positioned in the grade just ancestral to the American species; see Fig. 23) or 

convergent (in trees in which it is placed with African species that lack horns). Thus, 

Nicholas & Goyder's (1992) hypothesis of an independent origination of the horn of 

Aspidonepsis cannot be definitively evaluated at this time. The homology of horns in 

some other African taxa (e.g., summary taxon AUREA) is equivocal on many most 
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parsimonious trees, whereas horns in some taxa (e.g., within summary taxon GIBBA) 

are consistently reconstructed as convergent (Fig. 23). 

Phvlogenetic Analysis flf Large Groups. Large genera have been neglected 

disproportionately in phylogenetic studies at this taxonomic level. In some cases this 

neglect is due to incomplete knowledge at the species level. Even with reasonably 

complete data at the species level, however, phylogenetic analysis of large genera is 

limited by computing technology. In this study of Asclepias. an explicit procedure is 

developed for reducing the number of terminal taxa in phylogenetic analyses. The 

procedure of constructing summary taxa implemented in this study begins with a data 

matrix that includes virtually ail taxa known to belong to the ingroup. An iterative 

procedure is utilized that involves heuristic searches for most parsimonious trees, 

evaluation of clade support, and replacement of small groups of species with summary 

taxa. Character coding of summary taxa is achieved by pooling data for all included 

species, and selectively narrowing the range of character states in some polymorphic 

characters by making inferences about ancestral states in the clade being replaced. This 

procedure of reducing the number of taxa in a study may increase confidence in the 

results of tree searches by increasing the sampling density in the pool of possible tree 

topologies and by allowing greater replication in tree searching, given computer time 

constraints. This procedure should more accurately recover phylogenetic relationships 

compared to commonly implemented sampling strategies, such as the exemplar method 

commonly implemented in molecular studies, that do not utilize an explicit 
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methodology; however, the effectiveness of different sampling strategies has not been 

evaluated. 
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Table 1. Taxa included in this study. Terminal taxa for phylogenetic analyses 

indicated in bold. North American taxa grouped by Woodson's (1941, 1954) 

infrageneric classification. If accepted nomenclature differs from that of Woodson 

(1954), Woodson's name for the taxon follows in parentheses. Outgroup taxa are listed 

under the most recent generic assignment; relevant synonyms are provided. Groups of 

species that have been represented by summary taxa in this study are listed by summary 

taxon in CAPS (e.g., "ANGUSTIFOLIA GROUP"). Species described subsequent to 

Woodson's (1954) monograph are placed with presumed relatives. Those that were 

studied from spirit-preserved flowers are indicated by t. Those that were studied from 

fewer than five specimens are so indicated. A. Ingroup. B. Outgroup. 

A. INGROUP (Asclepias s.s.) 

Subgenus Series Species or Species Group Specimens 

ASCLEPIAS Incarnatae ANGUSTIFOLIA GROUP 

tangustifolia Schweigg. 

tperennis Walter 

ttexana A. Heller 

tcurassavica L. 

tgentryi Standi. 



81 

ilncarnata L. ssp. incamata 

incaimta L. ssp. pulchra (Ehrh.) Woodsoa 

tleptopos I. M. Jobnst. 

linearis Scheele 

mexicana Cav. 

nivea L. 

pseudorubricaulis Woodsoa 3 

VERTICILLATA GROUP 

tfascicularis Decne. 

tpumila (A. Gray) Vail 

tsubverticillata (A. Gray) Vail 

tverticillata L. 

woodsoniana Standi. & Steyerm. 

Tuberosae tianceolata Walter 

rubra L. 

mberosa L. ssp. tuberosa 

tuberosa L. ssp. rolfsii (Britton) Woodson 2 

ttuberosa L. ssp. interior Woodson 

(incl. ssp. tetminalis Woodson) 

Exaltatae tamplexicaulis Sm. 

coulteri A. Gray 

texaltata L. 

tjaiiscana B. L. Rob. 

(A. contrayerba Sesse & Mogino) 

tovata M. Manens & Galeotti 



quinquedentata A. Gray 

rzedowskii W. D. Stevens 

scaposa Vail 

tsimilis Hemsl. 

virletii E. Foumier 

(incl. A. bifida W. H. Blackw.) 

"GRANDIFLORAE" 

tinsignis Brandegee, non ScMechter 

(A. grandiflora E. Foumier, non L. f.) 

tglaucescens H.B.K. 

thypoieuca (A. Gray) Woodson 

tjorgeana Fisbbein & S. Lynch ined. 

tlinaria Cav. 

meadii Torr. ex A. Gray 

notha W. D. Stevens 

tovalifolia Decne. 

pellucida E. Foumier 

pratensis Benth. 

tpringlei (Greenm.) Woodson 

quadrifolia Jacq. 

tsyriaca L. 

tviriduia Chapm. 

Grandiflorae crocea Woodson 

Syriacae thumistrata Walter 

Purpurascentes tcurtissii A. Gray 



euphorbiaefolia Engelm. ex A. Gray 

thallii A. Gray 

tpurpurascens L. 

totarioides E. Foumier 

tspedosa Torr. 

tsuUivantii Engelm. ex A. Gray 

tvariegata L. 

Macrotides conzattii Woodson 

INVOLUCRATA GROUP 

finvolucrata Engelm. ex A. Gray 

fmacrosperma Eastw. 

tlanflora (Bentb.) Decne. 

tlemmonii A. Gray 

tmacrotis Torr. 

tmichaiudi Decne. 

pubenila A. Gray 

Roseae ALBICANS GROUP 

talbicans S. Watson 

tmasonii Woodson 

tsubaphylla Woodson 

tarenaria Torr. 

teriocarpa Bentb. 

terosa Torr. 

tlabriformis M. E. Jones 

tiatifolia Raf. 



tniunmularia Torr. 

numinularioides W. D. Stevens 

tobovata Elliott 

rosea H. B. K. 

ttomentosa Elliott 

VESnXA 

fvestita Hook. & Am. ssp. vestita 

fvestita Hook. & Am. 

ssp. parishii (Jeps.) Woodson 

welshii N. H. Holmgren & P. K. Holmgren 3 

PODOSTEMMA (Greene) Woodson auriculata H.B.K. 

emoryi (Greene) Vail ex Small 

PODOSTEMMA 

tnyctaginifolia A. Gray 

toenotheroides Cham. & Schltdl. 

tprostrata W. H. Blackw. 

standleyi Woodson 

tsubulata Decne. 

ANATHERK (Nutt.) Woodson tconnivens Baldwin ex Elliott 

ASCLEPIODELLA (Small) Woodson tbrachystephana Engelm. ex Torr. 

tcinerea Walter 

tcordifolia (Benth.) Jeps. 

tcutleri Woodson 

eastwoodiana Bameby 

(A. nitliiae Maguire p.p., sensu Woodson) 



ACERATES (Elliott) Woodson 

SOLANOA (Greene) Woodson 

POLYOTUS (Nutt.) Woodson 

ASCLEPIODORA (A. Gray) Woodson 

feayi Chapm. ex A. Gray 

fruthiae Maguire 

sanjuanensis K. D. Heil, J. M. Porter 

& S. L. Welsh 

uncialis Greene 

ACERATES 

thirtella (Permell) Woodson 

tlongifolia F. Michx. 

tviridiflora Raf. 

lanuginosa Nutt. 

vinosa (E. Foamier) Woodson 

tcalifornica Greene 

(incl. ssp. greenei) 

tcryptoceras S. Watson ssp. cryptoceras 

cryptoceras S. Watson 

ssp. davisii (Woodson) Woodson 

tsolanoana Woodson 

tengeimaiuiiana Woodson 

rusbyi (Vail) Woodson 

stenophylla A. Gray 

ASCLEPIODORA 

ta.sperula (Decne.) Woodson ssp. asperula 

tasperula (Decne.) Woodson 

ssp. capricomu (Woodson) Woodson 

tviridis Walter 
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ELATA GROUP 

telata Benth. 

tmirifica Woodson 

foumieri Woodson 

tmacroura A. Gray I 

(A. elata Bendi. p.p., sensu Woodson) 

tsperryi Woodson 5 

zantbodacryon (L. B. Smith) Woodson 5 

PODOSTIGMA (Elliott) Woodson atroviolacea Woodson 

tcirdnalis (Decne.) Woodson 

mcvaughii Woodson 

pedicellata Walter 

zacatecana McVaugh 2 

B. OUTGROUP 

Species or Species Group Svnonvni 

Asclepias adscendens (Schlechter) Schlechter' 

Asclepias amabilis N. E. Br.- Gomphocaipus amabilis (N. E. Br.) Bullock 

Asclepias brevicuspis (E. Meyer) Schlechter' 

tAsclepias buchenaviana Schinz^ 

tAsclepias cancellata Burm. f.' 

Asclepias dregeana Schlechter var. dregeana 

Asclepias flexuosa (E. Meyer) Schlechter' 



Asclepias multicaulis (E. Meyer) Schlecbter' 

Asclepias pehigera (E. Meyer) Schlecbter 

Asclepias rivularis Schlecbter' 

Asclepias woodii (Schlecbter) Schlecbter' 

ASPIDONEPSIS 

Aspidonepsis cognata (N. E. Br.) A. Nicholas & Goyder 

Aspidonepsis diploglossa (Turcz.) A. Nicholas & Goyder 

Aspidonepsis flava (N. E. Br.) A. Nicholas & Goyder 

AUREA GROUP® 

Asclepias aurea (Schlecbter) Schlecbter 

Asclepias brevipes (Schlecbter) Schlecbter 

Asclepias hutnilis (E. Meyer) Schlecbter 

Asclepias meyeriana (Schlecbter) Schlecbter 

Asclepias stellifera Schlecbter 

FRUTICOSUS GROUP 

Asclepias decipiens N. E. Br. 

tComphocarpus fhiticosus (L.) Aiton f. 

Gomphocarpus integer (N. E. Br.) Bullock 

Gomphocarpus tomentosus Burchell 

GIBBA GROUP' 

Asclepias emminens (Harvey) Sclilechter 

Asclepias gibba (E. Meyer) Schlecbter var. gibba 

Asclepias navicularis (E. Meyer) Sclilecbter 

LAGARBVTHUS 

Asclepias expansa (E. Meyer) Sclilecbter 

Asclepias cognata N. E. Brown 

Asclepias diploglossa Turcz. 

Asclepias flava N. E. Brown 

Asclepias fiuticosa L. 

Asclepias Integra N. E. Br. 

Asclepias burcbellii Schlecbter 

Stenostelma emminens (Harvey) Bullock 

Lagarinthus expansus E. Meyer 
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Asclepias patens N. E. Br. 

Asclepias praemorsa Schlecbter Lagarintlnis tiuncanis E. Meyer 

MACROPUS GROUP 

Asclepias a£5nis (Schlecbter) Schlecbter 

Asclepias albens (E. Meyer) Schlecbter 

Asclepias crispa (Thunb.) Schlecbter 

Asclepias fallax (Schlecbter) Schlecbter 

Asclepias macropus (Schlecbter) Schlecbter 

Asclepias vicaria N. E. Br. 

Asclepias xysmalobioides Hilliard & Burtt, non S. Moore 

Scbizoglossum periglossoides Schlecbter* 

Stathmostelma pauciflonim (Klotsch) K. Schumann Asclepias pauciflorum (Klotsch) E. A. Bruce 

Trachycalymma cristatum (Decne.) Bullock Asclepias palustris (K. Schumann) Schlecbter 

' Associated with "MACROPUS GROUP" by Nicholas (1982) 

- Associated with Gomphocarpus by Bullock (1958) 

' Associated with "GIBBA GROUP" by Nicholas (1982) 

^ Considered synonymous witli Gomphocarpus filiformis by Bullock (1958) 

^ Associated with Gomphocarpus by Nicholas (pers. comm.) 

' Associated widi Trachvcaivmma bv Nicholas (1982) 

" Associated with Stenostelma by Nicholas (1982) 

" Associated widi Stenosteima by Kupiclia (1984) 



89 

Table 2. Characters, their states, and codes. 

HABIT 

1. Growth form: (0) root perennial herb, (1) perennial subshrub with herbaceous stems 

and woody stem base, (2) woody, brown-barked shrub, (3) green-stemmed 

shrub. 

2. Stem posture: (0) erect, (I) spreading/pendulous, (2) decumbent/prostrate. 

3. Axillary branching; (0) absent, (1) present. 

SUBTERRANEAN STRUCTURES 

4. Roots: (0) primarily superficial fibrous roots with or without small, thickened tap 

root or caudex, (1) slightly thickened tap root without fibrous roots, (2) greatly 

thickened, deep seated tap root or globose, fusiform, or napiform, thickened 

roots. 

5. Rhizomes: (0) absent, (1) present. 

STEMS 

6. Pith: (0) solid, (1) hollow or chambered. 

7. Interpetiolar line: (0) absent, (I) petiole bases adnate, but not confluent into a line, 

(2) present. 

8. Petiole base/interpetiolar glands (colleters): (0) present, (1) absent. 

9. Interpetiolar fringe: (0) absent, (1) present. 
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10. Stem vestiture: (0) glabrous, (1) puberulent or pilose in lines, (2) uniformly 

puberulent, (2) trichomes spreading (hirsute, hirsutulous, or setose), (3) 

tomentose or lanate. 

11. Phyllotaxy: (0) opposite, (1) proximally opposite/distally alternate, (1) wholly 

alternate/spiral, (3) whorled/false whorled 

LEAVES 

12. Lamina widest point: (0) widest below middle (ovate, lanceolate), (1) widest at 

middle (oblong, elliptic, linear), (2) widest above middle (obovate, 

oblanceolate). 

13. Lamina length/width: (0) < 1.0, (1) 1.0-3.0, (2) 3.0-10.0, (3) 10.0-20.0, (4) 

>20 .0. 

14. Lamina apical shape: (0) acute/acuminate/attenuate, (1) obtuse/truncate, (2) 

emarginate. 

15. Lamina apical mucro: (0) absent, (I) present. 

16. Lamina basal shape: (0) acute/cuneate, (I) obtuse/truncate, (2) cordate, (3) hastate. 

17. Venation type: (0) reticulodromous, (1) brochidodromous, (2) eucamptodromous, 

(3) hyphodromous. 

18. Secondary vein angle: (0) acute, (1) right. 

19. Lamina adaxial basal glands (colleters): (0) present, (1) absent. 



91 

20. Adaxial vestiture: (0) glabrous, (1) puberulent or pilose on veins and margin only, 

(2) uniformly puberulent or pilose (3) hirsute, hirsutulous, or setose, (4) 

tomentose or lanate (5) thinly tomentose, becoming glabrate. 

21. Lamina basal margin long ciliate: (0) absent, (1) present. 

22. Abaxial vestiture: (0) glabrous, (I) puberulent or pilose on veins only, (2) 

puberulent or pilose on veins only, (2) hirsute, hirsutulous, or setose, (3) 

tomentose, lanate or very dense puberulent, (4) thinly tomentose, becoming 

glabrate. 

23. Margin shape: (0) entire, (1) revolute, (2) crisped, (3) minutely erose. 

24. Epidermal glaucum: (0) absent, (1) present. 

25. Abaxial epidermis conspicuously paler: (0) absent, (1) present. 

INFLORESCENCES 

26. Peduncle length: (0) None (umbels sessile), (1) present, of moderate length, (2) 

present, greatly elongate. 

FLOWERS 

27. Calyx abaxial vestiture: (0) glabrous, (1) puberulent or pilose, (2) trichomes stiffly 

spreading (hirsute, hirsutulous, or setose), (3) tomentose or lanate. 

28. Corolla lobe posture: (0) reflexed, (1) spreading, (2) ascending/erect. 
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29. Corolla abaxial vestiture: (0) glabrous, (1) sparse puberulent or pilose (2) dense 

puberulent or pilose, (3) dense puberulent or pilose only on the tips of the lobes. 

(4) hirsute, hirsutulous, or setose, (5) hirsute, hirsutulous or setose only on the 

tips of the lobes, (6) tomentose or lanate. 

30. Corona segment basal shape: (0) straight and confluent or oblique with attachment 

to column, (1) rounded, (2) saccate. 

31. Corona segment dorsal shape: (0) rounded, (1) flattened. 

32. Corona segment dorsal v-shaped groove: (0) absent, (I) present. 

33. Corona segment dorsal keel: (0) absent, (1) faint thickening along center of 

dorsum, (2) present, much diicker than margin. 

34. Corona segment apical shape: (0) long attenuate, (1) attenuate, (2) short attenuate, 

(3) obtuse, (4) truncate. 

35. Corona segment apical tip shape: (0) acute, (1) obtuse (2) truncate, (3) erose, (4) 

emarginate, (5) apiculate, (6) subulate. 

36. Corona segment apical elongate trichomes: (0) absent, (1) present. 

37. Corona segment cavity cross-sectional shape: (0) broad oval (longest axis 

transverse), (I) narrow oval (longest axis radial), (2) very narrow oval (longest 

axis radial, l:w >5), (3) linear (axis radial), hood margins completely 

connivent, (4) very narrow oval distal to head, linear proximal to head, (5) 

broad oval, proximal margin open to head, (6) linear distal to head, very 

narrow oval proximal to head, (7) cavity absent, (8) linear (axis transverse). 
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38. Corona segment margin lobes: (0) entire, (I) shallow lobed, (2) deep lobed, (3) 

deeply incised/apex deflexed from column. 

39. Corona segment margin inflexed: (0) present, (1) absent. 

40. Corona segment proximal apex with inflexed spur: (0) absent, (1) present. 

41. Corona segment lateral protuberance or pouch; (0) absent, (1) present. 

42. Corona segment stipitate: (0) present, (I) segment subsessile, (2) absent (segment 

sessile). 

43. Corona segment height of proximal margin relative to anther/style head: (0) very 

tall (> 2.0 X height of head), (1) tall (1.25 - 1.67 x height of head), (2) 

moderate (= height of head), (3) short (.33 - .75 x height of head), (4) reaching 

up to base of head. 

44. Corona segment height of dorsal apex relative to proximal margin: (0) taller, (1) 

equal, (2) shorter. 

45. Corona segment basal lobe: (0) present, well developed, (1) present, minute, (2) 

absent, (3) present, elongate. 

46. Corona segment adaxial internal appendage (horn): (0) present, (1) absent. 

47. Corona segment appendage adnation: (0) free/basal, (1) base to .25-.33 x length 

along dorsum of segment and apically free, (2) base to .5 x length along dorsum 

of segment and apically free, (3) base to .67-75 x length along dorsum of 

segment and apically free, (4) appendage wholly adnate to segment dorsum 

along its entire length. 
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48. Corona segment appendage longitudinal shape: (0) crest/nub, (1) falcate, 

moderately curved and entire marginate, (2) falcate, sharply curved and entire 

marginate, (3) falcate, with an abruptly contracted apex, (4) linear, curved, with 

an abruptly contracted apex, (5) linear and moderately curved with a.pointed 

apex, (6) linear and sharp curved with a pointed apex, (7) linear, straight and 

blunt tipped. 

49. Corona segment appendage cross-sectional shape: (0) laterally flat, relatively thin, 

(1) laterally flat, relatively thick, (2) laterally flat, relatively thick, apically 

terete, (3) laterally flat, relatively thick, apically deltoid, (4) laterally flat, 

relatively thick, apically dorsiventrally flat, (5) uniformly deltoid, (6) uniformly 

terete, (7) uniformly dorsiventrally flat. 

50. Corona segment appendage exsertion from cavity: (0) not exserted, (1) tip far from 

head, (2) tip extending to edge of head, (3) tip extending over head, touching or 

nearly touching head, (4) tip extending far over head. 

51. Staminal column height/diameter: (0) elongate (h:d > = 1.0), (1) moderate (.33 

< = h:d < =.75), (2) short (.17 < = h:d < = .25), (3) subsessile (.05 < = 

h:d < = .10), (4) sessile (h:d = 0). 

52. Anther/style head height/diameter: (0) elongate (h;d > = 1.25), (1) moderate (h:d 

= 1.0), (2) short (h:d < .75). 

53. Anther/style head apical shape: (0) depressed, (1) flat, (2) ridged. 

54. Anther apical appendages elongate: (0) absent, (1) present. 
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55. Anther marginal appendage (wing) sliape: (0) triangular, broadest at base, (1) 

triangular, broadest at distended base, (2) triangular, broadest just above base, 

(3) triangular, broadest at middle, (4) triangular, broadest at middle, concave 

above-straight below, (5) linear, (6) linear, broader at base. 

56. Anther marginal appendage opening to stigmatic chamber: (0) none, (1) tips parted 

very slightly, (2) tips parted slightly, (3) tips parted widely, (3) tips parted 

widely, the lower margins folded up, (4) tips parted along basal margin. 

57. Pollinium corpusculum length:width ratio: (0) <2:1, (1) 2:1, (2) 3:1, (3) >3:1. 

58. Corpusculum hyaline marginal appendages: (0) absent, (1) present, free from 

translator, (2) present, adnate to translator. 

59. Corpusculum color: (0) brown, (1) very dark brown, (2) black, (3) metallic gray or 

olive. 

60. Pollinarium translator deltoid hyaline appendages: (0) absent, (1) present. 

61. Pollinium shape: (0) typical teardrop, (1) particularly short and broad, (2) 

particularly long and narrow. 

62. Pollinium color: (0) yellow, straw, pale greenish-yellow, (1) gray, metallic, 

purplish, greenish-gray. 

FRUITS 

63. Fruit posture: (0) pedicel deflexed, follicle erect, (1) pedicel erect, follicle erect, 

(2) pedicel spreading, follicle pendulous, (3) pedicel spreading, follicle erect. 
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64. Longitudinal shape: (0) narrow fusiform, (1) wide fusiform, (2) lance-ovoid, (3) 

ovoid. 

65. Apical shape: (0) attenuate/acuminate, (1) apiculate, (2) curved acuminate, (3) 

short obtuse. 

66. Vestiture: (0) glabrous, (1) sparse, minute puberulent (2) dense puberulent or 

pilose (3) hirsute, hirsutulous, or setose, (4) tomentose or lanate. 

67. Bicolored striations: (0) absent, (1) present, (2) very faint. 

68. Spiny protuberances: (0) absent, (1) relatively stout, present throughout, (2) 

relatively stout, sparse and apical, (3) dense filiform. 

69. Seed coma: (0) present, (1) absent. 
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Table 3. Support for Woodson's (1954) infrageneric classification of Asclepias in four 

islands of most parsimonious trees. Mono=monophyletic, raono*=monophyletic in 

the procedure for constructing summary taxa, para=paraphyletic, poly=poIyphyIetic, 

+/-= small rearrangements could make the group monophyletic or paraphyletic. 

Taxon Island-38 I5:land-5fi IslaiKl-20?0 Island-288 

suhB. Asclepias para para poly para 

ser. Incaniatae mono+/- mono mono mono 

ser. Tuberosae poly poly poly poly 

ser. Exaltatae poly poly poly poly 

ser. Grandiflorae mono* 

ser. Syriacae poly poly poly poly 

ser. Purpurascentes para+/- para+/- para+/- para+/-

ser. Macrotides poly poly poly poly 

ser. Roseae poly poly poly poly 

subg. Podostemma poly poly poly poly 

subg. Anatherix monotypic 

subp. Asclepiodella poly poly poly poly 

sube. Acerates mono* 

subg. Solanoa para para para para 

sube. Polvotis — (mono)' 

sube. Asclepiodora poly poly poly poly 

subg. Podostipma — (mono + /-)' 

' Only a single representative included, but presumed monophyletic. 
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Appendix 1. Exsiccatae 

North American taxa 

Asclepias albicans 

MEXICO: B^a California: Hastings 71-1 (ARIZ), Lopez Ferment 428 (ARIZ), 

McUughlin 2000 (ARIZ), 2455 (ARIZ), 2461 (ARIZ), Tenorio 9472 (ARIZ), Turner 

76-62 (ARIZ), Wiggins 15,868 (ARIZ); Baja California Sur: Gentry 11,899 (ARIZ), 

Hastings 71-173 (ARIZ), McLaughlin 2483 (ARIZ), Rempel 194 (ARIZ); Sonora: 

Dennis s.n. (ARIZ), Felger 5769 (ARIZ), 7110 (ARIZ), 13,160 (ARIZ), 14,976 

(ARIZ) 17,893 (ARIZ), 17,912 (ARIZ, TEX), 20,259 (ARIZ), 20,390 (ARIZ), 

20,669 (ARIZ), 74-15 (ARIZ), 74-22 (ARIZ), 75-2 (ARIZ), 75-26 (ARIZ), 9988 

(ARIZ), Fishbein 17 (ARIZ), 2739 (ARIZ), Hastings 71-52 (ARIZ), Lockwood 73 

(ARIZ), Wheeler s.n. (ARIZ), Yatskievych 80-30 (ARIZ), 81-188 (ARIZ); US; 

Arizona: Booth A-61 (ARIZ), Fiber 41 (ARIZ), Felger 94-16 (ARIZ), Fishbein 1632 

(ARIZ), Oilman 232 (ARIZ), Goodding 1930 (ARIZ), B46-171G (ARIZ), Halse s.n. 

(ARIZ), Harlan 119 (ARIZ), Harrison 3605 (ARIZ), Hevly s.n. (ARIZ), Mason 2498 

(ARIZ), McManus 691 (ARIZ), Parker 8254 (ARIZ), Peebles 5061 (ARIZ), 9135 

(ARIZ), Shreve 5941 (ARIZ), Simmons s.n. (ARIZ), Van Devender s.n. (ARIZ), s.n. 

(ARIZ), s.n. (ARIZ), s.n. (ARIZ), s.n. (ARIZ), s.n. (ARIZ), Vorhies s.n. (ARIZ); 
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California; Burgess 4734 (ARIZ), Giggy s.n. (ARIZ), LaRue 91-58 (ARIZ), 

McUughlin 2430 (ARIZ), 2434 (ARIZ), 2438 (ARIZ), 2934 (ARIZ), s.n. (ARIZ), 

NUes 515 (ARIZ), Phillips 74-18 (ARIZ), 74-279 (ARIZ), Turner 75-13 (ARIZ). Wolf 

1892 (ARIZ). 

A- amplexicaulis 

US: Louisiana: Fishbein 2409 (ARIZ); Maryland: Shreve 1647 (ARIZ); Nebraska: 

Thornber s.n. (ARIZ); Oklahoma: Loring 103 (ARIZ), Tenney 122 (ARIZ), Waterfall 

2029 (ARIZ). 

A- angustifolia 

MEXICO: Chihuahua: Corral 2762 (NMC), Fishbein 1352 (ARIZ), Gentry 1517 

(ARIZ, F, GH, MEXU, MO. US), 8019 (ARIZ, MEXU, RSA, US), Gurney s.n. 

(POM), Hartman 663 (GH), Uferriere 470 (MO, TEX), 1550 (MO), 1619 (ARIZ, 

MO), 1995 (ARIZ), Ungille 20 (ARIZ), LeSueur 846 (F, GH, TEX, US), Martin s.n. 

(ARIZ, MO), s.n. (ARIZ), s.n. (ARIZ), Nelson 6457 (US), Nesom 5443 (TEX), 

Spellenberg 8446 (NMC); Durango: Hernandez M. 8270 (TEX), Palmer 1906-250 

(MO), Pearce 2308 (ARIZ); Mexico: Hinton 3541 (ARIZ), Moreno G. 139 (ARIZ); 

Nuevo Leon: Worthington 8392 (ARIZ); Sonora: Gentry 504 (US), Goldberg 76-158 

(ARIZ, MEXU), Martin s.n. (ARIZ), Pennell 19,596 (US), Phillips 479 (ARIZ, GH, 
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TEX), Smith s.n. (ARIZ), White 3114 (ARIZ, GH), 3364 (ARIZ, GH); US: Arizona: 

Baker 8402 (ARIZ), Blumer s.n. (ARIZ), Bowers R909 (ARIZ), Darrow 2208 

(ARIZ), s.n. (ARIZ), s.n. (ARIZ), Goodding 6408 (ARIZ), 6409 (ARIZ), 6410 

(ARIZ), 6419 (ARIZ), 6421 (ARIZ), 103-60 (ARIZ), 120-62 (ARIZ), Hardies 6381 

(ARIZ), Hesselberg s.n. (ARIZ), Kaiser 49-116 (ARIZ), 49-288 (ARIZ), Lemmon 234 

(ARIZ), 2817 (ARIZ), McLaughlin 1865 (ARIZ), 2285 (ARIZ), 3723 (ARIZ), s.n. 

(ARIZ), Niering s.n. (ARIZ), Peebles 3417 (ARIZ), Thornber 9206 (ARIZ), s.n. 

(ARIZ), Turner 76-23 (ARIZ), Van Devender 88-410 (ARIZ), s.n. (ARIZ), s.n. 

(ARIZ). 

A- arenaria 

MEXICO: Chihuahua: Correll 20.327 (LL), Pringle 842 (MO); US: New Mexico: 

Bohrer 1892 (ARIZ), Secor 69 (TEX); Nebraska: Hapemans.n. (ARIZ), s.n. (ARIZ); 

Texas: Correll 16,895 (LL), 30,015 (LL), Head 89 (USE), Muller 8529 (ARIZ), 

Turner 3148 (TEX). 

A- asiimiia ssp. asperula 

MEXICO: Chihuahua: Correll 21.734 (LL), Gregg 511 (MO), Henrickson 7656 

(TEX), Jones s.n. (POM) Mearns 315 (US), Palmer 1908-105 (F, GH, MO, US), 

Pringle 6? (MEXU), 98 (GH), Valdes 453 (LL); CoahuUa: Gentry 23,214 (ARIZ); 
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Sonora: Felger 3612 (ARIZ), Fishbein 1217 (ARIZ), 2281 (ARIZ), Martin s.n. 

(ARIZ), Reina s.n. (University of Sonora), Schotts.n. (F), Tenorio 13,597 (MEXU), 

Toolin 378 (ARIZ), Van Devender s.n. (ARIZ), Webster 21348 (ARIZ), Wilson s.n. 

(ARIZ); US: Arizona: Adams 40-92 (ARIZ), Barr 66-81 (ARIZ), 68-218 (ARIZ), 

Benham 6406 (ARIZ), Bohrer 331 (ARIZ), 1635 (ARIZ), Bowen 51 (ARIZ), Bowers 

R1448 (ARIZ), Brandenburg 53,045 (ARIZ), Bundy 2526 (ARIZ), Butterwick 6484 

(ARIZ), Caldwell 236 (ARIZ), 65-236 (ARIZ), Collom s.n. (ARIZ), Comstock C707 

(ARIZ), Conrad s.n. (ARIZ), Cotter 73 (ARIZ), David s.n. (ARIZ), s.n. (ARIZ), 

Demaree 42,831 (ARIZ), 42,843 (ARIZ), Dickerman 364 (ARIZ), Goodding 1062 

(ARIZ), 269-48 (ARIZ, ARIZ), 78-50 (ARIZ), Gould 3171 (ARIZ), 3431 (ARIZ), 

3625 (ARIZ), 4862 (ARIZ), Granfelt 68-123 (ARIZ), Griffiths 2643 (ARIZ), Halse 87 

(ARIZ), 167 (ARIZ), 399 (ARIZ), Hardies 6425 (ARIZ), Harrison 1878 (ARIZ), 5496 

(ARIZ), 5501 (ARIZ), Howell 24,677 (ARIZ), Jenkins 93-20 (ARIZ), Johnson s.n. 

(ARIZ), Jones 4598 (ARIZ), Larsten 41 (ARIZ), Lemmons.n. (ARIZ), MacDougal 

195 (ARIZ), Martin s.n. (ARIZ), Mason 2868 (ARIZ), McFarland 163 (ARIZ), 

McUughiin 1378 (ARIZ), 1656 (ARIZ), 1697 (ARIZ), 3544 (ARIZ), 6709 (ARIZ), 

Moir 630 (ARIZ). Nabhan 146 (ARIZ), 146b (ARIZ), Nichol s.n. (ARIZ), Parker 

6688 (ARIZ), 7450 (ARIZ). Pase 942 (ARIZ), Peebles 2218 (ARIZ), 9650 (ARIZ), 

14.616 (ARIZ), Phillips s.n. (ARIZ), Reeves R2741 (ARIZ), Reichhardt 7 (ARIZ), 

Rondeau 88-35 (ARIZ), Schmidt 27 (ARIZ), 238 (ARIZ), Shreve 4769 (ARIZ), Starr 

24 (ARIZ), Theroux 667a (ARIZ), 667z (ARIZ), Thornber 521 (ARIZ), 2125 (ARIZ), 
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8268 (ARIZ), 8359 (ARIZ), s.n. (ARIZ), Toolin 103 (ARIZ), 355 (ARIZ), Tourney 

4743 (ARIZ), Tramontane 71 (ARIZ), Tucker 2880 (ARIZ), Van Devender s.n. 

(ARIZ), s.n. (ARIZ), s.n. (ARIZ), s.n. (ARIZ), s.n. (ARIZ), s.n. (ARIZ), Whitehead 

s.n. (ARIZ), Whiting s.n. (ARIZ), Yarnell s.n. (ARIZ); California: Wolf 7048 

(ARIZ); Colorado: Ehlers 7656 (ARIZ), Erianson 1366 (ARIZ), Weber 4383 (ARIZ); 

Nevada: Clokey 8066 (ARIZ, ARIZ), Deming s.n. (ARIZ), Train 2053 (ARIZ); New 

Mexico: Adams 67-94 (ARIZ), Heller 3736 (ARIZ), Humphrey s.n. (ARIZ), Jump 

s.n. (ARIZ), Losure 155 (ARIZ, ARIZ), 345 (ARIZ), Maguire 11,640 (ARIZ), Parker 

6540 (ARIZ), Pearce 2687 (ARIZ), Stokes s.n. (ARIZ), Tschaikowsky 58 (ARIZ), 488 

(ARIZ), Wootons.n. (ARIZ, ARIZ); Texas: Fisher (ARIZ), Heller 1631 (ARIZ), 

Hinckley s.n. (ARIZ), Van Devender 85-150 (ARIZ), s.n. (ARIZ), s.n. (ARIZ), s.n. 

(ARIZ), s.n. (ARIZ), Warnock 17,483B (USF); Utah: Gaines 940 (ARIZ), Holmgren 

3559 (ARIZ), Tucker 2801 (ARIZ). 

A- ssp. capricornu 

US: Kansas: Runyon 155 (ARIZ): Oklahoma: Wadsworth 50 (ARIZ), Waterfall 9910 

(ARIZ); Texas: Fishbein 2400 (ARIZ), 2401 (ARIZ), 2407 (ARIZ), Heller 1631 

(ARIZ), Nesom 5405 (ARIZ). 
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A. atroviolacea 

MEXICO: Chihuahua: Jenkins 89-166 (ARIZ), Martin s.n. (ARIZ), Van Devender 

87-152 (ARIZ); Durango: Rose 2250 (MO, type); Sonora: Martin s.n. (ARIZ). 

A- auriculata 

GUATEMALA: Heyde 3998 (MO), Steyermark 29,643 (MO); MEXICO: Chiapas: 

Breedlove 26,940 (MO), Breedlove 27,068 (MO), Lathrop 5848 (RSA); Guerrero: 

Hinton 9552 (RSA), Soto 4402 (MO); Jalisco: Diaz 3480 (MO), Pringle 5436 (MO); 

Mexico: Hinton 1629 (MO), Matuda 29195 (MO), Matuda 31362 (MO), Matuda 

31462 (MO); Mihcoacan: Straw 1192 (RSA); Morelos: Pringle 6375 (MO); Oaxaca: 

Hernandez 204 (MO), Maya 369 (MO), Pringle 5498 (MO); Puebla: Tenorio 14,091 

(MO); Tamaullpas: Dressier 2404 (MO); Veracruz: Purpus 7856 (MO). . 

A- brachvstephana 

MEXICO: Chihuahua: Bye 8494 (GH), Correll 21,539 (GH, LL), Cruden 1300 

(MO), Detling 8379 (US), Dwyer 14.176 (MEXU, MO), Dwyer 14,217 (LL, MO), 

Ellis 933 (MO), Engard 248 (LL), Freytag 60 (F, GH, MO), Gereau 511 (MO), Gould 

8759 (TEX), Henrickson 5898 (TEX), 7713 (TEX), 15,853 (TEX), Johnston 11,317B 

(LL), Jones s.n. (GH, POM), s.n. (POM), Knobloch 1002 (US), LeSueur 843 (GH, 

MEXU, MO, US). Mex-184 (F, GH, TEX), Palmer 1908-174 (F, MO, US), 
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Pennington 201 (TEX), 382 (TEX), 428 (TEX), Pringle 878 (F, MEXU, US), Van 

Devender s.n. (ARIZ, MEXU, GH), Wallace 177 (MO), Watkins 551 (LL), White 

2049 (ARIZ, US, GH), Wilkinson s.n. (F); Coahuila: Buser 3582 (ARIZ), Carranza 

s.n (ARIZ), Gentry 20029 (ARIZ), Shreve 8566 (ARIZ), 9907 (ARIZ), Stanford 278 

(ARIZ); Durango; Bates 1510 (TEX), Corral 294 (TEX), Diaz 7473 (MO), Dressier 

1129 (MO), Gonzalez s.n. (MO, MO, TEX), Gregory 337 (MO), Henrickson 12,335 

(TEX), Hernandez 7713 (RSA), Mayfield 1085 (TEX), Palmer 1896-145 (MO, MO), 

Stuessy 934 (TEX), 943 (LL, TEX), Tenorio 6358 (MO), Torke 133 (MO); Sonora: 

Abrams 13377 (F, GH, POM), Carter s.n. (ARIZ), Felger 3786 (ARIZ), Schotts.n. 

(F), Thurber 344 (GH), Wiggins 11,629 (ARIZ, RSA, TEX, US); Zacatecas: TutUe 

380 (ARIZ); US: Arizona: Barr 64-258 (ARIZ), 66-50 (ARIZ), 66-82 (ARIZ), 

Fishbein 2385 (ARIZ), Goodding 153-50 (ARIZ), 213-58 (ARIZ), 136-60 (ARIZ), 

Harrison 5734 (ARIZ), 5829 (ARIZ), Jenkins 2303 (ARIZ), Jones (ARIZ), Lemmon 

2812 (ARIZ), McCormick 295 (ARIZ), 319 (ARIZ), 904 (ARIZ), McUughlin 4578 

(ARIZ), Peebles 5361 (ARIZ), Strandberg 298 (ARIZ), Thornber 2248 (ARIZ), s.n. 

(ARIZ), s.n. (ARIZ); New Mexico: Barr 64-360 (ARIZ), Kessler s.n. (ARIZ), 

McLaughlin 2575 (ARIZ), Metcalfe 1161 (ARIZ), Moir 635 (ARIZ), Parker 2511 

(ARIZ), Spalding 139 (ARIZ). Van Devender s.n. (ARIZ), s.n. (ARIZ), Wooton s.n. 

(ARIZ): Texas: Goodding 6413 (ARIZ), Hinckley s.n. (ARIZ), Lutz s.n. (ARIZ), 

Niles 391 (ARIZ), Shreve 8358 (ARIZ), Shinners 8675 (ARIZ), Van Devender s.n. 
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(ARIZ), s.n. (ARIZ), s.n. (ARIZ), Warnocks.n. (ARIZ), Waterfall 3933 (ARIZ), 

4076 (ARIZ), 4134 (ARIZ), 4548 (ARIZ). 

A. californica: 

US: California: Abrams 2670 (UC), Brandegee s.n. (UC), Constance 2592 (UC), 

Eastwood 4380 (UC), Elmer 4351 (ARIZ), Ewan 8430 (UC), Grant 527 (ARIZ), 

Griesel s.n. (ARIZ), Griffin 3534 (JEPS), Hall 11,804 (UC), Mason 14,743 (UC), 

Parish 4739 (ARIZ), Peirson 496 (JEPS), Sharsmith 657 (UC), 3739 (UC), Thackery 

478 (ARIZ), Thome 31,717 (USF), Twisselmann 8434 (USF), Wolf 6402 (ARIZ). 

A- cinerea 

US: norida: Hansen 10,047 (USF), Orzell 14,217 (USF), Sauleda5643 (USF), 5859 

(USF). 

A- circinalis 

MEXICO: Guerrero: Halbinger s.n. (MEXU), Hinton 14,216 (MO, US), Wilkinson 

3385 (MO), Yates 173 (RSA); Oaxaca: Campos 4623 (MEXU), Pringle 4678 

(MEXU, MO, POM, US), Reyes 393 (MEXU), Saynes 832 (MEXU); Puebia: Smith 

3846 (F, US). 
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A. connivens 

US: Florida: Brenner s.n. (USF), Delaney 102 (USF), Fishbein 2416 (ARIZ), 

Rochow s.n. (USF), Shuey 1650 (USF), Wunderlin 10,280 (USF). 

A- conzattii 

MEXICO: Oaxaca: Conzatti 4024 (NY, type). 

A. cordifolia 

US: California: Baker 676 (UC), Bleopeland s.n. (UC), Butler 763 (JEPS), 1531 

(UC), Canby s.n. (ARIZ), Constance 2300 (UC), Graham 6742 (USF, USF), Grant 

705 (JEPS), Heller 5918 (UC), Hutchison 2115 (JEPS), Jepson 20,075 (JEPS), 

Lemmons.n. (ARIZ), Mulliken 107 (ARIZ, ARIZ), Newlon 227 (JEPS), Ownbey 

2423 (ARIZ), Robbins 1109 (UC), Sharsmith 4355 (ARIZ), 4514 (ARIZ), Vines 19 

(ARIZ), Willoughby 4225 (JEPS); Nevada: Archer 6252 (ARIZ), 6373 (ARIZ), 

Breene 556 (ARIZ), Mozingo 73C-1 (ARIZ); Oregon: Baker 11,606 (ARIZ). 

A- coulter! 

MEXICO: Guanajuato: Ventura 7986 (MO, TEX), Ventura 9241 (MO); Hidalgo: 

Gonzalez s.n. (LL): Queretaro: Servin 1057 (MO), Zamudio 2264 (MO), Zamudio 

2882 (MO, TEX); San Luis Potosi: Hansen 3849 (LL), Purpus 5215 (MO); 
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Tamaulipas: Henrickson 19,112b (TEX), Stanford 2026 (MO, RSA), Webster 11249 

(MO). 

A- crocea 

MEXICO: Jalisco: Wilbur 1990 (MO, type). 

A. crvptoceras ssp. crvptocera«> 

US: Arizona: Gierisch 4315 (ARIZ), 4987 (ARIZ), Mason 1942 (ARIZ), Peebles 

14,705 (ARIZ); CaUfomia: Alexander 4488 (UC). Holmgren 900 (USF); Colorado: 

Franklin 3344 (BYU), Weber 3731 (ARIZ), 3786 (ARIZ), Welsh 23,366 (BYU); 

Nevada: Foster 7876 (BYU), Gentry 57 (ARIZ); Tiehm 11,711 (BYU); Utah: Galway 

s.n. (BYU), Goodrich 18,468 (BYU), Neese 14,492 (BYU); Porter 2303 (BYU); Tuhy 

3155 (BYU), Welsh 6990 (BYU). 

A- crvptoceras ssp. davisii 

US: California: Alexander 3957 (JEPS); Oregon: Baker 9037 (ARIZ), 10,235 

(ARIZ). 

A. curassavica 

COSTA RICA: Worthington 13,659 (ARIZ); MEXICO: Baja California Sur: 



Gentry 4098 (ARIZ); Chiapas: Brett 485 (UCR), 883 (UCR), Sutherland s.n. (ARIZ); 

Chihuahua: Dobie 33 (TEX), Hewitt 273 (GH), Martin s.n. (ARIZ); Coiima: Lott 

3061 (UCR), Vazquez 338 (ARIZ); Guerrero: Hinton 10,007 (ARIZ); Hidalgo: Frye 

2533 (ARIZ); Jalisco: Ayala 140 (UCR), 653 (UCR); Mexico: Cottam 10,498 

(ARIZ), Hinton 1668 (ARIZ); Michoacan: Barr 63-606 (ARIZ), Fisher 45,117 

(ARIZ); Morelos: BonUla 1441 (UCR), Flores 293 (ARIZ), Pineda 710 (ARIZ); 

Nayarit: Barr 62-325 (ARIZ), Marin M76-315 (ARIZ); Oaxaca: Barr 63-39 (ARIZ), 

Sutherland s.n. (ARIZ); Puebia: Pineda 707 (ARIZ); Quintana Roo: Sanders 9872 

(UCR), 9935 (UCR); San Luis Potosi: Clarke 28378.1-13 (ARIZ), Fisher s.n. 

(ARIZ); Sinaloa: Bell 16,632 (MO), Brandegee s.n. (US), Felger 3208 (ARIZ), 

Gentry 5916 (ARIZ), Jones 23,252 (MO), Lamb 438 (GH, MO, US), Medina 2000 

(MEXU), Narvaez 124 (US), 316 (US), Ortega 4132 (US), 4742 (MEXU, MEXU), 

5482 (GH), 6455 (GH), 6797 (F), Perez 11 (MO), Prado 72 (MEXU), Rosas 23 

(MEXU), Rose 13,723 (US), 13,918 (US). 14,678 (US), 14,845 (US), Shaw 26 (MO), 

Wright 1278 (MO), 1347 (MO); Sonera: Felger 85-1384 (ARIZ), Fishbein 217 

(ARIZ), Martin s.n. (ARIZ), s.n. (ARIZ), Sikes 179 (TEX, TEX), Van Devender 95-

286 (ARIZ); Tamaulipas: McCarten 2612 (ARIZ), Stanford 990 (ARIZ), Yatskievych 

83-330 (ARIZ); Veracruz: Fisher s.n. (ARIZ), Garcia 63 (ARIZ), Gutierrez 229 

(ARIZ), LeSueur 364 (ARIZ), Seaton 146 (F), Ventura 7445 (ARIZ), Wendt 2884 

(ARIZ); Yucatan: Gaumer 556 (US); SPAIN: Gunnison 2597 (ARIZ). 
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A. curtissii 

US: Florida: DeLaney 1673 (USF), Fishbein 2421 (ARIZ), 2422 (ARIZ), Genelle 256 

(USF), 999 (USF), Hansen 6092 (USF), 6161 (USF), 11,627 (USF), Lakela 24,221 

(USF), 25,190 (USF), Shuey s.n. (USF), Wunderlin 9133 (USF). 

A- cutleri 

US: Arizona: Hevron 1618 (ARIZ), Peebles 13,581 (ARIZ); Utah: Atwood 11,025 

(BYU), 11,026 (BYU), 11,034b (BYU), Conrad 6656 (BYU), Cottam 5799 (BYU), 

Holmgren 8795 (BYU), Welsh 23,525 (BYU), 25,577 (BYU). 

A- eastwoQdiana 

US: Nevada: Goodrich 11,133 (BYU), 12,610 (BYU), 12,615 (BYU), 12,619 (BYU), 

13,199 (BYU), Linsdale 764 (CAS), Ripley 3690 (CAS), 6196 (CAS, CAS, type), 

Thome 548 (BYU), Tiehm 6378 (CAS). 

A- elata 

MEXICO: Chihuahua: Barlow s.n. (F). Chiang 8999c (LL), Correll 20296 (LL), 

Laferriere 662 (ARIZ, MO), LeSueur Mex-165 (F), Lehto 21,592 (MEXU), 

Pennington 625 (TEX). Pringle 537 (F, GH, MEXU, US), Pringle s.n. (F), s.n. 

(MO), Spellenberg 9665 (NMC), Stewart 997 (GH), Tenorio 1725 (MEXU), White 

2603 (2604?) (ARIZ, GH. MEXU); Coahuila: Stanford 155 (ARIZ); Durango: 



110 

LeDoux 1888 (MO); Sonora: Fishbein 627 (ARIZ), 1283 (ARIZ), Hartman 156 (GH), 

White 2654 (GH), 3117 (ARIZ, GH, MEXU), 3260 (GH); US: Arizona: Blumer 

V166 (ARIZ), Bowers 3250 (ARIZ), R327 (ARIZ), Darrow 1363 (ARIZ), Fishbein 

2442 (ARIZ), Goodding 371 (ARIZ), 174-47 (ARIZ), Kaiser 49-131 (ARIZ), Kearney 

14,885 (ARIZ, ARIZ), Loomis 2915 (ARIZ), McCarten 2147 (ARIZ), 3062 (ARIZ), 

McUughlin 1681 (ARIZ), 1713 (ARIZ), 1730 (ARIZ), 1803 (ARIZ), 1840 (ARIZ), 

1844 (ARIZ), 1882 (ARIZ), 1921-B (ARIZ), 2523 (ARIZ), Moelier 149 (ARIZ), 

Parker 5879 (ARIZ), Peebles 4488 (ARIZ), Thornber 5445 (ARIZ), s.n. (ARIZ, 

ARIZ), s.n. (ARIZ), Toolin 997 (ARIZ), Van Devender s.n. (ARIZ), s.n. (ARIZ), 

Whitehead 1736 (ARIZ), Yatskievych 80-481 (ARIZ); Texas: Hinckley s.n. (ARIZ). 

A- emoryi 

MEXICO: Nuevo Leon: Pringle 2519 (GH, type of Podostemma leoninum GreeneV 

Stevens 2579 (MO); US: Texas: Carr 11,422 (TEX), 12,032 (TEX), Correll 18,088 

(LL), 32, 754 (LL), Eggert s.n. (MO), s.n. (MO), Letterman s.n. (MO), s.n. (MO), 

Lewis 7640 (MO), Muller 2611 (MO), Orcutt 5834 (MO), Palmer 11,276 (MO), 

33,980 (MO), Reverchon 608 (MO). Sanchez 117 (TEX), Tharp 51-1654 (TEX), 51-

1657 (TEX), Whitehouse 40-57 (MO), Williges 431 (LL), Woodson 42 (MO), Zapata 

25 (ARIZ). 
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A. emorvi x oenotheroides 

MEXICO: Tamaulipas; Stuessy 793a (TEX). 

MEXICO: Chihuahua: Jones s.n. (POM); Coahuila: Wynd 422 (ARIZ), 423 

(ARIZ); US: Arizona: Baker 9759 (ASU), Fishbein378 (ARIZ), 403 (ARIZ), 2384 

(ARIZ), GUIespie 44 (ARIZ), Goodding 283-41 (ASU), Halse 502 (ARIZ), King 2427 

(ARIZ), Johnson s.n. (ARIZ, ASU), Lehto L23,157 (ARIZ), Ummon 235 (ARIZ), 

2819 (ARIZ), Peebles 12,569 (ARIZ), Thornber s.n. (ARIZ), Whitfield s.n. (ARIZ); 

Colorado: Weber 4392 (ARIZ); Kansas: Runyon 207 (ARIZ, ARIZ); New Mexico: 

Higgins 7987 (ASU), 8821 (ASU), 8895 (ASU), Tschaikowsky 171 (ARIZ), Van 

Devender 84-379 (ARIZ); Texas: Fishbein 2386 (ARIZ), Higgins 4551 (ASU), 

Lindheimer 985 (ARIZ), Parfitt s.n. (ASU); Utah: Gould 1884 (ARIZ). 

A- eriogarpa 

US: California: Bacigalupi 3957 (JEPS), Benson 11,296 (ARIZ), Blankinship s.n. 

(JEPS), Davy 7576 (UC), Heckard 2422 (JEPS), Hudson s.n. (ARIZ), Jepson 2599 

(JEPS), 9446 (JEPS). Johnston 2833 (UC), Meyer 618 (JEPS), Parish 11,358 (ARIZ), 

s.n. (JEPS), Pollard s.n. (ARIZ), Peirson 148 (JEPS), Ross 5606 (ARIZ), Wolf 7947 

(ARIZ), Ziegler 36 (ARIZ). 
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A- erosa 

MEXICO: Baja California; Burgess 7686 (ARIZ), Huey 41954 (UCR), Moran 

27,839 (ARIZ); Sonora: Burgess 5900 (ARIZ), Felger 5767 (ARIZ), 77-19 (ARIZ); 

US: Arizona: Barr 63-240 (ARIZ), 65-210 (ARIZ), 66-47 (ARIZ), 67-130 (ARIZ), 

Coombs 2517 (ARIZ), Demaree 41,048 (ARIZ), 41,211 (ARIZ), Felger 92-622 

(ARIZ), Goodding s.n. (ARIZ), Harrison 6264 (ARIZ, ARIZ), Jenkins 2678 (ARIZ), 

Jones 4142 (ARIZ), Kearney 10,009 (ARIZ), Mason 2841 (ARIZ), McLaughlin 2191 

(ARIZ), 2197 (ARIZ), 2499 (ARIZ), Parker 7462 (ARIZ), Simmons s.n. (ARIZ), Van 

Devender 89-130 (ARIZ), s.n. (ARIZ), Whitehead 72-271 (ARIZ), Wiedhopf 70-56 

(ARIZ): California: Barr 68-647 (ARIZ), Loomis 5840 (ARIZ), McLaughlin 3477 

(ARIZ), Shreve s.n. (ARIZ), Wiggins 482 (ARIZ); Nevada: Gentry 129 (ARIZ), 

Peebles 14,775 (ARIZ), Train 1810 (ARIZ); Utah: Christian 516 (ARIZ), 1027 

(ARIZ), 1098 (ARIZ), Cottam 8746 (ARIZ), Deaver 6324 (ARIZ). 

A- euphorhiaefolia 

MEXICO: Durango: Maysilles 7353 (MO, US); San Luis Potosi: Parry s.n. (GH, 

type), Schaffner 55 (GH, NY, type), 436 (F, US), 55 (GH, NY). 

A- exahata 

US: Massachusettes: H.K.S. s.n. (ARIZ), Swan s.n. (USF); Michigan: Bunker s.n. 
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(USF), Tourney s.n. (ARIZ); New Jersey: Mackenzie 794 (ARIZ, ARIZ); New York: 

Phillips 188 (ARIZ); North Carolina: Hill 20,771 (USF), Small 400 (ARIZ); Ohio: 

Wilkinson 6923 (ARIZ); Wisconsin; Hansen 4590 (USF). 

A. fascicularis 

MEXICO: Baja California; Moran 27,818 (ARIZ, UCR), Wiggins 5024 (ARIZ); 

US: California: Benson 11,295 (ARIZ), Booth 1291 (JEPS), Demaree 41,334 (ARIZ), 

Duran 3127 (UC), 3547 (ARIZ, ARIZ, ARIZ), Elmer 5004 (ARIZ), Everett 7423 

(ARIZ), Ferral 22 (ARIZ), Fry s.n. (JEPS), Griesel s.n. (ARIZ), Hutchinson 2704 

(ARIZ, JEPS), Jepson 8411 (JEPS), 13,294 (JEPS), 16,525 (JEPS), Junak SC-1396 

(UC), McUughlin 2372 (ARIZ), 2388 (ARIZ), Mitchell 1743 (ARIZ), Owens 47 

(ARIZ), Ownbey 2170 (ARIZ), Parish s.n. (ARIZ), Peirson 149 (JEPS), Pollard s.n. 

(ARIZ), Stratford s.n. (JEPS), Summers (ARIZ), Tracy 15,678 (UC), 16,349 (UC), 

Tucker 2278 (ARIZ). Witham 454 (ARIZ); Idaho: Baker 11,247 (ARIZ), 14,601 

(ARIZ), Leiberg 1319 (ARIZ); Nevada: Archer 5542 (ARIZ), Train 2344 (ARIZ); 

Oregon: Haise 2084 (ARIZ). 3682 (ARIZ); Washington: Halse 2404 (ARIZ). 

A- feayi 

US: Florida: Cole LM0136 (USF), Dodson 8055 (USF), Ducey 66 (USF), 228 (USF), 
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Fleming 4058 (USF), Genelle 2098 (USF), Hansen 11,747 (USF), Lakela 25,850 

(USF), 29,769 (USF), Norman 918 (USF), Thome 48,563b (USF). 

A- fourneri 

MEXICO: Chihuahua: Laferriere 471 (MO), 590 (A, MO), 1936 (A), Robinson 

86-5-49 (USF); D.F.: Lyonnet 3080 (US), Halbinger s.n. (MEXU); Guanajuato: 

Kishler 852 (MEXU); Hidalgo: Martinez s.n. (GH); Jalisco: Pringle 5883 (OH); 

Mexico: Gregg 707 (MO), Halbinger s.n. (MEXU), Matuda 30451 (MEXU, MEXU, 

MO), Rzedowski 34,710 (MEXU); Nayarit: Rose 3338 (US); Sonora: Fishbein 1740 

(ARIZ), 1760 (ARIZ), Martin s.n. (ARIZ), Meyer s.n. (ARIZ), Van Devender 95-364 

(ARIZ). 

A. gentry! 

MEXICO: Chihuahua: Gentry 1862 (ARIZ), Gentry 2330 (ARIZ, ARIZ, type); 

Nayarit: Goldsmith 146 (US), Howell 10.390 (US); Sinaioa: Rose 1630 (US), 1771 

(US); Sonora: Fishbein 2508 (ARIZ). Pennell 19,529 (US). 

A- glaucescens 

MEXICO: Chihuahua: Laferriere 1684 (ARIZ); Colima: Sanders 10,896 (UCR); 

Jalisco: Burch 2822 (USF), Jones s.n. (POM); Michoacan: Hinton 12,966 (RSA), 
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15,789 (RSA); Nayarit: Gentry 10,800 (ARIZ), Jones 23,250 (POM); Sinaloa: Gentry 

6448 (ARIZ, MO); Sonora: Fishbein 1743 (ARIZ). 

A. hallii 

US: Colorado: Dorn 4663 (COLO), Edwards 576 (COLO), Gentry 2105 (ARIZ), 

Heustis s.n. (COLO), Langenheim 788 (COLO), Linsley 59-500 (ARIZ), Ramaley 

15,133 (COLO), Van Devender s.n. (ARIZ), Weber 17,458 (COLO); Nevada: 

Holmgren 9726 (COLO), Tiehm 11,837 (COLO); Wyoming: Porter 4628 (COLO). 

A. hirtella 

US: Arkansas: litis 5536 (WIS); Louisiana: Fishbein 2413 (ARIZ); Mississipi: Ray 

4751 (USF); Missouri: Bush 13.034C (WIS); Wisconsin: Cochrane 7374 (WIS), 

Curtis? s.n. (WIS), Hartley 1114 (WIS), Nee 3016 (WIS). 

A. humistrata 

US: Horida: Cooley 5812 (USF). 5939 (USF), 6016 (USF), 7498 (USF), Correll 

53,356 (USF), Darwin 2630 (USF). Fishbein 2420 (ARIZ), 2426 (ARIZ), Herndon 

1450 (USF), Hill 19.153 (USF). Lakela 23.943 (USF). 24,141 (USF), Schallert 

20,255 (ARIZ), Schmid A-399 (USF), Wunderlin (USF). 
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A. hvpoleuca 

MEXICO: Chihuahua: Ferguson s.n. (ARIZ), Fishbein 1803 (ARIZ), Gentry 2734 

(ARIZ), Hewitt 130 (GH), LeSueur 838 (TEX), Mahrt 162 (NMC), Nelson 6228 (GH, 

US), Pennington 57 (TEX), 209 (TEX), Soule s.n. (MO), Spellenberg 11,904 (NMC), 

Townsend 127 (F, NMC, POM, US); Sonora: Fishbein 1703 (ARIZ), Martin s.n. 

(ARIZ), Reichenbacher 1228 (ARIZ), White 2847 (ARIZ, GH), White 3156 (ARIZ, 

GH); US: Arizona: Blumer 222 (ARIZ), 1558 (ARIZ), 3263 (ARIZ), UR4 (ARIZ), 

Bowers R384 (ARIZ), Brown 88 (ARIZ), Darrow 2555 (ARIZ), s.n. (ARIZ), Everitt 

s.n. (ARIZ), Fishbein 2119 (ARIZ), 2383 (ARIZ), Goodding 25-61 (ARIZ), Harrison 

3062 (ARIZ), 8124 (ARIZ), Hesselberg s.n. (ARIZ), Kearney 14,086 (ARIZ), 

Lemmon 2818 (ARIZ), Livingston s.n. (ARIZ), McLaughlin 1659 (ARIZ), s.n. 

(ARIZ), Niering s.n. (ARIZ), Parker 5838 (ARIZ), Peebles 2484 (ARIZ), Phillips 

2466 (ARIZ), Schroeder 6787 (ARIZ). Shreve s.n. (ARIZ), Thornber s.n. (ARIZ), 

Van Devender 84-469 (ARIZ). 85-192 (ARIZ); New Mexico: Zimmerman 2656 

(ARIZ). 

A. incarnaia ssp. incamata 

US: Arizona: Fishbein 1507 (ARIZ), 2437 (ARIZ), s.n. (ARIZ), Van Devender 91-

701 (ARIZ): Colorado: Ewan 12,280 (ARIZ); D.C.: Holms s.n. (ARIZ); Maine: 

Walker 2097 (ARIZ); Michigan: Toumey s.n. (ARIZ); Minnesota: Moore 24,139 
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(ARIZ); Missouri: Hubricht B1330 (ARIZ); Nebraska: Hapemans.n. (ARIZ), s.n. 

(ARIZ), Turrell s.n. (ARIZ); New York: Phillips 248 (ARIZ), Wilcox s.n. (ARIZ); 

Pennsylyania: Manning s.n. (ARIZ), Moldenke 31,147 (ARIZ); Vermont: Phillips 

1956 (ARIZ); West Virginia: Gentry 1599 (ARIZ); Wisconsin: Webb s.n. (ARIZ) 

incarnata ssp. pulchra 

US: Connecticut: Bissett2601 (ARIZ), Janssons.n. (ARIZ), Silea 115 (ARIZ); 

Maryland: Shreve 163 (ARIZ), s.n. (ARIZ); Massachusettes: H.K.S. s.n. (ARIZ); 

New York: Lighthipe s.n. (ARIZ); North Carolina: Biltmore 5674a (ARIZ), Leonard 

2636 (ARIZ); South Dakota: Thornber s.n. (ARIZ) 

A- insignis 

MEXICO: Guerrero: Soto 4037 (MO), Venable s.n. (ARIZ); Mexico: Hinton 4599 

(MO), 8194 (MO), 8547 (MO); Michoacan: Martinez 1468 (MO); Morelos: Kenoyer 

s.n. (ARIZ), Lyonnet 706 (MO), 2151 (MO), Stevens 1387 (MO); Oaxaca: Livornio 

94-8-42 (USF), Salinas 4319 (MO). Tenorio 7165 (MO), 11,577 (MO); Puebla: 

Dorado F-2761 (MO), Medrano F-1270 (MO), Purpus 4002 (MO), Tenorio 3997 

(MO), Torres 6638 (MO). 
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A. involucrata 

MEXICO: Chihuahua: Gonzalez 829 (TEX); Durango: Gentry 10,550 (ARIZ), 

Palmer 1896-33 (MO), 1906-38 (MO), 1906-302 (MO); Sonora; Frye 2258 (GH, 

MO, RSA, US), Hartman 850 (GH), Wiggins 11,738 (US); US: Arizona: Bertlesen 

s.n. (ARIZ), Bowers 3462 (ARIZ), Fishbein 1684 (ARIZ), Goodding s.n. (ARIZ), 

Halse 898 (ARIZ), Harrison 4014 (ARIZ), 8559 (ARIZ), Lee s.n. (ARIZ), Loomis 

5304 (ARIZ), McLaughlin 4584 (ARIZ), Peebles 7037 (ARIZ), 11,457 (ARIZ), 

13,448 (ARIZ), s.n. (ARIZ), Thornber 4916 (ARIZ); New Mexico: Pearce 2662 

(ARIZ). 

A- involucrata intermediate with A- macrosperma 

US: Arizona: Butterwick 6834 (ARIZ), Dennis s.n. (ARIZ), Fulton 7364 (ARIZ), 

Goodding 28-45 (ARIZ), Monson 28 (ARIZ), Peebles 11,888 (ARIZ), 13,300 (ARIZ), 

13,487 (ARIZ), Wymen s.n. (ARIZ). 

A. iaiiscana 

MEXICO: Chihuahua: Knobloch 5847 (US), Laferriere (ARIZ), Lehto 24,852 

(ARIZ), Spellenberg 9664 (NMC). Straw 1669 (RSA); Durango: Hernandez 7728 

(ARIZ); Guerrero: Hinton 14.394 (ARIZ); Nayarit: Gentry 11,014 (ARIZ); Sinaioa: 

Dehesa 1577 (US), Rose 1631 (US), 1663 (US), Soule 2744 (TEX), Trejo 1083 (US); 
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Sonora: Fishbein 1372 (ARIZ), 1741 (ARIZ), 1751 (ARIZ), 1860 (ARIZ), 2493 

(ARIZ, MEXU, MO), Manin s.n. (ARIZ). 

A- labriformis 

US: Utah: Atwood 14,846 (BYU), Gentry 1731 (ARIZ), Goodding s.n. (ARIZ), 

Goodrich 15,655 (BYU), Harris 399 (BYU), 1574 (BYU), Holmgren 1921 (BYU), 

2042 (ARIZ), Jones 5650 (BYU, type), McUughlin 3627 (ARIZ), 5924 (ARIZ), 

McMahon343 (ARIZ), Neese 7603 (BYU), 14,659A (BYU), 17,520 (BYU), Nixon 

10,307 (BYU), Vickery 1710 (ARIZ), Welsh 22,330 (BYU). 

A- lanceoiata 

US: Florida: Cooley 8248 (USF), Daubenmire s.n. (USF), Fishbein 2415 (ARIZ), 

Genelle 1790 (USF), Lakela 24, 082 (USF), 24,257 (USF), 29,801 (USF), 30,723 

(USF), Moldenke 29,840 (ARIZ), Pardue 404 (USF), Phillips 1749 (ARIZ), 1922 

(ARIZ), 1923 (ARIZ), Weber CSOOlO (USF); North Carolina: Leonard 1721 (ARIZ), 

Schallert 4027 (ARIZ). 4027 (ARIZ). 

A- lanuginosa: 

US: Nebraska: Hapeman s.n. (ARIZ), Thornber s.n. (ARIZ); Wisconsin: Cochrane 

710 (WIS), Hamerstrom s.n. (WIS), Tessere 368 (WIS). 
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A. latifolia 

US: Arizona: Bundy 2650 (ARIZ), Caldwell 823 (ARIZ), Clover 716 (ARIZ), Deaver 

6481 (ARIZ), Douglass 14 (ARIZ), Fulton 6297 (ARIZ), 7217 (ARIZ), Hesselberg 

s.n. (ARIZ), Jones s.n. (ARIZ), Loomis 3233 (ARIZ), Maguire 11,914 (ARIZ), 

Martin s.n. (ARIZ), McMahon 326 (ARIZ), Morehouse 155 (ARIZ), Peebles 9566 

(ARIZ), Robertson 43 (ARIZ), Shirley 54 (ARIZ), Shreve 4855 (ARIZ), Sutherland 

s.n. (ARIZ), Thornber 8271 (ARIZ), Tourney 245.5 (ARIZ), Van Cleve s.n. (ARIZ), 

Van Devender s.n. (ARIZ), Whiting 756/1107 (ARIZ), Wright 1151 (ARIZ); New 

Mexico: Jenkins 94-125 (ARIZ), Metcalfe 1156 (ARIZ), Shreve 8257 (ARIZ), 

Tschaikowsky 284 (ARIZ), Tuttle 123 (ARIZ); Texas: Fishbein 2389 (ARIZ), 

Hinckley s.n. (ARIZ), Van Devender s.n. (ARIZ), Whitehouse 41-51 (ARIZ). 

A- laxiflora 

MEXICO: Oaxaca: Davidse 9712 (MO), Diggs 3968 (NY), Pringle 4689 (MO. NY, 

POM), Straw 1047 (RSA), Torres 6812 (MO), Utley 6676 (MO). 

A- lemmonii 

MEXICO: Chihuahua: Knobloch 1383 (MO), Langille 247 (ARIZ), LeSueur 165 

(GH, TEX), Martin s.n. (ARIZ). Mayfield 220 (TEX), Muller 3485 (GH, MO), 

Pennington? 167 (TEX). Pringle 1147 (GH), Reichenbacher 1314 (ARIZ), Spellenberg 
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9307 (MEXU, NMC), Worthington 7306 (ARIZ); Diirango: Corral 219 (TEX), 

Hernandez 7567 (RSA); Sonora: Fishbein 1748 (ARIZ), 1919 (ARIZ), Martin s.n. 

(ARIZ, MEXU), Mearns 1754 (US), Pennell 19,670 (US), Reichenbacher 1182 

(ARIZ), Steinmann 93-336 (ARIZ); US: Arizona: Barr 64-417 (ARIZ), 66-87 (ARIZ), 

Fishbein 2435 (ARIZ), Goodding 496-49 (ARIZ), Harrison 5802 (ARIZ), Hesselberg 

s.n. (ARIZ), Kearney 10,579 (ARIZ), 14,080 (ARIZ), 15,089 (ARIZ), McLaughlin 

1872 (ARIZ), 1931 (ARIZ), Peebles 3464 (ARIZ), Reichenbacher 2672 (ARIZ), 2680 

(ARIZ), 2701 (ARIZ), Toolin 969 (ARIZ), Van Devender 85-189 (ARIZ), 89-326 

(ARIZ), Yatskievych 80-480 (ARIZ). 

A- leptopus 

MEXICO: Chihuahua: Gentry 2388 (ARIZ, ARIZ, type of A. suffrutex Standley). 

Jenkins 91-83 (ARIZ); Sinaloa: Gentry 5169 (ARIZ, MO); Sonora: Ames 77-55 

(ARIZ), 77-66 (ARIZ), Felger 3265 (ARIZ), 8042 (ARIZ), 11,997 (ARIZ), 84-147 

(ARIZ), 84-495 (ARIZ), Fishbein 1457 (ARIZ), 2164 (ARIZ), Gentry 1484 (ARIZ, F, 

MO), 3599 (ARIZ), Jenkins 91-50 (ARIZ), Martin s.n. (ARIZ), Palmer 1897-256 

(ARIZ, US), Pennell 19,542 (US), Perrill 5649 (ARIZ), Phillips 75-86 (ARIZ), 

Sanders 13,027 (TEX. UCR), Starr 465 (ARIZ), Toolin 560 (ARIZ), Van Devender 

84-253 (ARIZ), 84-27 (ARIZ). 92-800 (ARIZ, UCR), 94-793 (ARIZ), s.n. (ARIZ). 
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A. linaria 

MEXICO: Chihuahua: Bye 7333 (ARIZ, TEX), 7352 (ARIZ, MEXU, US), 7462 

(GH), 9288 (ARIZ, TEX, US), 9617 (US), Gentry 2810 (ARIZ, MO), 8044 (ARIZ, 

RSA, US), Gurney s.n. (POM), Hartman 1014 (GH), Hewitt 93 (GH), Knobloch 5073 

(F), 5881 (ARIZ), Uferriere 509 (ARIZ, MO), 1531 (MEXU, MO, TEX), 1928 

(MEXU, MO), 2323 (ARIZ), Ungille 42 (ARIZ), Martin s.n (ARIZ), s.n. (ARIZ), 

s.n. (ARIZ), Pennell 18,632 (GH, US), Pennington 101 (TEX), Pringle 978 (F, LL, 

US), Spellenberg 8086 (NMC). Stewart 911 (F, GH, LL), Tenorio 6578 (F, MEXU, 

MO, RSA): Coahuila: Engard 330 (ARIZ), 667 (UCR), Stanford 113 (ARIZ), 367 

(ARIZ); Durango: Corral 161 (ARIZ, MO, TEX), Fernandez 1116a (MO), Fisher 

44,190 (ARIZ), Hevly s.n. (ARIZ), Johnston 11,461 (LL), Maysilles 7000 (MO, 

TEX), Nelson 4614 (MO, MO), Palmer 1896-126 (MO), 1906-100 (MO), 1906-236 

(MO), Starr 922 (ARIZ), Tenorio 1032 (MO), Waterfall 12,562 (ARIZ, MO), Wendt 

10,046 (LL), Whittemore 83-006 (TEX); Guanajuato: Brown 82-37 (ARIZ), Pierce 

2261 (ARIZ); Hidalgo: Garcia 396 (ARIZ), Hitchcock 7264 (UCR), Ventura 138 

(ARIZ); Mexico: Cruz 628 (ARIZ), Pulido 36 (ARIZ), Steinmann 683 (ARIZ), 

Ventura 214 (ARIZ); Michoacan: Cruden 1150 (ARIZ), Fisher 45,132 (ARIZ), Frye 

2591 (ARIZ), Gibson 2264 (ARIZ); Morelos: Fisher s.n. (ARIZ); Nuevo Leon: 

Shreve 9688 (ARIZ); Puebia: Gonzalez 12,442 (ARIZ); San Luis Potosi: Garcia 1095 

(ARIZ), Genu-y 20.189 (ARIZ), Lundell 5052 (ARIZ), Muller 532 (ARIZ); Sinaloa: 
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Gentry 5676 (ARIZ); Sonora: Drouet 3675 (F), Fishbein 1747 (ARIZ), 1758 (ARIZ), 

Gentry 2306 (ARIZ, F, GH, MEXU, MO, US), Hartman 137 (GH), Joyal 2038 

(MEXU, TEX), McLaughlin 534 (ARIZ), 2558 (ARIZ), Robinson s.n. (ARIZ), 

Steinmann 93-88 (ARIZ, UCR), Turner 65-67 (ARIZ), Webster 21,359 (ARIZ), White 

2766 (ARIZ, GH, MEXU), 3059 (ARIZ, GH), Wiggins 7150 (GH, US); TamauUpas; 

Stanford 794 (ARIZ); Zacatecas: Shreve 9213 (ARIZ), Tuttie 397 (ARIZ); US: 

Arizona: Anderson 172 (ARIZ), Anderson 1024 (ARIZ), Barr 66-239 (ARIZ), Benson 

11,397 (ARIZ), Bliss s.n. (ARIZ), Bowers 3558 (ARIZ), R134 (ARIZ), Caldwell 275 

(ARIZ), 275 (ARIZ), Carter 1861 (ARIZ), s.n. (ARIZ), Darrow 2574 (ARIZ), 3856 

(ARIZ), s.n. (ARIZ), s.n. (ARIZ), s.n. (ARIZ), Downs 77-55 (ARIZ), Goodding 260-

58 (ARIZ), 650-58 (ARIZ), 71-59 (ARIZ), Gould 2812 (ARIZ), 2927 (ARIZ), 

Griffiths 1840 (ARIZ), 2113 (ARIZ), 2564 (ARIZ), Halse s.n. (ARIZ), Harrison 783 

(ARIZ), Hevly 1186 (ARIZ), Hoffert s.n. (ARIZ), Johnson s.n. (ARIZ), Jones 4310 

(ARIZ), Kearney 9281 (ARIZ), Lemmon 233 (ARIZ), Loomis 1583 (ARIZ), Maguire 

11,732 (ARIZ), McCarten 2117 (ARIZ), McCormick 358 (ARIZ), McLaughlin 1664 

(ARIZ), 6802 (ARIZ). 6847B (ARIZ), s.n. (ARIZ), Mittleman452 (ARIZ), Moeller 

152 (ARIZ), Nichol s.n. (ARIZ), s.n. (ARIZ), Niering s.n. (ARIZ), Parker 5888 

(ARIZ), Pase 1069 (ARIZ). Peebles 14,527 (ARIZ), 14,570 (ARIZ), Proctor s.n. 

(ARIZ), Purchase 97 (ARIZ), Raymond 55 (ARIZ), Reichenbacher 743 (ARIZ), Smith 

12,996 (ARIZ), Thackery 1085 (ARIZ), Thornber 5745 (ARIZ), s.n. (ARIZ), s.n. 

(ARIZ), s.n. (ARIZ), s.n. (ARIZ), s.n. (ARIZ), Toolin 522 (ARIZ), Tourney 247, 
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(ARIZ), s.n. (ARIZ), Van Devender 91-971 (ARIZ), s.n. (ARIZ), s.n. (ARIZ), s.n. 

(ARIZ), Wiens s.n. (ARIZ); New Mexico; Zimmerman 2296 (ARIZ). 

A- linearis 

US; Texas; Albers 46,343 (MO), Carter 2528 (MO), Correll 27,642 (LL), 38,101 

(LL), Fleetwood 3773 (TEX), Fryxell 2949 (TEX), Hill 7930 (MO), Lindheimer 987 

(MO), Palmer 1879-810 (MO), Reverchon 614 (MO), s.n. (MO), Runyon 2615 

(TEX), Waller 3004 (MO). 

A- longitblia 

US; Florida; Buswell 1311 (ARIZ), Correll 51,633 (USF), Fishbein 2414 (ARIZ), 

Lakela 23,991 (USF). 24,022 (USF), 25,695 (USF), Rochow s.n. (USF). 

A- macrosperma 

US; Arizona: Coombs 2861 (ARIZ), Gierisch 4191 (ARIZ, ARIZ), 4299 (ARIZ), 

Gunning s.n. (ARIZ), Howell 24.589 (ARIZ), Peebles 11,879 (ARIZ), 11,923 

(ARIZ), Wetherill 178 (ARIZ); New Me.xico; Hevron 1586 (ARIZ); Utah; Spaulding 

s.n. (ARIZ). 
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A- macrptis 

MEXICO: Chihuahua: Chiang 8412 (LL), Johnston 11,288 (LL, MO), 11,337A 

(LL), 12,318 (LL), Wendt 9884 (LL, MO), 9912a (LL); US: Arizona: Blumer 2010 

(ARIZ), SW5 (ARIZ), Bowers R1235 (ARIZ), Darrow 3426 (ARIZ), s.n. (ARIZ), 

Fishbein 1211 (ARIZ), Goodding 125-52 (ARIZ), McUughlm 1671 (ARIZ), 4076 

(ARIZ), Niering s.n. (ARIZ), Pultz 1194 (ARIZ), Yatskievych 80-279A (ARIZ); New 

Mexico: Losure 226 (ARIZ, ARIZ), Tschaikowsky 187 (ARIZ), Van Devender s.n. 

(ARIZ). 

A- macroura 

MEXICO: Jalisco: Palmer 1886-344 (GH, type). 

A^ mason ii 

MEXICO: Baja California Sur: Beauchamp 2106 (ARIZ, ARIZ), Rose 16,251 

(MO). 

A- mcvaughii 

MEXICO: Jalisco: Breedlove 35.788 (MEXU), Magallanes 1215 (MEXU, MEXU), 

McVaugh 13,953 (MEXU. US). 22.013 (ARIZ, LL). 
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A- insadii 

US: Kansas: Freeman 2598 (MO), Oyster 5347 (MO); Missouri: Russell s.n. (MO), 

Smith 3092 (MO), Steyermark 10,692 (MO), 24,036 (MO). 

A- mexicana 

MEXICO: D.F.: Lyonnet 1079 (MO); Guanajuato: Diaz 3765 (MO); Mexico: litis 

788 (MO), Matuda 28,675 (MO), 28,692 (MO), Rzedowski 34,783 (ARIZ, MO); 

Michoacan: Perez 1244 (MO), Soto 6475 (MO); Nuevo Leon: Mueller 2301 (ARIZ), 

2330 (MO), Taylor 69 (ARIZ, MO); Oaxaca: Galeotti 1616 (MO), Garcia 418 (MO), 

Mendoza 2586 (MO), Reyes 239 (MO); San Luis Potosi: Parry 584 (MO); 

Tamaulipas: Stanford 2513 (MO); Veracruz: Sharp 44,810 (MO). 

A- michauxll 

US: Florida: Correll 51,627 (USF), 53,814 (USE), Fishbein 2417 (ARIZ), Smith 

2326 (USF); South Carolina: Ahles 26,149 (USF). 

A- mirifica 

MEXICO: Chihuahua: Gentry 2352 (F, type). Gentry 2652 (ARIZ), 2897 (ARIZ); 

Sonora: Fishbein 1853 (ARIZ, MO), 2502 (ARIZ), 2520 (ARIZ), Jenkins 92-113 

(ARIZ), Pennington 135 (TEX). 
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A- nivea 

CUBA: Stevens 23,621 (MO); DOMINICAN REPUBLIC: Burch 2512 (MO), 2555 

(MO), Carter 5091 (MO), Howard 9219 (MO), Mejia 6843 (MO), 8085 (MO), Smith 

10,230 (MO), Valeur 1001 (MO), Zanoni 12,568 (MO), 17,715 (MO), 29,512 (MO); 

HAITI: Zanoni 28,900 (MO); JAMAICA: Crosby 711 (MO), Shreve 862 (ARIZ); 

PUERTO RICO: Croat 60,864 (MO), Hansen 9210 (MO), Lane 73 (MO), Molano 98 

(MO), Otero 374 (MO), Solomon 5733 (MO). 

A- nummularis 

MEXICO: Chihuahua: Correll 21,614 (GH, LL), Hartman 667 (GH), Jones s.n. 

(POM), Mexia 2509 (RSA), 2539 (MO, RSA, US), Nesom 5416 (TEX), Palmer 1908-

110 (US), Pringle 84 (GH, MEXU), Rose 11,658 (US), Spellenberg 7677 (NMC); 

Durango: Corral 102 (MO, TEX), Hernandez 588 (LL), Palmer 1896-21 (MO), 1906-

23 (MO); Sonera: Bowers 2099 (ARIZ), Frye 2259 (US), Turner 59-44 (ARIZ); US: 

Arizona: Barr 63-79 (ARIZ), Bowers 3451 (ARIZ), 3619 (ARIZ), 3627 (ARIZ), 

Castro s.n. (ARIZ), Fishbein 276 (ARIZ), 370 (ARIZ), 1210 (ARIZ), Gass s.n. 

(ARIZ), Goodding 70-50 (ARIZ), 4-56 (ARIZ), 104-58 (ARIZ), Harrison 6981 

(ARIZ). Lee s.n. (ARIZ), Lemmon 154 (ARIZ), 427 (ARIZ), Loomis 7014 (ARIZ), 

Maguire 11,086 (ARIZ), Mason 1537 (ARIZ), McUughlin 1532 (ARIZ), 1712 

(ARIZ), 3342 (ARIZ), Neese 12,690 (ARIZ), Parker 7225 (ARIZ), Peebles 4595 
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(ARIZ), Thornber 9068 (ARIZ), s.n. (ARIZ), Toolin 1397 (ARIZ); Texas: Hinckley 

s.n. (ARIZ), Warnock554 (ARIZ). 

nyctaginifplia 

MEXICO: Sonora: Fishbein 1232 (ARIZ), Kennedy 7070 (US); US: Arizona: 

Bertelsen 89-470 (ARIZ), Bowers R725 (ARIZ), Fishbein 2445 (ARIZ), Goodding 

218-59 (ARIZ), s.n. (ARIZ), Gould 3725 (ARIZ), Harbison 41,109 (ARIZ), Hester 

s.n. (ARIZ), McLaughlin 1335 (ARIZ), 1674 (ARIZ), 4852 (ARIZ), 5312 (ARIZ), 

Mittleman 153 (ARIZ), 179 (ARIZ), Nabhan 133 (ARIZ), Nichol s.n. (ARIZ), Parker 

6117 (ARIZ), Peebles 203 (ARIZ), 294 (ARIZ), 2737 (ARIZ), 4601 (ARIZ), 14,789 

(ARIZ), Reichenbacher 729 (ARIZ), Thornbers.n. (ARIZ), s.n. (ARIZ), s.n. (ARIZ), 

s.n. (ARIZ), s.n. (ARIZ), Van Devender 84-445 (ARIZ), 88-601 (ARIZ), 90-334 

(ARIZ), s.n. (ARIZ), Wiens 89RT32 (ARIZ), Yatskievych 80-530 (ARIZ). 

A- obQvata 

US: Alabama: Wilhelm 9685 (USF), 10,121 (USF); Louisiana: Allen 9184 (USF), 

Fishbein 2411 (ARIZ). 2412 (ARIZ). Vincent 2655 (USF); Oklahoma: Waterfall 

10,290 (ARIZ). 

A- oenQtheroides 

MEXICO: Chihuahua: Correll 21,527 (LL), Dwyer 14.184 (MO), Ellis 917 (MO), 
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Hartman 816 (GH), Henrickson 5788 (TEX), 5834a (TEX), Johnston 90 (GH), Pringle 

536 (GH, US), s.n. (MEXU), Stearns 75 (F), Valdes 478 (LL), Waterfall 12,511 (GH, 

US), White 2133 (GH); Hidalgo: Chase 7076 (ARIZ); Morelos: Kenoyer s.n. (ARIZ), 

s.n. (ARIZ); Nuevo Leon: Frye 2445 (ARIZ); Oaxaca: Campos-Villanueva 5187 

(ARIZ); San Luis Potosi: Lundell 5058 (ARIZ); US: New Mexico: Harris s.n. 

(ARIZ), Losure 126 (ARIZ, ARIZ), Tschaikowsky 114 (ARIZ), Wootons.n. (ARIZ); 

Texas: Ayers 64 (TEX), Carr 12,971 (TEX), Correll 15,675 (LL), Cory 54,605 (LL), 

de Anda 63 (LL), Fishbein 2394 (ARIZ), 2397 (ARIZ), 2431 (ARIZ), 2433 (ARIZ), 

Guajardo 97 (LL), Hartman 3656 (TEX), Hinckley 1859 (ARIZ), Leal 48 (TEX), 

McBryde 288 (TEX), Nelson s.n. (TEX), Perez 85 (TEX), Tharp s.n. (TEX), Van 

Devender s.n. (ARIZ), Wallis 8275 (ARIZ), Warnock 965 (ARIZ), Webster 420 

(TEX). 

A- otarioides 

MEXICO: D.F.: Pringle 11,017 (MO). Salas s.n. (ARIZ); Durango: Gentry 10,616 

(ARIZ), Tenorio 6355 (RSA): Guanajuato: Solbrig 4519 (GH); Oaxaca: Pringle 4717 

(MO): San Luis Potosi: Palmer 1904-241 (MO), Parry 578 (GH, MO), Schaffner 65 

(GH). 
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A- pvalifolia 

CANADA: Alberta; Bolton 154 (ARIZ); US; South Dakota; Thoraber s.n. (ARIZ); 

Wisconsin; Hamerstrom s.n. (WIS), Liesner 9 (WIS), Thomson s.n. (WIS). 

A. ovata 

MEXICO; Chihuahua; Burgess 5940 (ARIZ), Knobloch 5224 (F), Laferriere 969 

(MO), 981 (ARIZ, MEXU), 1524 (ARIZ, MEXU, MO), 1748 (MO), 2024 (MO), 

Martin s.n. (ARIZ), Spellenberg 9308 (NMC); ffidalgo; Chase 7175 (ARIZ); Mexico; 

Matuda 31,358 (MO), Pringle 13,586 (ARIZ); Michoacan; La Salle 810709-20 

(RSA); Sinaloa; Gentry 6136 (ARIZ), 6492 (ARIZ), Soule 2726 (ARIZ, MEXU), 

Vega 881 (MEXU); Sonora; Fishbein 1353 (ARIZ), 1426 (ARIZ), 1752 (ARIZ), 1835 

(ARIZ), 1838 (ARIZ), 1915 (ARIZ), 1928 (ARIZ), Martin s.n. (ARIZ), Smith s.n. 

(ARIZ), Steinmann 93-330 (ARIZ). 

US; norida; Ducey 164 (USF), Geneile 1828 (USF), Krai 6560 (USF), 6564 (USF), 

Lakela24,198 (USF), 26.115 (USF), Mawhinney 144 (USF), s.n. (USF), Ray 10,179 

(USF). Reynolds s.n. (ARIZ); South Carolina; Mellichamp s.n. (ARIZ). . 
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A. pellucida 

MEXICO: Guanajuato: Ventura 9166 (MO), 9185 (MO); Guerrero: Hinton 10,157 

(MO), Rowell 3467 (MO); ffidalgo: Hernandez 5922 (MO), Pringle 8832 (MO, 

POM); Jalisco: Gentry 23,517 (ARIZ), McVaugh 13,930 (MO); Mexico: Hinton 7713 

(ARIZ, MO); Oaxaca: Tenorio 11,090 (MO); Queretaro: Carranza 1582 (MO); San 

Luis Potosi: Palmer 1905-575 (MO); Veracruz: Hernandez 1206 (MO), Ventura 3689 

(ARIZ). 

A- perennis 

US: Horida: Brass 32,865 (USF), Busweil 1312 (ARIZ), Fishbein 2425 (ARIZ), 

Hansen 5853 (USF), 10,100 (USF), Mather M388 (USF), Owens SF0042 (USF), 

Shuey 1645 (USF), 1952 (USF), Tabb s.n. (USF), Wunderlin 9388 (USF); Georgia: 

Harper 1919 (ARIZ); Texas: Fisher s.n. (ARIZ), s.n. (ARIZ), Van Devender 93-660 

(ARIZ), 93-689 (ARIZ). 

A- piaiensii 

MEXICO: Guanajuato: Rzedowski 38.839 (lEB); Jalisco: Diaz 1366 (MO), Gibson 

2243 (RSA), Goldsmith 9 (MO). Pringle 11,018 (MO), Rodriguez 1294 (lEB); 

Michoacan: Diaz 2337 (lEB), Escobedo 1513 (lEB), 1985 (lEB, MO), 948 (lEB), 

Hartweg 345 (NY, type). Lynch 1673 (LSUS), Perez 1250 (lEB, MO), 1306 (MO), 
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1341 (lEB), 1445 (lEB, MO), Pringle 4128 (MO), Ramos 147 (lEB); Nayarit: Gentry 

10,858 (ARIZ); Sinaloa: Rose 1875 (MO, US). 

A- pringlei 

MEXICO: D.F.: Ventura 2807 (ARIZ); Guerrero: Richards 3283 (MO); Jalisco: 

Fuentes 339 (MO), 624 (MO), Machuca 6677 (MO), Morones 90 (MO), Wilbur 2013 

(MO); Mexico: Hinton 4325 (MO), Matuda 30,369 (MO), Oliver 581 (MO), Vega 597 

(MO); Michoacan: Hinton 13,990 (RSA), Huerta 601 (MO); Morelos: Pringle 6853 

(MO, type), 13,107 (ARIZ); Nayarit: Flores 2291 (MO). 

A- prostrata 

MEXICO: Tamaulipas: Johnston 5573 (TEX, type); US: Texas: Fishbein 2430 

(ARIZ), 2432 (ARIZ). 

A- pseudorubricaulis 

MEXICO: San Luis Potosi: Purpus 5217 (GH, NY, type), Rzedowski 5820 (ENCB). 

A- puberula 

MEXICO: Durango: Morales 31 (ENCB), Spellenberg 11,058 (ARIZ, NMC, TEX); 
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Hidalgo: Medina 1966 (ENCB), Moore 3119 (GH); San Luis Potosi: Schaffner 60 

(GH). 

A- immik 

US: Colorado: Hanson C284 (ARIZ), Jones 524 (ARIZ), MUIer 6695 (TEX), Porter 

4294 (TEX), Weber 4398 (ARIZ, TEX); Kansas: Horr E277 (TEX); Nebraska; 

Hapeman s.n. (ARIZ), s.n. (ARIZ), Porter 8808 (TEX); South Dakota: Thornber s.n. 

(ARIZ), s.n. (ARIZ), Texas: Carr 10,020 (TEX), Correll 28,349 (LL), Young s.n. 

(TEX); Wyoming: Porter 6816 (TEX). 

A- purpurascens 

US: Michigan: DeBoer s.n. (USF); Missouri: Hubricht B1517 (ARIZ): New 

Hampshire: Batchelder 4490 (USF). 4495 (USF). 

A- quadrifolia 

US: Arkansas: Webb s.n. (ARIZ): Connecticut: Bissett2138 (ARIZ), Harrison s.n. 

(USF); Illinois: Chase 16.026 (ARIZ). 16.045 (ARIZ); Indiana: Yatskievych 84-60 

(ARIZ): Kentucky: Mclnteer 1060 (USF); Massachusettes: Manning (ARIZ); 

Oklahoma: Bird 3231 (ARIZ). Bowline 74 (ARIZ), Fletcher 324 (USF); 
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Pennsylvania: Eby s.n. (ARIZ); South Carolina: Hill 25,030 (USF); Tennessee: 

Genelle 2793 (USF). 

A- quinquedentata 

MEXICO: Chihuahua: Laferriere 980 (MO), LeSueur 848 (ARIZ, type of). Nelson 

6130 (US), Palmer 1908-321 (US), Pringle s.n (MEXU, MO), Townsend 125 (US, 

US): US: Arizona: Bowers R421 (ARIZ), R1256 (ARIZ), Fishbein 1513 (ARIZ), 

Henderson 51 (TEX), Kearney 14,904 (ARIZ), McCormick 169A (ARIZ), 

McLaughlin 3744 (ARIZ), 4796 (ARIZ), Thornber s.n. (ARIZ). 

A- rosea 

GUATEMALA: Steyermark 47,192 (MO); MEXICO: Chiapas: Lopez 336 (MO), 

440 (MO), 463 (MO); Guanajuato: Purpus 139 (MO); Guerrero: Hinton 14,197 

(MO): Jalisco: McVaugh 12.163 (MO), Pringle 2564 (MO), 8499 (MO); Mexico: 

Hinton 7180 (MO); Michoacan: Gregg s.n. (MO); Oaxaca: Garcia 260 (MO), 

Robinson 84-4-48 (USF); Zacatecas: Diaz 15,412 (MO). 

A- rubra 

US: Alabama: Krai 35.797 (USF), Wilhelm 9635 (USF); Maryland: Shreve 1769 

(ARIZ); New Jersey: Griscom 9189 (USF). 



135 

A. ruthiae 

US: Utah: Atwood 7515 (BYU), 12,461 (BYU), Barneby 13,139 (CAS), Galway 

11,223 (BYU), Goodrich 16,592 (BYU), Harris 216 (BYU), 408 (BYU), 804 (BYU), 

Neese (BYU), Porter (CAS), Ripley 4710 (CAS), Welsh 16,707 (BYU), 21,945 

(BYU). 

A- rzedowskii 

MEXICO: Mexico: Rzedowski 30,404 (ENCB). 

A. scaposa 

MEXICO: Coahuila: Johnston 432 (GH), Passini 5719 (ENCB), Runyon 1326 (TEX); 

Nuevo Leon: Correll 19,905 (LL), Hinton 19,704 (TEX), 21,854 (TEX), 21,887 

(TEX), 21,893 (TEX), 21,906 (TEX), Johnston 11,059b (LL), Passini 6518 (ENCB), 

Rzedowski 48,687 (lEB): San Luis Potosi: Purpus 5214 (GH, NY, NY, type of); 

Tamaulipas: Johnston ll,l72f (LL); US: New Mexico (?): Wright 1684, in part (NY, 

type). 

A- similis 

MEXICO: Chiapas: Breedlove 6970 (USF), 7153 (ARIZ), 11,823 (USE), Cabrera 
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5824 (lEB), Gomez 266 (lEB), 320 (lEB), 364 (lEB), Mendez 4471 (lEB), 6848 

(lEB), 8362 (lEB), Thome 46,106 (RSA), Zwill 338 (RSA). 

A- splanpana 

US: California: Alexander 5694 (UC), Bacigalupi 3390 (ARIZ), Baker 3472b (UC), 

Heckard 5402 (JEPS), Hoffman 549 (UC), 2637 (UC), Jepson 14,533 (JEPS, JEPS), 

Kruckeberg s.n. (UC), Ralche 70,366 (JEPS), Sharsmith 4128 (ARIZ, UC), Wolf 

8800 (ARIZ). 

A- si2££i£>2a 

US: Arizona: Barr 66-108 (ARIZ), Deaver 6454 (ARIZ), s.n. (ARIZ), Fulton 7214 

(ARIZ), Granfelt 69-154 (ARIZ), Harrison 5523 (ARIZ), Hesselberg s.n. (ARIZ), 

Kearney 12,437 (ARIZ), MacDougal 314 (ARIZ), McLaughlin 344 (ARIZ), 2331 

(ARIZ), Pistors.n. (ARIZ), Pultz 1782 (ARIZ), Schmidt 267 (ARIZ), Tourney 244 

(ARIZ), Whitehead 1632 (ARIZ, ARIZ); California: Ahart 2502 (ARIZ), Alexander 

3011 (UC), Belshaw 2460 (UC), Butler 1019 (UC), 1557 (ARIZ), Heckard 4150 

(JEPS), Jepson 552 (JEPS), 8197 (JEPS), 14,540 (JEPS), 19,340 (JEPS, JEPS), Kerr 

s.n. (ARIZ), Morefield 3720 (ARIZ), Quibell 6791 (UC), Rourke 84-10 (ARIZ), 

Tracy 19,321 (UC); Colorado: Baker 251 (ARIZ, ARIZ), 430 (ARIZ), Barr 64-379 

(ARIZ), Ewan 11,855 (ARIZ), Gentry 2299 (ARIZ), Robbins 709 (ARIZ); Idaho: 



137 

Baker 8542 (ARIZ), 10,736 (ARIZ, ARIZ), Sandberg 815 (ARIZ); Minnesota: Moyer 

s.n. (ARIZ); Nebraska: Arias s.n. (USF); Nevada: Train 437 (ARIZ), s.n. (ARIZ); 

New Mexico: Adams 9-94 (ARIZ), Blankenhorn 47 (ARIZ), Niles 1126 (ARIZ), 

Oakley 350 (ARIZ), Plowman AP138 (ARIZ), Tierney 117 (ARIZ), Van Devender 84-

419 (ARIZ), s.n. (ARIZ), Worthington 6134 (ARIZ); Oklahoma: Bendy s.n. (ARIZ), 

Waterfall 2018 (ARIZ), Oregon: Baker 6811 (ARIZ), 11,561 (ARIZ); Haise 2702 

(ARIZ); Utah: Christian 991 (ARIZ), Jones s.n. (ARIZ), McLaughlin 5922 (ARIZ), 

McMahon 341 (ARIZ), Van Devender 90-289 (ARIZ); Washington: Engvall 164 

(ARIZ); Wyoming; Goodding 127 (ARIZ), Nelson 1995 (ARIZ). 

A. sperrvi 

US: Texas: McVau^h 10,618 (LL), 10,659 (LL, TEX), WarnockT570 (TEX), 7370 

(ARIZ), 21,269 (TEX). 

A- standleyi 

MEXICO: Sinaioa: Rose 13.568 (US); Sonora: Fishbein 1989 (ARIZ), Van 

Devender 93-216 (ARIZ, UCR). 

A- stenophvlla 

US: Colorado: Anon. s.n. (ARIZ); Missouri: Bush 126 (ARIZ); Nebraska: Tulen 
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s.n. (ARIZ); Oklahoma: Spears 46 (TEX), Webster 4262 (TEX); Texas: Anon. 44 

(TEX), Boon 305 (TEX), Tharp 2922 (TEX), 2924 (TEX), Turner 3121 (TEX). 

A- subaphvlla 

MEXICO: Sinaloa: Felger 8465 (ARIZ), Flyr 64 (TEX), Gentry 5411 (ARIZ), 

11,473 (ARIZ), Skorepa 159 (MO), Tenorio 8343 (MO); Sonera: Fishbein 1978 

(ARIZ), 2751 (ARIZ), Lehto 19,646 (ARIZ), Martin s.n. (ARIZ), s.n. (ARIZ), s.n. 

(ARIZ), s.n. (ARIZ), s.n. (ARIZ), Sanders 13,565 (UCR), Van Devender 92-142 

(ARIZ), Webster 19,801 (RSA). 

A- subulata 

MEXICO: Baja California: Burgess 6116 (ARIZ), Fishbein 1522 (ARIZ), Gentry 

8837 (ARIZ), Gibson 3270 (ARIZ), Graf s.n. (ARIZ), Mason 3468 (ARIZ), 

McLaughlin 2470 (ARIZ), Moran 22,492 (ARIZ), Reeder 7265 (ARIZ), Shreve 6440 

(ARIZ), Turner 63-124 (ARIZ), 66-89 (ARIZ), Wiggins 4738 (ARIZ), 14,853 

(ARIZ), 21,436 (ARIZ): Baja California Sur: Burgess 7338 (ARIZ), Felger 5542 

(ARIZ), Gentry 4358 (ARIZ). Gibson 2991 (ARIZ), Jones 24,121 (ARIZ), 

McLaughlin 2474 (ARIZ), 2482 (ARIZ), Petryszyn 44 (ARIZ), Reeder 7153 (ARIZ), 

Rodriguez 1729 (ARIZ), Shreve 6494 (ARIZ), 6533 (ARIZ), 7272 (ARIZ), Turner 

64-192 (ARIZ); Sonora: Ames 77-39 (ARIZ), Barr 67-25 (ARIZ), Bell 17,525 (MO), 
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Bruch s.n. (ARIZ), Chan s.n. (ARIZ), Cruden 1040 (ARIZ, LL), Dillon 1029 (MO), 

Drouet 3376 (MO), 3522 (MO), Ezcurra s.n. (ARIZ), Felger 3858 (ARIZ), 10,587 

(ARIZ), 12,361 (ARIZ), 13,205 (ARIZ), 15,786 (ARIZ), 18,639 (ARIZ), 19,250 

(ARIZ), 74-28 (ARIZ), 75-31 (ARIZ), Fishbein 1687 (ARIZ), 2740 (ARIZ), Frye 

2280 (ARIZ, MO), Gentry 257 (ARIZ), 2984 (ARIZ, MO), 14,397 (ARIZ), Goldberg 

s.n. (ARIZ), Hastings 71-213 (ARIZ), Hevly s.n. (ARIZ), Jones 22,548 (MO), 

Knobloch 2516 (ARIZ), Krizman s.n. (ARIZ), Martin s.n. (ARIZ, MO), s.n. (ARIZ), 

Matuda 37,338 (LL, MO, TEX), Ortiz s.n. (ARIZ), Palmer 1904-1216 (MO), Parker 

8214 (ARIZ), s.n. (ARIZ), Reichenbacher 903 (ARIZ), Rose 1231 (MO), 1307 (MO), 

Sanders 13,325 (UCR), Sommer 6 (ARIZ), Stevens 1100 (MO, TEX), 2090 (MO, 

TEX), Toolin 570 (ARIZ), Turner 64-15 (ARIZ), 69-40 (ARIZ), Van Devender 

92-1379 (ARIZ, UCR), 93-340 (ARIZ), 94-78 (ARIZ), 94-864 (ARIZ), s.n. (ARIZ), 

Warren s.n. (ARIZ), Waterfall 12,822 (ARIZ, MO, TEX), Webster 19,740 (ARIZ, 

TEX), Wheeler s.n. (ARIZ), Wiggins 172 (ARIZ, MO), Worthington 7983 (ARIZ); 

US: Arizona: Barr 60-72 (ARIZ), Buzan 42 (ARIZ), Caldwell 277 (ARIZ), 277 

(ARIZ), Collins 769 (ARIZ), Eaton 9218 (ARIZ), Francis 80 (ARIZ), Freeman 897 

(ARIZ), Garth C739 (ARIZ), Gould 4295 (ARIZ), Harrison 1724 (ARIZ), 1871 

(ARIZ), Hesselberg s.n. (ARIZ), Hinckley s.n. (ARIZ), Koenig 16 (ARIZ), 

McLaughlin 2190 (ARIZ). McMurry 1399 (ARIZ), Nichol s.n. (ARIZ), Nickell 214 

(ARIZ), Peebles 2313 (ARIZ). 4933 (ARIZ), 14,569 (ARIZ), 14,782 (ARIZ), Phelps 

32 (ARIZ), Pulich 13 (ARIZ), Pultz 1647 (ARIZ), Rominger 299-65 (ARIZ), 
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Scarborough s.n. (ARIZ), Stitt 1510 (ARIZ), Thornber 2378 (ARIZ), 8166 (ARIZ), 

Van Devender s.n. (ARIZ); California: Beai 6(X) (ARIZ, ARIZ), Jepson 5236 

(ARIZ), Jones s.n. (ARIZ), McLaughlin 2431 (ARIZ), 2437 (ARIZ), 3008 (ARIZ), 

PhUlips 74-270 (ARIZ), Shreve s.n. (ARIZ), Van Devender 89-135 (ARIZ), 

Yatskievych 80-135 (ARIZ); Nevada: Bosticks.n. (ARIZ), McLaughlin 2158 (ARIZ), 

NUes 878 (ARIZ). 

A. subulata x albicans 

MEXICO: Baja California Sur: McUughlin 2480 (ARIZ), 2484 (ARIZ). 

A. subverticiilata 

MEXICO: Chitiuahua: Adams s.n. (ARIZ), Chiang 8874 (MEXU, MO, TEX), 

Gonzalez s.n. (TEX), Henrickson 5741 (TEX), LeSueur 458 (F, TEX), Nelson 6451 

(GH, MO), Palmer 1908-146 (F, GH, MO, US), Pringles.n. (MEXU), Rzedowski 

27,354 (MEXU), Stearns 17 (F. GH. US, US), Stewart 687 (F, GH, MEXU, TEX), 

Stuessy 957 (TEX, TEX), Tenorio 6542 (MEXU, MO, RSA), Valdes 530 (MEXU), 

White 1093 (ARIZ. GH). 2231 (GH). 2590 (GH, MEXU); CoahuUa: Fisher 44,156 

(ARIZ), Shreve 8565 (ARIZ), Villareal 2400 (ARIZ), Wynd 753 (ARIZ); Durango: 

Corral 295 (TEX), Correll 20,196 (TEX), Fisher 44,150 (MO), Lane 2454 (TEX), 

Morley 626 (MO), Palmer 1896-133 (MO), 1906-282 (MO), Stuessy 944 (TEX), 
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Waterfall 13,347 (MO); Nuevo Leon: Spetzman 1382 (USF); San Luis Potosi: 

Lundell 5599 (ARIZ); Sonora: Hartman 849 (GH), Schott s.n. (F), Thurber s.n. 

(ARIZ); US: Arizona: Adams 190-83 (ARIZ), Allen 1024 (ARIZ), 3151 (ARIZ), 

Anon. s.n. (ARIZ, ARIZ), Armer 71 (ARIZ), Barr 60-286 (ARIZ), 60-313 (ARIZ), 

61-251 (ARIZ), 66-66 (ARIZ), Bohrer 435 (ARIZ), Brown s.n. (ARIZ), Bundy 3000 

(ARIZ), Buzan s.n. (ARIZ), Caldwell 21 (ARIZ), Cazier s.n. (ARIZ), Collom s.n. 

(ARIZ, ARIZ), Coombs 2606 (ARIZ), 2953 (ARIZ), Daniel 1698 (ARIZ), Darrow 

2174 (ARIZ), 2187 (ARIZ), 2631 (ARIZ), s.n. (ARIZ), Deaver 4004 (ARIZ), 4235 

(ARIZ), 4725 (ARIZ), Demaree 38,368 (ARIZ). 41,575 (ARIZ), 42,797 (ARIZ, 

ARIZ), 42,857 (ARIZ), 44,591 (ARIZ), 44,633 (ARIZ), Fishbein 2443 (ARIZ), 

Gierisch 4437 (ARIZ), Goodding 524 (ARIZ), 121-48 (ARIZ), 516-48 (ARIZ, ARIZ), 

181-60 (ARIZ), Gould 5177 (ARIZ), Granfelt 68-242 (ARIZ), 69-202 (ARIZ), Halse 

377 (ARIZ), 417 (ARIZ), 434 (ARIZ), 557 (ARIZ), 573 (ARIZ), 657 (ARIZ), 

Harrison 8343 (ARIZ), Holland 714 (ARIZ), Jenkins 2269 (ARIZ), Jones 4063 

(ARIZ), Kearney 9010 (ARIZ), Landrum 5137 (ARIZ), Lemmon (430), Loomis 3237 

(ARIZ), 3238 (ARIZ). Mason 2859 (ARIZ), McCarten 2233 (ARIZ), McCormick 310 

(ARIZ), 442 (ARIZ), McDowell s.n. (ARIZ), McLaughlin 1650 (ARIZ), 1704 

(ARIZ), 4709 (ARIZ), 4727 (ARIZ), 6444 (ARIZ), 6775 (ARIZ), Moeller 391 

(ARIZ), Morehouse 194 (ARIZ). Naegle s.n. (ARIZ), Parker 5921 (ARIZ), 6240 

(ARIZ), 8351 (ARIZ), Peebles 2617 (ARIZ), 5545 (ARIZ), 9592 (ARIZ), Pistor s.n. 

(ARIZ), Pultz 1516 (ARIZ), 1685 (ARIZ), Reichenbacher 671 (ARIZ), 806 (ARIZ), 
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1608 (ARIZ), 1635 (ARIZ), 2662 (ARIZ), Schmidt 105 (ARIZ), Shreve 6364 (ARIZ), 

9020 (ARIZ), s.n. (ARIZ), Strandberg 272 (ARIZ), 339 (ARIZ), Thornber 2067 

(ARIZ), 2250 (ARIZ), 4058 (ARIZ), 5128 (ARIZ), s.n. (ARIZ), s.n. (ARIZ), s.n. 

(ARIZ), s.n. (ARIZ), s.n. (ARIZ), s.n. (ARIZ), Toolin 951 (ARIZ), 1101 (ARIZ), 

Toumey s.n. (ARIZ), s.n. (ARIZ), s.n. (ARIZ), Turner 79-195 (ARIZ), Van 

Devender s.n. (ARIZ), s.n. (ARIZ), Wetherill s.n. (ARIZ), Whiting 756/1310 

(ARIZ), Wolf 3094 (ARIZ); New Mexico: Bennett 8063 (ARIZ), 8738 (ARIZ), 

Blankenhorn 46 (ARIZ), Douglass 6 (ARIZ), Hamilton s.n. (ARIZ), Hess 1434 

(ARIZ), 3109 (ARIZ), Humphrey 33 (ARIZ), Klinger A170 (ARIZ), Klue 74 (ARIZ), 

Losure 204 (ARIZ, ARIZ), Maguire 11,999 (ARIZ), Metcalfe 729 (ARIZ), 1304 

(ARIZ, ARIZ), Moeller 230 (ARIZ), Moir 614 (ARIZ). Pearce 2525 (ARIZ), 

Plowman AP210 (ARIZ), Richardson s.n. (ARIZ), Shreve 8255 (ARIZ), Spalding 14 

(ARIZ), Tays 108 (ARIZ), Tschaikowsky 205 (ARIZ), Van Devender s.n. (ARIZ), 

s.n. (ARIZ), Waterfall 4275 (ARIZ), Wooton 3269 (ARIZ), s.n. (ARIZ); South 

Dakota: Thornber s.n. (ARIZ): Texas: Burgess 1726 (ARIZ), 5657 (ARIZ), Cory 

9288 (ARIZ), Hinckley s.n. (ARIZ), Oefmger s.n. (LL), Shreve 8122 (ARIZ), Sperry 

s.n. (ARIZ), Van Devender s.n. (ARIZ), Warnock T204 (ARIZ), Waterfall 3855 

(ARIZ): Utah: Gould 2026 (ARIZ), Tucker 2805 (ARIZ). 
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A. sullivantii 

CANADA: Ontario: Cooper s.n. (ARIZ); US: Nebraska: Thornber s.n. (ARIZ); 

Wisconsin: Swartz 175 (WIS). 

A- syriaca 

US; Connecticut: Bissett2204 (ARIZ); Maine: Turner 79-131 (ARIZ); Maryland: 

Stieber 430 (WIS); Missouri: Hubricht B1520 (ARIZ); Nebraska: Haperaan s.n. 

(ARIZ); New Jersey: Halsted 51 (ARIZ); New York: Phillips 175 (ARIZ); North 

Carolina: Broyhill 2313 (ARIZ), Gentry 846 (ARIZ); Ohio: Vinson s.n. (ARIZ); 

South Dakota: Bennett 20 (WIS); Virginia: Heller 1085 (ARIZ), Steele 205 (ARIZ); 

Wisconsin: Hartley 703 (WIS), Larson s.n. (ARIZ), Radcliffe s.n. (WIS), Rock 15 

(WIS), Schaack s.n, (ARIZ), Schmidt s.n. (WIS), Stahmann 84 (WIS). 

A- texana 

MEXICO: Coahuila: Wynd 552 (ARIZ); US: Texas: Correll 17,226 (LL), 34,300 

(LL), Fishbein 2404 (ARIZ). Hinckley s.n. (ARIZ), Lindheimer 988 (ARIZ), Lundell 

14,633 (ARIZ), Tharp s.n. (TEX). Turner 3856 (TEX), Van Devender s.n. (ARIZ), 

Warnock 190 (ARIZ). 6393 (LL). 6412 (LL), Worthington 7244 (ARIZ). 
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A tomentQsa 

US: Honda: Fishbein 2419 (ARIZ), 2427 (ARIZ). 

A. tuberosa ssp. intgn'or 

MEXICO: Chihuahua: Hartman 721 (F, GH, US), LeSueur 836 (F, MO, TEX, US), 

1393 (F, GH), 836 (F, MO, TEX, US), Marshall s.n. (RSA), Matuda 32,652 (TEX), 

Nelson 6001 (US), Su-aw 1649 (MEXU, RSA), Townsend 96 (US), Wilson 8582 

(MEXU, TEX); Coahuiia: Wynd 555 (ARIZ); Nuevo Leon: Hinton 22,889 (ARIZ), 

Mueller 2046 (ARIZ); Sonora: Felger 93-508 (ARIZ, MEXU), Fishbein 628 (ARIZ, 

MEXU), Manin s.n. (ARIZ), White 610 (ARIZ), 3440 (ARIZ, GH), 3676 (ARIZ, 

GH); US: Arizona: Adams 141-83 (ARIZ), 191-83 (ARIZ), Barr 60-68a (ARIZ), 64-

356 (ARIZ), 64-423 (ARIZ), 67-275 (ARIZ), Benson 9611 (ARIZ), Blumer U6 

(ARIZ), U6A (ARIZ), s.n. (ARIZ), Bohrer 403 (ARIZ), Bowers 3536 (ARIZ), R237 

(ARIZ), Buzan s.n. (ARIZ), Caldwell 378 (ARIZ), 66-272 (ARIZ), Collins 1227 

(ARIZ), Darrow s.n. (ARIZ), Deaver s.n. (ARIZ), Demaree 41,267 (ARIZ), 

Dickerman 434 (ARIZ). Fay s.n. (ARIZ), Fulton 9688 (ARIZ), Gold s.n. (ARIZ), 

Goodding 140 (ARIZ), 1038 (ARIZ). 9-56 (ARIZ), 155-58 (ARIZ), 127-62 (ARIZ), 

Gould 5038 (ARIZ). Johnson s.n. (ARIZ), Halse 280 (ARIZ), Harrison 4832 (ARIZ), 

Haskell s.n. (ARIZ). Hinckley s.n. (ARIZ), Hoshaw s.n. (ARIZ), Jones 3945 (ARIZ), 

Kaiser 49-253 (ARIZ), Lemmon s.n. (ARIZ), MacDougal 330 (ARIZ), Martin s.n. 

(ARIZ), Mason 2720 (ARIZ). McFarland s.n. (ARIZ), McUughlin 312 (ARIZ), 1753 
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(ARIZ), 1802 (ARIZ), s.n. (ARIZ), Niles 423 (ARIZ), Parker 6822 (ARIZ), Pase 963 

(ARIZ), Peebles 2551 (ARIZ), 3393 (ARIZ), Price s.n. (ARIZ), Schmidt 45 (ARIZ), 

Shreve 5328 (ARIZ), s.n. (ARIZ), s.n. (ARIZ), s.n. (ARIZ), Sutherland s.n. (ARIZ), 

Thornber4575 (ARIZ), 5751 (ARIZ), s.n. (ARIZ), s.n. (ARIZ), s.n. (ARIZ), Toolin 

881 (ARIZ), 955 (ARIZ), Tourney 242 (ARIZ), Urry s.n. (ARIZ), Van Devender s.n. 

(ARIZ), s.n. (ARIZ), Vorhies s.n. (ARIZ, ARIZ), Whitehead s.n. (ARIZ), Whiting 

756/938 (ARIZ); Illinois: Chase 13,728 (ARIZ), 16,093 (ARIZ), Clokey 2427 

(ARIZ); Indiana: Deam 25,544 (ARIZ, ARIZ), 25,623 (ARIZ), 25,673 (ARIZ), 

25,761 (ARIZ), 25,881 (ARIZ), 25,894 (ARIZ); Iowa: Turrell s.n. (ARIZ); Kansas: 

Bondy 116 (ARIZ); Michigan: Camp s.n. (ARIZ); Minnesota: Morean s.n. (ARIZ), 

Sandberg s.n. (ARIZ); Missouri: Hubricht 1521 (ARIZ); Nebraska: Thornber s.n. 

(ARIZ), s.n. (ARIZ), Turrell s.n. (ARIZ); New Mexico: Ellis 111 (ARIZ), Goodding 

s.n. (ARIZ), Hess 1284 (ARIZ), Hinckley s.n. (ARIZ), Humphrey s.n. (ARIZ), 

Maguire 11,931 (ARIZ), Metcalfe 184 (ARIZ), 876 (ARIZ), Moirs.n. (ARIZ), Parker 

2589 (ARIZ), Spalding 22 (ARIZ), Van Devender s.n. (ARIZ), s.n. (ARIZ), Wooton 

s.n. (ARIZ), s.n. (ARIZ); New York: Phillips 190 (ARIZ); Oklahoma: Hays s.n. 

(ARIZ), Jones 14 (ARIZ), Kondos 8 (ARIZ), Reese 44 (ARIZ); Pennsylvania: Eby 

s.n. (ARIZ); Texas: Sanders 139 (ARIZ): Utah: Cottam 2214 (ARIZ), Holmgren 2117 

(ARIZ); Wisconsin: Hapeman s.n. (ARIZ), Mason 1428 (ARIZ), Webb s.n. (ARIZ). 
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A. tuberosa ssp. rolfsii 

US: Honda: Buswell 1308 (ARIZ); Genelle 1882 (ARIZ). 

A. tuberosa ssp. tuberosa 

CANADA: Ontario: McCalla 60 (ARIZ); US: Connecticut: Bissett 2242 (ARIZ), 

2244 (ARIZ); Louisiana: Fishbein 2410 (ARIZ); Maryland: Shreve 424 (ARIZ); New 

Jersey: Moldenke 28,611 (ARIZ), 30,927 (ARIZ); North Carolina: Anon. s.n. 

(ARIZ), Daggy 3910 (ARIZ); Virginia: Gupton 3204 (ARIZ), Heller 920 (ARIZ). 

A. uncial is 

US: Arizona: Peterson s.n. (ARIZ), Porter 7021 (ARIZ); Colorado: Anderson 90-67 

(COLO), Locklear 158 (COLO). 160 (COLO), Weber 3294 (COLO), Welsh 24,443 

(BYU), Wittmann 18143 (COLO). 

A. variegata 

US: Florida: Cooley 8172 (USF). Krai 6467 (USF), 6482 (USF), Wilhelm 11,374 

(USF); Georgia: Coile 753 (USF); Louisiana: Allen 7797 (USF); North Carolina: 

Mellichamp s.n. (ARIZ). Moldenke 30,006 (ARIZ); South Carolina: Ahles 13,379 

(USF). 
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A. verticil lata 

US: Delaware: Canby s.n. (ARIZ); Florida: Brown s.n. (USF), Buswell 1313 

(ARIZ); Illinois: Chase 16,228 (ARIZ), Clokey 2402 (ARIZ), Hapeman s.n. (ARIZ), 

Mibb 530 (ARIZ); Nebraska: Elmore s.n. (ARIZ), Hapeman s.n. (ARIZ), s.n. 

(ARIZ), Thornber s.n. (ARIZ), Turrell s.n. (ARIZ), Turrell s.n. (ARIZ); North 

Carolina: Leonard 2673 (ARIZ), Schallert s.n. (ARIZ); Oklahoma: Waterfall 10,116 

(ARIZ); South Dakota: Thornber s.n. (ARIZ); Wisconsin: Mason 1440 (ARIZ), 

Schaack s.n. (ARIZ). 

A. vestita ssp. parishii 

US: California: Clokey 6796 (UC), Jepson 6116 (JEPS, type). Parish 2414 (ARIZ), 

Peirson 887 (JEPS), Shreve s.n. (ARIZ), Wisura 4784 (UC), Wolf 8750 (ARIZ). 

A. ve-stita ssp. vestita 

US: California: Bacigalupi 4882 (ARIZ), Bolt 730 (UC), Condit s.n. (UC), Hendrix 

223 (UC), Hoover 2604 (UC), Jepson 8338 (JEPS), 12,824 (JEPS), Mason 12,274 

(ARIZ), Peterson 829 (UC). 

A- vinosa 

MEXICO: D.F.: litis 194 (MO); Morelos: Rzedowski 38,150 (ARIZ, ENCB, MO). 
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A- viridiflora 

CANADA: Ontario: Pease 25,506 (USF); MEXICO: Coahuila: Wynd 354 (ARIZ), 

355 (ARIZ); US: Arizona: McLaughlin 2293 (ARIZ), Peebles 4146 (ARIZ), Toumey 

243 (ARIZ); Georgia: Duncan 13,005 (USF); Kansas: Carleton 249 (ARIZ); 

Nebraska: Hapemans.n. (ARIZ), Thornbers.n. (ARIZ), s.n. (ARIZ); Texas: 

Fishbein 2398 (ARIZ), 2405 (ARIZ), Gentry 1315 (ARIZ); Wisconsin: Hapeman s.n. 

(ARIZ) 

A. vjridis 

US: Horida: Buswell 1384 (ARIZ), Cooley 7295 (USF), Correll 51,700 (USF), 

Lakela 26,871 (USF), Long 2439 (USF), Nelson 1420 (ARIZ); Louisiana: Thieret 

30,749 (ARIZ), Thomas 88,332 (ARIZ); Mississippi: Ray 7239 (USF), 7272 (USF); 

Oklahoma: Ferguson 70 (ARIZ), Lemon 7 (ARIZ); Tennessee: Shanks 1492 (ARIZ); 

Texas: Ballester 90 (ARIZ), Barker 19 (ARIZ), Fishbein 2406 (ARIZ), 2408 (ARIZ) 

Fisher s.n. (ARIZ), Heller 1722 (ARIZ, ARIZ), Peters 25 (ARIZ). 

A. viridula 

US: Florida: Anderson 8337 (USF). 
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A- virletii (incl. bifida) 

MEXICO: Coahuila: Clark 6722 (MO), Fairey s.n. (TEX); Nuevo Leon: Hinton 

18,172 (ENCB, GH, MO), Johnston 11,054a (LL), Mueller 294 (GH), 315 (TEX), 

331 (GH), 386 (GH), 403 (GH, TEX), 1074 (GH), Turner 74-101 (TEX); Oueretaro: 

Carranza 2427 (lEB). 

A. welshii 

US: Arizona: Hughes 4 (ARIZ); Utah: Bowers 2168 (ARIZ), Mcintosh s.n. (ARIZ). 

A- wQodsoniana 

COSTA RICA: Janzen 12,411 (MO), 12,475 (MO), Liesner 2344 (MO), 2368 (MO), 

2541 (MO); HODURAS: Davidse 31,660 (MO), 34,967 (MO), Harmon 5951 (MO), 

Williams 10,129a (MO), 14,138 (MO); MEXICO: Chiapas: Breedlove 32,767 (MO); 

Oaxaca: King 1311 (TEX), Martinez 1205 (MO); Veracruz: Dorantes 1298 (MO), 

Dwyer 14,586 (MO), Long 3169 (USE), Purpus 8414 (MO); NICARAGUA: 

Araquistain 2956 (MO), Krai 69,128 (MO), Soza 100 (MO), Stevens 2718 (LL), 4644 

(MO), 17,414 (LL), 20,479 (MO). 

A- zacaiecana 

MEXICO: Zacatecas: Correa 25 (MICH, type), Diaz 2356 (ENCB). 
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A. zanthndacrvnn 

MEXICO: Coahuila: Hinton 20,962 (TEX); Nuevo Leon: Mueller 514 (GH), 816 

(GH), 871 (GH), 1020 (GH). 

African taxa 

Asclepias affinis 

South Africa: Nicholas 988 (MO). 

A- albens 

South Africa: Nicholas 1763 (MO). 

A- auiea 

South Africa: Devenish 1980 (MO). 

A- brevicuspis 

South Africa: Nicholas 1745 (MO). 

A. brevipes 

South Africa: Meeuse 9346a (MO). 



A. buchenaviana 

South Africa: Bayliss 3358 (MO), Gibbs Russell 516 (MO). 

A. cancellata 

South Africa: Goldblatt 5500 (MO), Zeyher 649 (MO). 

A- crispa 

South Africa: Goldblatt 5849 (MO), Pillans 10,830 (MO). 

A- decipjgns 

South Africa: Anon. s.n. (MO). 

A- dlggsana var. dregeana 

South Africa: Wood 5366 (MO). 

A- eminens 

South Africa: Liebenberg 8444 (MO). 

A- expansa 

South Africa: Dahlstrand 2583 (MO). 



A. fallax 

South Africa: Germishuizen 657 (MO). 

A-

South Africa: Nicliolas 1032 (MO). 

A- gibba var. gibba 

South Africa: Hutcliings 1889 (MO). 

A- humilis 

South Africa: Killick 4143 (MO). 

A- magropus 

South Africa: Nicholas 1798 (MO). 

A- meveriana 

South Africa: Acocks 24.434 (MO). 

A- multicaulis 

South Africa: Nicholas 2039 (MO). 



A- navicularis 

South Africa: Bayliss 4538 (MO). 

A- palustris 

Zambia: Kassner 2091 (MO). 

A. patens 

South Africa: Wood s.n. (MO). 

A- pauciflcra 

Zimbabwe: Chase 4316 (MO). 

A. peltigera 

South Africa: Grant s.n. (MO). 

A. praemorsa 

South Africa: Nicholas 2388 (MO). 

A. rivularis 

South Africa: Brusse 4283 (MO). 



A. stellifera 

South Africa: Lavranos 3487 (MO). 

A- cicada 

South Africa: Hutchings 976 (MO). 

A- WQOdii 

South Africa: Nicholas 1027 (MO). 

A- "xysmalQt?ioidgs" 

South Africa: Bayliss Lesotho-43 (MO). 

Aspidonepsis cognata 

South Africa: Hilliard 7855 (MO). 

A- diploglossa 

South Africa; Hutchings 1893 (MO). 

A. flava 

South Africa: Nicholas 1040 (MO). 
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Malawi; LaCroix 4239 (MO). 

Q. fruticosvis 

Ethiopia; Daineili 1245 (MO), De Wilde 4989 (MO), Schimper 503 (MO); Sudan: 

Lynes 53c (MO). 

Q. integer 

Ettiiopia: Ash 1200 (MO). 

Q. tomentosus 

Namibia: Volk 11,189 (MO); South Africa: Davidse 6086 (MO), Herman 1082 

(MO). 

Schizpglossum perigiQSSoides 

South Africa: Balsinhas 2980 (MO). 
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Appendix 2. Discussion of selected characters and their states. 

HABIT 

1. Growth form. All Asclepias are perennial herbs or shrubs, although some species 

may flower in there first year. Reports of annuals (e.g.. A- angustifolla and A-

curassavica) by Woodson (1954), presumably based on their poorly developed 

root stocks, are erroneous, as are the reports of some collectors (e.g., for A-

cutleri). presumably based on failure to recover deep-seated roots. "Green-

barked shrubs" are those large xerophytes with long-lived stems and 

photosynthetic bark. 

3. Axillary branching. Asclepias species regularly may produce fiilly developed 

axillary shoots. Many species, however, appear to regularly produce expanded 

axillary buds with one or two pairs of undeveloped leaves with no discernable 

internode. In cases where species only rarely appeared to produce expanded 

branches, I have tended to score them as present for this character. 

SUBTERRANEAN STRUCTURES 

4. Roots and tubers. Because they are rarely present on herbarium specimens, roots of 

Asclepias are poorly known for many species. There has been a tendency 

among collectors and in the literature to describe the fleshy storage roots of 

many species as "tubers" or "tuberous." Most species produce a gready 

thickened, deep-seated tap root from which annual stems are produced. Some 
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species produce globose, napiform, of fusiform thickenings that appear to be 

derived from roots. I have not observed any cases of bona fide tubers of 

obvious stem origin. All species with more or less deeply seated thickened 

roots have been grouped under a single coding since roots are unknown for 

many species. Species with shallow, fibrous or tap roots have been coded more 

confidently. Better definition and coding of root characters with improve future 

studies. 

5. Rhizomes. Although Woodson (1954) remarked that true rhizomes are not present 

in Asciepias. I have observed them in a number of species. They even appear 

to be present in A- syriaca. a species that Woodson specifically claimed to lack 

rhizomes, although in this and other species (e.g.. A- hirtella. A- ovalifolia) it 

is not clear that these structures do not represent lateral, propagative derivatives 

of the thickened tap root. 

STEMS 

7. Interpetiolar lines. The lines that connect opposite petiole bases are interesting in 

that they appear to be homologous to stipules, which are typically absent in 

Asclepiadaceae. They vary in development in Asciepias from a thickened ridge, 

lending the stem a somewhat jointed appearance, to a faint, superficial line, to a 

prolonged, horizontal adnation to the stem of the petiole base, to complete 

absence. The degree of development may vary even within individuals, and 1 
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have coded species as possessing the highest degree of development that I 

observed. 

8. Interpetiolar/petiole base conical glands (colleters). Groups of conical glands found 

on various portions of leaves, bracts, and calyces are termed colleters in 

Apocynaceae/Asclepiadaceae and Rubiaceae. In Asclepias. these glands may be 

found along the interpetiolar line, adjacent to the petiole base, on the petiole 

base itself, and on the adaxial base of the lamina, on or straddling the midvein. 

I have considered the interpetiolar/petiole base position to be a single character. 

Virtually all Asclepias appear to have these colleters, and those few that are 

coded as lacking them may prove to possess them upon future investigation; 

they are easily lost from dried specimens. 

9. Interpetiolar fringe. In a few North American and African species, a prominent row 

of erect, multicellular trichomes are present as fringe on the interpetiolar line 

adjacent to the petiole base. The petiole base colleters are located behind this 

fringe, and some functional association between the two structures is suggested. 

Many species exhibit higher trichome density in the nodal region, but diis is the 

only condition that 1 found distinctive enough to recognize as a character. 

10. Stem vestiture. A great deal of variation in the types, density, location and 

orientation of trichomes has been subsumed under the few states of this single 

character. These states were contrived to conservatively distinguish quite 

different conditions of vestiture. Future studies may profitably differentiate 
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more character states of stem vestiture, perhaps based on more intensive 

anatomical observations. 

11. Phyllotaxy. Leaves are most commonly arranged in a strictly opposite or spirally 

or irregularly "alternate" fashion. In some taxa, opposite leaves are displaced 

slightly to a sub-opposite position; these cases were coded as "opposite." 

Several taxa exhibit truly whorled leaves, however a few species (e.g., A-

ovalifolia) produce greatly shortened nodes that create "false whorls;" these 

species also invariably produce normal opposite leaves as well and have been 

coded as polymorphic. Codings are restricted to the primary stems; in some 

Incarnatae branches have different phyllotaxy than the primary stem, but this 

variation is not informative at this level of study. 

LEAVES 

12. Lamina widest point. Leaf shapes were originally coded using traditional 

descriptive terminology, as coditled by HIckey (1973). So many taxa were 

polymorphic for this character, however, that a simplified coding, based on 

decomposing two aspects of shape into characters 12 and 13, was adopted. 

13. Lamina lengthrwidth ratio. The states of this continuous character were 

constructed to precisely define observed discontinuities in leaf proportions. 

Although there is considerable within species and even within individual 

variation in this character, as manifested in the large number of polymorphic 
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taxa, this coding effectively discriminates narrowly linear-leaved, very broad-

leaved, and intermediate taxa. 

17. Venation type. Character states are those defined by Hickey (1973). 

19. Lamina adaxial basal colleters. These glands are discussed generally under 

character 8. They are located on or straddling the midvein. Narrow-leaved 

species coded as absent are somewhat uncertain, since such leaves are often 

slightly conduplicate at the base, obscuring the region where the colleters would 

be present. Observation of living material has confirmed the absence in several 

cases and reinforced the generalization that these colleters are absent in nearly 

all narrow-leaved species. Like petiole-base colleters, leaf-base colleters are 

readily lost from dried specimens, and their presence in poorly collected species 

may yet be documented. 

20. Adaxial vestiture. See comments under character 10. 

22. Abaxial vestiture. See comments under character 10. 

23. Margin shape. These modifications of leaf margins are exceedingly difficult to 

code from dried material. Narrow-leaved species typically appear to have 

revolute margins in dried specimens regardless of the condition in living plants. 

Observation of living plants was used where possible to verify the presence of 

revolute margins. Often, the presence of a few young leaves with entire 

margins suggested that the revolute margins on many leaves were artifactual. 

Similar difficulties accompany the coding of crispate margins. 1 have found for 
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some species (e.g., A. elata) that although numerous dried specimens exhibit 

crispate margins, leaves on living plants are invariably entire, only to become 

crispate within minutes of collection, achieving this state before being restrained 

in a plant press. Thus, I have conservatively limited coding species as crispate 

to those in which a preponderance of specimens exhibit the condition. 

24. Glaucum. In addition to leaves, stems and fruits may bear a waxy coating; 

however, these characters are seemingly perfectly correlated, and only a single 

character is included in the data matrix. 

25. Abaxial epidermis conspicuously paler. Species coded as present for this character 

have patently bicolored leaves. 

FLOWERS (See Figs. 3-17 for illustration of floral characters.) 

28. Corolla posture. Spreading corolla lobes are those that are more or less horizontal 

from their bases. Reflexed lobes are variable and include lobes that are 

uniformly reflexed from base to tip and those that are reflexed at the base and 

spreading at the tip. This coarsely divided treatment is adopted since corolla 

posture can only be accurately coded by examination of many living specimens, 

since posture changes with flower age. Differentiation in the coding of reflexed 

lobes will be feasible with future study. 

30. Corona segment basal shape. The straight condition includes those in which the 

base is oblique to the attachment with the column (e.g.. Fig. 10) as well as 

those in which is it confluent with a stipe or substipitate attachment (e.g.. Fig. 
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II). These conditions may be dlfferentiable with further study. The other 

states, rounded (e.g.. Figs. 9, 13) and saccate (e.g.. Figs. 3, 6, 7), are more 

clearly differentiated. 

32. Corona segment dorsal v-shaped groove. This groove, present in some African 

taxa, is present on the lower portion of the dorsal surface with the open end 

oriented downwards. 

33. Corona segment dorsal keel. Keels are thickenings of the dorsal portions of the 

segments. They may be limited in extent and strongly differentiated from the 

marginal portions (e.g.. Figs. 3, 6, 14, 15) or merely slightly thickened. A 

distinct condition is a faintly thicker line on a relatively thin dorsum, that is 

apparently associated with a horn, if present (e.g.. Figs. 10, 11). 

34. Corona segment dorsal apical shape. This character describes the overall shape of 

the apical dorsal portion of the segment. Examples of the states of this 

character include: long attenuate (Fig. 9), short attenuate (Fig. 11), truncate 

(Figs. 3, 4, 5, 6). 

35. Corona segment apical tip shape. This character describes die shape of the very tip 

of the dorsal apex. Examples of states of this character include: obtuse (Fig. 

11), truncate (Fig. 5), apiculate (Fig. 6), erose (Fig. 7). 

37. Corona segment cavity cross-sectional shape. These shapes are highly variable and 

have been "shoe-horned" into just a few discrete categories. Morphometric 

analysis of these shapes may prove useful. Coding of this character for 
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outgroup species for which no spirit-preserved material was examined is 

somewhat speculative. 

38. Corona segment lateral margin lobes. Prominent sharp-lobed margins can be seen 

in Figs. 9, 12. 

39. Corona segment lateral margin inflexion. Inflexion of the hood margin is often 

associated with the closing of the segment cavity. In segments without inflexed 

margins, the cavity is closed by the meeting of the margin with the anther/style 

head. 

40. Corona segment proximal apex with intlexed spur. This characteristic spur of the 

FRUTICOSA group can be seen in Fig. 3. 

41. Corona segment lateral protuberance or pouch. These pouches are formed from 

extrusions of die margin. They are variable in shape and orientation. They are 

may function in extending the volume of the cavity for nectar retention and are 

often adjacent with the anther wings, where they may function in the guiding of 

pollinia carrying structures of insects. Prominent pouches can be seen in Figs. 

4, 11. Finer analysis of this character should be possible. 

42. Corona segment stipitate. Entirely sessile segments can be seen in Figs. 13, 15, 

17. Sessile segments can be seen in Fig. 9. 

43. Corona segment height of proximal margin relative to anther/style head. Various 

states of characters 43 and 44 can be seen in Figs. 3-17. 
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45. Corona segment basal lobe. These basal lobes are associated with the base of the 

anther wings and in some species may function in the guiding of insect tarsi 

along the anther wings. In some species, there are distmct structures"in a 

similar position instead of the basal lobes. These appear to be interstaminal 

appendages (sensu Liede and Kunze 1993) and the "alternating lobules" of 

(Woodson 1954). These appendages have not been coded since their presence 

appears to be correlated with the absence of basal lobes of the staminal 

segments. 

46. Corona segment adaxial internal appendage. This is the characteristic horn of most 

Asclepias. It has been coded as a distinct character from 47-50 in order to 

avoid a complicated multistate character that combines presence/absence with all 

the possible combinations of aspects of horn shape. Prominendy exerted horns 

can be seen in Figs. 10, 11. 

48. Corona segment appendage longitudinal shape. Like cavity shape, variation in 

horn shape is so complex that categorization is a difficult task. Here, too, 

morphometric techniques may improve the analysis of this character. Illustrated 

examples include: gradually curved, linear (Fig. 11), dorsiventrally flattened 

(Fig. 13). 

50. Corona segment appendage exsertion from cavity. Examples of states of this 

character include: horn reaching edge of anther/style head (Fig. 5), horn 
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arching over edge of head (Fig. 11), and horn arching well above head (Fig. 

10). 

51. Staminal column heightrdiameter ratio. Various states of characters 51 and 52 can 

be seen in Figs. 3-17. 

55. Anther marginal appendage (wing) shape. Unusual shapes include concave 

above/convex below (e.g.. Fig. 7) 

56. Anther marginal appendage opening to stigmatic chamber. The distinctive state of 

widely opened base with the margin folded up can be seen in Fig. 15. 

59. Pollinarium corpusculum color. Corpusculum color may vary with preservation 

method (dried versus spirit) or type of spirit (alcohol versus FAA). 

Comparisons with living material have not yet been attempted. Codings may be 

improved by more comprehensive comparisons of the effect of preservation on 

color. 

60. Pollinarium translator deltoid hyaline appendages. Translators may often be more 

or less broadly winged, but only large deltoid appendages have been coded 

here. Microanatomical or SEM study will certainly reveal more 

phylogenetically informative characters in translators. 

61. Pollinium shape. Only large deviations from the typical teardrop shape of 

Asclepias have been coded as distinct character states. 

62. Pollinium color. The same caveats as noted for corpusculum color (character 59) 

apply here. 
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FRUITS 

63. Posture. Since fruit position does not appear to vary much independently from 

pedicel fruiting position, these have been combined into a single character. 

64. Longitudinal shape. These shapes are also strongly associated with fruit wall 

thickness (S. Lynch pers. comm.), which may prove to be less ambiguously 

coded than this character. 

66. Vestiture. See comments under Character 10. 
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FIG. 1. Convergence between American and African Asclepias. Photograplis of 

herbarium specimens of: A. Asclepias emminens (Africa), top, and A- oenotheroides 

(American), bottom. B. A. meyeriana (African), top, and A. macrotis (American), 

bottom. C. Stathmostelma pauciflorum (African), left, and A lanceolata (American), 

right. 

FIG. 2. Floral morphology of a typical species of Asclepias s.s. A = anther/style 

head. C = corolla lobe. Cp = corpusculum. F = staminal column. Hd = corona 

segment (hood). Hn = corona appendage (horn). W = marginal anther appendage 

(wing). 

FIGS. 3-17. Examples of variation in floral morphology in Asclepias s.l. Images are 

of spirit-preserved flowers captured by video camera and computer enhanced. In each 

figure, the proximal corona segment (and in some cases the proximal calyx and corolla 

lobes) is removed for clarity. Bars in each figure are I mm apart. All species are 

American except Figs. 3-4. 3. A- fruticosa (S. Lvnch 14.206). 4. A- buchenaviana 

(S. Lvnch 14.21 n. 5. A. tomentosa (M. Fishhein 2419). 6. A. albicans (M. 

Fishbein 2739). 7. A. subuiata (M. Fishbein 2740). 8. A. nvctaginifolia (M. Fishbein 

2 4 4 5 ) .  9 .  A .  h y p o l e u c a  ( M -  F i s h b e i n  2 3 8 3 ) .  1 0 .  A .  j o r g e a n a  ( M -  W i l s o n  s . n . ) .  I I .  

A. subverticillata (M. Fishhein 2443). 12. A. macrotis (M. Fishbein s.n.K 13. A-

brachvstephana (M. Fishbein 2385). 14. A. glaucescens (S. Lvnch 14.142). 15. A-
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mirifica fM. Fishbein 2502). 16. A. asperula ssp. capricornu (M. Fishbein 2401). 

17. A. viridiflora fM. Fishbein 2398). 

FIGS. 18-21. Consensus trees.of most parsimoiiious trees for the global analysis. All 

consensed trees were 1788 steps long with c.i. =0.57 and r.i.=0.49. Summary taxa 

indicated in CAPS. Putative outgroup (African) taxa indicated by asterisk (*). Well-

supported nodes (at least 5 unambiguous state changes) discussed in the text are 

indicated by solid oval (•). 18. Strict consensus of 38 most parsimonious trees on 

island-38. 19. Fifty-percent-majority rule consensus of most parsimonious trees on 

island-56. 20. Fifty-percent-majority rule consensus of most parsimonious trees on 

island-2080. 21. Strict consensus of 288 most parsimonious trees on island-288. 

FIG. 22. Most parsimonious reconstruction of the evolution of growth form in 

Asclepias based on a representative tree from island-288. 

FIG 23. Most parsimonious reconstruction of the evolution of corona horn presence 

and absence in Asclepias based on a representative tree from island-288. 
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Figure 2 



Figures 3-6 
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Figures 7-10 
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Figures 11-14 



Figures 15-17 
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APPENDIX B 

EVOLUTION OF INFLORESCENCE DESIGN: THE IMPORTANCE 

OF MALE FUNCTION IN MILKWEEDS RECONSIDERED 
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Abstract.—Very low fruit set in milkweeds and other flowering plants has often been 

attributed to greater sexual selection on inflorescence size via male, rather than female, 

reproductive success. Although this explanation has been generally accepted, alternate 

explanations have been presented, and recently the "male function" or "pollen 

donation" hypothesis has been sharply criticized. In this paper we make the distinction 

between selection on total flower number and on the size of inflorescence units, both of 

which have been termed "inflorescence size". We conducted a field study of selection 

on the size of inflorescence units (umbels) by manipulating the size and number of 

umbels in a natural population of Asclepias tuberosa. in southeastern Arizona, during 

two reproductive seasons. We also measured components of reproductive success on a 

per-visit basis, enabling us to examine differences among pollinators in selection on 

umbel size. We found that the fitness gain curve for male function reached a maximum 

at intermediate umbel size in both years, while the fitness gain curve for female 

function was highest for the small umbel size in one year, but was constant across 

umbel sizes in the other year. We present an ESS model for the evolution of 

inflorescence design that considers reproductive success through male and female 

function. An important prediction of this model is that both male and female 

reproductive success are important in shaping the size of inflorescence units. Our 

empirical results suggest that A- tuberosa is at the ESS umbel size predicted by our 

empirical fitness gain curves. We also found that pollinator visitation rate 

corresponded well with male, but not female, function, and that between-year variation 



186 

in the male reproductive success of different umbel sizes corresponded with variation in 

the composition of the pollinator pool. 

Key words.—Arizona. Asclepiadaceae, Asclepias mberosa. ESS model, female 

function, floral display, inflorescence design, inflorescence size, male function, 

milkweed, pollination effectiveness, pollinator visitation rate, pollinia insertion, 

pollinia removal, reproductive success, sexual selection, size-number tradeoffs, umbel 

size. 
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Willson and Rathcke's (1974) ground-breaking study of the adaptive design of 

milkweed inflorescences introduced the utility of considering separately the fitness 

achieved through male and female function in cosexual plants (sensu Lloyd 1982). 

This distinction has contributed to the blossoming of theoretical plant reproductive 

ecology and evolution (reviewed in Berlin 1988; Willson 1994), although the utility of 

this approach is still controversial (Lyons et al 1989; Wilson et al 1994). There has 

even been considerable disagreement about the conclusions drawn from the first 

empirical examination of this theory (i.e., the inflorescence design of milkweeds 

[Willson and Rathcke 1974; Willson and Price 1977]). In particular, Wyatt and 

coworkers (reviewed in Wyatt and Broyles 1994), also working with milkweed species, 

have called into question both the underlying assumptions, and the interpretation of 

data, bearing on the importance of selection through male function. The aims of the 

present paper are to clarify concepts surrounding the evolution of inflorescence design, 

to provide an analytical model for the evolution of inflorescence-unit size, and to 

evaluate the role of differential selection through male and female function on the 

evolution of milkweed inflorescences. 

The necessity of distinguishing male and female function in cosexual plants has 

been demonstrated in many cases (e.g., Stanton et al. 1986). However, the importance 

of this distinction for understanding the evolution of inflorescence size has yet to be 

established convincingly. Willson and Rathcke's (1974) result has been repeatedly both 

supported and repudiated in studies of diverse angiosperms, including a number of 
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milkweed species (refs. in Willson 1994; Wyattand Broyles 1994). Sutherland (1986, 

1987) has enumerated several hypotheses that can account for the evolution of large 

inflorescence sizes, and has found some support for the importance of selection through 

male function in both comparative and population-level studies. Large inflorescence 

sizes have been thought to be selected primarily through male function because female 

RS is assumed to be resource limited, putting an upper bound on the number of fruits 

that can be produced, whereas male RS is assumed to be limited by access to mates, 

giving increasing RS with size of floral display (i.e., Bateman's principles [Willson 

1979; Queller 1983; Lloyd 1984; but see Wilson et al. 1994]). 

Conflicting interpretations of the importance of selection via male function on 

the number of flowers per floral display are due in pan to the imprecise meaning of 

"inflorescence size" (Wyatt 1982). This term has been used to refer both to the number 

of flowers per inflorescence unit (e.g., Willson and Rathcke 1974; Bell 1985) and to all 

of the flowers on a plant (e.g.. Broyles and Wyatt 1990a). Often, it refers to either 

level (e.g., Cohen and Shmida 1993). Here, we use the term "total flower number" to 

refer to all of the flowers on a plant. We introduce the term "inflorescence-unit size" 

to refer to the number of flowers in discrete, repeated aggregations that together 

comprise the total floral number. This term is appropriate for milkweeds, for which 

the units are termed "umbels," although it may not apply to other flowering plants that 

do not produce floral displays composed of discrete units. It is unfortunate to add yet 

another term to the lexicons of plant morphology and pollination biology, but we feel 
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that it is required to prevent the ambiguity introduced by the unqualified use of 

"inflorescence." We use the term "inflorescence design" to refer to the manner in 

which total floral flower number is apportioned between the size and number of 

inflorescence units. 

A significant impediment to progress in evaluating the importance of selection 

via male function is the difficulty of measuring male RS in natural populations (Stanton 

et al. 1992; Snow and Lewis 1993). Realized male fimess has been estimated most 

satisfactorily with genetic markers (Stanton et al. 1986; Broyles and Wyatt 1990a,b; 

Devlin et al. 1992; Snow and Lewis 1993). Because of the difficulty of measuring 

pollen movement directly, however, there are few documented gain curves for male 

fitness components, such as pollen-removal rates (Young and Stanton 1990) or 

proportions (Harder 1990). In contrast, male fitness-gain curves have been reported 

for variation in more accessible floral characters, such as flower size (Bell 1985; 

Young and Stanton 1990), pollen size (Harder 1990), pollen production (Young and 

Stanton 1990), total flower number (Bell 1985; Broyles and Wyatt 1990a,b; Devlin et 

al. 1992), and inflorescence-unit size (Willson and Price 1977; Chaplin and Walker 

1982). Milkweed pollination is an excellent system for smdying components of male 

RS because of the relative ease of quantifying pollen movement through pollinia 

(aggregated pollen that is transported as discrete units [see Wyatt and Broyles 1994; 

Fishbein and Venable 1996 {Appendix C of this dissertation}]). 
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One aspect of differential sexual selection on floral traits that has been relatively 

little studied is the effect of variation in pollination effectiveness of floral visitors (but 

see Ashman and Stanton 1991). We have previously reported on variation in 

effectiveness of visitors to Asclepias tuberosa (Fishbein and Venable 1996 [Appendix C 

of this dissertation]). Here, we extend our analysis to consider how differences in 

pollination effectiveness may contribute to differences in the relative importance of 

female and male function in the evolution of inflorescence design. 

METHODS 

Study Site and Species 

We studied selection on die inflorescence design of Asclepias tuberosa L. ssp. 

interior Woodson (Asclepiadaceae) at The Nature Conservancy's Canelo Hills Cienega 

Preserve, approximately 75 km southeast of Tucson, Arizona, USA (31°33'/i'N, 

I lO'SI 'A'W, elevation 1500 m). at the lower elevational limit of Madrean oak 

woodland. The study site was located on the edge of a marsh, in the bottom of a 

shallow canyon. The study population of A- tuberosa was composed of 700-800 

individuals in an area of approximately 0.1 ha on the lower portion of a moderate east-

facing slope. 
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Asclepias tuberosa is a herbaceous perennial milkweed common throughout the 

eastern two-thirds of the United States, and reaching southeast Canada and northwest 

Mexico. Although commonly referred to as "Butterflyweed," plants in this population 

were visited by a diverse assemblage of insects (table 1) and were most effectively 

pollinated by bees (Fishbein and Venable 1996 [Appendix C of this dissertation]). 

Each plant in this population produced from one to more than 30 stems. The 

inflorescence of each stem of an individual A. tuberosa is composed of up to four 

branches near the stem apex. Each branch bears as many as six umbels, each of which 

is composed of six to 24 flowers (X=12.0) (Woodson 1954; Wyatt 1980; Fishbein 

unpubl. data). 

Data were collected over 2-wk periods in June and July of 1992 and 1993, 

during the peak of flowering of A- tuberosa at this site. The earliest individuals began 

flowering about 2 wk prior to the beginning of the observation periods, and the last 

flowers were produced about 4 wk following the end of these periods. The observation 

periods were concluded in both years when the first sustained "monsoonal" storms 

occurred, after which the activity of floral visitors diminished drastically (Fishbein 

pers. obs.). 
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The inflorescence design of individual plants was manipulated by removing 

flowers from umbels and by tying umbels together to simulate larger umbels. Flowers 

were removed by cutting the flower stalk (pedicel) near the base with a razor blade. 

Umbels were tied together with string around their stalks (peduncles). These 

modifications were made on 80 individuals in 1992 and 100 individuals in 1993. 

Treatments were assigned according to a stratified random scheme. Plants of five size 

classes (1, 2, 3, 4, 5-6 stems) were assigned to treatments randomly within size class. 

No plants with more than six stems were utilized because small numbers of these plants 

precluded replicating treatments within plant-size class. All inflorescences on 

experimental plants were bagged prior to anthesis and the modification of 

inflorescences using a coarse mesh cloth that prevented transfer of pollinia but did not 

exclude nectar consumption by some visitors (i.e., Bombus. Battus). This type of 

pollination bagging has been shown to have little effect on die physical environment 

(e.g., temperature, humidity, airflow) of bagged flowers (Wyattetal. 1992). 

In both years of the study, four experimental treatments were applied in order to 

produce a range of designs that differed in floral density (number of flowers per unit 

volume), but not total flower number (fig. 1). In 1992, the total flower number of 

each plant was held constant at 32 flowers. In treatment A, flowers were removed to 

create a display of eight umbels of four flowers each. This design was the most diffuse 

of the treatments and had the lowest floral density. Flowers were also removed for 

treatment B, which consisted of four umbels of eight flowers each. Treatment C 
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occasionally required the removal of a few flowers to achieve a display of two umbels 

of 16 flowers each. For treatment D, two umbels were tied together and a few flowers 

were removed to create a single "umbel" of 32 flowers. Treatment D was the most 

compact design with the highest floral density. The experiment was repeated in 1993 

with the following modifications. Total display size was set at 24 flowers. Thus, 

treatments A-D were composed of 3, 6, 12, and 24 flowers per umbel, respectively. 

This change was implemented because treatment D (32 flowered-umbels) in 1992 had 

low reproductive success (see results) and was outside the range of natural umbel-size 

variation in this population. The manner in which treatments C and D were applied 

was also modified in 1993. In 1992, fewer flowers were removed to create designs C 

and D than A and B. To control for this potentially confounding difference, in 1993 

treatments C and D were applied by first removing flowers to create eight-flowered 

umbels, then tying them together to achieve either 12- or 24-flowered umbels. Thus, 

treatments B, C, and D each had the same number of flowers removed, on average. 

Each treatment was replicated on 20 plants in 1992 and 25 plants in 1993, although 

sample sizes were reduced slightly in both years due to flower senescence or storms on 

sampling dates. 

Female RS of each plant was measured by pollinia insertion, fruit initiation, and 

fruit maturation. Male RS was measured by pollinia removal. Pollinia removal and 

insertion were measured approximately 24 hr following the removal of pollination bags 

from each plant. Pollination bags were removed when all bagged flowers were open. 
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This resulted in displays composed of flowers of varying ages; during observation 

periods, however, flowers appeared "fresh" and functional (flowers in this population 

remained in this condition for up to seven days [X=5.0]). Plants with any wilted 

flowers were eliminated from the study. Flowers on a stem that were not part of the 

treatment remained bagged. In 1992, the total numbers of pollinia removed and 

inserted were recorded for a single umbel (4, 8, 16, or 32 flowers for treatments A-D, 

respectively) on each plant. In 1993, the total numbers of pollinia removed and 

inserted were recorded for the entire floral display (24 flowers) on each plant. Pollinia 

removal was scored by noting the number of corpuscula missing from each flower (a 

corpusculum is the black structure that connects paired pollinia; it is readily visible in 

the flower prior to removal). Pollinia insertion was scored by noting the number of 

pollinia projecting from between the anther wings (die entrance to the stigmatic 

chamber where pollen germination takes place). A projecting pollinium indicates that 

the other connected pollinium of a pair is inserted in the stigmatic chamber. Because 

pollinaria observed on insect legs often have one pollinium broken off (Robertson 

1886; Woodson 1954; Wyatt 1976; Fishbein and Buchmann unpub. data), it is likely 

that counting projecting pollinia underestimates the total number of insertions. In order 

to determine whether our estimate of pollinia-insertion rate was biased with respect to 

inflorescence design, we replicated the design treatments on a second stem of each of 

22 multi-stemmed plants chosen from among the experimental plants described above. 

For each replicated design, all flowers were harvested approximately five days 
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following the removal of pollination bags and preserved in FAA. These flowers were 

examined subsequently, and the number of projecting pollinia and total number of 

pollinia inserted were recorded. 

The number of fruits initiated was recorded approximately 30 d following the 

application of the experimental treatment to each plant. Fruit initiation was defined as 

deflection and swelling of the pedicel and swelling of the ovary. The number of fruits 

matured was recorded approximately 75 d following the application of the experimental 

treatment to each plant. Fruits were considered mature when they reached the 

minimum size of fruits that dehisce naturally and release mature seeds. As with 

pollinia-transfer data, fruit initiation and maturation was recorded on single umbels in 

1992 and whole displays in 1993. 

Each plant was also observed on two consecutive days to measure per-visit 

pollinia transfer rates and visitation rates of each taxon of flower visitor. On the first 

day (hereafter referred to as "pollinia transfer" observations), each plant was monitored 

for the first four (1992) or five (1993) visits, totalling 272 visits in 1992 and 430 visits 

in 1993. For each plant, observations of four/five visits lasted for a period ranging 

between 12-77 min (x=29.8 min). for a total of 36 hr 44 min of observation time 

(1992), and 11-81 min (X=36.1 min), for a total of 57 hr 12 min of observation time 

(1993). For each visit we recorded the taxon of the visitor, the duration of its visit, 

and the number of pollinia it inserted and removed. The visitor "taxon" was either a 

species or a broader category such as "medium-sized bee" (see table I). 
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On the second day of observation (hereafter referred to as "visitation rate" 

observations) each plant was observed for 30 min to determine the visitation rate 

(number of visits per 24 or 32 flowers per observation period) and visit duration (s) of 

each visitor taxon. Total observation time was 105 hr in 1992 and 127.5 hr in 1993. 

Statistical Analysis 

Differences among inflorescence designs in components of male and female RS 

were tested with analysis of variance (ANOVA) procedures of the SAS system under 

Windows (SAS Institute 1991). Significance tests are based on type III sums of squares 

(SAS Institute 1989) utilizing a critical value of a=0.05. Pollinia removal and 

insertion per 24 hr and fruit initiation data were analyzed by one-way ANOVA. 

Vistiation rate and per-visit pollinia transfer data were analyzed by two-way ANOVA, 

including visitor taxon and inflorescence design as effects. For these tests, only the 

seven most common taxa were included (see Table 1) in order to avoid highly 

unbalanced analyses (Shaw and Mitchell-Olds 1993). In some cases the distribution of 

residuals from these analyses differed significantly from normal. If possible, residuals 

were normalized by transforming the raw data. Thus, visitation rate in 1992 was 

square-root transformed and mean visit duration in both years was transformed by 

taking the logarithm of 1 -I- mean visit duration. 
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Pollinia-insertion and fruit-initiation data could not be transformed to meet the 

assumption of normally distributed residuals because of the large number of zeros in 

these data. This was also true for all two-way analyses involving inflorescence design 

and visitor taxon. The assumptions of rank-transformed analysis of variance (Conover 

1971; Potvin and Roth 1993) are also violated for these data because the large number 

of zeros create too many ties (Conover 1971, p. 256). For the analysis of these kinds 

of data, we have found randomization tests to be a useful approach (Manly 1991; 

Fishbein and Venable 1996 [Appendix C of this dissertation]). An empirical £-

distribution was created by repeatedly randomizing the association of the dependent 

variable and either inflorescence design (one-way analyses) or inflorescence design-

taxon combination (two-way analyses) and reanalyzing the untransformed data. After 

1000 random reanalyses, the actual value of £ was compared to the distribution of £ 

generated by the randomization procedure to determine the probability of obtaining a 

value of £ that large or larger (cf. Fishbein and Venable 1996 [Appendix C of this 

dissertation]). 

In cases where inflorescence design or visitor taxon accounted for a significant 

proportion of the variation in the component of RS, means were compared by Tukey's 

Honestly Significant Difference (HSD) test (SAS Institute 1989), which controls the 

experiment-wise Type 1 error rate (a=0.05). 

Because multiple visits per plant were utilized for the measurement of per-visit 

pollinia transfer, it could be argued that those observations are pseudoreplicates 
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(Hurlbert 1984). We compensated for the potential lack of independence of 

observations from the same plant by reducing the denominator degrees of freedom for 

the E-tests to reflect the number of plants observed rather than the number of visits 

recorded. This is a conservative approach that may underestimate the statistical 

significance of our results. 

The relationship between the number of projecting pollinia per inflorescence 

design and the total number of insertions was examined by correlation and regression 

analyses (SAS Institute 1989). Biased estimates of total insertions across designs were 

tested by analysis of covariance (SAS Institute 1989). In this analysis, a significant 

interaction between inflorescence design and the number of projecting pollinia would 

indicate that the the relationship between projecting pollinia and total insertions varied 

across designs. Because residuals from these analyses did not deviate significantly 

from normality, results from standard parametric tests are reported here. 

RESULTS 

Visitation Rate and Visit Duration 

In both years, visitation rate was highest for intermediate inflorescence designs, 

aldiough the pattern and statistical significance were stronger in 1993 (fig. 2, table 2). 

In 1992, the differences among designs were primarily due to treatment B having a 
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higher visitation rate per 30-min observation period than treatment C (fig. 2a, Tukey's 

HSD test; £<0.05). In 1993, two intermediate designs (B, C) received significantly 

more visits per observation period than the most compact design (D) (fig. 2b, Tukey's 

HSD test: £<0.05). 

Mean visit duration by all visitor taxa combined did not differ among 

inflorescence designs in either year (fig. 3, table 3). In 1992, the two intermediate 

designs (B, C) tended to receive shorter and less variable visits (fig. 3a), but there was 

no indication of this pattern in 1993 (fig. 3b). 

Poliinia Removal 

As with visitation rate, male RS, as measured by pollinia-removal rate (per 

flower per day) was highest for designs composed of intermediate-sized umbels in both 

years (fig. 4, table 4). Pollinia-removal rate varied with inflorescence design in a 

pattern very similar to that for visitation rate (compare figs. 2, 4). The strength of the 

pattern, the statistical significance, and the correspondence with visitation rate were all 

stronger in 1993. In 1992, the poliinia removal rate was greater for an intermediate 

design (C) than for the most compact design (D) (fig. 4a, Tukey's HSD test: £<0.05). 

In 1993, the two intermediate designs (B, C) had greater removal rates than the most 

compact design (D) (fig. 4b, Tukey's HSD test: £<0.05), as was found for visitation 

rate (fig. 2b). 



Pollinia Insenion 

In 1992, ±ere was a marginally significant trend for female RS, as measured by 

pollinia-insertion rate (per flower per day), to decline with greater numbers of flowers 

per umbel (fig. 5a, table 5). The greatest difference in pollinia-insertion rates in 1992 

was between the inflorescence design with the fewest flowers per umbel (A) and all 

others, however, none of the pairwise comparisons among inflorescence designs was 

statistically significant (Tukey's HSD test: £>0.05). Differences among inflorescence 

designs in pollinia-insertion rate were not significant in 1993 (fig. 5b, table 5), 

although the design with the most flowers per umbel (D) had the fewest pollinia 

inserted per flower. 

The number of projecting pollinia was strongly correlated with the actual 

number of pollinia inserted (Pearson's i = 0.89, slf = 20, £ <0.0005). The 

relationship between projecting pollinia (i) and total insertions (^ was linear (least-

squares regression: ^ = 2.30i + 1.39); examination of the residuals did not suggest a 

non-linear trend, and adding a second order term to the regression equation did not 

account for significantly more variance than the linear equation (i = 0.37, jlf = 19, £ 

= 0.72). The regression slope indicates that our measures of pollinia insertion rates 

are underestimated by a factor of 2.30. 

Projecting pollinia are an unbiased estimate of total insertions across 

inflorescence designs (ANCOVA; design-by-projecting pollinia interaction: E = 0.31, 
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df = 3,14, E = 0.82; design main effect; E = 1.62, df = 3,14, E = 0.23). The non

significant interaction between inflorescence design and projecting pollinia indicates 

that the regression slope of projecting pollinia on total insertions did not vary across 

designs. The non-significant effect of inflorescence design indicates that the intercept 

of the relationship between projecting pollinia and insertions doesn't differ across 

designs. 

Fruit production 

In 1992, inflorescence designs differed significantly in number of fruits initiated 

per flower, a second measure of female RS (fig. 6a, table 6). The pattern of fruit 

initiation with inflorescence design corresponded very well with that for pollinia-

insertion rate (compare figs. 5a, 6a). The design with the fewest flowers per umbel 

(A) had a higher rate of fruit initiation than all other designs (fig. 6a, Tukey's HSD 

test: £<0.05). As was the case for pollinia-insertion rate, there was no significant 

difference among designs in fruit-initiation rate in 1993 (fig. 6b, table 6). There was a 

trend in 1993 for more compact designs to initiate fewer fruits per flower than diffuse 

designs, consistent with the trend in 1992. 

No fruits were matured by experimental plants in either 1992 or 1993. This 

extraordinarily low fruit set was also exhibited by other individuals in the population 
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that were not part of the study. Overall fruit set in the population was estimated to be 

less than 0.01% in 1993 (Fishbein unpub. data). 

Variation in Selection among Pollinators 

Visitation rate during 30-min observation periods varied significantly among 

taxa of flower visitors in both 1992 and 1993 (fig. 7, table 7; Fishbein and Venable 

1996 [Appendix C of this dissertation]). In 1992, the differences among taxa were 

independent of inflorescence design (fig. 7a, table 7). In 1993, however, differences 

among visitor taxa in visitation rate depended on inflorescence design (fig. 7b, table 7). 

The highest visitation rates in 1993 were by Apis, which visited intermediate 

inflorescence designs (B, C) at the highest rates and were the most frequent visitors on 

them. Apis were much more frequent visitors overall in 1993 (fig. 7), and their 

preference for intermediate designs was responsible for the higher overall visitation rate 

to these inflorescences (see fig. 2b). Small-sized bees (Halictidae) tended to visit 

diffuse inflorescence designs at higher rates than compact designs in 1993 and were the 

most frequent visitors on the most diffuse design (A) (fig. 7b). Bombus visited all 

inflorescence designs at approximatelv equal rates in 1993. but were the most frequent 

visitors of ihs most compact design (D) (fig. 7b). Bombus were die most frequent 

visitors in 1992 (fig. 7a), and their lack of discrimination among designs may have 

been responsible for the weaker tendency for intermediate designs to receive the highest 
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overall visitation rates in 1992 (see fig. 2a). Battus were relatively frequent visitors in 

1992, but were scarce in 1993 (fig. 7; Fishbein and Venable 1996 [Appendix C of this 

dissertation], fig. 1), and did not appear to discriminate among designs (fig. 7a). This 

difference in importance between years also may have contributed to the wealcer 

relationship between design and overall visitation rate in 1992. 

Visit duration varied among flower visitors in both years, and the differences in 

duration varied with inflorescence design (fig. 8, table 8). In neither year was there 

any difference among designs in visit duration when visitor taxa were lumped (one-way 

ANOVA; fig. 3, table 3). However, when only the seven most common visitors were 

considered, in order to avoid highly unbalanced analyses (see Methods), there was a 

significant difference among inflorescence designs in visit duration in 1992 (fig. 8a, 

table 8). This difference was due to the omission of several short visits to the most 

diffuse design (A) by uncommon visitors, which otherwise substantially decreased the 

mean visit duration for this design. Overall differences among visitors were due 

primarily to considerably longer visits by small butterflies, whereas most other taxa did 

not differ appreciably in mean visit duration (fig. 8). Although some visitors (e.g., 

Bombus. Battus. small-sized bees) appeared to visit all designs for equal periods in both 

years, medium-sized bees made their longest visits on the most diffuse design (A) in 

both years. Medium-sized butterflies made their longest visits on the most compact 

design (D) in both years. Visit duration by small-sized butterflies, which made 

considerably longer visits overall than other taxa, was highly variable within and 
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among designs and across years. Some of die variation for composite "taxa," such as 

small-sized butterflies, is undoubtedly due to changes in species composition of this 

group between years. 

Flower visitors did not differ in per-visit pollinia removal rate (fig. 9, table 9). 

Elsewhere, we reported differences among visitors in per-visit pollinia removal rate 

across designs in 1993, but not 1992 (Fishbein and Venable 1996 [Appendix C of this 

dissertation]). The magnitude of this difference was small, however, and was not 

significant when inflorescence design was included in the two-way analyses (table 9). 

Our conservative treatment of residual degrees-of-freedom in these analyses (and in 

Fishbein and Venable 1996 [Appendix C of this dissertation]) make it difficult to detect 

a significant difference (see Methods), however, it is apparent that any differences in 

per-visit removal rate among the most common visitors are relatively small. Seemingly 

large differences between years in per-visit removal rate within some taxa were due to 

differences in the number of observations rather than real differences in removal rates 

(see fig. 9: Battus. small-sized bees). Per-visit pollinia removal rate also did not vary 

significantly with inflorescence design (fig. 9, table 9), although daily pollinia-removal 

rate did (fig. 4). This supports our view that differences among inflorescence designs 

in daily pollinia-removal rate were strongly controlled by variation in pollinator 

visitation rale (see above; figs. 2,4). 

Observations of per-visit pollinia insertion were too rare to permit statistical 

analysis of the effect of intlorescence design. Bees (Apis and Bomhus) accounted for 
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most of these rarely observed insertions (Fishbein and Venable 1996 [Appendix C of 

this dissertation], figs. 8,9). Although per-visit insertion rates were low, our estimate 

for Bombus sonorus (0.001-0.002 pollinia per visit), based only on projecting pollinia. 

is actually somewhat higher than that estimated for Bombus vagans visiting A- svriaca 

in Maine (cO.0007 pollinia per visit [Morse 1982]). Based on the relationship between 

projecting pollinia and total insertion rate (see above), the actual rate is likely to be 

approximately twice as high in this study. Our experimental design did not allow for 

determination of differences among flower visitors in effecting fi-uit production. 

DISCUSSION 

Male RS of Asciepias tuberosa (as estimated by pollinia removal per flower) 

was highest for intermediate inflorescence designs, although this pattern was less 

pronounced in 1992 than 1993 (fig. 4). Female RS (as estimated by both pollinia 

receipt and fruit initiation per flower) was highest for the most diffuse inflorescence 

design (smallest umbel size) in 1992. but there was no clear trend in 1993 (figs. 5,6). 

Visitation rate, a component of both male and female RS, was highest for intermediate 

inflorescence designs (fig. 2). Visitation rate corresponded closely to pollinia removal 

rate, but neither visitation rate nor pollinia removal rate corresponded to measures of 

female RS (compare figs. 2.4 and figs. 5,6). 
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Between-year differences in the relative abundance of flower-visiting taxa may 

have been responsible for between-year differences in the relationship between 

inflorescence design and male RS. Bombus were effective pollinators that had equal 

visitation rates across designs in both years, while Apis were effective pollinators that 

visited intermediate designs with the greatest frequency (fig. 7). In 1992, Bombus 

were the most frequent flower visitors and there was a weak relationship between 

inflorescence design and both visitation rate and pollinia removal (figs. 2,4). In 1993, 

Apis were the most fi*equent visitors and there was a stronger relationship between 

inflorescence design and measures of male RS (figs. 2,4). There was no comparable 

correspondence between inflorescence design and slight differences among t^a in per-

visit pollinia removal rate (fig. 9). There was also no apparent correspondence 

between variation in components of female RS across inflorescence designs and 

variation among flower visitors in visitation rate or visit duration (compare figs. 

5,6,7,8). Thus, differences among visitor taxa in visitation rate are sufficient to 

account for any differential selection on inflorescence design across visitors. 

Overall, diere were surprisingly few differences in RS of different designs that 

could be ascribed to differences among pollinator taxa. Initially, we predicted that the 

great taxonomic and morphological diversity among flower visitors would have resulted 

in clear differences in pollination effectiveness across inflorescence designs (c.f. 

Schemske and Horvitz 1984; Ashman and Stanton 1991). Such differences would 

occur if, for example, larger visitors treated diffuse designs as a single umbel (by 
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standing on one umbel and feeding at another) while smaller visitors treated each umbel 

as a separate unit. Individuals of all taxa, however, flew between umbels in order to 

forage at them (Fishbein pers. obs.). 

Few studies have measured both pollinator visitation rates and more direct 

components of male and female RS. Such studies have not found a consistent 

relationship between visitation rate and RS. Frequent visitors of Senna (Cassia) 

reticulata (Fabaceae) were effective at both pollen removal and deposition (Snow and 

Roubik 1987). In Phyla incisa (Verbenaceae), however, visitation rate corresponded 

better with male than female RS (Cruzan et al. 1988), as in our study. Bell (1985) 

found a poor correspondence between visitation rate and both male and female RS in 

Asclepias svriaca. 

There are two caveats regarding our interpretation of male and female RS in this 

study. First, poUinia removal is only one component of male RS. Had we been able to 

follow pollinia from removal to their ultimate fate, we would have been better able to 

estimate the total fitness via male function for each design. Using pollinia removal rate 

to estimate male fitness assumes a linear relationship between this component and male 

RS, which may be violated in several ways, including context-dependent differences in 

effectiveness depending on the composition of the flower-visitor pool (Stanton et al. 

1991, 1992; Thomson and Thomson 1992). Milkweed pollinia removal rate, however, 

may be a good estimator of male RS; using paternity exclusion analysis, Broyles and 



208 

Wyatt (1990a) found a highly significant correlation between pollinia removal rate and 

realized male RS. 

Second, none of the experimental plants matured fhiit over the course of this 

study. Thus, our measurement of components of female RS (pollinia insertion and fhiit 

initiation) did not actually correspond to realized female RS. However, pollinia 

insertion and fhiit initiation are likely to be strongly correlated with realized female RS 

in times and at places where A- tuberosa fruits mature successfully. The significance 

of this reproductive failure is not readily apparent. Pollen limitation seems unlikely, 

since the total flower number of experimental plants was much smaller than that of 

unmanipulated plants, reducing the probability of geitonogamy (self-fertilization 

between gametes from different flowers on the same plant). Also, there was substantial 

fruit initiation among experimental plants. The low fruit set among experimental plants 

was similar to that of unmanipulated plants in this population (see Results). -Although 

we have no data on plant resource status, the most likely explanation for extremely low 

fruit set in this population is resource limitation. Reproductive failure is apparently not 

chronic in this population. There are many single- and double-stemmed individuals, 

which are presumably young. Also, this population is quite large for A- tuberosa in the 

southwestern U.S. (Fishbein pers. obs.). 
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Difficulties in 

of "Inflorescence Size^ 

The relative importance of male and female RS to the evolution of 

"inflorescence size" has received conflicting interpretation (e.g., Willson and Rathcke 

1974; Wyatt 1980; Queller 1985; Broyles and Wyatt 1990a). Wyatt et al. (Wyatt 

1980; Broyles and Wyatt 1990a; Wyatt and Broyles 1994) have focussed on the total 

RS of individuals that vary in total flower number and concluded that selection on 

inflorescence size through male and female function is equally important. They have 

often found that total flower number is uncorrelated with per-flower measures of RS 

(Lynch 1977; Shannon and Wyatt 1986; Broyles and Wyatt 1990a), although they have 

occasionally found both positive and negative correlations of total flower number with 

female RS per flower (Wyatt 1980; Shannon and Wyatt 1986) and positive correlations 

with male RS per flower (Broyles and Wyatt 1990a). These data suggest diat there is 

no consistent per-flower fitness advantage through male function over female function 

with increases in flower number. 

Willson et al. (Willson and Rathcke 1974; Willson and Price 1977; Chaplin and 

Walker 1982; Queller 1983. 1985; Bell 1985) have emphasized the per-flower or per-

inflorescence-unit RS of individuals that vary in inflorescence-unit size and concluded 

that the importance of selection on inflorescence-unit size Uirough male function is 

greater. These studies have generally found that increasing umbel size yields increases 
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in male RS per flower (Willson and Rathcke 1974; Queller 1983, 1985) and either 

increases (Willson and Rathcke 1974) or no change in female RS per flower (Queller 

1983, 1985). Chaplin and Walker (1982) found maximum female RS per flower at 

small umbel sizes and maximum male RS per-flower at intermediate umbel sizes, as 

was found in this study. Bell (1985) found that per-flower male RS increased with 

umbel size, but, although per-flower pollinia receipt also increased with umbel size, 

per-flower fhiit set decreased. These studies show support for the greater relative 

importance of male function to the evolution of umbel size. The justification for the 

importance of male function in the studies of Willson et al. is intuitively compelling: 

Bateman's principles predict that selection on traits that affect attractiveness (e.g., 

flower number) should be selected on more strongly through male function, if female 

function is resource-limited (e.g., Queller 1983). The studies of Willson et al. are also 

compelling in that umbel size was artificially manipulated, which potentially controlled 

for confounding correlates of total flower number. Such correlations might occur in 

some species of Asclepias if, for example, plants growing in unshaded sites are larger, 

thus producing more flowers, and receive higher visitation rates from pollinators that 

preferentially forage in such sites. 

Results from studies of other taxa show little support for differences in the 

importance of selection on flower number through male and female function. Per-

flower male and female RS have been found to increase with natural variation in flower 

number (e.g., in Orchidaceae [Schemske 1980] and Gentianaceae [Dudash 1991]). 
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Schmid-Hempel and Heiser (1988) manipulated flower number in Epilobium 

(Onagraceae) and found no difference between large and small displays in per-flower 

RS through male or female function. In a study utilizing natural variation in flower 

number in lonopsis (Orchidaceae), however, Montalvo and Ackerman (1987) found 

that male RS per flower increased with total flower number, whereas female RS per 

flower decreased. 

Clearly, the discrepancy in the interpretation of these results is due in part to 

differing concepts of "inflorescence size" (i.e., total flower number versus 

inflorescence-unit size). It is plausible that the relationship between one or the other 

gender function and flower number may vary with the hierarchical level of the total 

floral display. In particular, changes in female RS with flower number per 

inflorescence-unit may be quite different than that with total flower number,.if each 

inflorescence unit obtains resources for fruit production from a separate resource pool 

(cf. Schoen and Dubuc 1990). Further, variation in total flower number due to varying 

resource status has not been addressed in these studies. Total flower number responds 

plastically to plant resource status in modular organisms (Harper 1977): individuals 

with greater access to resources are likely to be larger, to produce more flowers, and 

have higher male and female RS (e.g., Eckhart 1991). Although exhibiting some 

environmental and developmental variation (e.g., acropetal production of smaller 

umbels in Aslcepias [Willson and Rathcke 1974; Chaplin and Walker 1982; Fishbein 

pers. obs.]), inflorescence-unit size tends to be more constant and is more likely to 
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represent a fixed component of inflorescence design. Variation in resource status 

obscures evolutionary tradeoffs between the size and number of plant structures, which 

are key to understanding selection on the size of these structures (e.g., Venable 1992). 

The confounding effects of variation in resource status can be removed 

theoretically or experimentally by distinguishing fitness due to varying allocations to a 

structure (e.g., an inflorescence unit) and that due to the effect of varying available 

resources. This approach has been successful in modelling the size of offspring (Smith 

and Fretwell 1974; Lloyd 1987; Venable 1992) and the allocation to structures that 

differentially serve male and female function in cosexual plants (Charlesworth and 

Charlesworth 1987; Lloyd 1984, 1988). To more explicitly examine the role that male 

and female function plays in the evolution of inflorescence design, we present the 

following model. 

A General Model for the Evolution of Inflorescence Design 

Considering Male and Female Function Separatelv 

Consider a population of plants with hermaphroditic flowers arranged in some 

inflorescence design. Reproductive success (fitness) can be partitioned into a 

component due to per-flower RS. which may depend on the details of the design, and 

one to the total number of flowers. As we have already discussed, total flower number 

can be partitioned into the number of flowers per inflorescence unit and the number of 
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these units. Likewise, per-flower RS can be partitioned into male and female 

components. Thus, the RS of an individual plant in this population can be expressed as 

= f.{u)un ^ fju)un, (1) 

where Mu,n) is the fitness of an individual with inflorescence-unit size, u, and 

inflorescence-unit number, n, f»(u) is the per-flower RS through seed production (a 

function of inflorescence-unit size), and L(u) is the per-flower RS through male 

function (also a function of inflorescence-unit size). Thus, the first term on the right 

side of equation 1 is the individual fitness through female function (i.e., number of 

seeds produced) and the second term is the fitness through male function (i.e., number 

of seeds sired on other plants). 

The fitness of an individual in a sexual, outcrossing population depends not only 

on its own reproductive strategy, but also on that of others. The reproductive strategies 

of possible mates will determine the number of seeds an individual can potentially sire, 

whereas that of possible competitors (i.e.. other pollen parents) will determine the 

number of those seeds that are actually sired. 

Equation I can be rewritten more explicitly to account for this context 

dependence of individual fitness: 
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Nf,{u)ungju )u n 
r9"* 

ly. /_ / 

Ngju)un 
w{u ',n ',u,n) = /,(« ')u 'n ' + ' " . (2) 

where is the fitness of an individual with inflorescence-unit size and 

number, u', n', in a population of individuals with inflorescence-unit size and number, 

il, n. N is the population size and 5^(11) is the per-flower pollen-removal rate (a 

function of inflorescence-unit size). The first term on the right side of the equation, the 

fitness through female function of an individual, is assumed to be a function only of its 

own inflorescence-unit size, u', and number, n', (this assumes no pollen-limitation of 

seed production). The second term is the fitness through male function of an 

individual. It equals the product of the number of seeds available for siring in the 

population, Nf?(u)un. times the proportion of these sired by the individual in question, 

/ Ng.,(u)un. This formulation assumes that, on average, the proportion of 

seeds sired by an individual depends on the proportion of all pollen grains removed 

from flowers in the population that is comprised by its own pollen grains (i.e., no 

systematic post-removal bias in pollen transfer due to inflorescence-unit size). The 

denominator is expressed as Ng^(u)un instead of the more intuitive £rf(ii.')ll'll' + (N-

l)2d-(il)illl for algebraic simplicity. This is equivalent to assuming large population size 

and no local mate competition. 

To determine the effect that the amount of resources available for reproduction 

has on selection for inflorescence design, we assume that resource availability 
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determines the total number of flowers produced, and that R equals the number of 

flowers per inflorescence unit, n, times the number of units, n. Substituting n = R /11 

and n' = R' / il' into equation 2 and canceling yields 

w(u ,u) = /,(« )/? + . (3) 

Increases in resource availability (which increases R) increase RS through both female 

and male function by increasing the magnitude of both terms on the right side of the 

equation. This is consistent with the results of studies that show increasing RS through 

both gender functions with increasing total tlower number (e.g., Broyles and Wyatt 

1990a). 

In such context dependent sex allocation problems, the operation and predicted 

outcome of selection can be explored utilizing the game-theoretical "evolutionarily-

stable-strategies" (ESS) approach (Maynard Smith 1982). Using this technique, the 

fitness of an individual is calculated in a population in which the average strategy may 

or may not be different from that individual's. The ESS is the strategy (reproductive, 

in this case) that, when dominant in the population, has equal or greater fitness than all 

other feasible strategies. Individual selection should move the population toward such 

ESS's (Maynard Smith 1982; Lloyd 1988; Charnov 1989). For our problem, the ESS 

can be found by determining the inflorescence-unit size, u', that maximizes individual 
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fitness in a population with inflorescence-unit size, u, then setting u = u' = the ESS 

inflorescence-unit size. We fmd the fitness-maximizing inflorescence-unit size by first 

differentiating the fitness function with respect to u': 

d u '  6 u '  6 k  '  

Then, setting the derivative equal to zero yields: 

_ fi(.u) Sg.-C" ') ^g  J  
6tt'  g X u )  5 u  '  

Setting u = ji' = ^. yields 

_ _ Sg^(u) 

which simplifies to: 



Sin/, (a) 6lng^(M) 

6a 
( 7 )  

Equation 7 gives the ESS condition for selection on inflorescence-unit size. 

Selection will favor a change in inflorescence-unit size until the proportional decrease 

in female RS per flower equals the proportional increase in male RS per flower. For 

example, the population is at an ESS if a one-flower increase in inflorescence-unit size 

results in a 10% decrease in per-flower seed-production, but also results in a 10% 

increase in per-flower pollen removal. If the population is not at an ESS, selection 

favors changes in inflorescence-unit size that tend to establish the equality in equation 

7. Note that the number of flowers that can be produced for a given amount of 

resources, R', does not appear in the ESS condition. Changing resource availability 

changes total flower number, but not the inflorescence-unit size that maximizes fitness. 

Rather, the ESS depends on the proportional change in per flower reproductive success 

through male and female function. 

Initially, it might appear that the generality of diis model would limit its 

applicability to real plant populations by ignoring specific details of reproductive 

biology. The model is actually more flexible than its simplicity would suggest, as 

demonstrated by the following example. Geitongamy (self-fertilization between 

gametes from different flowers on the same plant) is an important process that might 

limit potential increases in RS with increasing flower number in largely self-
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incompatible pia^ like many Asclepias species (Broyles and Wyatt 1993; Wyatt and 

Broyles 1994). Geitonogamy will depress per-flower RS with increasing flower 

number. The ESS will still be a balance of equal and opposite proportional changes in 

male and female RS with changing flower number; only the position of the ESS will 

change depending on the exact changes in the fitness functions caused by geitonogamy. 

Interpretation of Fitness Gain Curves fiai A. tuberosa. Based on a Model of ili£ 

In order to apply our general theoretical result to empirical data for A. tuberosa. 

we develop a more explicit model that incorporates details of the reproductive biology 

of Asclepias (see appendix). The result of that analysis is a special case of the general 

model: changes in inflorescence-unit size are favored until a proportional change in 

per-flower pollinia removal rate is balanced by an equal but opposite proportional 

change in fruits produced per flower (see appendix). For any special case, the equality 

given in equation 7 will be expressed in terms of the male and female fitness 

components that vary on a per-flower basis with inflorescence-unit size. In the case of 

Asclepias. these are likely to be pollinia removal per flower and fruit set per flower. 

Our result is also qualitatively equivalent to an explicit model developed for an 

idealized plant by Lloyd (1988). 
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The results of our empirical study of the RS of varying umbel sizes of A. 

tuberosa are consistent with the premise that this population is at the ESS for umbel 

size. For female function, above the smallest umbel size (1992), or for all umbel sizes 

(1993), per-flower RS is approximately constant (figs. 5,6). Thus, 6ln^ / M equals 

zero at all but sometimes die smallest umbel sizes. Thus equation 7 predicts that the 

ESS will be found where Slng^. / M equals zero, which will be at the maximum per-

flower pollinia removal rate (fig. 4). This peak occurs at an intermediate umbel size, 

roughly at the mean of 12 flowers per umbel found for this population (Fishbein 

unpubl. data) and for the species across its range (Wyatt 1980; Fishbein unpubl. data). 

For umbel-sizes larger than 16 flowers, selection through male function would tend to 

favor smaller umbels, whereas that through female function would be indifferent to 

umbel size. For umbel-sizes smaller than six flowers, selection through male function 

would tend to favor larger umbels, whereas that through female function would be 

indifferent (1993) or might favor smaller umbels (1992 data). Our data are not precise 

enough to determine which gender function would impose the strongest selection on 

small umbel sizes at times when the female fitness function is like that found in 1992. 

to Selection on Inflorescence Design Reconsidered 

It is interesting to reconsider the debate regarding the relative importance of 

fitness gained through male versus female function to the evolution of "inflorescence 
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size" in light of our data and model. From equation 7, it can be seen that both male 

and female RS always should be intimately and equally important in selection on 

inflorescence-unit size, as emphasized by Wyatt et al. with respect to total flower 

number (Wyatt 1980; Broyles and Wyatt 1990a; Wyatt and Broyles 1994). The 

selected inflorescence-unit size is the one at which the proportional rates of change of 

per-flower male and female RS are equal and opposite. The gender function for which 

the proportional rate of change of per-flower RS changes the most with inflorescence 

design will be the most influential in balancing the gender contributions (i.e., a 

particular population may have inflorescence-unit sizes at which a shift in size would 

impact the proportional rate of change in RS of one gender function more than the 

other). That gender function will balance the allocation at the proportional rate of 

change determined by the other gender function. Since the proportional rate of change 

of female RS is consistently zero for a range of umbel sizes near the mean for A. 

tuberosa. changes in the proportional rate of change of male RS determine the umbel 

size that maximizes fitness. If the proportional rate of change of female RS had been 

constant, but non-zero, the same male fitness curve would result in a different ESS 

umbel size. For A- tuberosa. male function has a stronger influence on selection for 

umbel size, as emphasized by Willson et al. (e.g., Willson and Radicke 1974; Queller 

1983; Bell 1985), but the fitness-maximizing umbel size is determined by both male 

and female function. 
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Conclusion 

Because of their unique pollination system, milkweeds have proven to be an 

excellent model system for studying the evolutionary ecology of pollination. Our data 

for Asclepias tuberosa adds to a growing body of detailed studies on the reproductive 

success of varying inflorencence designs of milkweeds. This accumulated data is now 

sufficient to resolve some questions regarding the mechanisms by which male and 

female function might be important for selection on inflorescence design. By more 

precisely modelling the manner in which male and female RS select on flower number, 

we have uncovered hidden complexity in the evolutionary dynamics of "inflorescence 

size." We conclude that bodi proponents and detractors are, in part, correct in their 

interpretation of the importance of male function. However, neither point-of-view can 

be said to fully characterize the subtle relationship between male and female function 

and selection on inflorescence design that emerges when the evolutionary dynamics are 

modelled precisely. 
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TABLE 1. Flower visiting "taxa", of Asclepias tuberosa at Canelo Hills Cienega, 

1992-1993, and their codes. See Fishbein and Venable (1996 [Appendix C of this 

dissertation]) for a complete species list. 

"Taxon" Composition 

APIS Apis mellifera (Hymenoptera: Apidae) 

BATT Battus philenor CLepidoptera: Papilionidae) 

BOMB Bombus sonorus CHvmenoptera: Apidae) 

LEPM Medium-sized butterflies (Lepidoptera: Hesperiidae, in part; Nymphalidae, in 

part; Pieridae, in part) 

LEPS Small-sized butterflies (Lepidoptera: Hesperiidae, in part; Lycaenidae, 

Nymphalidae, in part; Pieridae, in part) 

MBEE Medium-sized bees (Hymenoptera: Anthophoridae, Megachilidae) 

SBEE Small-sized bees (Hymenoptera: Hallctidae) 
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TABLE 2. Results of ANOVAs of the effect of inflorescence design on visitation rate 

of potential pollinators (see fig. 2). Visitation rate is the number of visits to the floral 

display (24 or 32 flowers) of each individual of A- tuberosa during separate 30 min 

observation periods. Visitation rate in 1992 was square-root transformed prior to 

analysis. 

Year Source df SS £ £. 

1992: Design 3 13.4 2.51 0.066 

Residual 69 123 

1993: Design 3 961 3.81 0.013 

Residual 82 6900 
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TABLE 3. Results of ANOVAs of the effect of inflorescence design on visit duration 

(s) of potential pollinators (see fig. 3). Visit duration is the mean for all visitors to each 

individual of A- tuberosa during separate 30 min observation periods. Visit duration 

was transformed to log (duration + 1) prior to analysis. 

Year Source df SS £ £ 

1992: Design 3 0.643 0.59 .62 

Residual 63 22.5 

1993: Design 3 1.04 0.72 0.55 

Residual 82 39.8 

TABLE 4. Results of ANOVAs of the effect of inflorescence design on pollinia-

removal rate (see fig. 4). Removal rate is the mean number of pollinia removed per 

flower in 24 hr from each individual of A- tuberosa. Note that removals were counted 

on a single umbel per inflorescence in 1992 and from all umbels in 1993. 

Year Source df SS £ £ 

1992: Design 3 5.10 2.50 0.067 

Residual 65 44.1 

1993: Design 3 1.21 5.23 0.002 

Residual 89 20.3 
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TABLE 5. Results of ANOVAs of the effect of inflorescence design on pollinia-

insertion rate (see fig. 5). Removal rate is the mean number of pollinia inserted per 

flower in 24 hr from each individual of A- tuberosa. Note that insertions were counted 

on a single umbel per inflorescence in 1992 and from all umbels in 1993. Probability 

levels determined by a randomization test (see text). 

Year Source df SS £ £ 

1992: Design 3 0.0330 2.32 0.066 

Residual 65 0.308 

1993: Design 3 0.0181 1.59 0.20 

Residual 89 0.338 
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TABLE 6. Results of ANOVAs of the effect of inflorescence design on fiiiit initiation 

(see fig. 6). Fruit initiation is the mean number of fruits initiated per flower in 30 d by 

each individual of A. tuberosa. Note that fruits initiated were counted on a single 

umbel per inflorescence in 1992 and from all umbels in 1993. Probability levels 

determined by a randomization test (see text). 

Year Source d£ SS £ £ 

1992: Design 3 0.163 4.13 0.006 

Residual 65 0.857 

1993: Design 3 0.0082 0.57 0.64 

Residual 89 0.423 
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TABLE 7. Results of ANOVAs of the effect of inflorescence design and visitor taxon 

on visitation rate of potential pollinators (see fig. 7). Only the seven most common 

visitor taxa are included. Degrees of fireedom reduced to adjust for potential non-

independence of observations of visits to the same plant individuals. Total number of 

visits observed was 511 (1992) and 602 (1993). Probability levels determined by a 

randomization test (see text). 

Year Source df SS E £ 

1992: Design 3 28.0 1.38 0.26 

Taxon 6 2910 71.8 0.0001 

Design x Taxon 18 25.0 0.21 0.99 

Residual 182 3260 

1993: Design 3 125 4.12 0.005 

Taxon 6 2480 40.9 0.0001 

Design x Taxon 18 382 2.10 0.003 

Residual 227 5790 
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TABLE 8. Results of ANOVAs of the effect of inflorescence design and visitor taxon 

on visit duration (s) of potential pollinators (see fig. 8). Only the seven most common 

visitor taxa are included. Degrees of freedom reduced to adjust for potential non-

independence of observations of visits to the same plant individuals. Total number of 

visits observed was 511 (1992) and 602 (1993). Probability levels determined by a 

randomization test (see text). 

Year Source df SS (X 10^) £ E 

1992: Design 3 66.7 3.88 0.013 

Taxon 6 246 7.16 0.007 

Design x Taxon 18 207 2.00 0.029 

Residual 39 1040 

1993: Design 3 26.6 1.55 0.18 

Taxon 6 157 4.56 0.007 

Design x Taxon 17 193 1.98 0.037 

Residual 69 1300 
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TABLE 9. Results of ANOVAs of the effect of inflorescence design and visitor taxon 

on per-visit pollinia removal rate (see fig. 9). Only the seven most common visitor taxa 

are included. Degrees of freedom reduced to adjust for potential non-independence of 

observations of visits to the same plant individuals. Total number of visits observed 

was (1992) and (1993). Probability levels determined by a randomization test (see 

text). 

Year Source df SS £ £ 

1992: Design 3 0.0017 0.07 0.94 

Taxon 6 0.0258 0.52 0.56 

Design x Taxon 15 0.0272 0.22 0.97 

Residual 51 2.21 

1993: Design 3 0.0025 0.51 0.52 

Taxon 6 0.0142 1.47 0.18 

Design x Taxon 10 0.0084 0.52 0.80 

Residual 80 0.712 
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APPENDIX 

An explicit model for the evolution of inflorescence design in Asclepias. 

Let^(il',Il',il,ll) = fitness (number of seeds produced) of an individual with 

umbel size, ]i', and umbel number, n', in a population with umbel size, u, and umbel 

number, n. R = total number of flowers a plant can produce (determined by resource 

availability), u = umbel size (number of flowers per umbel), n = number of umbels 

per plant, 10 = number of pollinia per flower, i(ii) = pollinia removed per flower (a 

function of umbel size), ij = probability that a removed pollinium is inserted properly 

into a stigmatic chamber, 1 = number of inserted pollinia required to make a fruit, 

J2(ll) = fruits produced per flower (a function of umbel size), & = mean number of 

seeds per fruit, and M = population size. Then, 

, 1 1  .  /  \  '  N s p ( u ) u n l q l O r ( u ' ) u ' n '  
w{u ,n ,«,«) =sp(u )u M + -  — - —-

NlqlOr{u)un 

Assuming n = E / u and simplifying yields: 

^ ' \D ^ •^/ ' («)r(« ' )R 
w{ i i ,u )  =sp{u )R +• 

r(M) 
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Differentiating with respect to u' gives: 

&u' d u '  K<')  bu'  

The sign of the derivative indicates the direction in which selection will tend to act on 

the umbel size of an individual with umbel size, u', in a population with umbel size, u. 

Setting the derivative equal to zero gives: 

5p(M')  _ 6r(u ' )  p ju)  

bu'  bu'  r{u) '  

This gives the umbel size with the maximum fitness in a population with umbel size, u. 

Setting u = ji' = (the ESS umbel size) gives: 

6p(«) _ _ 6r(«) 

p{u)bu r{u)bu 
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At the ESS, the population has the umbel size with the maximum possible fimess (i.e., 

no individual can increase its fitness by changing its umbel size). Simplifying gives the 

ESS condition 

_ 51II/7(U) _ 6liir(K) 

6tt 6u 

which says that the ESS umbel size is one at which any change in umbel size would 

result in a proportional change in fruits produced per flower that would be balanced by 

an equal but opposite proportional change in pollinia removed per flower. 
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FIG. 1. Schematic representation of inflorescence-design manipulations (see Methods). 

Each small segment represents one flower. The design manipulations from 1992, in 

which total floral display was held constant at 32 flowers, are represented here. 

FIG. 2. Mean visitation rate ±1 SE to four inflorescence designs during 30 min 

observation periods in (a) 1992 (N=73 individual plants) and (b) 1993 (N=86). 

Inflorescence designs labeled with the same letter are not significantly different 

(Tukey's HSD test). See text for explanation of inflorescence-design treatments. 

FIG. 3. Mean visit duration (s) ±1 SE on four inflorescence designs during 30 min 

observation periods in (a) 1992 (M=67) and (b) 1993 (N=86). 

FIG. 4. Mean pollinia removed per flower ± 1 SE in 24 hr for four inflorescence 

designs in (a) 1992 (M=69) and (b) 1993 (H=93). Inflorescence designs labeled with 

the same letter are not significantly different (Tukey's HSD test). Note that removals 

were counted on a single umbel per inflorescence in 1992 and from all umbels in 1993. 

FIG. 5. Mean pollinia inserted per flower ±1 SE in 24 hr for four inflorescence 

designs in (a) 1992 (H=69) and (b) 1993 (N=93). Note that insertions were counted 

on a single umbel per inflorescence in 1992 and from all umbels in 1993. 
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FIG. 6. Mean fruit initiation per flower ±I SE in 30 d for four inflorescence designs 

in (a) 1992 G^=69) and (b) 1993 (N=93). Inflorescence designs in 1992 labeled with 

the same letter are not significantly different (Tukey's HSD test). Note that fhiits 

initiated were counted on a single umbel per inflorescence in 1992 and from all umbels 

in 1993. 

FIG. 7. Mean visitation rate ±1 SE for the seven most common visitor "taxa" (see 

text) to four inflorescence designs during 30 min observation periods in (a) 1992 

(N=210) and (b) 1993 (M=255). Taxa codes as table 1. 

FIG. 8. Mean visit duration ± I SE for the seven most common visitor "taxa" (see text) 

on four inflorescence designs during 30 min observation periods in (a) 1992 (N=67) 

and (b) 1993 (N=96). Taxa codes as in table 1. 

FIG. 9. Mean pollinia removed per flower per visit ± 1 SE for the seven most common 

visitor "taxa" (see text) on four inflorescence designs during 30 min observation 

periods in (a) 1992 (J!;i=76) and (b) 1993 (M=100). Taxa codes as in table I. 
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APPENDIX C 

DIVERSITY AND TEMPORAL CHANGE IN THE EFFECTIVE 

POLLINATORS OY ASCLEPIAS TUBEROSA 
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DIVERSITY AND TEMPORAL CHANGE IN THE 
EFFECTIVE POLLINATORS OF ASCLEPIAS TUBEROSA' 

MARK FISHBEIN AND D. LAWRENCE VENABLE 
Drpanment of Ecology and Evniuiionary Bioioty. Univentry of Anzona. 

Tucson, Anzona 35721 i/SA 

Absrrac:. Although pollinaiion effectiveness is a central process underlying the evo
lution ot plant and pollinator traits, it is ditticuli to mea.sure and has rarely been reported 
lor a diverse spectrum of visitors under natural conditions. We measured the effectiveness 
of all common tlower visitors to Asclepias tubernsa I butterfly weed) at a site in southeastern 
Arizona, in terms of visitation rate, per-visit rate of pollinia removal and insertion, and 
pollinia load. Bnmbus and Apts fHymenopteral were the most effective pollinators, counter 
to predictions that A. luberosa is buttertly-pollinated. We also documented large differences 
between 2 yr in the pollination effectiveness of visitors, primarily due to changes in vis
itation rate. Bombus were the most frequent and effective pollinators in 1992. In 1993. Apts 
were equnalent to Bombus. Scrriu (LepidopteraI were the second most effective pollinators 
in 1992. but were scarce in 1995, Thus, conclusions about the identity of effective pollinators 
based on lioral traits, casual observations of visitation, or even precise measurement of 
etfectiveness in a smile season are all potentially suspect. We compare our results to those 
of previous studies ot Asclepias pollination. 

AVv n-nrdx: Anzona: Asclepias: Hymenopiera: Lepitlaptera: mutualism: pollination effectiveness: 
ranjflmtzution lest. 

I.NTR0D1.CT10N 
Quantifying pollination effectiveness is central to 

many questions in pollination biology. These include 

the mea-surement of selection on floral traits (e.g.. 

Campbell et al. I994i. examining the utility of polli
nation syndromes le.g.. Baua l99Ji. and. in ihe case 
of pollen consumers, explanations of the toraging be

havior of flower visitors le.g.. Strickler 19791. Unfor

tunately. the measurement of pollination effectiveness 

has been hampered by intrinsic difiiculties in observing 
the pulltnation act. which is often brief, occurs on a 

small scale involving large numbers of male gameto-
phyies. and is often followed by the rapid movement 

of the pollinator out of range of the observer (Primact.. 

and Silander 1975. Snow and Lewis 199.1). 

Recent studies have demonstrated that pollinators 
can select for floral traits that arc correlated with re
productive luccess. such as corolla size/shaoe (e.g . 

Campbell et al. I9'J|. but see .Andersson |994i. flower 

color le.g.. Stanton et al. 19X6. I9H9). nectar produc

tion (e.g.. .Mitchell I993l. pollen presentation (e.g.. 
Thomson and Thomson 1992). and inflorescence si/c 

(e.g.. Broyles and Wyatt I9y0; M. Fishbein and D. L. 
V'enable. unpubli.%ited manu\i rtpt\. Because ot ihe dil-
liculties in assessing pollination elfeeiiveness. the iden
tities nf the pollinators responsible tor selection in nat

ural populations are often assumed to he commonly 
observed flower visitors le.g.. Campbell 19X9. Stantun 
et al. 19X9. Andersson 19911. 

Manuscript received IT Januars I9M5: revised I'J Jufv 
jcccpied ZO July 1945. nnal version rcceivcd b Scp-

icmber 1995 

Indirect measures have usually been employed to 

xssess the pollination effectiveness of particular taxa 

of flower visitors. These include measunng pollen 

loads of foraging animals le.g.. Willson et al. 1979. 

Young 1988. Liede 199-1). measuring the movement of 

pollen analogs during single or multiple flower visits 

(e.g.. Campbell ec al. 19911. and determining the seed 

set obtained in the presence of a given pollinator rel

ative to other pollinators (e.g.. .Viotten et al. 1981. Te-

pedino 1981. Spears 19831. .Although it has not been 

used in this manner, paternity exclusion analysis (re

viewed in Snow and Lewis 1993) could also be applied 

to this problem, by exposing plants to particular pol

linators and determining the number of seeds produced 

and sired. Direct methods of quantifying pollination 

effectiveness involve the measurement of pollen re

moval and deposition for single visits (e.g.. Benin 

I9S2. Herrera 1987. Pettersson 1991. Wilson and 

Thomson 19911. Few studies have measured both per-

visit pollen removal and deposition under nearly nat

ural conditions or in multiple sea.sons that may differ 

in composition of the visitor fauna (Snow and Roubik 

1987. Wolfe and Barrett 19S9. .Vturcia 1990, Young 

and Stanton 1990. Wlson and Thom.son 1991). 

Pollination effectiveness can be partitioned into 

components, including rates of visitation, pollen re

moval.and pollen deposition I Herrera 1987. Waserand 

Price 1990. Inouye et al. 1994i. Because of difficulties 

in measuring overall etfectiveness. often only one or 

two components arc measured. The distinction between 

overall effectiveness and components is imponant be

cause some visitors may be effective at one component 

l()AI 
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(e.g.. visitation rate), but ineffective or detrimental at 

another le.g.. pollen removal). Thus, frequent visitors 

may consume pollen, nectar, or other floral tissues, re

ducing the reproductive success that would occur in 
their absence (McDade and Kinsman 1980. Wilson and 

Thomson 1991). They may also increase self-pollina

tion. which may result in pollen wastage, stigma clog
ging. or the production of inferior offspnng (de Jong 

et al. 1993). The net effect on reproductive success of 

an association of floral visitors may be very different 
than that predicted by summing the effect of each vis

itor species in isolation (Thomson and Thomson 1992); 
I.e.. the ranking of ta.xa by pollination effectiveness 

can depend on the composition and relative abundance 

of the ta.xa that comprise the ilower-visiting fauna. 
The goals of this study are; (I) to test whether the 

milkweed. Ascleptas tuberosa i butterfly weed i. is most 

effectively pollinated by butterflies, as suggested by its 
floral traits and the great variety and numbers of but

terflies observed to visit its flowers; i2) to accurately 

measure several components of pollination effective
ness for each flower-visiting taxon; and i3i to deter

mine whether the pollination spectrum (i.e.. the ranking 

of flower visitors by pollination effectiveness) of A. 
tuberosa is constant across 2 yr of study. 

.METHODS 

Study site artel species 

Wc studied the pollination effectiveness of tlower 
visitors to Ascleptas tuberosa L. var. interior i Wood

son) Shinners (Asciepiadaceaej at The .Nature Conser

vancy's Canelo Hills Cienega Preserve. ="5 km south

east of Tucson. .Arizona. USA (jI'jj"-:' N. I ICjl"-;' 
W. elevation 1500 mi. at the lower elevational limit <if 

.Madrean oak woodland. The study site wa.s located on 

the edge of a marsh, in the bottom of a shallow canyon. 

The study population of .4. tuberosa occupied an area 
of =0.1 ha on the lower margin of a moderate ea.st-

t'acing slope. 
A. tuberosa is a herbaceous, perennial milkweed 

common throughout the eastern two-thirds of the Lnit-

ed States, reaching southexst Canada and northwest 
•Mexico. Flowers in the stuoy population are typically 

orange iranging from yellow to red-orangei. but indi

viduals e.*hibit uniform flower color. The combination 
of reddish flowers, with nectar contained in narrow 

tubes, and a dense aggregation of flowers mat can be 

visited at one time, is considered indicative of butterfly 
pollination (Proctor and Yeo 1972. Faegri and van der 
PijI 1979:115-117). .1. tuhernw is. in tact, commonly 

referred to as •"butterfly weed." presumably because 

of the large number of butterflies attracted to the tlow-
ers (Rohen.son 1891. Wyatt I97f). this study i. A. cu-

rassavica. a species with similar morphology and flow
er coloration, has been reported to be buttenly-polli-
nated (Proctor and Yeo 197;. Bier7ychudek I'JKI) 

Because of their unusual pollination system, milk

weeds are ideally suited for the study of pollen move
ment. Pollen in each anther sac is amas.sed in discrete 

structures termed poliinia that function as single dis
persal units (Wyatt 1978). Each pollinium carries suf

ficient pollen to produce a mature fruit i Wyatt 1976): 

thus, it is meaningful to quantify pollen movement via 

poliinia. In the tield. poIlinia are easily observed with 

the aid of a hand lens, in flowers and on the bodies of 
captive pollinators. This feature has been appreciated 

by pollination biologists and entomologists, who have 
measured poliinia loads of insects (Robenson 192S. 

Frost 1965. Macior 1965. Lynch 1977. Wlllson et al. 

1979. .Vlorse 1982). net poIlinia removal from and in
sertion in flowers (reviewed in Wyatt and Broyles 

1994). and net retention and loss of poliinia from flow er 

visitors (Morse 1982). 

Data collecticn 

Data were collected dunng I-wk penods in June-

July of 1992 and 1993. dunng the flowenng peak of 
.4. tuberosa at this site. The earliest individuals began 

flowering "Z wk prior to observation penods. and the 
last flowers were produced "-i wk following obser

vations. The observation penods were concluded in 

both years when the tirst sustained ""monsoonal" 

storms occurred, at'ter which visitor activity drastically 

diminished. Observations were made on 77 individual 

plants in 1992 and 100 in 1993. 

Poliinia transfer.—We observed each plant for two 
consecutive days to mexsure poliinia transfer rates and 
vi:>itation rates. On the first day. we monitored each 
plant for the first four (1992) or five (1993) visits, 

totalling 272 vi.sit.s in 1992 and -130 visits in 1993. For 

each visit, we recorded the taxon of the visitor, the 
duration of the visit, and the number of poliinia insened 

and removed (removal observations actually record the 

movement of two paired poliinia. which, for the sake 
of clanty. we will reier to as single poliinia removalsi. 

The visitor "ta.xon" wa.s either a species or a broader 

category such a.s "medium-sized bees." 
We bagged all inflorescences on experimental plants 

prior to anthesis with a coarse mesh cloth that pre

vented transfer of poliinia. but that did not exclude 
nectar consumption by some visitors li.e.. Bombits. 

Batius). This type of pollination bagging has been 
shown to minimally affect the physical environment 

(Wyatt et al. 1992). .At the beginning of the sampling 

period, the observer removed the pollination bag from 

a plant, and the numbers of poliinia missing (due (o 
malformation or removal within the bag) and insened 
were recorded for the entire display. Observers mon

itored vi.sits from 8 m away using held gla.sses. Fol

lowing each visit, the observer recorded the numbers 
ot poliinia insened and removed. Poliinia removal was 

scored by noting the number of corpuscula missing 
from each flower (a corpusculum is the black structure 

thai connects paired poliinia: it is readily visible in the 

flower prior to removal). PoIlinia insenion was scored 
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by noting the number of pollinia projecting from the 
stiematic chamber. A projecting pollinium indicates 
that another connected pollinium is inserted in the 
chamber. Because pollinaria observed on insect legs 

often have one pollinium broken off (Robertson 1886. 
Woodson 1954. Wyatt 1976. M. Fishbein and S. Buch-
mann. unpublished data), it is likely that counting pro

jecting pollinia underestimates the total number of in
sertions. In A. tuberosa. the number of projecting pol

linia is significantly correlated with the actual number 

of insertions and underestimates insertions by a factor 

of 2.3 (M. Fishbein and D. L. Venable. unpublished 

datat. Thus, the estimate of pollinia insertions is con

servative and assumes that the proponiun of broken 

pollinia does not vary across taxa. 
In each year, observations were staggered throughout 

the day when visitors were active i generally between 
one-half hour after sunnse and one-half hour before 
sunseti and in a variety of weather conditions ranging 

from sunny, hot. still, and dry to cloudy, cool, breezy, 
and humid. Flower visitation by all ta.xa ceased during 

steady rain. No observations were made at night since 
nocturnal visitors ro A. tuberosa were very uncommon. 

Since pollen loads have been used as a measure of 
pollination effectiveness (e.g.. Willson et al. 1979). but 

do not necessarily correspond to effectiveness (e.g.. 
Pettersson 1991). we measured them for companson 
with actual removal and Jepusition rates. To measure 
pollinia loads, flower visitors of .4. tuberosa were cap

tured haphazardly in insect nets, sampled for the num
ber of attacned pollinia. and relea.sed. Paired and single 
pollinia were scored equally. Visitors were chosen to 

represent the entire spectrum (e.icept birds), but indi

viduals of abundant taxa. and those of ta.xa that rarely 

carry pollinia. were sampled more intensively to more 
accurately estimate their pollinia loads. Voucher spec

imens of visitors have been deposited in the Depart
ment of Entomology. University of Arizona. 

Visitatwn rate.—Approximately 2-1 h following the 

pollinia-tnnstcr observations, each plant was observed 
for 30 mm to determine visitation rates and visit du
rations. During each observation period, the ob^erver 

recorded the identity of each visitor to the local plant 
and the duration of the viMt. Total observation iimc 
was 105 h in 1992 and 127.5 h in 1993 

Allah SI ^ 
We tested tor differences among taxa in cnmponent\ 

of pollination effectivenes% with analysis of variance 
l.ANOVA) procedures of SAS Nystem under Windows 
iS.AS Institute I989i. Because more than one vimi was 

recorded lor each plant, it could be argued that those 
observations are pseudoreplicaics iHurlbert I9XJI. We 

compensated tor the potential lack of independence of 
observations from the same plant by reducing the de
nominator degrees of freedom tor F tests to reriect the 
number of plants observed rather than the number of 

visits recorded. This is a conservative approach. We 

combined visitor taxa into seven categories. Because 
we were interested in whether .4. tuberosa was accu
rately classified as butterfly-pollinated, we tested for 

differences between Lepidoptera and Hymenoptera a 
priori by the method of orthogonal comparison iSokal 
and Rohlf 1981). Otherwise. ta.xon means were com

pared by Tukey's Honestly Signiticant Difference 
(HSD) test, which controls the experiment-wise error 
rate to a = 0.05. Modifications of these prtacedures for 

panicular analyses are discussed. 
Visitation rate and vistt duration.—We tested for 

differences among visitor taxa in visitation rate (num

ber of visits per 30-min observation penod) and mean 
visit duration. Data were analyzed by two-way .ANO-
VA using txxon and year as tixed main effects. Year 

was treated as a tixed effect because we were interested 
in differences in pollination effectiveness in the par

ticular years of the study and not in long-term, among-

year vanation in effectiveness (cf. Bennington and 

Thayne 1994). 

Pollinta transfer.—We tested for differences among 
visitor taxa in number of pollinia removed and inserted 

per flower per visit. In some cases additional visitors 

amved before the tirst visitor left. To account for the 
possibility that some of the observed pollination events 

were due to these additional visitors, we reanalyzed the 

data after weighting number of pollinia removed or 

insened during multiple visits by the proportion of the 

summed visit durations assignable to the tirst visitor. 
Because taxa varied between years in visitation rate, 

combining pollinia transfer data from both years yield

ed a highly unbalanced design. Under such circum

stances. It IS possible to tail to detect a truly signilicant 
effect due to collinearity in the data (Shaw and .Mitch

ell-Olds 1993). Thu.s. we also conducted separate one
way analyses for each year. Statistical analyses of trans-
I'er rates were conducted only for pollinia removal, 

since sample sizes were too low for insertion. For the 
single-year analyses of removal, we eliminated Battus 

and medium-sized Lepidoptera in 1993 because of 

small sample size i/i < 5i. 
Because of highly non-normal distributions (i.e.. 

most observations equal to zero, but with several rel
atively large values), pollinia transfer data violated as
sumptions of both standard and rank-transformed 
ANOVA (Conover 1971. Potvin and Rotf 1993). Such 

data have highly non-normal distributions of residuals 
and are prone to deviate strongly from the assumption 

of homogeneous variances. .A likely consequence of 
Ignoring this problem is inflated statistical significance. 

While rank transforming tends to stabilize homogeneity 
of variance i Potvin and Roff 1993). the large number 
ot zeros results in many tied ranks, which compromises 
this approach (Conover 1971:25ft I. To determine robust 
probability values tor these F tests, we utilized a ran
domization procedure (.Manly 1991). .An empirical F 

distribution was created hy repeatedly randomizing 

laxon identity and reanalyzing the untranstormed data. 
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FIG. 1. Mean visitation rate of seven "tajta" of insectN 
lu inflorescences of .4. tuberosa dunng 30-min observation 
periods in 1992 In = 110) and 1993 (n = 2551. Bars indicate 
= I SE. Taxa labeled with the same letter are not sicniAcantiy 
(Jit'ferent in visitation [requency averaged across years (Table 
IA I. Taxa codes are as follows; APIS = Apts meltifera (Hy-
menoptera: Apidae I. BATT = Battui philenor i Lepidoptera: 
Papilionidaei. BOMB = Somduj jonoruj (Hytnenoptera: Ap
idae i.LEPM = "medium-sized Lepidoptera" I including Hes-
penidae. Nymphalidae. Piendaei. LEPS = •small-sued Lep-
idopieri " (includmg Hesperiidae. Lycaenidae. SympRalidae. 
Picridaci. MBEE = "medium-sized bees" (including Anth*>-
phoridae. Mecachiiidaet. SBEE = "small-sized bees " im-
wludinc Halictidaei. 

Alter 1000 random reanalyse.s. the actual value or F 

was compared to the distribution generated by the ran
domization procedure to determine the prooability at 

ubtaining a value of F that large or larger. 

To e.xplore further the mechanisms tor differences in 
effect!vene.ss among visitors of different ia*a. we de

composed the mean rate of pollinia transfer into two 
quantities: ill the probability of a transfer event oc

curring. and (2) the mean number of pollinia transferred 

given that a transfer occurred. Because of the small 
number of observations of pollinia insemon. we onlv 

partitioned pollinia removals in this manner. 

To test for differences among taxa in the probability 
of any pollinia being removed, we scored each visit as 
0 if no pollinia were removed, or 1 if any pollinia were 
removed. Because binary data do not satisfy the dis

tributional a.ssumpiions of least-squares .ANOVA/re-
gre.ssion. we utilized maximum likelihood logistic re
gression lAitkin et al. I98y. Crawley 1993. SAS In-

stiiute 19931. Year of observation, taxon identity, and 
visit duration were the explanatory variables. Tests for 

a signtricant contribution of each explanatory variable 
and rirst- and second-order interactions amone the van-

ables were conducted following the model simplilica-

tion recommendations of Crawley (1993: Chapter 12) 
utilizing SAS/INSIGHT Fit Analysis (SAS Institute 

1993). " 
To test for differences among visitor toxa in the num

ber of pollinia removed, given that any pollinia were 

removed, we deleted all observations for visits with no 

removals, and reanalyzed the data by analysis of co-
variance (ANCOVA) in the manner described above 

for the complete data sec. but with the addition of visit 

duration as a covanate. .-Vs with the analysis of the 
unpanicioned data, combining the data for both years 
would have yielded a highly unbalanced design, so data 
were analyzed for each year separately. For taxa that 

were well represented in both years, we utilized ANO-

VA to test for an overall difference between years. 

RESULTS 

We observed 80 species of visitors to Ascleptas tu

berosa flowers, including one hummingbird and 79 in
sects I.Appendix I. Several of these were casual visitors, 

not recorded during formal observation periods. How

ever. many were directly observed to transfer or carry 

pollinia. These pollinating species form a phylogenet-
ically diverse assemblage including seven families of 

Hymenoptera. six families of Lepidoptera. and a total 
of 3-t species. 

Visitation rate and visit duration 

Visitation rate.—The mean number of visits per 30-
min period differed strikingly for several of the im
portant flower-visiting taxa in 1992 and 1993 (Fig. 1. 
Table lA). There also were differences between years 

in visitation rate, which vaned among visitor taxa (year 
.< taxon interaction). Overall visitation rate was similar 

between the 2 yr (year main effect not signiticant). 

Hymenoptera visited at a significantly higher rate than 
Lepidoptera la prion contrast: F, .j, = 171. P < 

0.01)05). BombussonnrusiHymenopiem: Apidae: Plate 

1) visited at a sieniticantlv hieher rate than all other 

TABLE I. .ANOVA of visiiaiion rate and visit duration of 
Miven insect iax3 to A. tuberosa tn 1992 and 199.^ (sec Figs. 
I and 2l. Signilicance tests hased un type 111 sums af 
vguarcs. Signiticant clfecis lu < O.US) indicaied in bold. 
Degrees ui freedom adjusted lo account for multiple ob
servations per plant.' 

Suurce Jt MS F P 

A\ ViMiauon rate 
Tjxon b 581 <0.04M)5 
Year \ 31 3.5 0.t)7 
Tj*on < Year ft 37 <0.0005 
Roidual U5 S.T 

B> Visit durjitun 

Ta\on h 7X.2 13 <U.OO«S 
Year h 1 AM 1) 3 >0:5 
Taxon * Year h } <w U.5 >0.25 
RcMilual 145 h.2 

' Total numticr cji nhservaiions = 4ft5 
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PLATE I. Bombus sonoms visiting flowers 
ot AscUptas tuberosa i[ Caneio Hills Cieneca 
Preserve. Anzona. Phocogniph by M. Fishbein. 

1 

taxa. and Apis melliura i Hymenoptera; Apidaei and 

small-sized bees (Hymenoptera: Halictidaej visited at 
higher rates than each of the remaining la.xa iTukey's 

HSD test; Fig. 1). 

Between-year differences were due to chances in vis
itation by Bombus. Apis. Bauus philenor i Lepidoptera; 

Papilionidaei. and small-sized bees iFig. 11. Overall, 

there was a shift from a tiower-visiting fauna dominated 
by Bombus in 1992 to one w ith more equal represen

tation by .\pis. small-iized bees, and Bombus in I99.» 
Bombus were responsible for 59.-1'r of visits in 1992. 

but only 23-6'c in 1993. The most frequent viMtors in 

175-

150-

125-

100-

I 
I 75 

50-

25-

1^11 1 1 
1992 1993 

Kic: 2. Mcjn vimi duratitm ol xevcn laxa Jurinu 30*min 
oh\crv3iion pcruidN m 1*192 m = 2Iili jnJ </t = 2551 
Bjrv indicaic :: I sn. LEPS i> Muniiicjnilv Utilcreni ihan j|l 
oihcr taxa in visit duration jcross i.cars iTjblc IB. He\ulni. 
Tjxj as in Fill. 1. 

1995 were .Apis, which accounted for 33.8^ of visits, 

an almost 10-fold increxse from 1992. The only fre
quent butterfly visitors in 1992. Battus (11.O'ri. were 

infrequent visitors in 1993. Danaus gilippus (Lepidop-

tera: Danaidae) were abundant at this site but made 
very few visits. 

Visii duration.—In contrast to the between-year dif

ferences in visitation rate, visit duration of each ta.ton 
was remarkably constant between years iFig. 2. Table 

1B I. Ta.\a differed signiticantly in visit duration iTable 
IB). .VIean visit duration of Lepidoptera was longer 
than that of Hymenoptera (a priori contrxst: f, = 

S.-l. P < 0.0051. The only signiticant difference among 
seven visitor ta.\a was that, small-sized Lepidoptera 

(Hespenidae. Lycaenidae. .N'ymphalidae. Pieridaei con
ducted longer visits than those of each other ta.xon i Fig. 

2. Tukey's HSD test). 

Pollinia transfer 

Pollinia removal.—When data from both years were 
analyzed together, there was no evidence for differ

ences in pollinia removal per (lower per visit among 

taxa I Fig. !•. Table 2.^1. However, visitation rates varied 

between years so that the statistical design is highly 

unoalanced when data from both years are combined. 

In separate analyses for each year, taxa differed in 
pollinia removal rate in 1993. but not 1992 (Fig. 3. 

Table 2.-\). In 1993. Bombus removed pollinia at a sig-

nincantly higher rate than small-sized bees (Tukey's 
HSD test). In both years there was a trend for .Apidae 

I Bumhus and .4p«i to remove pollinia at the highest 
rate (Fig. 3). Battus also removed pollinia at relatively 

high rates in 1992; however, they removed no pollinia 
in relatively tew visits in 1993. .Medium-sized bees 

I Anthophondae and .Megachilidaei. small-sized bees, 

small-sized Lepidoptera. and medium-sized Lepidop
tera nn 1992; Hespenidae. .Vymphalidae. Pieridaei 

tended to remove pollinia at lower rates than Apidae. 

In 1993. medium-sized Lepidoptera removed pollinia 
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Fic. 3. Mean poilinu removal rates tper-dower per*vtsit) 
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FIG. 4. Probabtlity of a visit resuliing in any pollinia be
ing removed tor seven taxa in 1992 and 1993 (Table 2). Bars 
indicate r I SE. Taxa codes as in Fig. I. Sample sizes as in 
Fig. 3. 

9 I 

T \BL£ 2. ANOVA or" pollinia removal by seven insect taxa 
from A. tuberosa in 1992 and 1993 isce Ftgs. 3 and 5i. 
Probabilites of F determined by randomization procedure 
• •»ee Methods). Conventions follow Table ! * 

source df 

Ai Removal rate 

Qvcniil 
Tjxon 
Year 
Taxon • Year 
Residual 

6 
I 
6 

162 

1992 
Taxon 
ReMdual t 

1993-
Taxon 
ReMdual SI 

B) .Mean poilinia removed 

I992r 
Taxon 
Duration 
Residual 

I993Ji 
Taxon 
Duration 
Residual 

I 
45 

I 
S2 

0.0083 
0.003^ 
0.00 lb 
0.0040 

00062 
0.0083 

00052 
0 0020 

0.0034 
0 
0.00 IS 

O.OOOf) 
0005T 
0 0013 

2 1 
I.O 
0.4 

OS 

0.2 
0.0 

0 3 

0.15 
>0 25 
>0.25 

>0.25 

0 05 

>0.25 
>0.25 

>0.25 
>0.25 

* Sample \izcs </* = number oi oh>crvationsr i Ai n = ?56 
in - 293. = •t63». (Bl = Sf>. n ^ uo 
' Gh^ervat|o^^ for medium^sized Lepidoptera and medium* 

Mzed bees e:(ciuded 
: Only uhNervations tor.-^p/j. Bonus, jnd Btimbus included. 
5 Only onservaiions lor Bomhus. and small-Mzcd becN 

mcluded. 

at a high rate, but this was based on only two obser
vations. and thujv had a very large standard error. Dan-

aus s^lippus. milkweed bugs (Hemipcera: Lygaeidae: 
Lvtiaeus and Oncopeitus), wasps (Hymenoptera: Pom-

pilidae. Scolitdae. Sphecidae. Vespidaei. and Diptera 
iBombyliidae. ConopiUae. Siratiomyidae» were not ob
served removing pollinia in either year (Fig. 3). al

though pollinia were found in small quantities on some 

of these visitors in our haphazard collections. 
Taxa differed signiiicantlv in the probability of a 

:tuccessfui visit (Fig. 4). and (his probability was pos

itively related to visit duration, independent of taxon 
identity (logistic regression, all interactions nonsignif
icant. Table 3). However, the probability of pollinia 

removal wxs constant between years. Given a success
ful visit (i.e.. at least one pollinium was removed!, ta.xa 

did not differ signiticantly in the mean numoer of pol

linia removed, and there was no linear relationship be-

TABLE 3. .Analysis of deviance from a logistic regre>sinn 
model ht to the probability of successful pollinia removal 
iFiu. 4). Explanatory variables are year, taxon. and visit 
Juration <n » 773). Data were analyzed by model simph-
iicaiion tCrawley 1993). Conveniions follow Table 1. .All 
\econd* and higher-order tntenctiuns between explanatory 
variables are not >mniricant. 

Suurce Jf 
Scaled 

dcviancc P 

Taxon 6 214 <U.005 
Duration I ')6.K 
Year 1 10 ^0.25 
Residual 745 ^56 
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Fic. 5. Mean pollinia removal iper-flower per-visiti lor 

visits in which jt least one poiiinium was removeii I'or seven 
taxa m 1992 and 1993 (Table 2B). Bars indicate ~ I SE. Ta.xa 
oode^ as in Fie, 1. Sample sizes < 1992. 1993) for each taxon 
are .-^PIS (3. «i. BATT 18. 0). BO.MB (70. 6"l. LEPM |2. 
I). LEPS (2. Oi. MBEE (2. 11. SBEE (0. 3i 

tween the number of pollinia removed and vi^it dura
tion (interaction nonsigniticant. Table 2B. Fis:. 5i. For 
these analyses only Apts. Batiui (1992 only 1. Bumhtis. 

and small-Sized bees (1993 onlyi were included, as 
other ta.\a had 100 tew 1 <51 observations to warrant 

statistical analysis. Thus, differences amona taxa are 
due mostly to the probability of a succes.'.ful visit. Only 
Apis and fluriuj made sufticient visits to test tor overall 

dill'erences between years in number of pollinia re

moved dunnu successful visits. .Mean pollinia removed 

were sianiticantly higher for these taxa in 1992 i.-V.N'O-

V.Ji on raw data; f,= 9.6. P = 0.002. Fig. 5i 

.•\n estimate of the population-level, pollinia-remov-
al effectiveness of each visitor taxon (cf. Waser and 

Price 1990) can be calculated by multiplying visitation 

rate (number of visits per 30-min sampling period) by 
pollinia removal rate (number of pollinia removed per 

dower per visiti and multiplying by two (to express 
this quantity as a per hour rate). This measure clarines 

the overall importance of Bombus as pollinia removers 

in 1992 (Fig. 61. They removed approximately six times 

as many pollinia per hour as the next hignest ranked 
taxon. Balms. In 1993. however, we observed a shift 
to Apis and Bombus being equally important iFig. bi 

Pntlima mserunn.—Pollinia insertion rates also dif-

tered among taxa. although direct ooservation was so 
intrequent as to limit statistical analysi.s. In 1992. there 

were only lour observations ot pollinia insertion, three 
hy B'lmbus and one by a medium-si/ed bee (Fig. 7i. 

In 199 <. of 2.'i (otal observations 01 insertions. 12 were 

FIC. ti. Population-level, pollinia-removal efleeiiveness 
I product of mean per-tlower pcr-visil removal rate and mean 
visiiation rale per hour) of sevenix\a in 1992 and 1995. Taxa 
codes as in Fi£. 1. 

by Bombus. 8 were by .Apts. and 3 were by small-sized 

bees. The mean insertion rate per visit for these three 
taxa wis approximately equal in 1993. about one pol-

linium inserted per flower in 500 visits. Since real in

sertion rates are 2.3 times greater than our estimate 
from (ield-cullected data (.\1. Fishbein and D. L. V'en-

able. unpublished data), the actual insertion rate for 

the above taxa is about one in 217 visits. 
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FIC. 7 Mean pollinia inncrtion raics<pcr-RTO\fccrpcr-VIMI» 
01 seven laxa in 1992 jnd 1993. Bars indicate rl SE. Taxa 
co<Je\ ds in Fic. I. Sample sizes are the >ame a^ in Fig. 3 
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Fic. S. Popuiaiion-level. pollinia-insenion etTectiveneiS 
{product 01 mean per-ilower per-visit insertion rate and mean 
visitation rate per hour) for seven taxa in 1992 and 1993. 
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We calculated the population-level, pollinia-inser-

tion etfectiveness or each taxon in the same manner as 

described above for removal effectiveness i Fig. S). The 
results suggest that Bombus and Apis are mo^l impor

tant m terms of pollen delivery. 

Pollima loads.—Haphazardly choien insects were 
found to vary substantially among taxa in the number 
of pollinta earned (Fig. 9). Pollinia were earned on 

middle tarsal segments without exception. Hymenap-
tera le.xcept Haiictidaei and Baiius bore relatively large 
pollinia loads ifour-nine pollinariai. medium->ized 

lepidopterans bore smaller loads i three pollmariai. and 

Danaus gilippus. small-sized lepidopterans. ^mall-
sized bees, and milkweed bugs were found to carry 
pollinia rarely. 

DISCUSSION 

We have documented taxonomic variation and dif-
t'erences between two years in pollination effectiveness 
of visitors in a natural population n( Asclepias mbrrnw. 

Pollination effectiveness was mexsured by pollinator 
visitation rate.s and per-visit pullen removal and depo
sition rates. Although rtoral traiLs and ca.sual viMtor ob

servation suggest butterfly pollination of this species, 
bees (Brimbus and Apisi were the most effective viMcors. 

These insects generally visited flowers and translerred 

pollen at higher rates than huttertlies. However. viMior 
effectiveness was not constant between years. Bombus 

were the most effective pollinators in 194;. but Apis 

were equally effective in I99.-. Buttertlies iButiusi were 
of secondary imponance in 1992. but were unimportant 
in 1993. Differences among pollinating taxa were due 

largely to variation in visitation rate and the per-visit 

probability of pollinia removal, but not mean number of 
pollinia transferred per visit. Pollinia loaiis were often 

poor predictors of effectiveness (compare Bgs. 6 and 9: 
e.g.. Battus. medium-sized bees). 

Taxonomic variation in pollination effectiveness is 
not unusual. Schemske and Horvitz (1984) found that 

Hymenoptera had a significantly higher probability of 
initiating fruit set than Lepidoptera. Waser and Pnce 

(1990) found per-visit differences in effectiveness be
tween Bombus spp. and hummingbirds, but these dif

ferences were not apparent at the population level. .Ash
man and Stanton (1991) detected signilicantly higher 

pollen-deposition rates by Bombus bifanus than Bom-

byliidae. These authors also documented temporal van-

atton in components of pollination effectiveness, as 
was found for pollinating moths by Pettersson (|9911 
and for pollinators of .4. luberosayiias study i. Vanation 

in pollination effectiveness has been suggested to affect 

both the strength and direction of selection on rioral 

characters (Schemske and Horvitz 1989. .Ashman and 
Stanton 1991. Eckhart 1991). 

Thomson and Thomson (1992) have demonstrated 

that net effectiveness of each pollinator species de
pends on the composition of the entire spectrum. Using 

the terminology of Thomson and Thomson (1992). 
Bombus were "good" pollinators for this population 
of A. luberosa because they removed pollinia at rela-

12 
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a -

2 -

4  . 4  
A A o'' ^ 

 ̂ <ir  ̂  ̂
1992 1993 

Ftc. 9 Mean pollinta loads of nine taxa in 1992 and 1993 
Bar\ indicate rl SE. Sample sizes (1992. 1993) for each taxon 
arc APIS <8. I7). BATT (15. 51. BOMB (29. LEPM (22. 
ISL. LEPS I30. 32i. MBEE (9. 14). SBEE (10. 7I. LYCA (13. 
15). OA.NA 117. 17). Taxa codes a.\ in Fig. I with the addition 
of DANA « Danaus ^tlippus (Hymenoptera: Danaidae) and 
LYGA - L\9aeus kalmtt and Oncopeitus faxciatus (Hemip* 
tcra: Lygaeidae). 
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TABLE ' Proponion and lotal number of species of nve insect orders recorded as visitors to six species of Aictepias isee 
Discussion!. Proportion and number of species that were observed to carrv pollinia in parentheses. 

.4. tuberosa A. purpur-
Order (this study 1 .4. tuberosa A. mcamata atcens A. sulUvantii A. synaca A. verticilUua 

Coleoptera .03 fOi .05 (.03) .02 (0) .02 1.02) .05 (.03) .02 (.01) 
Diptera .08 (.03) .05 (.07) .13 (.07) .08 (.18) .16 (.10) .19 (.19) .31 (.14) 
Hemiptera .05 (.06) .01 (.02) .02 (.06) .02 (0) .04 (.03) .01 (0) 
Hvmenoptera .30 (.38) .41 (.46) 57 (.64) .30 (.29) _55 (.59) .38 (Jl) .49 (.64) 
Lepidoptera .54 (.53) .54 1.46) .25 (.24) .58 (.47) .25 (.29) .34 (.23) .16 (.14) 

Total species ol visitors 79 (34) 41 (28) 134(109) 53 il7) 105 (41) 167(105) 135 (116) 

Flower color oranse oranee pink, white deep rose deep rose rose, white while 
Flower >ize* laree larse small laree laree laree small 
Sources^ a 2. h. 1. 1 c. J. h. 1 I h. 1 >>-J c. J. h. 1. k 

* Large rtowers: corolla lobes >7 mm long, corona segments >4 mm long: small ilowers; corolla lobes <•> mm lone: 
corona segments <2 mm long (W"oo<lson 195-i. .\t. Fishbcin. unpublished data). 

"Sources: lai ihi> study, ibi Jennersten and .Morse 1992. ici Kephan 1983. (d) .Macior 1965. eel .Morse 1982, 1986a. 
I4S60. .Morse and Fntz 1983. 1989. ifi Ralph 1976. 1977. igi Robertson 1886. (hi Robertson 1887. (i) Robertson 1891. 
I9ZS, iji Wiil.son and Rathcke 197a. WilLton and Pricc I97~. \\'illson and Benin 1979. (ki Willson et al. 1979. th Wyait 
I9~6 These Jala are adapted irom a larger data base which is available from the authors, upon requesu 

lively high rate> and were responsible for most of the 
observed pollinia insertions. It is also clear that some 

of the ta.xa are ""bad" pollinators (e.g.. Lygaeidae. Dan-

aus ^iilippus). due to low visitation rates and/or low 
per visit removal rates. These bad pollinators carry 
very few pollinia (Fig. 9). They may be mismatched 

morphologically to .4. tuberosa intiorescences (e.g.. 
few tarsal hairs, small body) or have inappropnate be

havior (e.g.. idleness I. Apis have been suggested to be 
"ugly " pollinators for other species becau.se they re

move large amounts of pollen, preventing its transport 

by good pollinators, but fail to deposit it iV^'ilson and 
Thomson 19911. perhaps due to their active poilen col

lection and effective grooming. There is no indication 
from our data that Apis were ugly pollinators for A. 

ruuerosa: Apis were among the most effective pollinia 

in.serters in 1993 when they were frequent visitors. Be

cause Asclepias pollinia are probably not used as a tond 
<ource by Apis, we would not e.\pect Apts to be ugly 
pollinators. Our data suggest that some small-sized 

Lepidoptera (e.g.. Lycaenidae) may be ugly pollinators 

because of their long residence time on a single inrio-
rescence. The long visits of small->ued lepidupterans 
may result in more geitonogamous pollinatinn. which 

may waste pollinia or preempt stigmatic chambers that 

would otherwise be available for outcross pollinia ide 
Jong etal. 1992. 1993. Broyles and Wyatt 199.^i. Sell-

pollination IS potentially detrimental to .4. lubemsa be-

cau.se it is known to be largely sclf-incompatihle i Wyatt 
and Broyles 1994|, 

.Although I t  I S  often recognized that inferences of pcil-

linution effectiveness ba.sed solely on iloral traits can be 
^uspect le.g.. Haberand Frankie 19X9. Bawa 1994: Was-

er et al.. m press), ""pollination syndromes " iFaeun and 
van der Pijl 1979) are still commonly used. Pnllinuttiin 
syndromes are typically invoked when data on polli

nation effectiveness arc not available, xs in community 
level studies of multiple species le.g.. Bawa 1994. Pe-

tanidou 1995). Often, they are invoked in comparative 

studies of relatively few species (e.g.. Cocucci 1995). 
Utilization of syndromes, however, is rarely substanti

ated by direct measurement of effectiveness. 

The pollinator spectrum of M. tuberosa is different 
than that suggested by tioral traits and initial observa

tions of the composition of the flower-visiting fauna. 

The dense, flat-topped inflorescence of orange to reddish 
flowers with narrowly recessed nectar chambers implies 

the butterfly-pollination syndrome (Faegn and van der 
PijI 1979). Further, the list of flower-visiting taxa at 

Canelo Hills Cienega includes many species of butter

flies. more than any other order of visitors (Appendix). 

Our tinding that Bombus and Apis were the most effec
tive pollinators during the period of study strongly re-

atrirms caveats regarding the inference of effective pol

lination from floral traits, even when supponed by ob

servations of visitation (Schemske and Horvitz 1984). 

Based only on observations of fruit set and flower visitor 
abundance among several populations of A. tuberosa. 

Wyatt il976i al.so speculated that Hymenoptera were 

more effective pollinators than Lepidoptera. 

•As in previous studies of .Asclepias pollination, we 
found that .4, tuberosa is visited by numerous species 

ot insects that arc capable of transporting pollinia (Ap

pendix). .A survey of pollinator records for six species 
•It Asclepias reveals that between 41 and 185 in.sect 

species have been recorded as flower visitors to each 

species (Table 4). These data were obtained by compil

ing a list of all species recorded as flower visitors lor 

pollinia earners) tor these species (M. Fishbein. unpub-

lisiied datai. Companson of the species in Table 4 re

veals substantial variation in taxonomic composition of 

the pollinating fauna. Proponional composition by insect 
order »i visitors to .-1. ruherma at our study site was 

remarkably similar to that recorded by Robertson 118Xf>. 

18X7. 1891) in southern Illinois. Both faunas are com

posed ot '=5()'r Lepidoptera with somewhat fewer Hy-
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menoptera. Among Ascleptas species, those with similar 
rtoral iraiis may differ in taxonomic composiiion of vis

itors I e.g.. .4. sullivuntn vs. A. pttrpurctscens and A. in-

camara vs. A. veniaHaraL Ascleptas species with very-

different rtorai trait-s may share similar taxonomic com
position of Visitors <e.g...4. purpuruscens vs. A. :uberosci 

and A. sullivanut vs. .4. tncarmita). Companson of ta.x-

onomic composition of pollinia-beanng visitors gives 
the same result. The 79 rtower-visiting and pollinia-

bearing species recorded in this study are not unusual 

for Ascleptas and underscore the tentativene» of clx>-

sif\mg the pollination syndrome of a plant bi^ed on 
rtoral traits or casual observation alone. 
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APPENDIX 

FLOWER VISITORS TO A. TUBEROSA AT CANELO HILLS CIENECA IN 1992 AND 1993 

Records based on haphazard sampling and observaiion ot' flower visitation (see MethodsK Poilinta earner coaes as follows: 
Y » pollmia observed on (he visitor, or pollination observed during poilinia transfer observations isee yUthods): N » pollinia 
never observed on visitor^ ana poilination never observed dunng pollinia transfer observations; = pollinia never observed 
on visitor, but members of its taxon (e.g.. smalUsized bees: see Xfethodst were observed to transfer pollinia. Nomenclature 
follows Scott (1986). Bailowiiz and Brock 11991). Michener ec al. (1994). and standard entomological texts. 

PoU 
Itnia 

Class Order Family isubfamily) Species Year earner 

.Aves .•\podiformes Trochilidae Archiiochus aiexandrt 1992. 1903 s 
Insecta Coleoptera Cerambycidae Tetraop^s /emoratus 1992. 1993 N 

Coccinellidae Hippodamtc convergens 1993 N 
Diptera Bombyliidae Ceron sp. 1993 N 

Calliphondae Phaentcta sp. 1993 N 
Conopidae Phvsoconops townsendii 1992 N 

Zodion obliquefasciaium 1992. 1993 Y 
Stratiomyidae Hednodiscus sp. 1 1992 N 

Hednodizciis sp. 2 1993 S 
Hemiptera Alydidae Al\dus pluto 1992 N 

Largidae Lar^us sp. 1992 N 
Lygaeidae Lvf^aeus kalmti 1992. 1993 V Lygaeidae 

Oncopeitus fasciatus 1992. 1993 Y 
Reduviidae Zelus renardii 1992 N 

Hymenoptera Anthopnondae AnthopHora sp. 1992 N 
< Anthophonnaei 

Cemrts sp. 1992. 1993 N 
Diadasta nnconis 1993 Y 
Melissodes sp. 1992 Y 
Xeromeiecra californtca 1992 Y 

Anihophondae Somada sp. 1993 N 
(Nomadinaei 

Tnepeoius verbesmae 1992 N 
Anthophondae Xvfocopa caitjomica anzonensts 1992. 1993 • 

(.Kyiocopinaei 
Apidae (.Apmaet Apts mellifera 1992. 1993 Y 
Apidae iBomoinact Bomous sonants 1992. 1993 Y 
Halictidac iHalictinae) A^apouemon sp. 1992. 1993 Y 

Haiiuus >p- 1992. 1993 
Liisio^iossum sp. 1993 ' 

Megichilidae Ctteiioxvs %p. 1992. 1993 Y 
f.Mesachilinaei 

Me^achile sp. I 1992 Y 
Ue^^aciuie sp. 2 1992 • 

Pompilidae Pepsts c.t. 1993 s 
Scoiiidae Scolia ardens 1992 N 

Cumpsomens toiteca 1992 Y 
Sphecidje Ammopntia sp. 1992 V 

Astaia accideniaUs 1992 N 
Pnnrtvx \p. 1992 Y 

sp. 1992 Y 
Vtfspidae Pottitcs mtijor 1992 Y 

Lepidoptera Oanaidae Danaus viltppus striaosus 1992. 1993 Y 
D piextppux 1992. 1993 Y 

Hesperiidae Chiotde^ caitllus ulboiascmtus 1993 '* 

Cuputrndes auranttcus 1992 N 
Bn:nnis tuneraiis 1992 
Erxnnis tnstis latws 1993 
Hespena pahasko 1992 • 

H\iephila phxUus 1992 Y 
P\'r}!ui albescens 1993 Y 

Lvcacnidae Chlornstrxmnn stmaethus santa 1992 • 

Hemiar(:us lutia aice 1992. 1993 
Icartcta ucmon le.xana 1993 
Lfptnte^ manna 1993 » 

.Xfimstrvmon leda 1992. 1993 
Sirxmon meitnu^ frankt 1992. 1993 ' 
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APPENDIX. Continued. 

Pol-
Itnia 

Class Order Family (subfamily) Species Vear earner 

Insecta Lepidopteni Nymphalidae Agraulis vaniltae incamaia 1992. 1993 Y 
Chlosyne tactnia crocale 1992 Y 
Eupiote:a Claudia 1992. 1993 Y 
£. hegesia huffmanni 1992 •» 

Junoma coenta 1992. 1993 •> 

J. ntfrosuffusa 1992. 1993 Y 
PhvcioJes ptctus ptctus 1992. 1993 
Ph. te.xana texana 1992 Y 
Ph. iharos tharos 1992. 1993 -> 

Ph. vesta 1993 
Vanessa cardut 1992. 1993 Y 
V* vtr^tmensts 1992 Y 

Papiiiumdae Battus ghtlenor phtlenor 1992. 1993 Y 
Paptlio acauda 1992 Y 
P. muiucaudatus 1992. 1993 N 
P. polwxenes asienus J 992 Y 

Picndac Colias cesonta 1992. 1993 Y 
C eurvtheme 1992. 1993 Y 
C. pntlodice enphvie 1993 
curema mextcanum 1992. 1993 "* 

£. mctppe 1992. 1993 
Sathaiis loie 1992. 1993 N' 
Pheobts alanine a^anthe 1992 
Piens protodtce 1992. 1993 Y 
P. rapae 1993 Y 

' moth sp. I 1993 N 
* moch sp. 2 1993 N 

moth sp. 3 1993 N 
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