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ABSTRACT 

The architecture of a plant is intimately tied to its fitness. Knowledge of the 

processes and patterns of growth form evolution can therefore contribute to a richer 

understanding of plant evolution. The genus Adenia (Passifloraccae) of ca. 100 species is 

an Old World lineage in which growth form radiated. Not only is the diversity of form 

astonishing for a group this size, but the range of habitats occupied hy Adenia is broad as 

well. Are particular forms associated with different habitats? Does the anatomy of plants 

in Adenia reflect the diversity of form and habitat? What evolutionary models can 

account for the patterns of diversification in this group? 

To address these questions, 1 constmcted a molecular phylogeny of the group, 

analyzed the stem and tuber anatomy of over half the species, and investigated patterns of 

growth form evolution in a phylogenetic context. Predictions based on evolutionary 

developmental models of growth form transition were tested in Adenia and one of them, 

the homeotic switch hypothesis, was tested throughout the eudicots. 

The genus Adenia is found to be monophyletic using ITSl, ITS2, and 5.8s 

sequence data. Four new species and a new combination are described. Growth form 

transitions in the phylogeny are frequent, and close relatives are often markedly different 

in form. The ancestor of Adenia is likely to have been a liana, or a vine. In addition to 

lianas, two other broad growth form categories exist in the genus. Perennating structures 

of geophytes are subterranean. These plants typically have tubers and thin, frequently 

climbing, annual stems. Stem succulents, on the other hand, have perennial, fleshy, 

branched stems that do not climb. Tuber presence is variable across all three categories. 
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Distinctive anatomical features are associated with different fomis. Succulents 

tend to have extensive axial parenchyma and narrow, thin-walled, aggregated, and 

angular vessels with relatively wide lateral wall pits whereas lianas tend to have wide, 

thick-walled, solitary, and terete vessels with small, alternate lateral wall pits. In contrast 

to lianas and succulents, geophytes lack substantial secondary growth and vessel 

characteristics vary. All Adenia examined possess fibriform vessel elements, a trait first 

identified in Passifloraceae. Anomalous secondary growth is extensive in the genus, and a 

new type is described in the geophytes. Additionally, the presence of vascular strands is 

correlated with evolutionary gains of succulence. In addition to associations between 

habit and anatomy, forms are correlated with climate. Lianas tend to be in wetter habitats, 

whereas tuberous plants (in particular geophytes) tend to grow in cooler, drier habitats. 

Succulents range in habitat from the driest sites to among the wettest. 

A common explanation for the origins of anatomical traits that are associated with 

succulence is paedomorphosis. Traits of succulents in Adenia, however, are not consistent 

with this explanation. Instead, I propose that a developmental switch regulates expression 

of succulence in a homeotic fashion. When expressed underground, tubers develop. 

When expressed aboveground, succulent stems result. Tubers and succulent stems share a 

suite of traits that differ from Hanas. Moreover, because closely related species are 

markedly different in form, evolutionary transitions appear to be switch-like, consistent 

with the proposal of homeosis. The homeotic hypothesis is explored in the eudicots as a 

whole, and across this group, similar pattern of the origins of succulence as those in 

Adenia are observed. 
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CHAPTER 1 

INTRODUCTION 

Three generalities permeate the study of biology; every sexually reproducing 

individual began life as a single cell; all life descended from a common ancestor; all life 

shares a universal genetic code. The first generality has been acknowledged for over 200 

years, the second for nearly 150, and the last only much more recently, within the past 50 

years. Shifts in research focus followed the discoveries of these generalities. During the 

late eighteenth century and early nineteenth century, the rational moiphologists Goethe, 

Cuvier, and Geoffroy St. Hillaire focused on the morphogenetic processes responsible for 

taking single cells into functional adults. The paradigm at that time was that individuals 

self-organized into their mature fonns (Kauffman 1993: 4) and differences between 

species were immutable. Darwin (1979 reprint) proposed that, in fact, every species 

changes through time, and even more astonishingly, every species descended from a 

common ancestor. After Darwin, the focus shifted from the physical processes of 

development, which required an understanding of the physics, physiology, and functional 

relationships of biological structures, to the pattern of evolutionary history of life. What 

are the primary lineages of life, how do they relate to one another, and what 

characteristics define these lineages? How do such characteristics influence an 

individual's viability and reproductive success? Prior to Darwin, the diversity of life was 

explained by the differences in development that result in differences in structure, 

whereas after Darwin, diversity was explained through the relationships depicted by the 

tree of Hfe and the process of natural selection. Finally, with the proposal that DNA was 
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the molecule responsible for hereditability and the discovery of a shared genetic code 

among all organisms, the focus once again shifted, this time to understanding the roles 

specific genes and the interactions of genes play in the genesis of phenotype. 

Evolutionary biology is currently faced with the task of integrating these foci -

development (morphogenesis), phylogenesis, and genetics - into a unified whole. 

Although these foci are clearly interrelated, knowledge of one area to the exclusion of the 

other two reduces the ability to explain biological phenomena. For example, knowledge 

of the gene sequences or how a network of genes is regulated may help explain the 

temporal patterning of gene products, but such knowledge does not explain the processes 

of accretion, transport, adhesion, and fission, that is, the processes of spatial localization, 

of gene products. Such processes of spatial localization are central to an understanding of 

morphogenesis and development. However, without the genes and their regulation no 

morphogenesis occurs. Moreover, a phylogenetic understanding of the traits can help 

predict morphologies of close relatives, but such analyses rarely explain the temporal 

organization of gene expression. 

This dissertation, although coming nowhere close to a synthesis of these three 

foci, attempts to bridge development and phylogenesis. The processes responsible for the 

diversification of form in plants are examined in terms of the development of stems and 

the patterns of change in development during phylesis. Here, I introduce the study 

system, the primary research questions, and future research to help bridge the genetic 

component with this work. Ultimately, I propose a genetic-developmental hypothesis to 

explain patterns of growth forni transition that were observed across the phylogeny of the 
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eudicots. The success of this hypothesis will depend on future research to identify the 

underpinning genes. 

Why study plant form? 

Form influences fitness and ultimate success, both within the lifetime of an 

individual and across generations. Adult land plants are immobile, so they must garner all 

resources, protect themselves, and reproduce successfully from one location. The form of 

a plant determines its ability to intercept light, resist severe weather, conduct nutrients 

from the soil, and reproduce and disperse (Niklas 1997). Evolutionary diversification of 

form permitted plants to radiate into nearly every terrestrial habitat except onto ice sheets. 

Low, dense perennials with small leaves are associated with high altitudes and polar 

regions that have short growing seasons, whereas large trees with wide leaves dominate 

the wet tropics. Plant sizes radiated in parallel with forms. Plant (Embryophyta) sizes 

span several orders of magnitude and range from the extremely reduced aquatic Lemna 

duckweeds (whose plant body can consist of a single miniature leaf and root that occupy 

only a few cubic millimeters), to the tallest terrestrial organisms (that occupy several 

hundred cubic meters). Concomitantly, plants evolved developmental systems that 

produce among the strongest materials for their densities (Niklas 1992). The strength and 

flexibility of plant wood therefore provides essential materials for buildings and furniture. 

Despite the remarkable diversity of plant form, the ontogenies of nearly all 

angiospemi species share fundamentally similar features. Plants are modular in a way 

that many animals are not. Each structural module (ramete), of a plant consists of a node, 
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an internode (stem segment), and an apical region of growth, the shoot apical meristem. 

Leaves emerge from the node, and both the orientation and number of leaves at a node 

define phyllotaxy. It was the rational morphologist, Goethe (1952; the same Goethe as 

the poet), who recognized that leaves are defined by their relationship to buds; a bud is 

always present just above the junction of the leaf and the node. Each bud of each ramete 

is capable of developing into a fully formed adult in most species although most buds 

rarely develop due to suppression of growth by hormones such as auxin (Lydon 1990). 

As such, cell fates are rarely determined in the way that animal cell fates are. (Stem cell 

research in plants is a non-issue.) An interesting consequence is that plants do not have a 

sequestered germ line like most animals, so the population of rametes in an individual 

plant can evolve due to somatic mutations (Gill et al. 1995). 

Despite their modularity, a resource distribution network of phloem for 

photosynthate transport and tracheids and vessels in the xylem for water and mineral 

transport integrate all the rametes into a functional individual. All cells in the vegetative 

plant body are lined with a cell wall of cellulose, so special connections, the 

plasmodesmata, connect the cytoplasm of adjacent cells to permit the exchange of large 

molecules and liquids. The junctions between cell walls generate a continuous, shared 

cytoplasm among all cells, the symplast. 

In addition to their modularity, plants are distinctive in possessing only a finite 

number of regions of growth, the meristems. There are three main tx-pes. The apical 

meristems occur at the apices of buds in both roots and shoots, and they are responsible 

for the elongation of internodes. Within each internode, a second kind of meristem can 
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develop. This meristem, the cambium, produces xylem to the interior of the stem and 

phloem to the exterior. As the cambium ages, it can form a complete cylinder of active 

growth near the periphery of the stem. The growth resulting from the cambium increases 

the girth of stems. Leaves possess the last type of meristems that are responsible for 

expansion of the leaf surface. 

Because of the modularity of plants and the localization of growth, only four axes 

of structural variation summarize plant architecture and development. These include the 

(1) elongation of internodes, (2) phyllotaxis of nodes and associated angles of axial 

meristems of side shoots, leaves, bracts, or floral whorls, (3) transition from vegetative to 

reproductive phases, and (4) stem girth increase. Knowledge of the initiation, 

termination, and rate of development of these four features goes a long way to explain 

plant form (e.g., Prusinkiewicz 1990). These four features reiterate themselves 

throughout development of the plant body due to the modularity of plants. Thus the 

relative contribution of each of these four components can explain ramete development in 

both the reproductive and vegetative structures. 

Approaches to underslanding form in plants 

The first three axes of structural variation have been studied at both the genetic 

and structural level (for reviews, see Howell 1998; chapters 7-9, Wilson 2000, Sussex 

and Kerk 2001, Reinhardt and Kuhlemeier 2002, Leyser 2003, Ward and Leyser 2004). 

These studies focus on the activities of genes in the shoot apical meristem, and they tend 

to neglect cambial meristem activity, the fourth feature. Model organisms such as 
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Arahidopsis, snapdragon, pea, corn, and rice lack extensive lateral growth (secondary 

growth) of Gambia, so genetic connections between cambial growth and plant form 

remain unexplored. However, one can expect interest in this area to increase with the 

recent sequencing of the poplar genome. 

On the other hand, wood anatomists such as Carlquist (1975, 2001), Baas (1976, 

Baas et al. 1983), Metcalfe and Chalk (1983), Frost (1930), and Kribs (1935) focus on 

the products of cambial activity. Their research documents the patterns of cellular 

differentiation at the cambium in diverse lineages; in so doing, they provide a detailed 

picture of the morphogenesis of stems. They observed patterns of association between 

traits of vessel elements and climate, and propose physiological arguments to explain 

these patterns (e.g., Zimmcrmann 1983). 

One of the primary physiological considerations w hen predicting distributions of 

anatomical traits is the trade-off between conductive ability and mechanical stability of 

stems (Tyree and Sperry 1989). Bailey (1953) reported that tracheary cells carry out two 

primary functions: conduction and mechanical support. These functions are antagonistic. 

Wider cells have greater conductivity, but are more susceptible to mechanical failure 

from collapse, whereas narrower tracheary elements are stronger, but offer more 

resistance to conduction. Based on physiological tradeoffs and general patterns of tension 

in xylem conduits in different environments (e.g., Salisbury and Ross 1991: Chapter 5), 

wood anatomists predicted and observed dense, narrow vessels in xeric habitats and wide, 

solitary vessels in warm, mesic habitats (Carlquist 1975, Carlquist 2001). Moreover, 

different anatomical traits are expected in different growth forms. Lianas have been 
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observed to have wide, soUtary vessels, whereas shrubs in xeric habitats, in particular, 

have narrow, aggregated vessels. A suite of anatomical traits is also associated with 

succulent fomis (Carlquist 1962). Extensive parenchyma in the woods of succulents goes 

without saying. But succulents also tend to have narrow, aggregated, angular, elongate, 

and thin-walled vessels with ladder-like lateral wall pitting. 

Researchers who have documented associations between form, chmate, and 

anatomy rarely incorporate an explicit phylogenetic perspective. Are associations among 

climate, form, and anatomy simply a consequence of ancestral hneages with certain 

anatomical traits and forms diversifying in particular habitats such that descendant taxa 

share the ancestral traits? If this occurred, the observed association among climate, 

anatomy, and form is simply a result of historical contingency; they are correlated 

because the ancestor that possessed the growth form and anatomy diversified in a 

particular habitat. This situation would parallel the association between milk and fiir. 

These traits are always associated, but not for functional reasons; rather, the ancestor of 

mammals possessed both these traits. 

Without an explicit phylogenetic framework, it is difficult to differentiate 

functional associations among habit, anatomy, and climate from non-functional 

associations due to historical contingency. Recent studies have therefore begun to 

incorporate an explicit phylogenetic perspective to research form and anatomy evolution. 

Steinmann (2001) observed frequent evolutionary transitions from non-succulent to 

succuXquI Euphorbia. Zjhra et al. {2()QA, pers. comm.) likewise documented several 

transitions from non-arborescent to arborescent forms in Bignoniaceae as well as 



switches in fruit type. Evans ct al. (in revieM') investigated transitions from annual to 

perennial habit in Oenothera and they also witnessed several evolutionary transitions 

between life history strategies. Different growth forms and hfe histories pepper the tree of 

life. This pattern of transition hints at underlying genetic mechanisms that are flexible 

and capable of relatively rapid change. As yet, however, it is unclear whether these 

transitions in form are consistently associated with transitions in habitat, and the genetic 

bases of these transitions remain unexplored. 

Other perspectives, in addition to phylogenetic, molecular, and morphogenetic 

perspectives, are gaining insights into constraints on form evolution across al! habitats 

based on optimality criteria. What are the optimal forms predicted by the physical 

constraints on wood sfrength and resource transportWork pioneered by Niklas, Enquist, 

West, and Brown {e.g., Niklas 1992, Niklas 1997, West et al. 1997) offers a highly 

predictive framework to explain form in plants by considering form from an engineer's 

perspective. Although wood is elastic, strong, and of relatively low density, it will buckle 

if too much mass is loaded on it (Niklas 1992). Thus stems cannot grow indefinitely 

without breakage because the static loading of a stem's own weight will eventually cause 

its breakage. Moreover, the dynamic loading on a branch due to wind, rain, and snow 

further influences the ultimate length of a stem. The angle, number, density, elasticity, 

girth, and length of stems all feature in the ultimate physical limits to plant form. Steeper 

stem angles are structurally more stable because the magnitude of the torque acting on the 

branch is minimized with vertical stems and maximized with horizontal stems (Niklas 

1992), but steeper angles cause leaves to overlap more, so steep orientations decrease the 
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ability of the plant to access light for photosynthesis. Monopodial plants with one main 

stem, on the other hand, can achieve greater heights than plants with side branching, as 

they avoid structural issues associated with lateral branches. Leaves of such plants often 

have spiral phyllotaxis thereby assuring optimal exposure to light. The Euler buckhng 

law from engineering theory predicts a relationship between ultimate height of a beam 

and the girth of the beam required to support the weight of the beam. This law has 

successfully been applied to predict the relationship between a plant's main stem height 

and its diameter (Niklas 1997; 283). 

Succulent plants and Hanas, in particular, appear to have escaped aspects of 

mechanical constraint. Lianas and other climbing plants no longer rely on their own 

anatomy for support, but instead use other plants and abiotic structures. Because they arc 

not self-supporting, stems of lianas are much longer and narrower than stems of self-

supporting forms. Succulents tend to be monopodial (pachycauls), so they do not need to 

deal with the challenges imposed by lateral branches. When they do have lateral 

branches, they are frequently at the base of the plant, or are set at steep angles, such as 

the branches of columnar cacti and succulent Euphorbia. Such succulent stems are heavy, 

and light capture is facilitated with photosynthetic stems. 

Like other growth fomis such as trees and shrubs, lianas and stem succulents have 

evolved many times in separate lineages. The similarity in the appearance of succulent 

Euphorbia and cacti is often cited as a paradigm of convergent evolution. Indeed, the 

steeply-angled, pleated, and photosynthetic stems may be highly convergent, but! 

propose later in this dissertation that succulence itself is not the result of convergence but 
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rather the result of a shared developmental program that is flexibly turned on and off 

during evolution. 

Patterns of evolution within the study taxon, Adenia Forsskal (Passifloraceae), 

suggest that transitions among forms are frequent, and the results of phylogenetic 

analyses indicate that close relatives can have markedly different growth forms. Forms 

tend to be (1) succulent, with expanded parenchymatous storage stems, (2) narrow-

stemmed, with little to no secondary growth, or (3) lianous with extensive secondary 

growth and anatomical traits typical of lianas. Few intermediates exist between forms. 

Such evolutionary patterns in transition among forms hint at the possibility that few 

genes of large effect are in action. Slight alterations in the expression of such genes could 

lead to radical changes in phenotype. 

Current study system 

Are the associations among habil, climate, and anatomy that have been observed 

in hard-wooded taxa also present in succulent taxa? No one, to my knowledge, has 

examined such associations in a phylogenetic context in a lineage of plants with several 

transitions in form. The genus Adenia Forsskal (Passifloraceae) is one such lineage in 

which a great diversity of form evolved. Adenia potentially exhibits the greatest diversity 

in form for a group of its size. Euphorbia and Asteraceae are also exceptionally diverse in 

form, but these groups have thousands of species (Mabberley 1996), whereas Adenia 

comprises ca. 100. Species of Adenia are distributed throughout the Old World tropics 

with centers of diversity in west and east Africa, Madagascar, and South East Asia. Plants 



live in habitats ranging from among the driest deserts (where plants, such as Wehvitschia, 

gain most of their water from coastal fog), to wet lowland rainforests, which receive rain 

daily. Forms range from small tuberous herbs with annual stems, such as A. pyromorpha 

from Madagascar, to fleshy-stemmed trees that are several meters tall. Adenia 

karibaensis from Zimbabwe is a succulent tree that reaches 4.5 m in height. 

Apart from the monograph on Adenia (De Wilde 1971), little work has been done 

on the systematics of this group. Because most taxa of Adenia have plants that bear 

tendrils, the genus has been placed in the tribe Passifloreae in which nearly all members 

have tendrils (De Wilde 1974). Although most species of Adenia are distinctive among 

Passifloraceae in their dioecy, flowers of plants of Adenia share the peculiar coronal 

filaments, enlarged floral nectaries, 3-carpellate fruits, hypanthium, and gynophore with 

other members of Passifloraceae. 

Current and future work 

This dissertation offers predictions and documents patterns of growth form 

evolution in Adenia. A phytogeny of the genus is provided in the first appendix, and this 

phytogeny is incorporated in all subsequent chapters to help describe patterns of growth 

form evolution. First, juvenile and mature stem anatomy, as well as tuber anatomy, is 

described for 58 species of Adenia. Then associations between anatomy, climate, and 

habit are investigated in a phylogenetic context. Next, evo-devo hypotheses of growth 

form evolution are tested, and a new model of growth form evolution is proposed. Lastly, 

predictions based on this model are tested more broadly across the eudicots. The model 
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proposes that parenchymatous storage tissue is flexibly turned on and off in stems and 

roots via a homeotic process. When expressed belowground, tuberous plants result. When 

expressed aboveground, stem succulents result. When completely turned off, fibrous-

rooted herbs result. This dissertation research reveals that evolutionary transitions from, 

non-succulent ibnns to succulent forms are frequent, that close relatives are often 

markedly different in form, and that tuberous plants and stem succulents are associated in 

a phylogenetic context. The homeotic switch hypothesis is proposed to account for these 

observations. 

Clearly, the genetic underpinnings of these patterns of growth habit transition 

have yet to be explored. Future work will attempt to characterize the genes that contribute 

to the regulation of cambial development and in so doing, bridge the morphological, 

developmental, and phylogenetic work of this dissertation. Research summarized below 

indicates that homeotic genes and genes of large effect are important components of 

growth form development. This research, although not the focus of this dissertation, 

presents avenues of future research. 

Recent studies have begun to characterize genes involved in cambial 

development. In particular, the KNOX (knotted-like homeobox) genes arc involved in the 

patterning of tissues throughout plants (Gehring 1994, Barathan et al. 1999). Bharathan et 

al. (1999) conducted a phylogenetic study of the homeobox genes in 8 plant taxa. They 

found tW'O well-supported lineages (KNOXJ and KNOXII) that correspond to paralogous 

copies of the genes resulting from two or more ancient duplication events. They went on 

to show that KNOXI and KNOXll lineages are differentially expressed in various organs. 
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KNOXII genes are expressed in roots whereas KNOXl genes tend not to be. Moreover, 

KNOXl genes are also not expressed in leaves \\ liereas KNOXII are. Kerstetter et al. 

(1994) reported two classes of KNOX genes as well. Class I genes are expressed in 

meristematic tissues whereas class II genes are expressed in leaves, flowers, and roots. 

KN A I 1 (also known as BREVIPEDICELLUS), one of the class I genes, participates in 

the regulation of inflorescence architecture in Arabidopsis and plays an important role in 

collenchyma development (Douglas et al. 2002). Generally, class I genes appear to be 

involved in cellular differentiation and are expressed in apical and lateral meristems of 

conifers and angiosperms alike (Hake et al. 1995, Sundas-Larsson et al. 1998, Janssen et 

al. 1998, Pham and Sin ha 2003). 

In addition to differentiation at the apical meristem, KNOX genes may be 

involved in cambial development. Tioni et al. (2003) found that HANK2, a class 1 

KNOX gene in sunflower, is preferentially expressed in the cambium, vascular bundles, 

and phloem. KNOX genes are also important in the developmental regulation of leaves, 

and in particular of compound leaves (Vollbracht et al. 1991, Sinha 1999, Bharathan and 

Sinha200i). 

Evidence is accumulating about the ways in which these genes achieve their 

functions, but details of molecular processes are unknown in many cases. KNOX gene 

expression is linked to both upstream and downstream production of plant hormones. 

Among the most important hormones, auxins are well known for their ability to suppress 

lateral stem growth, cytokinins act in concert with auxins to regulate cell division (among 

other functions), and gibberellic acids are involved in stem elongation. Abnormal shoots 
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resulting from induction of cytokinin in tobacco are associated with elevated KNOX gene 

expression (Ramage and Williams 2004). Increased expression of S I M (another KNOX 

gene) and KNATl result from the overproduction of cytokinin in Arabidopsis (Rupp et 

al. 1999). Finally, overexpression of POTHl, a class 1 gene in potatoes, inhibits 

giberellin biosynthesis (Rosin el al. 2003). As a result, internodes are short and plants are 

squat. Moreover, tuberization was enhanced (Rosin et al. 2003). That tuber expression is 

enhanced is consistent v^'ith Jackson and Prat's (1996) result in which suppression of 

gibberellin resulted in enlarged tubers. 

Such studies and observations indicate that KNO.X genes are involved in multiple 

aspects of development, including internode length reduction, storage expression in 

tubers, and regulation of secondary grow th. If the homeotic switch hypothesis is accurate, 

and KNO.X genes are involved in the switch like transitions in form, it can be predicted 

that the expression or presence of certain paralogs of KNOX genes will be correlated 

with habits that tend towards succulence, have decreased lignified secondary growth, and 

have decreased internode lengths relative to relatives that have stems with long 

internodes and extensive, lignified secondary grovvth. 

Ultimately, my goal is to develop a unified picture of the causes and 

consequences of form diversification in plants. Such a picture would include an 

understanding of the key genetic components, how the regulation of those components 

establishes morphogenetic processes that generate the physical structure, and finally, 

what mutation and selection processes are responsible for the patteni of form evolution in 

the phylogeny. Such an explanation would entail an understanding of the physical 
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constraints on development and how such constraints feed back to the natural selective 

process, the different genetic modules involved in the production of morphological 

structure, how those modules are connected, and how easily it is for the modules to be 

disconnected and reconnected during the course of evolution. 
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CHAPTER 2 

PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the papers 

appended to this dissertation. The eight appendices of this dissertation can be subdivided 

into three primary sections. The first section introduces the systematics of the genus 

A den ia Forsskal (Passifloraceae). The subsequent sections rely on the phylogenetic 

results to investigate the patterns and processes associated with the diversification of 

form in this group. Section two describes the stem and root anatomy of 58 species of 

Adenia and tests predictions concerning the associations between anatomy, climate, and 

habit ill a phylogenetic context. The final section explores evolutionary developmental 

models of growth form evolution, and it uses these models to derive expectations about 

the pattern of anatomical and growth form transition during the evolutionary history of 

the genus. Within each of these sections, new techniques are also developed to address 

the particular hypotheses relevant to these three research foci. 

Appendix A presents a molecular phylogenetic analysis of 66 of the ca. 100 

species of Adenia. The genus was chosen for analyses because of its relevance to the 

investigation of the processes of growth form evolution. Within this Old World tropical 

group, there are canopy lianas, succulent shrubs, fleshy-stemmed trees, thin-stemmed 

shrubby taxa, tuberous herbs with annual stems, vines, and caudiciforms (plants with 

enlarged basal stems for water storage). In addition to their diversity in habit, Adenia 

radiated into deserts and wet tropical forests alike. 
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The monograph on Adenia (De Wilde 1971) recognized 6 sections. Section 

Microblepharis (W. & A.) Engl, consists of African and Asian taxa, as well as one taxon 

from Madagascar. These taxa share relatively large width to height ratios in their flowers, 

but range in form from tuberous vines (geophytes) to immense succulent trees. Section 

Adenia de Wilde is Malagasy and African. Flowers have reduced floral width to height 

ratios. As in Microblepharis, habit diversity is extensive. Species in Blepharanthes (W. & 

A.) Engl, are all African. The only lineage with obvious trichomes appears in this lineage. 

Again, diversity of form is extensive. In contrast, plants in sections Erythrocarpus 

(Roem.) de Wilde and Ophiocaiiion (Hook F.) Harms are all vines and lianas, some with 

and some without tubers. The sixth section, Paschanthus (Burch.) Harms, contains one 

southwestern African species, the geophyte^. repanda. 

With growth forms scattered throughout these sections with species distributed 

across geographic provinces, immediate questions arise. Are these groups monophyletic? 

In particular, are the morphologically diverse taxa from section Adenia the consequence 

of the radiation of one dispersal event into Madagascar, or do several founding events 

account for their diversity? Moreover, are member of the genus Adenia themselves 

monophyletic or is Adenia embedded in other groups such as Pass (flora or split among 

several groups? Indeed some analyses of Muschner et al. (2003) place Adenia within 

Passiflora. Finally, are the Passifloraceae monophyletic? 

These questions were approached using traditional methods of inference, 

including parsimony and Bayesian analyses. Although the widespread availability of 

Bayesian methodology for phylogenetic inference is relatively recent {e.g., Huelsenbeck 
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and Ronquist 2001), this method typically results in consensus tree with posterior 

probabilites assigned to each node as estimates of the support for the nodes. This 

presentation of phylogenies parallels the traditional presentation of results for a 

parsimony analysis in which a consensus of the most parsimonious trees is presented 

along with bootstrap support indices for the nodes. The power of the Bayesian analysis, 

however, lies in the generation of a probability distribution of trees and model parameters 

that reflect the uncertainty their estimation (e.g. Huelsenbeck et al. 2000). The former 

parametric bootstrap does not consider uncertainty in the estimates of phytogeny, so I 

attempt to incorporate this uncertainty into a novel parametric bootstrap procedure that 1 

develop from that of Huelsenbeck et al. (1996). The focus of the parametric bootstrap 

approach is different that the traditional approach, instead of estimating support for 

lineages, the parametric bootstrap tests explicit hypotheses of phylogenetic relationships. 

As such, the method either rejects or accepts a null hypothesis of relationships. 

A slightly paradoxical result occurs when the traditional and parametric 

bootstraps are employed. Neither the parsimony nor the Bayesian analyses support a 

monophyletic Malagasy lineage, but the parametric bootstrap cannot reject the null 

hypothesis that the MaVdgzsy Adenia are monophyletic. These seemingly contrasting 

results can be resolved with the observation that little signal is present in the data to 

resolve the nodes that would indicate whether the Adenia from Madagascar are 

monophyletic or not. Both the traditional methods and altered parametric bootstrap 

support and cannot reject a monophyletic Adenia and Passifloraceae. Both methods fail to 

recognize the 6 section classification of De Wilde (1971). Growth forms are still 
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dispersed throughout the phylogeny, but parsimony reconstructs lianas or vines as 

ancestral. Due to insufficient sampling of other representatives of Passifloraceae, the 

sister group to Adenia remains a mystery. Based on the taxon sampling of close relatives 

of Adenia (i.e., Passiflora and Basananthe), it is unlikely Adenia is embedded in any 

other genera of Passifloraceae. 

During collection trips, four new species and a new combination of Adenia were 

discovered. There are likely to be others in Madagascar, and Adenia taxa in Asia are in 

need of revision. Appendix B describes these new species. Three of them (Adenia 

mcdadiana, A. Utoralis, A. trichocalyx) are from Madagascar, so a complete vegetative 

key to all currently recognized species in Madagascar is provided along with their 

diagnostic characters. Species of Adenia can be exceptionally difficult to identify to 

species because juveniles often look different from adults, leaves are variable within 

individuals and species, and most species are dioecious. Flowers are rarely present in the 

field, and when they are, it is frequently difficult to find both male and female flowers. 

Former keys (e.g. De Wilde 1970, De Wilde 1971) relied on reproductive structures, so 

species identification was problematic in the field. 

Each of the newly recognized taxa present different growth habits. Adenia 

mcdadiana, named after Lucinda McDade, is a canopy liana with divided leaves and 

reduced succulence. Adenia Utoralis, a coastal species, has a thick, succulent trunk to 2 m 

from which thin annual stems emerge. The closely related A. trichocalyx has a tuber that 

grows to 30 cm in diameter. In contrast to A. Utoralis, trunks of plants of A. trichocalyx 

remain cylindrical and narrow. Adenia trichocalyx is distinctive among all Adenia in 
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possessing hirsutulous trichomes on the calyx, hence its name. Adenia stylosa is 

segregated from A. firingalavensis (Drake ex Jumelle). Genetic evidence places this taxon 

in a separate lineage from A. firingalavensis. Moreover, the stems of J. stylosa tend 

to be wrinkled, beige, and spheroid at maturity whereas stems of A. firingalavensis tend 

to be smooth, remain green throughout life, and are lengthened cones in shape. The last 

new taxon, A. kigogoensis, is the only new taxon from Africa. It is a geophyte from 

Kigogo Forest in Tanzania and collections of this taxon were formerly recognized as A. 

digitata, a Southern African species. Floral morphologies and genetic evidence readily 

separate these two taxa. All the new taxa present readily identifiable characteristics that 

distinguish them from other recognized taxa. 

Plants, cuttings, and seeds were collected during collection trips. These plants 

now form a living research collection of approximately 60 species of Adenia; the 

collection was an indispensable resource for anatomical analyses. Stem and tuber sections 

were sampled from 58 taxa. Both the anatomy of juvenile and mature stems was 

characterized as well as the anatomy of tubers. Fifty quantitative and qualitative 

characters were evaluated. Over 65,000 measurements were made, and a new software 

tool written in the Java Programming Language permitted rapid measurement. These 

anatomy data are presented in appendices D and G. 

In general, anatomy of Adenia was similar to the anatomy of other Passifloraceae 

(Ayensu and Stern 1964). Like other Passifloraceae, plants of Adenia generally share 

wide, short vessel elements with alternate lateral wall pitting and simple perforation 
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plates. Rays can be very wide and axial parenchyma tends to be extensive. Vessels were 

most highly aggregated in tubers and least aggregated in wet forest lianas. 

Anomalous secondary growth occurs when new cambia develop or when the 

original cambium produces both xylem and phloem internally. Four types of anomalous 

secondary growth were observed in Adenia. Of these, one type found in the stems of 

geophytes was a novel cambial variant that was similar to intraxylary phloem of Ipomoea 

Convolvulaceae (Calquist and Hanson 1991). 

Anomalous secondary growth in stems is restricted to a few do/en Angiosperm 

families, so its commonness in Adenia was something of a mystery. Because of its 

prevalence, a functional explanation for its presence was tested in a phylogenetic 

framework in Appendix C. Carlquist (2001; 291) suggested that anomalous growth 

provides a mechanism to innervate a storage structure and promote the transport of 

nutrients within this structure. Transport of resources in uniform, parenchymatous storage 

tissue without the initiation of anomalous vascular strands can be accomplished through 

diffusion or active transport, but the former is slow, and the later expends resources. 

Innervation by anomalous secondary growth likely provides a transport network that is 

powered by transpiration. 

The innervation hypolhesis predicts that evolutionary gains of parenchymatous 

storage should be associated with gains of anomalous secondary growth. A method was 

derived from Felsenstein's (1985) independent contrasts that accommodates phylogenetic 

uncertainty. This new test found a statistically significant correlation between 

evolutionary gains of succulence and gains of anomalous secondary growth. Although 
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this result is consistent with the predictions of the innervation hypothesis, an alternate 

explanation is provided. Due to the frequency of origins of succulence in Adenia, a 

parsimonious explanation for the association between succulence and anomalous 

secondary growth is that the developmental machinery that produces both succulence and 

anomalous secondary growth is present in the ancestor to Adenia. It is suggested that this 

machinery was flexibly turned on and off throughout the evolutionary history of Adenia. 

This proposal is explored in greater depth in the last section of the dissertation. 

Several studies report associations between anatomy, climate, and growth habit 

(See Carlquist 2001 for a review). However, few of these associations are tested in an 

exphcit phylogenetic framework. Appendix E develops predictions about associations 

between anatomy, leaf area, habit, and climate that are based on physiological 

considerations. 

The Global Historical Climatology database (NCDC GHCN 2004) is used to 

estimate the temperature and precipitation patterns at the sites were Adenia were 

collected for the phylogenetic and anatomical analyses. The angular-distance 

inteipolation scheme of New ei al. (2000) was used to infer monthly average temperature 

and precipitation. 

In most cases, predicted associations were not significantly correlated in a 

phylogenetic context. Some correlations were opposite that predicted. Counter 

predictions, cauducous leaves tended to be found in less seasonal, cooler, and drier 

habitats; cuticles in mature plants tended to be found in cooler and drier habitats as well. 

Moreover, transitions to tuberous plants, in particular geophytes, were associated with 
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decreases in average annual temperature, precipitation, and range between minimal and 

maximal monthly mean precipitation per annum. Counter to predictions, there were no 

associations between climate variables and vessel element length, vessel density, vessel 

wall thickness, or leaf area. 

Many expectations were met. In addition to increases in anomalous secondary 

growth, evolutionary transitions to succulent forms were also associated with increases in 

cortical parenchyma cell diameter, percent parenchyma in xylem, lateral wall pit sizes, 

and girth. Evolutionary transitions to lianas were associated with wider, thicker-walled 

vessels, wider phloem sieve elements, and increased specific conductivity of stems. 

Transitions to lianas were also associated with increases in average annual precipitation. 

As expected, vessel aggregation sizes decreased with increased precipitation and 

maximal precipitation. Vessels diameter increased with precipitation. 

That some, but not all, physiological predictions are met lead me to propose that 

more complex optimality models and potentially other criteria are required to evaluate the 

pattern of association among climate, anatomy, and habit. Several different anatomical 

strategies relating to transport, storage, and support appear to function in the same 

environment. 

The final three appendices investigate evolutionary developmental hypotheses to 

explain the observed patterns of growth form_ transition in the phylogeny. These chapters 

rely on the phj/logenetic inferences of the first appendix and the anatomical data of the 

third appendix. Appendix F documents at least three separate origins of succulence in 

Adenia, and up to seven separate origins of geophj-tes. Transitions between geophytes 
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and other forms are particularly marked. Repeatedly, geophytes are close relatives of 

plants that have immense storage stems or are canopy lianas. I tested three evolutionary 

developmental hypotheses concerning the pattern of transition of form. First, I proposed 

that geophytes result from a loss of function mutation that knocks out secondary growth. 

Second, I tested Carlquist's (1962) hypothesis that succulents result from paedomorphic 

processes. Third, I proposed a new hypothesis that predicts that tuber expression and 

stem succulence expression are due to a shared developmental program and tested this 

hypothesis by comparing stem and tuber anatomy. 

Stems of geophytes have highly reduced or no secondary growth, so I proposed 

that a loss of function mutation that knocks out secondary growth might account for 

origins of geophytes. Loss of function is typically more probable than gain of function, so 

it was argued that there would be fewer reversions to other growth forms from geophytic 

ancestry than origins of geophytes. This hypothesis was not supported using a likelihood 

ratio test under the Mk 1 model of character evolution (Lewis 2001). 

Carlquist (1962) proposed that paedomoiphosis was responsible for the origins of 

succulent woods. The hypothesis that anatomical characters of mature succulents are 

juvenile versions of ancestral characters was tested for 11 anatomical characters. 

Ancestral character states were inferred using parsimony. Paedomorphosis was not a 

consistent explanation for the evolution of anatomical traits in succulents. 

Lastly, because of the frequency of transition between tuberous forms and 

succulent forms, I proposed that a common developmental program is responsible for the 

expression of both stem succulence and tuber storage tissue. A homeotic process alters 
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succulent storage tissue will share similar anatomy. Traits of succulent stems are 

significantly more similar to traits of tubers than they are to traits of lianas, even though 

succulents are often close relatives of lianas. Moreover, traits of succulent stems are 

significantly more similar to traits of the tubers of lianas than they are to the stems of 

lianas. 

Results of Appendix F indicate that (1) transitions between forms are frequent 

during the evolutionary history of Adenia, (2) transitions between close relatives are often 

marked, and few intermediate forms exist, (3) tubers and succulent stems share a suite of 

anatomical trails. These observations are consistent with the hypothesis that a homeotic 

switch causes transitions of form in Adenia. Data in support of these assertions are in 

Appendix G. 

Finally, Appendix H reveals that these same three patterns of growth form 

evolution are present throughout the eudicots. In particular, origins of succulents are 

numerous, transitions are marked, and stem succulents are more closely related to 

tuberous plants than expected by chance. The close phylogenetic relationships between 

tuberous plants and stem succulents suggest that there are developmental connections 

betvv'een these habits. Thus the homeotic switch hypothesis of growth form evolution is 

supported across the eudicots. As of yet, no specific molecular mechanisms are known 

that can account for these patterns. 
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A new test was developed to detect associations between tuberous plants and stem 

succulents in a phylogenetic context. A simulation study reveals that the test works for 

rank level classifications that are consistent with a resolved phylogeny. 

Summary. Methodologically, this research provides (1) a novel parametric 

bootstrap test to test for differences between phylogenetic hypotheses, (2) a phylogenetic 

character correlation test based on independent contrasts that incorporates phylogenetic 

uncertainty, and (3) a new test of phylogenetic association of traits that can be used with 

rank level classifications when there are large numbers of taxa and the character states of 

interest are relatively rare. Moreover, software tools to characterize anatomy and 

implement these methodologies are available. 

I use these methods to test biological hypotheses concerning the patterns and 

processes of form evolution in Adenia. In addition to providing a molecular phylogeny of 

Adenia, I describe four new species and describe the anatomy of 58 species. With the 

phylogeny and anatomy data in hand, 1 found that (1) transitions between forms are 

frequent during the evolutionary history of A denia, (2) transitions between close relatives 

are often marked, and few intermediate forms exist, and (3) tubers and succulent stems 

share a suite of anatomical traits. A homeotic switch hypothesis is proposed to account 

for these observations. Predictions based on this switch hypothesis are made, tested, and 

substantiated in the eudicots as a whole. 
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ABSTRACT 

A phylogenetic analysis of 66 species of Adenia (Passifloraceae) is 

provided. The parametric bootstrap is used to test a priori phylogenetic hypotheses 

concerning the nionophyly of lineages within the genus. The analysis incorporates 

phylogenetic uncertainty in a Bayesian framework into the parametric bootstrap and 

makes model use more consistent in the analysis. Additionally, a parsimony analysis, 

neighbor-joining analysis, and Bayesian analysis are carried out on the ITSl, 1TS2, and 

5.8S sequence data. The parametric bootstrap approach is used to test 5 hypotheses 

concerning the evolution of Passifloraceae, and in particular the genus Adenia. The 

results suggest that Passifloraceae are monophyletic, Adenia is monophyletic, and the 

monophyly of the Malagasy Adenia cannot be rejected. A new, 5-clade classification of 

Adenia is provided based on the results of the phylogenetic analyses. 
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INTRODUCTION 

The science writers of the hit television series, "The X-Files," did their 

homework. In episode 103, "Teliko," the villain, uses the poison of Adenia volkensii to 

stun his victims. Although the ability of Adenia Forssk. (Passifloraceae) to paralyze 

humans is dubious, these writers recognized that plants of the genus Adenia possess 

some of Angiosperm's most potent compounds. Humans have used this arsenal both as 

poison and medicine (Morah 1993). It includes cyanogenic glycosides, alkaloids, 

tannins, and a toxalbumin, moddecin (Spencer and Seigler 1982, 1984, Gasperi-campani 

et al. 1978, Gondwe et al. 1978, Barbieri et al. 1980, Morah 1988, Olasdottir 1989, 

Fill las et al. 1995) that is purportedly the most toxic of all Angiospemi compounds 

(Rowley 1987). These putatively defensive compounds play an intimate role in the 

associations with Acraea Nymphalidae caterpillars and other insects that feed on Adenia 

plants. Such insects sequester or produce cyanogenic glycosides (Raubenheimer 1989), 

and evolved complex Mullerian mimicry circles (Ackery 1987, Ackery 1988). 

Furthermore, the copious nectar of extra floral nectaries attracts other insects such as 

wasps and ants. Indeed, the nrnnc Adenia comes from the Greek aden for gland (Bines 

1981), and nearly all Adenia share prominent extra-flora! nectaries on leaf lamina 

(Cusset 1965). 

Perhaps most remarkable, however, ^out Adenia is the growth form radiation 

witnessed in this group. Of the great diversity of plant forms from among the ca. 15,000 

genera of Angiosperms (Mabberley 1996), few rival Adenia in growth form diversity, 

individuals of the ca. 100 species in this group are pachycaul trees, caudiciforms, 
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tuberous and fibrous-rooted vines and lianas, tuberous herbs, succulent shrubs, and 

caudiciforms. Adenia are entirely Old World, hving throughout tropical Asia and Africa 

in addition to Madagascar. Within Madagascar, alone, every growth form is represented. 

In Madagascar they have undergone an adaptive radiation, living in most of the habitats 

of this island and radiating in form as well. 

Despite being the second largest group in Passifloraceae and possessing several 

parallels with the biology of the largest passifloraceous group, Passiflora (ca. 500 spp., 

almost all New World), relatively little work has been done on Adenia. It is unknown 

whether the extra-floral nectaries function to attract the ants that deter herbivores as they 

do in some Passiflora species (e.g., Smiley 1986, Swift e/ al. 1994) or whether the 

prominent glands in Adenia discourage ovipositing females of butterfly herbivores by 

mimicking their eggs (Gilbert 1971, Benson et al. 1975, Gilbert 1975, ( iilbert 1983). 

There has also been less work on the classification of Adenia. There are several 

recent analyses of the phylogeny of Passiflora (Feuillet and MacDougal 1999, Sanchez 

et al. 1999, Muschner et al. 2003, Yockteng and Nadot 2004, Krosnick and Freudenstein 

in press). These analyses provide little indication of the relationships between 

Passiflora, Adenia, and the rest of Passifloraceae as a whole. A phylogeny of Adenia 

will help couch the questions of chemistry, insect-plant interactions, and growth form 

diversification in a comparative framework. I therefore focus on phylogenetic 

considerations in this paper and consider what the reconstructed phylogeny implies 

about growth form and floral evolution and diversification. ITS 1, ITS2, and 5.8S 

sequences (Baldwin et al. 1995, McDade et al. 2000) are used to infer the phylogeny. 
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A feature of Adenia that readily distinguishes individuals from the 16 other 

recognized genera of Passifloraceae is breeding system. Adenia are dioecious 

(Gagnepain 1917), like Flacourtiaceae. This breeding system is rare or absent in other 

Passifloraceae (Krosnick and Freudenstein in press). A recent analysis of generic level 

relationships in Passifloraceae suggests that Adenia is quite distinct from the other 

genera and as such may represent a "link between Passifloraceae and related families" 

such as Flacourtiaceae due to dioecy, a potentially shared, ancestral, character (Bernhard 

1999). 

This suggestion that Adenia is a basal group in Passifloraceae has interesting 

implications for growth form evolution in the rest of the family. Although the currently 

recognized tribe containing Adenia (Passijloreae) probably originated from a tendril late 

ancestor (De Wilde 1974), plants of the other tribe of Passifloraceae, Paropsieae, have 

no tendrils and are not climbing (De Wilde 1972a). Indeed, it has even been questioned 

whether these woody taxa belong in Passifloraceae (Sleumer 1970). Bern hard's (1999) 

depiction implies that the remainder of the family, including the non-tendrillate woody 

taxa, originated from an ancestral vine that may have changed from dioecy to perfect 

flowers. The vine growth habit has been thought of as derived (Gentry 1991), so this 

would be an unanticipated result. 

Even more surprising is the recent result of Muschner ei al. (2003) in which 

certain analyses place Adenia within Passiflora. Adenia share several floral features 

with Passiflora including elaborate floral glands, coronal filaments, and 3-carpellate 

ovaries, although the number varies in some species. Adenia lack the distinctive 
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androgynophore and operculum linum system of Passijlora (see, e.g., Krosnick and 

Freudenstein in press). Indeed, the true dioecy of most Adenia precludes the possibility 

of an androgynophore. Even the immwdl Adenia plant with hermaphroditic flowers lacks 

this feature. Apart from a few odd species and the functionally dioecious Hollningia and 

Tetrapathaea, dioecy is unique to Adenia among Passifloraceae. Certainly, the 

phyiogenetic placement of Adenia in Passifloraceae will have important implications 

concerning the mechanisms and patterns of character change within both Passifloraceae 

as a whole and Adenia. 

The current classification (De Wilde 1971a) of Adenia recognizes 6 sections that 

have been characterized primarily on floral, leaf, extra floral nectary, and growth habit 

characters. As currently recognized, section Microblepharis (W. & A.) Engl, is 

primarily East and South African, with one member from Madagascar, and 5 from Asia. 

Section Adenia is primarily Malagasy, Blepharanthes (W. & A.) Engl, is centered in 

East Africa, Erythrocarpus (Roem.) de Wilde is entirely tropical Asian, Paschanthus 

(Burch.) has one South African species, A. repanda, and Ophiocaulon (Hook, f) Harms 

is centered in West Africa. Under this system, the sections do not delineate 

geographically cohesive groups. 

1 use several methods to evaluate support for lineages within Adenia and 

Passifloraceae. Of the many techniques used to assess branch support (resampling 

techniques such as jackknife and bootstrap, e.g., Felsenstein 1985, Hillis and Bull 1993, 

decay indices of Bremer 1988 and consensus methods), few explicitly test a priori 

phyiogenetic hypotheses (e.g., monophyly of specified groups, long branch attraction). 
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Huelsenbeck et al. (1996) introduced a parametric bootstrap technique to explicitly test 

such hypotheses. Replicate data sets are first simulated under a model of nucleotide 

evolution and a tree topology that is consistent with a null hypothesis. Two phylogenetic 

analyses are then performed on each of the simulated data matrices, one unconstrained 

and the other enforcing the constraint specified by the null hypothesis. The null 

distribution consists of the differences between treescores (parsimony) or likelihoods 

(maximum likelihood, hereafter ML) of these two analyses. The (single) empirical 

difference in treescores (or likelihoods) between the most parsimonious reconstructions 

(or ML reconstructions) of the constrained and unconstrained trees estimated using the 

actual sequence data can then be compared to the null distribution to assess significance. 

Relationships among taxa cannot, in general, be reconstructed with certainty, as 

is the case with most historical processes where signal is obscured through time. The 

parametric bootstrap as outlined above takes into account neither the uncertainty in 

phylogenetic reconstruction nor the fact that the model of nucleotide evolution generally 

will not be the same as the actual process of nucleotide evolution. Most current models, 

for instance, do not incorporate length mutations (indels), although indels can be useful 

phylogenetic markers (Simmons and Ochoterena 2000). The current parametric 

bootstrap excludes all but the score from the most parsimonious tree (MPT; or MLT) 

even though one of the less parsimonious reconstructions may represent the "true" tree. 

The Bayesian framework (Huelsenbeck ei al. 2002) generates an a posteriori 

distribution of trees that reflects the uncertainty in both the parameters of the nucleotide 

evolution model and tree topologies (including branchlengths). A Bayesian framework 
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therefore accommodates both the uncertainty in model parameters and tree topologies, 

and it makes use of an entire distribution of tree statistics to make inferences rather than 

statistics for a single tree. 

A parametric bootstrap method is herein developed that takes into account 

uncertainty in parameter values and topologies within a Bayesian framework. It also 

applies the same model of nucleotide evolution to generate both the null distribution and 

the "empirical" scores, so it assures that observed differences are not due to differences 

between the model of evolution used to generate the null and the actual process of 

evolution that generated the empirical sequence data. The question that is asked using 

this approach is: "What is the probability, under the specified model of nucleotide 

evolution, that the observed differences between the null distribution and empirical 

scores are as large as observed by chance?" I use this framework to explicitly test 5 

hypotheses concerning the evolution of Adenra and Passifloraceae that reflect disparities 

among classifications and phylogenetic results in the literature and that are critical to 

understanding character evolution; 

1 .Passifloraceae are monophyletic. 

lAdenia is monophyletic. 

3.Adenia is sister to all other Passifloraceae (basal in Passifloraceae). 

4.The sectional classification of De Wilde (1971a) accurately reflects Adenia 

evolution. 

5.Malagasy species of Adenia are monophyletic, despite their growth form diversity. 
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MATERIALS AND METHODS 

Taxon sampling. Table 1 lists the sampled taxa. Taxa were sampled to cover all 

of the superspecific taxa proposed by De Wilde (1971a). Centers of Adenia diversity 

include South and East Africa, tropical West Africa, Madagascar, and tropical Asia. 

Targeting these areas, three collection trips were conducted to obtain material in South 

Africa, Tanzania, Madagascar, and Thailand. Three undescribed taxa where collected in 

Madagascar; these are described in Appendix B (A. Utoralis, A. mcdadiana, A. 

trichocalyx; a new combination, A. stylosa, will be proposed that is a segregate of A. 

firingalavensis. Also, A. kigogoensis from Tanzania will be described.). Several other 

taxa were obtained through nurseries and botanic gardens that specialize in succulents. 

Additionally, multiple samples from different localities were used for three 

geographically widespread species {A. digitata, A. heterophylla, and^. sphaerocarpa). 

An attempt was made to sample other genera in Passifloraceae (Basananthe, 

Deidamia, Dilkea, Paropsia, Passiflom, Hollrungia, Tetrapathaea, and Mitostemma), as 

well as to sample the allied families Malesherbiaceae, Turneraceae, Violaceae, and 

Flacourtiaceae (Chase et al. 2002). It was not possible to acquire material of 

Ancistrothyrsus, Barleria, Smeathmannia, Crossostemma, Efulensia, and 

Androsiphonia. Within Passiflora an attempt was made to sample the main subgenera 

and sections of this diverse group, including an Old World species (Cusset 1967, De 

Wilde 1972b). In total, 103 ON A acquisitions representing 88 species were analyzed. 

Voucher specimens and their origins are listed in Table I. 
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DNA Extraction, Purification, Amplification, and Sequencing. Total genomic 

DNA was extracted from fi-esh tissue or samples preserved in silica gel following Doyle 

and Doyle's (1987) CTAB extraction procedure. 

ITS 1. ITS2, and 5.8S sequences were amplified using the primers N188 

(AGGAGAAGTCGTAACAGG) and C26A (GTTTCTTTTCCTCCGCT). A series of 

reaction conditions were attempted, and optimal results were found using (for a 10 |.il 

reaction; 50 jil reactions scale) 5 water, 1 [il lOX Stratagene buffer, 0.4 |.d 25 mM 

dNTP's, I ul 25 mM magnesium chloride, 0.4 pi 5 pM primers each, 0.6 pi DM SO. 1.0 

pi 50% glycerol, 0.04 pi Stratagene Taq2000, and 0.2 pi of DNA. The optimal reaction 

consisted of 3 minutes at 94 °C, followed by 45 cycles of these three steps; (1) 45 

seconds at 94 °C, (2) 45 seconds at 56 °C, (3) 45 seconds at 72 °C. The reaction 

sequence ended with a final 6 minute extension at 72 °C. 

Multiple PGR bands were present under a series of reaction conditions, possibly 

due to the duplicated nature of ITS (Denduangboripant and Quentin 2000). As a remedy, 

each sample was amplified in 4X excess (4 x 50 pi) and run on a 3.5% acrylamide gel. 

The predominant band was excised from the gel and the DNA from this band was eluted 

in 350 pi elution buffer (9 ml water, 20 pi 0.5 m EDTA, 1 ml 5 m ammonium acetate) 

for 24-48 hours at 37 °C. The DNA was precipitated by adding 1 ml cold absolute 

ethanol to the elution buffer, put on ice overnight, spun at 13,000 ipra for 10 minutes, 

top liquid decanted, pellet washed in 1 ml 70% ethanol, dried, and resuspended in a 

volume to yield a DNA concentration that was appropriate for sequencing. In most 

cases, the product that was extracted from the gel slab was clean enough for sequencing. 
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However, in a few instances when sequencing results were poor, the gel-eluted product 

was further purified using QlAQuick DNA purification spin columns; sequencing 

thereafter proceeded smoothly. 

Sequencing reactions were carried out by the Genomic and Technology Core of 

the ARL lab at the University of Arizona on AIM sequencers (PE Biosystems, Foster 

City, CA). Both forward and reverse sequencing reactions were carried out for each 

sample. Contigs were aligned and hand edited using Sequencher 3.1.1 (Gene Codes Co., 

Inc., Ann Arbor, MI). 

Alignment. ITS), 1182. and 5.8S sequences were aligned across tax a using 

ClustalW (Thompson et al. 1994), and then adjusted manually using MacClade 

(Maddison and Maddison 2003). Manual alignments were carried out with taxon names 

obscured to eliminate bias. The 5' end and 3' end of the alignments required the most 

manual alterations. Due to the high level of variability in ITS, several regions of 

preliminary alignments contained extensive small gaps. To reduce this "gap chatter" a 

high gap opening to extension cost ratio was enforced and alignments were rechecked 

by eye. 

Phylogenetic Analyses. Neighbor-joining and parsimony (Fitch 1971) analyses 

were carried out using PAUP* (Swofford 2003). For the parsimony analysis, all 

conditions were left at default, except nchuck was set to 30 and chuckscore to I to limit 

the search time of the heuristic search. Five thousand random addition sequence 

replicates were conducted. Branch support was assessed using decay indices and 

«onparametric bootstrap values. Decay indices were calculated for each lineage that was 
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present in the 50% majority rule consensus tree of the parsimony analysis. MacClade 

produced the PAUP script to carry out the decay analysis. 5,000 bootstrap replicates 

were carried out under the same heuristic search conditions as the parsimony analysis. 

Model Selection and Phylogenetic Hypothesis Testing. A model of nucleotide 

evolution was selected using ModelTest (Posada and Crandall 1998). The selected 

model was implemented in a Bayesian analysis using Mr.Bayes 2_02 (Huelsenbcck and 

Ronquist 2001). The MCMC simulation of the Bayesian analysis was run for 1.5 million 

iterations, sampling every 50th. Apart from the model imposed, parameters and priors 

were left at default values. A consensus tree was constructed from all samples following 

the burn-in period of 100,000 iterations. 

Standard parametric bootstrap methods were modified to take phylogenetic 

uncertainty into account. The method also assures that the empirical and null distribution 

estimates originate from the same model of nucleotide evolution. This bootstrap method 

has three primary steps. First, a null distribution is estimated via simulation. Second, a 

distribution that is associated with the best estimate of tree topology is estimated. Last, 

the distributions from the first and second steps are compared to assess statistical 

significance. 

The null distribution is estimated as in Huelsenbeck et al. (1996; Fig. la). 

Constraint trees were constructed according to the null hypotheses outlined in the 

introduction. The most parsimonious tree that contained the constraint was estimated by 

PAUP* with 100 random addition sequence replicates and heuristic search conditions as 

described for the parsimony analyses below. Branchlengths and values of the sequence 
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evolution model parameters were estimated for the MPT using maximum likelihood. 

One thousand simulated datasets of the same dimension as the empirical data matrix 

(1050 characters) were generated with the estimated parameters, topology, and 

branchlengths using SeqGen (Rambaut and Crassly 1997). Two parsimony analyses 

were canied out on each simulated data matrix. Both analyses used the same heuristic 

search as described for the parsimony analyses below, but with one simple addition 

sequence replicate instead of 5,000 random addition sequence replicates to decrease 

computational time. The first analysis imposed the hypothetical relationships of the null 

hypothesis, whereas the second did not. The 1,000 differences, Z)„j,//, between the 

treescores of these two analyses were used to approximate the null distribution. 

Next, the distribution associated with the empirical estimate of the tree 

topology was estimated (Fig. lb). This distribution will henceforth be called the 

"empirical" distribution. One thousand tree topologies, branchlengths, and nucleotide 

model parameter values were randomly sampled from the posterior distribution as 

estimated by the post-burn-in MCMC simulation. MrBayes (Huelsenbeck and Ronquist 

2001) produces output files of tree topologies, branchlengths, and model parameters. 

The frequency of occurrence of the topology, branchlength, or parameter in the file 

represents its posterior probability, so to sample a tree topology or a model parameter 

according to the posterior distribution equates to randomly picking a tree topology or 

model parameter from the output files. For each of the 1,000 trees and parameters that 

were sampled from the posterior distribution, a data matrix v,'as simulated using SeqGen. 

As before, two phylogenetic analyses using parsimony were carried out on each of these 
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matrices. The first imposed the hypothetical constraint, whereas the second did not. The 

differences, between these two analyses for all 1,000 samples from the posterior 

were used to estimate the "empirical" distribution. 

Last, I calculated the probability that the difference between the null and 

empirical distributions is as large as observed by chance. 1 randomly sampled D„UH and 

Demp values from their respective distributions and calculated the difference, DD = Demp 

- D„uu. I repeated this sampUng procedure 1,000 times to generate a test distribution 

composed of DD scores (Fig. 1 c; this procedure simulates the difference between 

random variables, r. v., associated with the null and empirical distributions.). If the null 

and empirical distributions are similar, the mean of the test distribution should not differ 

significantly from zero. Alternatively, when the distributions differ, the mean is 

expected to be larger than zero; the DNA matrices for the null hypothesis were 

simulated with a topological constraint in place, whereas the matrices for the empirical 

hypothesis were not, so the D„„//values are expected to be less than the values 

resulting in a positive mean of the test distribution. As is standard for a one-tailed test, 

the null hyjoothesis is rejected when 95% of the test distribution is > zero. 

Why did 1 not use a standard statistical test to assess differences between 

the null and empirical distributions? Statistical significance is assessed in proposed 

manner to allow for the possibility that the null and "empirical" distributions have zero 

variance. In particular, distributions with zero variance occur when the null hypothesis is 

strongly supported and all AIM//and Demp values equal zero. Traditional tests, such as the 

Wilcoxon two-sample test or /-test, do not work when there is no variance. The above 
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resampling procedure, however, can accommodate null and empirical distributions with 

zero variance. 

RESULTS 

Parsimony, neighbor-joining, and Bayesian analysis results. The Bayesian (Figs. 

3a-8), parsimony (Figs. 3b-8), and neighbor-joining (Fig. 3c.; hereafter NJ) analyses all 

supported a monophyletic Passifloraceae and monophyletic Adenia. Both a 

monophyletic Adenia and a monophyletic Passifloraceae were present in all 10,000 tree 

topologies sampled from the post-burn-in MCMC. They were both well supported 

clades in the parsimony analysis with bootstrap values of 100% and 82% and decay 

indices of 15 and 6 for Adenia and Passifloraceae, respectively. Adenia was never placed 

basally in Passifloraceae; nor were the 6 sections present in any trees. The largest 

difference among analyses was in the monophyly of Malagasy The NJ analysis 

supported monophyly whereas the parsimony and Bayesian analyses did not. 

Branchlengths around the time of the divergence of Malagasy are particularly 

short (Fig. 3c) suggesting that there is little signal in the data to resolve the pattern of 

divergence of lineages associated with Malagasy Adenia. 

Figure 4 presents the parsimony and Bayesian analyses of the outgroups. The 

sister group to Adenia could not be ascertained due to poor resolution at key nodes. 

Passifloraceae is supported as monophyletic in the NJ, parsimony, and Bayesian 

analyses. 
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All three analyses supported five main lineages in Adenia (Fig. 3a, b). Table 1 

summarizes these lineages for all currently recognized Adenia and compares this 5-clade 

classification with De Wilde's (1971a) classification. Table 2 lists the Adenia taxa that 

were not sampled for these analyses and suggests likely positions of these taxa 

according to the five clade classification. The five clades are supported with high 

bootstrap, decay index, and/or high posterior probabilities. Clade 1 (Fig. 5) consists of 

African taxa (with the possible exception of A. wightiana ssp. wightiana, which was not 

sampled); plants of all taxa in Clade 1 are vines or lianas whose leaves have a single 

spatulate gland at the leaf blade --- petiole junction. Clade 2 (Fig. 5) comprises Asian 

lianas. Clade 3 (Fig. 6) has geophytes, stem succulents, and an occasional liana (A. 

hondala becomes hanoid). These taxa are African and Asian. All members of Clade 4 

(Fig. 7) are African and geophytic. Clade 5 contains all Malagasy taxa as well as some 

African taxa. The largest succulent forms are found in this group, but geophytes, vines, 

and lianas are also present (Fig. 8). 

Model Selection and Hypothesis Tests. According to the AIC (Akaike 1973), the 

GTR+r+l (Tavare 1986, Yang 1993, Yang 1994, Yang 1996, Waddcll and Steel 1997) 

model provided the best fit. The GTR+ F +I model of nucleotide evolution was used for 

all subsequent analyses. 

Results of the parametric bootstrap tests were similar to the results based on 

support indices. Three of five hypotheses were supported by the parametric bootstrap 

(Fig. 2). The monophyly of both Passifloraceae and Adenia could not be rejected. The 

null distribution for both tests had zero variance as all .D„,,//and D,.mp values equaled zero. 
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The null hypothesis that Malagasy Adenia are monophyletic could not be rejected, as 

12.4% of the test distribution was less than zero. Adenia are not basal in the family; all 

D™//were zero, whereas only one Demp value equaled zero. Lastly, the sections of De 

Wilde (1971a) were not maintained; the largest D,,,,//value was 12, whereas the smallest 

Demp value was 278. The test results were the same using the traditional parametric 

bootstrap that does not include phylogenetic uncertainty. 

DISCUSSION 

Relationships among genera within Passijloraceae and related families. One 

prediction tested using this approach was that Adenia is basal in Passifloraceae and a 

"link" sensu Bernhard (1999) to Flacourtiaceae through shared dioecy. Adenia was not 

found to be basal (Fig. 2d). Because the "link" between Flacourtiaceae and Adenia was 

dioecy, and no phylogenetic link was found, it would appear that dioecy was uniquely 

derived in Adenia and presents a separate origin from Flacourtiaceae. 

That Adenia is not basal and not a link comes as no surprise. Recent work on 

Flacourtiaceae suggests that the group is polyphyletic, and the newly erected Salicaceae 

that has many former members of Flacourtiaceae may be sister to Passifloraceae + 

Turneraceae + Malesherbiaceae (Chase et al. 2002). Indeed Chase el al. (2002) advocate 

Passifloraceae + Turneraceae + Malesherbiaceae as one family, Passifloraceac. 

Passifloraceae sensu stricto is supported as monophyletic (Fig. 2a). I his result 

has interesting implications for growth form evolution within the family. The woody 

tree, Paropsia, does not come out to be basal in Passifloraceae in these analyses. The 
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woody, non-climbing genera, which are purportedly related to Paropsia 

madagascariensis in tribe Paropsieae, are likely to belong in Passifloraceae as well, due 

to shared anatomical features such as fibriform vessel elements (Ayensu and Stern 1964) 

and floral characters with other Passifloraceae (De Wilde 1971b). Because all taxa that 

are near to Paropsia in the phylogeny have vining members, the implication is that the 

ancestor of Passifloraceae was scandent, and most likely lianoid; the woody tree habit of 

Paropsia was secondarily derived fi'om plants that lacked extensive secondary growth. 

Clearly, more extensive taxon samphng is required to strengthen these hypotheses. 

Within Adenia, the earliest branching lineages, Clades 1 and 2, are composed primarily 

of lianas, some with and some without tubers. Applying parsimony to reconstruct 

ancestral states, the ancestral form of all Adenia was a liana or vine with tendrils. 

The tendillate genera of tribe Passifloreae that were sampled in this analysis 

(Fig. 4; Basananthe, Deidamia, Dilkea, Passiflora, HoUrvngia, Tetrapathaea, and 

Adenia; De Wilde 1974) are not monophyletic in any analysis. One group, however, that 

is monophyletic (BS 96%, DI = 10), in agreement with other recent studies (Yockteng 

and Nadot 2004, Krosnick and Freudenstein in press), is Passiflora (in part) + 

HoUrungia + Tetrapathaea + Passiflora (in part). Unlike the result of Muschner et al. 

(2003), Adenia is never placed in Passiflora in any of the analyses; this difference is 

likely due to taxon sampling as they used only A. keramanthus in their analyses. 

Because many of the inferences drawn about relationships outside of Adenia will 

require further testing with more thorough taxon sampling, the focus here will be on the 

relationships among species of Adenia. All analyses strongly support a monophyletic 
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Adenia. The 6-section classification of De Wilde (1971a), however, was not supported 

(Fig. 2c). Five major clades are supported instead. I propose the complete sub-generic 

classification of Adenia in Tables 1 and 2. The five major lineages in this classification 

are strongly supported by all phylogenetic analyses. 

The proposed classification bears some similarities to De Wilde's (1971a) 

classification, but differs in substantial ways. Of the major differences, section 

Microblepharis dissolves. Species in this group are divided among all the other major 

clades. A. wightiana ssp. africana is supported as part of section Ophiocaulon (Clade 1, 

Fig. 5, De Wilde 1968). Ironically, A. wightiana was the type species of section 

Microblepharis. A. wightiana ssp. africana shares the vining (to lianoid) habit and the 

singular spathulate gland at the blade base with the rest of section Ophiocaulon. Because 

A. wightiana ssp. wightiana was not sampled, it is unknown whether this Asian taxon 

belongs in Clade 1 as well, or is a distinct species in a separate clade. Adenia wightiana 

ssp. wightiana differs from A. wightiana ssp. africana in having a tuber according to the 

monograph (De Wilde 1971 a), so these taxa may represent separate species that are 

potentially not closely related. 

The 4 other Asian species of section Microblepharis (A. banaensis, A. 

penangiana, A. poilanei, and A. pinnatisecta) appear to be allied with the Asian species 

of section Etythrocarpus. Although only penangiana of these four was included in 

this DNA-based study (Table 1), these taxa share a similar growth form that is unique 

among Asian Adenia (thin, usually annual, vines with small tubers), and A. banaensis, A. 

penangiana, and A. poilanei share elliptic to oblong leaves, also unusual for Asian 
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Adenia. These traits and the position of A. penangiana suggest that they form a clade 

that is sister to the species in section Etythrocarpiis. Apart from the Asian A. wightiana 

ssp. wightiana that may be distinct from A. wightiana ssp. africana as discussed above, 

the Asian Adenia appear to form two distinct clades. A. hondala and the closely related 

A. trilohata, both of India (Rao et al. 1987) or neighboring countries to the east, form 

one Uneage in Clade 3 (Fig. 6). A. banaensis, A. penangiana, A. poilanei, and A. 

pinnatisecta + the species placed in Eiythrocarpus by De Wilde (1971a) form the other 

(Clade 2; Fig. 5). 

Clade 3 is unique in possessing a lineage with pubescent species (A. 

keramanthus, A. e/lenbeckii, A. striata, A. schleibenii, A. volkensii). Taxa with plants 

having hairs of different types (e.g., A. cladosepala, A. trichocalyx) are found in other 

clades, but the trichomes of these taxa are very different in anatomy being epidermal 

projections. Also in Clade 3, A. acideala and A. inermis, once considered sub-species of 

A. aciileata (De Wilde 1972a), share epidermal projections, but in the case of A. 

aculeata, these become sclerified and form prickles whereas they do not. and remain 

small, in A. inermis. Stipules of A. hastata and A. hondala, also in Clade 3, become 

sclerified as well and appear as spines. 

Monophyly of the Malagasy Adenia (Perrier de la Bathie 1945, De Wilde 1970, 

Bardot-Vaucoulon 1997) could not be rejected by the parametric bootstrap (Fig. 2e) and 

the NJ analysis (Fig. 3c), but the clade was not present in either the parsimony or 

Bayesian analysis. However, the very short branchlengths associated with this region of 

the phylogeny (Fig. 3c) make resolution difficult. Further support for or against the 
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monophyly of Malagasy Adenia might be gained by sequencing another locus. A 

monophyletic Adenia implies either that there was a single successful colonization event 

in Madagascar followed by a remarkable radiation in form and habitat, or that Adenia 

traveled with Madagascar when it split from Africa. Madagascar and India split from 

current day Africa over 280 mya (Freeman and Herron 2003). Reccnt work indicates 

that the eudicots originated more recently (Schneider et al. 2004). Thus, Adenia is 

present in Madagascar due to dispersal events. The monophyly of Malagasy Adenia 

suggests that there was one successful dispersal and colonization event. The Adenia in 

Madagascar exhibit a great deal of lability in growth form evolution. Adenia 

pyromorpha is a small, annual-stemmed herb with a napiform tuber that is completely 

subterranean. Adenia stylosa (Appendix B) is a caucidiform with an immense, irregular 

storage stem that is aboveground; annual stems emerge from this structure. Adenia 

pachyphylla is a rather woody, wet-forest liana, and A. isaloensis is a shmb of the 

savanna. These species all come from one of the 2 major Malagasy sub-lineages (Fig. 8). 

Clade 5, which contains all the Malagasy Adenia, is weakly supported using 

parsimony as the optimality criterion (BS = 59%, Df = 1; Fig. 8). However, al! 10,000 

post-bum-in samples from the MCMC sampling support this lineage (posterior 

probability = 1.00; Fig. 8). Apart from a few well-supported lineages within this clade, 

relationships among the taxa of Clade 5 remain enigmatic. Particularly odd is the nesting 

of the West African lineage (A. letoiizeyi, A. mmicifolia, A. lobata, A. mannii, A. 

repanda, A. pechuelii) among the Malagasy Adenia. These species are distinct from the 

Malagasy and share a lengthened calyx tube, shortened stipe (solid fleshy region 
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of flower between pedicel and base of liypanthium), and shortened hypanthium; 

additionally, their floral tube tends to be much wider than that of Malagasy Adenia (De 

Wilde 1971 a). Because of the disparate biogeography and these character differences 

that are among those traditionally used to classify Adenia, 1 question the placement of 

this West African group among the Malagasy Adenia. 

An additional surprise came in ('lade 4 (Fig. 7). These species are all 

characterized by thin, annual vines or erect herbs and the presence of a large perennating 

tuber. Adenia wilmsii known only from a few farms in South Africa, appears to be 

derived within A. digitata. Unlike the vine^. digilata, A. wilmsii has no tendrils and is 

an erect herb. Furthermore, its llow ers lack the connation of the anther tips shared by 

other A. digitata (Liebenberg 1939). There is high support (BS = 95%; DI = 6) for this 

association, suggesting a rapid shift from a vine to an herb. 

The taxa that were not sampled (Table 2) are placed in clades 1 -5 based on floral 

features, biogeography, and growth habit, as described next. All members of Clade 1 are 

African lianas or vines that share the unique spatulate appendage at the blade-petiole 

junction. All members of Clade 2 are Asian hanas and vines with glands at the blade-

petiole junction that appear on fleshy appendages. Adenia hondala and A. trilobata are 

also Asian, but lack the gland structure. Adenia hondala is supported as a member of 

Clade 3. Taxa of Clade 3 are varied, but there is a tendency towards fruits with 

thickened, spongy pericarps. The only lineage with extensive trichomes is present in 

Clade 3 {e.g., A. keramanthus, A. volkensii, A. ellenbeckii, A. striata, A. schiehenii). All 

members of Clade 4 are African geophytes with thin stems and tubers. Clade 5 is the 
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most varied of all All taxa from Madagascar, with the exception of densiflora, and A. 

venenata, A. ballyi, and A. globosa from Africa share lengthened and narrow floral tubes 

that are not present in other lineages. 

These phylogcnetic analyses are based on one locus (ITSl+ITS2+5.8s), so there 

is potential for lineage sorting in this gene tree. Apart from the dissolution of section 

Microblephans, most of the taxa that were present in the other sections remain in similar 

groupings (Table 1). The gene tree reconstruction appears to be fairly consistent, then, 

with classifications based on morphological evidence. However, certain lineages appear 

in unusual places (e.g., A. lobata, A. rumicifolia, A. mannii, A. letouzeyi), and some 

lineages (notably Clade .5) are not well resolved. Addition of another locus may resolve 

concerns over gene tree / species tree differences and may help to resolve some nodes. 

Models of Moleeular Evolution and Phylogenetic Hypothesis Testing. The 

parametric bootstrap is increasingly being used to test a priori phylogenetic hypotheses 

{e.g., Emerson et al. 2000, Jausselin et al. 2003). Two issues with the standard 

parametric bootstrap are addressed by the new methodology. 

First, the parametric bootstrap is prone to Type I error (Buckley 2002, 

Antezana 2003 ). Antezana (2003) reports inflation of Type 1 error of 50% - 600%. This 

inflation can result from model misspecification (Emerson et al. 2001, Buckley 2002). 

Under the proposed methodology, Type ! error is reduced by considering the uncertainty 

in the empirical estimate of the phylogeny and using the same model of nucleotide 

evolution for both empirical and null distributions. Inclusion of uncertainty increases 

variance, and therefore decreases the ability to detect statistical differences. Instead of a 
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single value representing the empirical hypothesis, an entire distribution is used. Both 

the null and empirical distributions are estimated using the same model of nucleotide 

evolution (with different estimates of model parameters). Any differences between the 

null and alternate distributions are due to differences in model parameters (including tree 

topologies, branchlengths, and rate parameters), not from differences between the model 

used the estimate the null distribution and the actual process of nucleotide evolution. 

Second, under certain circumstances, the original parametric bootstrap 

gives the correct answer, but for the wrong reasons; this occurs when the model of 

nucleotide evolution and method of phylogenetic inference are blind to certain types of 

phylogenetic information. In particular, likelihood methods as implemented in Pa up* do 

not recognize gaps as data, whereas a gap can be recognized as a separate character state 

using parsimony. Even when parsimony includes gaps as a fifth character state, the non-

independence of indel characters within a particular in del is not considered. Thus, the 

model of evolution used to generate the null distribution does not reflect the actual 

process of nucleotide evolution. In the example of Fig. 9, the sequences in this example 

differ only by indels. The null hypothesis would be rejected, but the null should not be 

rejected under the chosen model, because no difference between the null hypothesis and 

alternate hypothesis can be detected under this model that is blind to indels. Without the 

correct model that includes indels, the difference is spurious. The method 1 therefore 

advocate is to use the same model to construct both the null distribution and the 

"empirical" distribution. Under this methodology, the empirical hypothesis may be 

correct even when there is no difference (measured by DD) between the null and 
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empirical hypotheses. When the empirical and null hypotheses are indistinguishable, the 

inference is that under the model of evolution and parameters estimated from the 

empirical sequence data, the null cannot be rejected. If the null distribution is 

significantly different from the empirical hypothesis, the difference will not be due to 

artifacts of differences in models of evolution between the null (simulated) dataset and 

the empirical difference in the original parametric bootstrap. Additionally, it is expected 

that had the con-ect likelihood model been used to assess the null hypothesis in the 

example from Fig. 9 {i.e., one that took indels into account), a difference would be 

detected. 

Under the method 1 advocate, both the null datasets and "empiricaF' datasets 

would be generated under different parameterizations of the same model of nucleotide 

evolution {e.g. GTR+F+1), so employing parsimony (whether it does or does not 

consider indels) or any other optimality criterion would generate a result that is not 

dependent on a particular model. As such, results are robust to changes in the criteria 

used to score phylogenies. 

Conclusions. In many ways, the hypotheses about the monophyly of Adenia and 

the basal status of Adenia in Passifloraceae were designed as straw men. Recent 

literature already supports Paropsia as part of Passifloraceae, and several strong 

anatomical (i.e., fibriforai vessels) and floral characters distinguish members of 

Passifloraceae. My intent was to use the new technique to evaluate hypotheses that 

would be rejected, accepted, and marginally accepted. The technique standardizes the 

result of the parametric bootstrap to the nucleotide evolution model, and incorporates 
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uncertainty in phylogenies into the analysis. Use of this method revealed that the 

monophyly of Adenia was supported as was the monophyly of Passifloraceae. The 

hypotheses that Adenia is basal and that there are 6 sections of Adenia as proposed by 

De Wilde (1971a) were rejected. Based on the parametric bootstrap and the NJ analyses, 

the monophyly of Malagasy Adenia could not be rejected. All five hypotheses have been 

contentious at one point or another, and this paper hopes to clarify aspects of the 

classification of Passifloraceae and related families. Further sampUng is required in the 

rest of Passifloraceae to better resolve the relationships among its genera. Within 

Adenia, 5 clades are strongly supported. Within each of the clades except Clade 4, 

radiations in growth form have occurred thai reveal the lability of the evolution of 

growth form in Adenia. 
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FIGURES AND TABLES 

Figure 1. Parametric bootstrap methodology, a. Null hypothesis. DNA matiices are 
simulated according to a constrained topology, branchlengths, and model parameters 
that are fit to the MPT with the null constraint enforced. A constrained and an 
unconstrained analysis are performed on the simulated matrix. Differences in tree scores 
between the two analyses are calculated. This process is repeated 1,000 times in current 
analyses, b. "Empirical" hypothesis. DNA matrices are simulated based on topologies 
and model parameters sampled from the posterior distribution of a Bayesian analysis. 
The difference in treesocre is calculated from unconstrained and constrained analyses on 
the simulated matrix, in parallel with Fig. la. This process is repeated 1,000 times, c. 
The test distribution. Differences from Fig. la and Fig. lb are tabulated into the null and 
"empirical" frequency distributions, respectively. Samples are randomly drawn from the 
null and "empirical" distributions and their differences form the test distribution. The 
null hypothesis is rejected when greater than 95% of the test distribution is greater than 
zero. 

Figure 2. Histograms of results of hypothesis tests: distributions of differences, DD, 
between the null distribution and "empirical" distribution. The null hypotheses are as 
follows: a. Passifloraceae monophyletic. b. Adenia monophyletic. c. Sectional 
classification system of De Wilde (1971a). d. Adenia sister to all other Passifloraceae. e. 
M-dldigdiSy Adenia monophyletic. 

Figure 3. Reconstructions of the backbone phytogeny of Adenia using different methods 
from analyses on aligned ITS1+ITS2+5.8S DNA. All trees maintain 5 main clades. 
Rooting follows results of Chase et al. 2002. a. Parsimony analysis. 50% majority 
consensus tree of 15,764 MPT's. b. Bayesian analysis consensus. Consensus tree of the 
10,000 post-burn-in trees, c. Neighbor-Joining tree with branchlengths. 

Figure 4. Phylogeny of outgroups. Values above branches are bootstrap / decay index 
pairs from parsimony analysis; posterior probabilities are below nodes. 

Figure 5. Phylogeny of Clades 1 and 2 of Adenia. Values above branches are bootstrap / 
decay index pairs from parsimony analysis; posterior probabilities are below nodes. 
Adenia heterophylla ssp. australis is sister to the other J. heterophyUa samples in the 
parsimony analyses, whereas it is embedded within the other samples in the Bayesian 
analysis. The diagonal line depicts this difference of topology. 

Figure 6. Phylogeny of Clade 3 of Adenia. Values above branches are bootstrap / decay 
index pairs from parsimony analysis; posterior probabilities are below nodes. 

Figure 7. Phylogeny of Clade 4 of Adenia. Values above branches are bootstrap / decay 
index pairs from parsimony analysis; posterior probabilities are below nodes. 
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Figure 8. Phylogeny of Clade 5 of Adenia. Values above branches are bootstrap / decay 
index pairs from parsimony analysis; posterior probabilities are below nodes. 

Figure 9. When parametric bootstrapping gives the correct result for the incorrect 
reason. Four identical sequences (A, B, C, D) of length 75 were randomly generated, 
and indels were added to reflect a phylogeny ((A,B),(C,D)); 

A AGTTGGTT TAGACCACAATAGGTGGG GAAGTGATACAGGTTGTGAGGCT ACGGAGGGA 

B AGTTGGTT TAGACCACAATAGGTGGG GAAGTGATACAGGTTGTGAGGCT ACGGAGGGA 
C AGTTGGTT TAGACCACAATAGGTGGGTGATAGACGAGAAGT'CiATACAGGTTGTGAGGCTCGCAACGGAGGGA 

D AGTTGGTT TAGACCACAATAGGTGGGTGATAGACGAGAAGT'GATACAGGTTGTGAGGCTCGCAACGGAGGGA 

One thousand datasets of length 75 were evolved up the "alternate tree" ((C,B),(A,D)), 
and differences in the score between the unconstrained and alternate-tree-constrained 
analyses were calculated and graphed. The arrow marks the empirical difference 
between the constrained and unconstrained analyses. This difference is completely 
spurious because the process used to generate the null for these data is incapable of 
generating anything but difference scores equal to zero as it does not include 
information about indels. 
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Figure 3c. 
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Figure 7. 
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Figure 8. 
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Figure 9. 



Table 1. List of Adenia species and outgroups used for molecular analyses. Collection, voucher information, location 
(abbreviations follow Holmgren et al. 1990), country of origin, and Adenia classification are provided. Classification provides 
the traditional section from De Wilde (1971a) and the clade designation (1-5) from this analysis. Section abbreviations: M = 
Microblepharis (W. & A.) Engl., A = Adenia de Wilde, B = Blepharanthes (W. & A.) Engl., E = Eiythrocarpus (Roem.) de 
Wilde, P = Paschanthus (Burch.) Engl., O = Ophiocaulon (Hook F.) Harms. 

Species Collection Origin Adef 
A. aculeata (Oliv.) Engl. 1 learn cultl (ARIZ) Ethiopia M, 3 
A. acuta de Wilde Hearn Mad007 (ARIZ) Madagascar A 5 
A. aff. antongiUiana (ANKl) (Tul.) Schinz Hearn Mad020 (ARIZ) Madagascar A 5 
A. off. antongiUiana (ANK2) (Tul.) Schinz Heam Mad039 (ARIZ) Madagascar A 5 
A. aff. antongiUiana (MDF) (Tul.) Schinz Hearn Mad030 (ARIZ) Madagascar A 5 
A. aff cissampeloides (Planch, ex Hook.) Hearn 211119 (ARIZ) Tanzania 0 1 
A. a f f  H n d i e n s i s  Harms Hearn 181110 (ARIZ) Tanzania B 4 

A. aff metriosiphon de Wilde Hearn cultl 8 (ARIZ) Tanzania B 4 

A. a f f  m o n a d e l p h a  Perr. Hearn Mad050 (ARIZ) Madagascar A 5 

A. a f f  s c h U e b e n i i  Harms Hearn cult24 (ARIZ) Tanzania B 3 

A. aff striata (Mast.) Engl. 1 learn. cult2 (ARIZ) Zimbabwe B 3 

A. aff. trisecta (Mast.) Engl. Hearn cult31 (ARIZ) Tanzania B 4 

A. baUyi Verdcourt Hearn cult3 (ARIZ) Somalia A 5 

A. hoivinii de Wilde Hearn Mad023 (ARIZ) Madagascar A 5 

A. cUidosepala (Baker) Harms Hearn MadOl 1 (ARIZ) Madagascar A 5 

A. densifloi-a (Baker) Harms Hearn Mad040 (ARIZ) Madagascar A 5 

A. digitata (AM) (Harv.) Engl. Hearn 1041 (ARIZ) South Africa B 4 

A. digitata (Bots) (Harv.) Engl. Hearn cult4 (ARIZ) Botswana B 4 

A. digitata (Nels) (Harv.) Engl. Hearn 1040 ( ARIZ) South Africa B 4 

A. elegans Perr. Hearn Mad053 (ARIZ) Madagascar A 5 

A. ellenheckii Harms Hearn cult5 (ARIZ) Kenya B 3 

A. fasciculata de Wilde Hearn Mad002 (ARIZ) Madagascar A 5 

Adenia classification 

00 



Specics Collection Origin Adenia classification 

A. firingalavensis (N) (Drake ex Jumelle) Hearn MadO 13 (ARIZ) Madagascar A, 5 
A. firingalavensis (S) (Drake ex Jumelle) ex. Specks 3601 (ARIZ) Madagascar A, 5 
A. fruticosa Burtt Davy Hearn 1029 (ARIZ) South Africa M, 5 
A. glauca Schinz Hearn 1035 (ARIZ) South Africa M, 5 
A. glohosa (Engl.) pseudoglobosa ex. Huntington BG 78550 Kenya A, 5 
(Verde.) de Wilde (ARIZ) 
A. goetzei Harms Hearn cultB (ARIZ) Tanzania B, 4 
A. gracilis Harms Billiet & Jadin 4044 (Meise, Dem. Rep. 0, 1 

Belgium) Congo 

A. gummifera (Harv.) Harms Hearn 1015 (ARIZ) South Africa 0, 1 
A. hastata (Harv.) var. glandulifera (de 1 learn 1008 (ARIZ) South Africa B, 3 
Wilde) 

A. hastata (Harv.) var. hastata Hearn 1027 (ARIZ) South Africa B,3 

A. heterophylla (Bl.) Kds. ssp. arcta (Craib) Singapore E, 2 
de Wilde 
A, heterophylla (Bl.) Kds. ssp. australis Hearn cultl 1 (ARIZ) Australia E,2 
(R. Br. ex DC.) de Wilde 

A. heterophylla (Bl.) Kds. ssp. heterophylla Hearn T3 (ARIZ) Thailand E, 2 
var. heterophylla 

A. heterophylla 1 (Bl.) Kds. Hearn cult9 Thailand E, 2 

A. heterophylla! (Bl.) Kds. J. Mood 597 (Pupukea, Oahu) Malaysia E, 2 

A. hondala (Gaertn.) de Wilde 1 learn cult 12 (ARIZ) India B,3 

A. inermis (Oliv.) de Wilde Hearn cult 13 (ARIZ) Ethiopia M, 3 

A. isaloensis (Perr.) de Wilde Hearn Mad046 (ARIZ) Madagascar A, 5 

A. karibaensis de Wilde Hearn cult 14 (ARIZ) Zimbabwe M, 5 

A. keramanthus Harms Heam 201116 (ARIZ) Tanzania B, 3 

A. kigogoensis Hearn Hearn 241128 (ARIZ) Tanzania 4 



Species Collection 

A. kirkii (Kit) (Mast.) Engl. 
A. kirkii (Mor) (Mast.) Engl. 

A. lanceolata Engl. ssp. scheffleri 
(Engl. & Harms) de Wilde 

A. lapiazicola Bardot-Vaucoulon 

A. letouzeyi de Wilde 

A. litoralis Hearn sp. nov. 

A. lobata (Jacq.) Engl. 

A. longestipitata de Wilde 

A. mannii (Mast.) Engl. 

A. mcdadiana (MDF) Hearn sp. nov. 

A. o la ben.sis var. olaboensis Claverie 

A. olaboensis Claverie var. parva de Wilde 

A. ovata de Wilde 

A. pachyphylla de Wilde 

A. pechuelii (Engl.) Harms 

A. peltata (Baker) Scliinz 

A. penangiana (Wall, ex G. Don) de Wilde 

A. perrieri Clav. 
A. pulchra Gilbert & de Wilde 

A. pyromorpha (Perr.) de Wilde 

A. racemosa de Wilde 

A. refracta (Tul.) Schinz 

A. repanda (Burch.) Engl. 

A. riimicifolia Engl. & Harms 

A. schweinfurthii Engl. 

Hearn 261131 (ARIZ) 
1 learn 181113 (ARIZ) 

Hearn 201115 (ARIZ) 

Hearn Mad26 (ARIZ) 

Meise 39-1490 (Meise, 
Belgimn) 
Hearn Mad031 ( ARIZ) 

ex De Wilde 873 (Meise) 

Hearn Mad042 (ARIZ) 

ex L. Escobar 92-38 (ARIZ) 

Hearn Mad029 (ARIZ) 

Hearn MadO 16 (ARIZ) 

Hearn Mad052 (ARIZ) 

Hearn cult 19 (ARIZ) 
Hearn cult20 (ARIZ) 

Hearn cult21 (ARIZ) 

1 learn cult22 (ARIZ) 

Hearn T6 (ARIZ) 

Hearn Mad048 (ARIZ) 

Specks s.n. 
Hearn Mad061 (ARIZ) 

Hearn 261132 (ARIZ) 

Hearn MadOOS (ARIZ) 

Hearn 1023 (ARIZ) 
Hearn 41241 (ARIZ) 
Hearn cult25 (ARIZ) 

Origin A denia classification 

Tanzania B, 4 

Tanzania B,4 

Tanzania B,4 

Madagascar 5 

unknown B, 5 

Madagascar 5 
West Africa B, 4 

Madagascar A, 5 

Africa B, 4 

Madagascar 5 

Madagascar A, 5 

Madagascar A, 5 

Tanzania B, 4 

Madagascar A, 5 

Namibia M, 5 

Madagascar A, 5 

Thailand M, 2 

Madagascar A, 5 

Ethiopea B. 4 

Madagascar A, 5 

Tanzania M, 3 

Madagascar A, 5 

Namibia P, 5 

Tanzania B, 5 

unknov/n B, 3 



Species Collection Origin Adenia classification 

A. sphaerocarpa (An) Clav. Hearn Mad014 (ARIZ) Madagascar A, 5 
A. sphaerocarpa (BMA) Clav. Hearn cult26 (ARIZ) Madagascar A, 5 
A. splnosa Burtt Davy Hearn 1022 (ARIZ) South Afi-ica M 5 
A. stenodactyla Harms Hearn 3515 (ARIZ) Tanzania B, 4 
A. stylosa (black) (Drake ex Jumelle) 1 learn ] learn cult34 (ARIZ) Madagascar A, 5 
Stat. nov. 

A. stylosa (green) (Drake ex Jumelle) Hearn Hearn Mad028 (ARIZ) Madagascar A, 5 
Stat. nov. 

A. stylosa (veins) (Drake ex Jumelle) Hearn Hearn cult28 (ARIZ) Madagascar A, 5 
Stat. nov. 

A. suhsessilifoUa Perr, Hearn Mad051 (ARIZ) Madagascar A, 5 
A. trichocalyx Hearn sp. nov. Hearn Mad025 (ARIZ) Madagascar 5 

A. venenata Forsk. Hearn cult29 (ARIZ) Kenya A, 5 

A. volkensil Harms Hearn cult30 (ARIZ) Kenya B, 3 

A. wightiana (Wall, ex W. & A.) Engl. ssp. Hearn 18119 (ARIZ) Tanzania M, 1 
africana de Wilde 

A. wilmsii Harms Hearn 1028 (ARIZ) South Africa B,4 

Basananthe hanningtoniana (Mast.) de Hearn 211118 (ARIZ) Tanzania 
Wilde 

Basananthe sandersonii (Harvey) de Wilde L. McDade + K. Balkwill 
1252 (J) 

South Afi-ica 

Basananthe triloba (Bolus) de Wilde L. McDade + K. Balkwill 
1254 (J) 

South Africa 

Deidamia bicolor Perr. Hearn Mad06 (ARIZ) Madagascar 

Dilkea sp. K. Hansen sn Ecuador 

Flacourtia indica Merr. Hearn 231127 (ARIZ) Tanzania 

Hullrungia sp. nova BG5815 (QRS) Australia 



Species Collection Origin 

Malesherhia fasclculOta Ricardi ex. Marticorena, Chile 
Stuessy, and 
Baeza 9803 (RSA) 

Malesherhia Unearifoha Reiclie ex. Gengler 36 (RSA) Chile 

Malesherhia turhinea Macbride ex. Gengler 198 (RSA) Chile 

Paropsia madagascarensis (Baill.) Perr. 11 earn Mad037 (ARIZ) Madagascar 

Passiflora arhelaezii Uribe K. Hansen 190 (TEX) Costa Rica 

Passiflora aurantia Forst K. Hansen 201 (TEX) Australia 

Passiflora biflora Domb. ex Triana & K. Hansen sn Costa Rica 
Planch. 

Passiflora caertilea L. K. Hansen 16 (TEX) Paraguay 

Passiflora Candida Mast. L. Escobar 9901 (TEX) French Guiana 

Passiflora fl>etida L. Hearn cult32 (ARIZ) United States 

Tetrapathaea tetrandra Cheeseman S. Krosnick 266 (OSU) New Zealand 

Turner a suhulata. Sm. S.Krosnick298 (OSU) Thailand 

Turnera ubnifolia L. Hearn Mad009 (ARIZ) Madagascar 

Viola sp. I learn cult33 (ARIZ) United States 

Xylosma congesta Merr. Hearn AZcampusl (ARIZ) United States 

00 
sO 
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Table 2. Unsampled taxa of Aden ia. Original section and new clade designations given. 

Original Classification Clade 

Microblepharis (W. & A.) Engl. 
A. gedoensis de Wilde 3 

A. banaensis Gusset 2 

A. poilanei Gusset 2 
A. pinnatisecta (Craib) Craib 2 

A. latepetala de Wilde 3 

Adenia de Wilde 

A. epigea Perr. 5 
A. ecirrosa do Wilde 5 

Blepharcmthes (W. & A.) Engl. 

A. tnlobata (Roxb.) Engl. 3 

A. panduraeformis Engl. ? 

A. natalensis de Wilde ? 

A. dolichosiphon Harms 4 

A. standtii Harms 4 

A. mossambicensis de Wilde 4 
A. welwitschii (Mast.) Engl. 4 

A. erecta de Wilde 4 

A. huiUensis (Welw.) A. & R. Fernandes4 
A. malangeana Harms 4 

A. tisserantii A. & R Femandes 4 
A. tuberifera R. E. Fries 4 

Erythrocarpus (Roem.) de Wilde 

A. cardiophylla (Mast.) Engl. 2 

A. viridiflora Craib 2 
A. kinabahiensis de Wilde 2 

A. macrophyUa (Bl.) Kds. 2 

A. cordifolia (Bl.) Engl. 2 
A. crassa Merr. 2 

Ophiocaiilon (Hook F.) Hamis 

A. adenifera de Wilde 1 
A. bequaertii Robijns & Lawalre'e 1 

A. cynanchifoUa (Benth.) Harms 

A. dinklagei Hutch. & Dalz. 

A. guineensis de Wilde 

A. poggei (Engl.) Engl. 

A. reticulata (De Wildem. & Dur.) 

A. stolzii Harms 
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Original Classification Clade 

Ophiocaulon (Hook F.) Harms 

A. tricostata de Wilde 1 

Unknown 

A. lewallei Robyns ? 

A. zambesiensis Fern. & Fern. ? 



92 

APPENDIX B: 

FOUR NEW SPECIES OF ADENIA FORSSKAL (PASSIFLORACEAE), A NEW 
COMBINATION, A VEGETATIVE KEY TO THE MALAGASY SPECIES OF 
ADENIA, AND DIAGNOSTICS TO THE MALAGASY SPECIES 
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ABSTRACT 

Adenia Forsskal (Passifloraceae) is an Old World tropical genus comprising ca. 100 

species of plants that radiated in habit. Four new species and one new combination of 

Adenia are presented, along with a vegetative key to Malagasy species, and diagnostic 

characters of the Malagasy species. Adenia kigogoensis from Tanzania is shown to be 

distinct from A. digitata and A. stenodactyla (its putatively closest relative). The 

remaining taxa are Malagasy. Adenia litoralis has been observed from one locality in 

northern Madagascar. It is allied with the A. perrieri group, but is distinctive in fruit size 

and leaf form. Adenia trichocalyx is the only Malagasy taxon with pubescent calyx and 

petals; it is also known from only one locality in Madagascar in the Ankarana Reserve. 

Adenia mcdadiana is a large liana with highly reduced glands and leaves that are inferred 

to be neotenic leaves compared to its closest putative relative, Adenia sphaerocarpa. 

Finally, the position of A. stylosa has been clarified with respect to A. firingalavensis and 

A. epigea. Adenia stylosa, a former variety of A. firingalavensis, appears to be distinct 

from both the A. firingalavensis and A. perrieri lineages (where A. epigea is likely to 

belong). Because Adenia are highly locally endemic, dioecious, and rarely in flower, 

emphasis is placed on vegetative morphology and the need for more collections of 

Adenia for future work on the group. 
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INTRODUCTION 

Adenia Forsskal (Passifloraceae) comprises ca. 100 species with centers of diversity 

in Madagascar, East and West tropical Africa, and SE Asia (De Wilde 1971). 

Etymologically, 'Adenia' is from the Greek aden for gland (Bines 1981), and nearly all 

Adenia share prominent extra-floral nectaries on lamina. Combined with these glands, the 

usually scandent, tendrillate habit and reduced, dioecious flowers relative to other 

members of Passifloraceae arc diagnostic of this group (De Wilde 1974). Perhaps most 

distinctive about Adenia is the radiation in habit. Malagasy Adenia alone, with ca. 30 

species (De Wilde 1970), present one of the most dramatic habit radiations of any plant 

group. Nearly every species has a different form. Sprawling herbs, thin vines, lianas, 

shrubs, caudiciforms, and pachycauls are all present. 

Variability among species is witnessed not only at the level of habit, but in leaf shape 

diversity as well. Most species are heterophyllic with juvenile leaves markedly different 

from aduh; along stems, leaves at the base frequently differ in form from leaves closer to 

the apex of the plant. The variability both within taxa and across taxa makes 

identification of Adenia notoriously difficult. A further complication is that flowering 

usually occurs during a very brief 1-2 week period during which time plants are 

frequently leafless. Dioecy poses a further limitation in many species because males are 

generally more abundant than females and are more frequently in flower as well {pers. 

obs.). Furthermore, their tendency tov^'ards succulence impedes collection and 

preservation. Thus, few specimens are taken of Adenia. Perrier de la Bathie (1945) 

suggested that the growth forms provide information for systematic characterization; 
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"\..souvent caracteriseespar leur port et divers appareils de reserve (tuhercules, 

renflement dii tronc)". Therefore, keys that rely on reproductive morphologies are of 

limited applicability in the field and vegetative keys are encouraged for increased utility. 

Here, 1 present a vegetative key to the Malagasy species that relies to a large extent on 

habit and leaf gland descriptions. 

Due to the difficulties associated with Adenia (flowering while leafless, dioecy, 

intraspecific variability, etc.), several Malagasy species are incompletely described. Of 

the 92 taxa treated by De Wilde (1971), 23 are missing descriptions of male or female 

flowers or fruits. In the Flora of Madagascar, Perrier de la Bathie (1945) reviewed 14 

species. I.aler. in the monograph of Adenia (De Wilde 1971), 21 Malagasy species are 

presented. Bardot-\ aucoulon (1997) described another species. The three new taxa I 

present from Madagascar were collected between November and December, 2001, in 

regions that have been explored relatively well by botanists. Additional 1\ , I present one 

new combination from Madagascar and a new species from Tanzania. I'll esc taxa arc 

readily distinguished from other closely related taxa by a number of distinctive characters 

(See Diagnostic characters and Notes under the new taxa). These new taxa v^/ere 

determined to be new taxa after viewing specimens from MOBOT, Paris, and K.ew. 

Moreover, all but tvvo (A. epigea, A. ecirrosa) of the currently recognized species from 

Madagascar were viewed in the field or in cultivation. The.,^. aff. antongilliana 

specimens are potentially not J. antongilliana', none of the specimens are reproductive, 

so identification was difficult. If, however, the^. aff. antongilliana specimens are noty^. 

antongilliana, these represent at least one new species. Additionally, molecular evidence 
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(Methodological details of phylogenetic analyses follow those of Appendix A) places 

these new taxa in monophyletic lineages (Fig. ]). 

To enhance knowledge of Adenia, plants of 2 new taxa were grown in greenhouses at 

the University of Arizona, Tucson, USA, until flowering; however, 3 new taxa still lack 

descriptions cither of male or female flowers. As these plants mature to reproductive age 

(A. litoralis, A. mcdadiana), isotypes will be made and distributed to other herbaria. 

As the variability in Adenia is characterized, prospects for discovering new taxa are 

great. Like other Malagasy species, vam-y Adenia appear to be highly locally endemic. 

Furthermore, because of the short flowering period, scarcity of specimens of many 

species, and rarity of finding both floral genders, collection of Adenia in all life stages is 

encouraged. 

DESCRIPTIONS OF NEW SPECIES 

Adenia kigogoensis D. J. Hearn, sp. nov. HOLOTYPE; T7, Iringa Region, Mufindi 

District, N.E. ofNgwazi Lake, S8°3r, E 35°10' c. 1840 m. 24 November 2000. D.lll & 

C.J. Kayombo 24-11-28 (MO), Figure 2. 

A. stenodactylae affinis, sedjloribus minoribus, foliis minus reticulatis, foliis lobis 

lationbus. Folia et fructus A. digitatae similis. 

Glabrous annual-stemmed vine, up to 2 m, usually less, arising from napiform tuber to 10 

cm diameter. Internodes 1-5 cm, with simple axillary tendrils 4-10 cm. Leaves 
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membranous, mottled red and green, veins red, not punctate, broadly cordate in outline, 

base cordate, apex acute, occasionally mucronate, lamina 4-12 by 4-16 cm, petiole 3-4.5 

cm, lamina 5-plinerved from base, veins mostly indistinct to raised, margins entire, 

slightly revolute, deeply 5-lobed, lobes with lobules. Gland(s) at base of blade at summit 

of petiole 1-2, on 2 separate, adaxially turned, wart-like appendages 0.5-2 mm by ca. 1 

mm, or when solitary, from fusion of glands and appendages. Laminar glands abaxial, 5-

14, 0.4-1 mm diameter, at base of lobes. Stipules persistent and soft, linear, ca. 0.25 by 

0.6 mm. Inflorescences lendriilate. 6-7 cm long including ca. 3 cm simple axial tendril, 1-

2 flowered in males, inflorescences of females unknown. Bracts and bract coles narrowly 

triangular, rarely lobed at base, acuminate, dentate-inscised near apex, 1-2.2 by ca. 0.3 

mm. Male flower white to cream with some green, urceolate, including ca. 2.5 mm stipe, 

1.3-3.0 cm by 1-1.5 cm. Pedicel 4-7 mm. I lypanthium saucer-shaped, 5-saccate, 2-3.5 

mm high at petal insertion by ca. 6 mm diameter. Calyx tube urceolate, 10-11.5 mm long, 

sepal lobes broadly subulate, apices asymmetric truncate to acuminate, ca. 5.5 by 3.5 

mm, lobe margins entire to fimbriate. Petals subulate, apices acuminate, 8.5-9.0 mm by 

1.5-2.0 mm, 3-nerved from base, green, margin unevenly fimbriate. Filaments, including 

ca. 1 mm connation at their base, 4.2-4.7 mm, inserted near base of hypanthium up to 0.6 

mm from base, anthers oblong, apices acute to obtuse, bases cordate, 7-8.6 mm by 0.7-

1.8 mm. Septa appearing from connation of filaments, ca. 2.4 mm long by 1 mm deep. 

Corona consisting of ring of lanate, occasionally branching hairs, extending from top of 

septa to point of petal insertion, hairs 1-3 mm. Disk glands 5, ca. 1.4 mm by 1.2 mm, 

inserted ca. 2.5 mm from base of hypanthium, alternating with petals. Vestigial ovary, 
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including 0.3 mm gynophore, 1.2 by 0.5 mm. Female flower (inferred from base of 

immature fruit [R. Gereau et al. 2717]) white to cream with some green, urceolate to 

campanulate, pedicel 4.7 mm long. Hypanthium saucer-shaped, ca. 2.6 mm high. Calyx 

urceolate ca. 6.5 mm long, sepal lobes oblong, apices acute to acuminate, ca. 7.75 mm, 

entire margins. Petals linear to narrowly lanceolate, apices acuminate, ca. 7.25 mm long, 

1-veined from base, margin entire. Slaminodes ca. 3.6 mm by 0.75 mm, connate in ring 

ca. 0.2 mm high. Septa seemingly absent or reduced to ridges ca. 0.1 mm high extending 

from staminode tube. Corona like male flower. Disk glands like male flower, sometimes 

contiguous. Fruit one per inflorescence, ellipsoid, red at maturity, including 1-2.5 cm 

gynophore, 5-8 cm by 2-3.5 cm, pericarp smooth, ca. 1 mm. 35-65 seeds per fruit. Seeds 

cordate to reniform, 5-5.5 mm by 6-6.5 mm, funicies ca. 4 mm, 6-8 pits along length of 

seed. 

Distribution, habitat, and phenology. 

Named after Kigogo forest, the species is known from a few specimens (J. 

Lovett & C. Congdon 1215 [MO], R. Gercau et at. 2717 [MO], Richards 15707 [K]) 

from Tanzania, Kigogo forest, in thickets near Lake Ngwazi among tea fields in Brooke 

Bond Tea Estate. Distribution is disjunct from the wide-ranging A. digitata from southern 

Africa with which A. kigogoensis has been confiised. Plants of A. kigogoensis grow in 

clay and sandy substrate in rocky areas associated with Brachystegia, Todalia asiatica, 

Flacourtia indica, Carissa. Vanguiria, Croton, Prunus africana, Dalhergia, Rapanea, 
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and Rhus natalensis. Plants flower in November, fruit in December. Elevation ca. 1840 

m. 

Notes and diagnostics 

Plants of this species were originally identified as A. digitata due to the similar 

vegetative and fruiting appearance (Fig. 2f); they differ from plants of A. digitata in 

several respects including; (1) a broader flower and (2) anthers are free at tips in A. 

kigogoensis unlike those in A. digitata (see Liebenberg 1939). According to phylogenetic 

analyses, its closest relative is A. stenodactyla (Figs, lb, 2e), but plants of the new species 

differ from J. stenodactyla in having generally smaller flowers, more colorful leaves, less 

distinct vein reticulation, wider lobes and lobules, and occurring in more mesic habitats. 

Adenia litoralis D. J. Hearn, sp. nov. HOLOTYPE: Madagascar, ANTS, Orangea near la 

Baie de Dunes, 12°14's; 49°21e, 0 m. 31 December 2001. DJH MAD-31 (MO). Figure 3. 

A. perrieri affinis, sedfructibus minoribus, foliis plus variabilis, lobulis basin versus lobi 

centrali. 

Glabrous plants with thickened, slowly-tapering, conical trunk, to 30 cm diameter at base 

up to 2 m tall usually less, from which annual stems grow. Juvenile with slightly enlarged 

tuber. Internodes 5-9 cm. Tendrils simple ca. 4 cm; fertile branches axial, 2-5 mm. 

Leaves slightly succulent, shiny, uniformly green when mature, mottled whitish-green 
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when immature, not punctate, glabrous, leaves broadly cordate to orbiculate in outline, 

base cordate, apex acute, 5-15 cm by 4-8 cm, petiole 5-10 cm, revolute, (3-)5-plinerved 

from base, reticulation fine, margin entire, juvenile leaves deeply lobed, sometimes 

appearing lacinate to unlobed to 2-5 lobed, mature leaves (2)-3-5 lobed, with 2-4 paired 

lobules at base of central lobe. Glands at base of blade and summit of petiole 2, 2-3 mm 

on adaxially upturned, knobby projections. Laminar glands 0 (juvenile)-10, 0.2-2 mm, at 

base of lobes. Stipules persistent, blackening and hardening with age, narrowly 

triangular, occasionally lobed at base, 0.5 mm-1.5 mm by ca. 0.2 mm. Inflorescences 

from old wood, clustered on short shoots to 7 mm long, 3-5 flowered in females (inferred 

from flower scars), male inflorescences unknown. Bracts and bracteoles subulate, 

expanding shghtly near midpoint of structure, apices incised, 1-3 mm by ca. 0.5 mm. 

Male flowers not known. Female flowers greenish-white to cream, campanulate-

infiindibuhform, including ca. 1 mm stipe, 8-13 mm by ca. 5 mm, sessile to subsessile, 

hypanthium a narrow cup 1.75-1.95 mm. calyx tube campanulate, 0.8-.95 mm. sepal 

lobes subulate, apices acute, margin entire, 5-6 mm. Petals lanceolate, apex acuminate, 

upper third can be lacinate to undulate, 3.5-4 mm, 3-nerved from base. Staminodes ca. 1 

by 0.3-0.4 mm, flised at base to 0.25 mm, joining 0.15 mm septa. Corona absent or sparse 

pappillate projections, 0.1 mm . Disk glands 0. Ovary oblong - narrowly obovate, not 

ribbed or weakly 3-ribbed, including 1.7-2 mm gynophore, 4.5-5 mm. Styles 3-partite. 

Stigmas sessile, globular, lanate, with branched hairs to ca. 1 mm . Fruit solitary on 

inflorescence, ovoid-narrowly ellipsoid, including ca. 10 mm gynophore, 4-6 cm by 1.2-
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2.5 cm, pericarp smooth, internally with ridges, 0.4-0.7 mm thick; >10 seeds per fruit 

based on placental scars. 

Distribution, habitat, and phenology. 

Known only from DJH MAD-31, found on coastal calcium carbonate sand, the 

shiny, sub-succulent leaves of this species are indicative of coastal plants. Some fruiting 

in December, presumably flowering 1-2 months prior. Elevation 0 m. 

Notes and diagnostics 

The closest relatives of A. litoralis are A. trichocalyx, A. perrieri, A. refracta, A. 

lapiazicola (Fig. 1), and probably J. epigea. Most similar in general appearance to A. 

perrieri, it differs in having smaller fruits, leaf stages that are entire, and lobules at the 

base of the central lobe of the leaf, a character shared with juvenile plants of A. 

trichocalyx. It differs from A. trichocalyx in having a smaller to absent, tuber, deeply 

lobed leaves at maturity, and thickened conical trunk. Although inflorescences developed 

from older wood in the greenhouse, it is likely that plants also produce tcndrillate 

inflorescences likev4. perrieri. 

Adenia trichocalyx D. J. \ learn, sp. now HOLOTYPE: Madagascar, ANTS, Ankarana 

massif, common along trail between Campement des Anglais and Lac Vert. 12°55'05"s; 

49°05'45"e. 130 m. 25 December 2001. DJH MAD-25 (MO), Figure 4. 
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Haec species a congeneris petalis et calycibus basin versus pubescibus fuscatis, truncis 

cylindricis, tuberibus magnis distinguitiir. 

Glabrous, slender climber to 10 m or greater, annual stems emerging from 

cylindrical trunk to 2 m tall, usually less, <5 cm diameter. Large subterranean, smooth 

and occasionally fissured, napiform tuber to 30 cm diameter. Internodes 3-15 cm. 

Tendrils simple, 7-13 cm. Leaves membranous, uniformly green as adults, mottled white 

and green as juveniles, punctations on leaf underside, small, black, and numerous. Mature 

leaves cordate to deltoid, base cordate to truncate, apex acule. incl. 2-4 cm petiole. 6-14 

by 3-8 cm, 5-7 plinerved from base, reticulation fine, slightly raised on abaxial surface, 

margins entire, recurved. Leaves unlobed to deeply 5-lobed with lobules in juvenile 

plants appearing lac in ate. leaves of adults typically 3 or 5-lobed. Glands base of blade 

and summit of petiole 2, on adaxially upturned warty projections in mature leaves, ca. 2 

mm, laminar glands 0-12 or more in juvenile leaves, 0.3-0.8 mm, occasionally marginal, 

usually at base of lobes. Stipules persistent, blackening and hardening with age 

triangular, ca. 0.25 by 0.5 mm. Female inflorescence tendrillate, 5-25 mm, 1-3 flowered, 

inflorescence tendrils simple, 1-3 cm, male inflorescence and flower unknown. Bracts 

and bracteoles triangular, apices acuminate, occasionally incised, 0.4 by 1 mm. Female 

flower (inferred from base of immature fruit) infundibuliform, including 1.5 mm stipe, 

ca. 9 mm long, pedicel ca. 1.5 mm, hypanthium cup-shaped, ca. 3.1 mm tall, calyx tube 0, 

calyx, hypanthium, and corolla exterior sparsely pubemlent (hispidulous), particularly 

along veins. Sepals narrowly triangular, apices acute to acuminate, ca. 7.3 by ca. 1.5 mm. 
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margin entire. Petals narrowly oblong to narrowly lanceolate, apex acute, ca. 4.3 by c. 0.6 

mm at broadest, 1-nerved from base, margins entire. Staminodes ca. 1.75 mm, connate 

ca. 0.6 mm at base, inserted at base of hypanthium. Septa apparently lacking. Corona 

consisting of ring at level of insertion of petals of occasionally branched triangular 

appendages, ca. 0.15 mm long. Disk glands apparently 0. Fruit solitary, fusiform to 

elongate ellipsoid, including 5-8 mm gynophore, ca. 7 cm (slightly immature) by ca. 2 

cm. Pericarp coriaceous, smooth to weakly reticulate, 0.5-1 mm thick, 20-30 seeds. Seeds 

ovate, 5-7 mm by 4-5.5 mm by 2.5-3.5 mm depth, funicle ca. 2.2 mm. surface vcrriicate 

with ca. 70 raised verrucac, each ca. 0.5 mm tall. 

Distribution, habitat, andphenolog}!. 

This species is known from one locality in Madagascar along the trail between 

Campement des Anglais and Lac Vert in Parque Nacional Ankarana, Antsiranana. 

Although locally common, no other specimens are known to me. Plants grow among 

limestone rocks, in soil that is deep enough to accommodate the large tuber, which is 

occasionally partially exposed in very rocky areas. Locally common, adults are relatively 

rare, and only one fi-uiting individual was found in December. Elevation 130 m. 

Notes and diagnostics 

The name A. trichocalyx comes from the uniquely pubescent calyces. Possibly 

confused with A. epigea, A. trichocalyx differs in several aspects. Tubers are generally 

subterranean in A. trichocalyx, rather than cpigeous as in . epigea, and leaves are 
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punctate in A. trichocalyx, whereas they are not punctate in A. epigea. The trunk of 

matured, trichocalyx plants is cylindrical, which is unique among pachycal Adenia, and 

unique among Adenia, the outsides of flowers are covered with sparse, slightly 

hispidulous trichomes. Pubescence was not observed elsewhere on the plants. Juveniles 

persist as low geophytes for up to several years, then transform into a vine (Fig. 3). Plants 

eventually form a cylindrical trunk. During this transformation process, they exhibit 

dramatic heterophylly, changing from 5-lobed (with lobules) to un-lobed leaves, 

occasionally even along the same stem. 

Adenia mcdadiana D. J. Hearn, sp. now HOLOTYPE: Madagascar, ANTS. Montagne 

des Francais, 12°19'26"s; 49°20'13"e, 223 m. 31 December 2001. DJH MAD-29 (MO). 

Figure 5. 

A. sphaerocarpae afjinis, sedfoliis semper lobatis, floribus minoribus, gtandibus 

minoribus. 

Glabrous liana to 15 m, base of stem cylindrical, young stem slightly convex, up 

to 8 cm thick, usually less, tubers absent, stems occasionally becoming rhizomatous, 

rooting at nodes. Internodes 3-15 cm. Sterile tendrils simple, 7-13+ cm. Leaves 

membranous, glabrous to slightly glaucous, smooth, mottled green with whitish patches, 

not punctate, broadly cordate in outline, bases cordate, apices acute, blade 5-15 cm by 5-

20 cm, petiole 5-10 cm, blade 5(-7) plinerved from base, reticulation fine, margins entire, 
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revolute. All leaf stages 5-lobcd, lobes of mature leaves with opposite, pinnate lobules, 

lobes linear to lanceolate, narrow 8-20 mm. Glands at base of blade and summit of 

petiole 1-2 on spatulate appendage (1-2 mm long) at median of blade base, in pits <1 mm 

wide, when 2 present, very close together. Laminar glands abaxial, 4-8, 0.5-2 mm 

diameter, near vein axils at base of lobes. Stipules caducous, subulate, ca. 0.25 by 0.5 

mm. Inflorescence cymose, 1-2 cm, ca. 10 flowered in males, ca. 2-flowered in females 

inferred from infructescence, Fertile tendrils 0. Bracts and bracteoles fleshy, triangular, 

with 1-2 glands, bases succulent, apices acute to acuminate, 1.2-2 mm by 0.5-1.2 mm 

when dry. Male flower yellow-cream, narrowly infundibuliform, including 4.5-5 mm 

stipe, 14-17.5 by 2.3 mm, spreading to 10 mm at anthesis. Pedicel 0.5-1.5 mm. 

Hypanthium narrow cup to tubiform, 4.5-4.8 mm deep by ca. 3 mm wide. Calyx tube 

absent, sepals oval-oblong, apices obtuse to rounded. 5.5-6.2 mm long, margins entire. 

Petals lanceolate, base rounded to truncate, apex rounded to narrowly truncate, 4-4.5 mm 

long, weakly (3-)5(-7)-veined from base, cream to green in color, denticulate towards 

apex, denticulae ca. 0.1 mm. Filaments 1.7-2.2 mm, connate ca. 0.75 mm at base, inserted 

at or within 0.5 mm of base of hypanthium. Anthers oblong, apex acute, base cordate, 

4.4-4.75 mm by ca. 0.9 mm. Septa absent. Corona absent. Disk glands on occasionally 

interrupted continuous, undulate, fleshy ring, 0.1-1.2 mm tall, shrinking on drying, 

inserted c. 0.4 mm above base of hypanthium. Vestigial ovary, including 0.4 mm 

gynophore, ca. 1.7 mm. Female flower unknown. Fruit fusiform to ellipsoid, including 8 

mm gynophore, ca. 8.5 by ca. 3. Fruit exterior smooth, reticulate interior, ca. 1.5 mm 

thick when dry. Seeds unknown. 
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Distribution, habitat, and phenology 

Known from northern Madagascar (Oraiigea, Montagne des Francais, Ankarana; 

D.IH MAD-38, 1 )J11 CULT-100.), this species grows in calcareous substrate, including 

beach sand (Orangea). Individuals flower sporadically in greenhouse, when leafless, 

February and March, perhaps different in habitat. Elevation 0-400 m. 

Notes and diagnostics 

The epithet is in honor of Lucinda McDade for her botanical expertise and 

mentoring. This species is closely allied to A. sphaerocarpa (Fig. la). However, in leaf 

morphology plants are more easily confused with A. perrieri., from which they are easily 

distinguished by glands and habit. Leaves of juveniles of the wide-ranging J. 

sphaerocarpa, particularly from Western Madagascar (such as near Ankarafantsika), 

closely resemble mature forms of A. mcdadiana. Plants of A. mcdadiana have leaves that 

are always lobed, unlike plants of^. sphaerocarpa that mature into 3-lobed and unlobed 

leaves. Furthermore, blade-base glands are substantially smaller in A. mcdadiana than 

those of A. sphaerocarpa. In A. mcdadiana there is most frequently only 1 gland on a 

small spatulate appendage, whereas there are always two in A. sphaerocarpa, and these 

are found on 2 large, occasionally contiguous, auriculate flaps. Finally, there are many 

more male flowers per inflorescence, and flowers tend to be smaller, in A. mcdadiana. 

Perhaps a northern extreme form of^. sphaerocarpa, molecular evidence (Fig. la) also 



107 

indicates that A. mcdadiana is monophyletic and sister to a monophyletic A. 

sphaerocarpa. 

NEW COMBINATION 

Adenia stylosa (Perr.) 1). J. I learn (Fig. 6) 

For description, collections, and types, consult the monograph under ̂ 4. 

firingalavensis var. stylosa (De Wilde 1971). 

Notes and Diagnostics 

Placement of this taxon has been problematic. Perrier de la Bathie (1945) placed 

it as a subspecies of A. epigea. De Wilde (1971) moved it to A. firingalavensis as a 

variety. Both habit and molecular data place this species in a different lineage from^ A. 

firingalavensis (Fig. 1). Storage organs are usually spheroid, and gray to beige in A. 

stylosa, whereas they are usually conical (unless injured) and green at maturity in A. 

firingalavensis. Southern forms of A. firingalavensis (e.g. from near Toliara) tend to be 

more spheroid, but are consistently smooth and glaucous blue-green at maturity. Leaves 

are smaller in A. stylosa, and tend to be duller. Flowers of A. stylosa, which can reach 30 

mm, tend to be smaller than those of A. firingalavensis, which can reach 55 mm. 

There are several fomis of^. st}>losa, which differ in habit and leaf color. Forms 

from Ankarana tend to have dark red to black leaves - rarely lime-green with white veins, 

whereas further north (Orangea, Montagne des Francais), immature leaves are shiny and 
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red, maturing to dull green. The caudices of J. stylosa are usually very wrinkled and 

irregular, often wedged between rocks. However, they occasionally develop into smooth 

conical trunks in older plants. In the field, observed juvenile caudices were consistently 

epigeous, occasionally bright green, and wrinkled. A. epigea is the only other species 

with which A. stylosa might be confuscd. The fruits of A. epigea are much longer, and the 

gland structures in mature leaves are on wart-like projections in A. epigea, but are 

appressed to the blade surface in A. stylosa. Juvenile leaves of A. stylosa, like those of 

some A. firingalavensis have a finger-like peltate projection at the median of the base of 

the blade. 

KEY TO THE MALAGASY ADENIA 

There is a great deal of heterophylly in Adenia, with juvenile plants generally 

producing lobed leaves and mature leaves becoming less so, although some species are 

the reverse of this pattern. This key, therefore, does not rely on leaf-shape characters and 

in general refers to mature individuals unless otherwise noted. The key refers to mature 

individuals and will not work on juvenile plants unless specific reference is given to 

juvenile character. Adenia boivinii, A. perrieri, A. monadelpha, A. olaboensis, and^. 

litoralis all form thick trunks in time, and if plants are not mature, the key user will be 

incorrectly directed to lb in the first couplet. 

la. Stem base diameter, not including partially exposed subterranean tuber if present, 

usually less than 12 cm; if larger than 12 cm, then giving rise to terete liana. 
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2a Plants shorter than forest canopy, or if reaching canopy, tendrils either trifid or 

doubly trifid or stems uniformly narrow, less than 2 cm. 

3a. Plants with tendrils 

3a. Plants with noticeably trifid tendrils 

4a. Leaves elliptic with single sub-spatulate gland at base of blade; base 

acute. A. pachyphylla 

4b. Leaves cordate to oblong, occasionally elliptic with 1-2 glands at 

base of blade; base rounded or cordate. 

5a. Leaves cordate with acute to acuminate apices, singular gland 

at base of blade. A. acuta 

5b. Leaves oblong to elliptic with 1-2 glands at base of blade; base 

rounded. A. fasciciilata 

3b. Plants with simple tendrils, or if weakly trifid, never doubly so. 

6a. Mature plants with a trunk from which annual stems grow. 

7a. Cylindrical trunk 2-5 cm diameter, usually less than 2 m tall; 

large napiform tuber either partially exposed or completely 

subterranean; leaves 3-5-lobed or entire and cordate, not noticeably 

peltate, with 1-2 glands at base of blade on warty, upturned projections, 

if lacking trunk, plants juvenile, leaves >5 cm in length, dramatically 

heteroblastic ranging from no lobes to 5 lobes often within a few 

internodes. A. trichocalyx 
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7b. Gradually tapering trunk usually less than 3 cm diameter; 

lacking tuber; leaves broadly lanceolate occasionally with weakly 

hastate bases when unlobed, rarely 2-3-lobed, noticeably peltate blade 

base, with (usually) 3-glands at base of blade on blade surface [i.e., not 

on warty projections). A. peltata 

6b. Plants lacking a main trunk from which annual stems grow. 

8a. Plants with persistent, fleshy, lianoid stems; with or without 

lubers; mature leaves entire cordate or 3-lobed. 

9a. Plants with fleshy roots, cylindrical base of stems. A. 

longisipitata 

9b. Plants with tuber or gray, enlarged base of stems. A. aff. 

antongilliana 

8b. Plants with thin, sprav>'ling, clambering stems, occasionally 

appearing caespitose; subterranean tubers elongate; mature leaves 

entire or parted. 

10a. Mature leaves parted. 

1 la. Leaves 3-parted, cauducous; lobules small, not lacy. 

A. siihsessilifolia 

1 lb. Leaves entire to 3-5 deeply parted, persistent; lobes 

frequently divided, often deeply, giving leaves a somewhat 

lacy appearance. A. elegam 
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10b. Mature leaves entire or relatively shallowly 3-lobed (not 

parted). 

12a. Sub-shrub, rarely climbing into larger plants. From 

Isalo. A. isaloensis 

12b. Herbaceous vine, actively climbing into and on 

neighboring plants. From Majunga and environs. A. refracta 

3b. Plants lacking tendrils 

13a. Thickened, perennial stems. A. ecirrosa 

13b. Thin, often annual stems. 

14a. Leaves entire or 3-lobed, lacking lobules;branches sprawling with 

internodes 2-6 cm. A. pyromorpha 

14b. Leaves 5-lobed, often with lobules, plants with single stem (rarely 

2-stemmed), very little elongation between nodes. A. trichocalyx 

(juvenile) 

2b Plants reaching the canopy as robust liana; older 

stems uniformly greater than 2 cm in diameter. 

15a. Plants lacking tubers 

16a. Faired glands at base of lamina, each on c. 3 mm auricles. A. 

sphaerocarpa 

16b. Singular or paired glands at base of lamina on single, or slighly cleft, small 

appendage 

17a. Leaves entire or shallowly 3-lobed. A. longistipitata 
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17b. Leaves deeply 5-lobed or divided, lobes with lobules in mature plants. 

A. mcdadiana 

15b. Plants with tubers 

18a. Leaf underside with whitish, waxy hairs especially along veins; tuber 

frequently buried to 20 cm, spheroid. A. dadosepala 

18b. Leaves glabrous; ellipsoid-elongate tubers near surface, several emanating 

from base of stem. A. densiflora 

lb. Stem base diameter greater > 12 cm; if less than 12 cm, then main stem swollen, 

tapering into elongate conical or spheroid trunk from which slender vines emerge. 

19a. Trunk elongate, many times taller than broad. 

20a. Trunk green at maturity, often with glaucus to resinous sheen. 

21a. Blade-base glands on mature leaves fused between petiole and blade. 

A. firingalavensis 

21b. Blade-base glands on upturned, warty projections in mature leaves. 

A. monadelpha 

20b. Trunk grey, beige, or brown. 

22a. Trunk usually unbranched, tapering into a tall cone. 

23a. Leaves deeply 5-divided or lobed. Lobes extending from upper 

part of leaf 

24a. Leaves with 2-4 lobules near base of central lobe. Mature 

leaves uniformly green and reflective. A. Utoralis 
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24b. Leaves with narrow central lobe lacking lobules. Mature 

leaves mottled green, red, and white and dull. A. perrieri 

23b. Leaves entire or 3-lobed, but not divided or parted. Occasionally 

with several small lobules at base of leaf 

25a. One gland at blade-base, or if 2. very close together, and 

gland <1 mm . 

26a. Leaves often appearing fascicled, growing on short 

shoots. One to two paired blade glands near center of blade, 

occasionally absent. Base of leaves occasionally w ith small pinnate 

lobes. A. boivinii 

26b. Leaves (usually) on well-spaced internodes. Laminar 

glands sub-marginal if present, if lobed, spaces between lobes 

extending from apex of leaf, not base. A. olaboensis 

25b. Two glands at blade-base, occasionally contiguous, and gland 

>1 mm . 

27a. Plants with tendrils. A. monadelpha 

27b. Plants lacking tendrils. A. ecirrosa 

22b. Trunk branched, more or less cylindrical. A. lapiazicola 

19b. Base of trunk or exposed tuber ellipsoid, or generally spheroid, 1-2 times (or 

less) taller than broad. 

28a. Blade-base glands on 2 upturned warty appendages. 

29a. From northern Madagascar. A. epigea 
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29b. From southern Madagascar. A. monadelpha 

28b. Blade-base glands on lamina or fused between the blade and petiole. 

30a. Base of stem tubercled, pitted, or irregularly and deeply wrinkled, gray 

at maturity. A. stylos a 

30b. Base of (mature) stem smooth, but occasionally with flaky, lenticled 

bark, green, brown, or gray at maturity. 

31a. Storage stem aboveground, usually green at maturity. A. 

firingakivens is 

31b. Stems emerging from large spheroid luber. that is brown to gray at 

maturity, and often partially or completely exposed in older plants. A. 

antongilliana 

DIAGNOSES OF MALAGASY SPECIES USING VEGETATIVE CHARACTERS 

It is encouraged that these diagnostic characters be used in conjunction with the 

key. These descriptions are intended to clarify potentially confusing points in the key and 

provide unique sets of characters that cleanly diagnose taxa. 

A. acuta de Wilde 

Plants are easy to diagnose from the slender, sub-succulent stems, lack of tubers, 

cordate leaves, leaves with acute to acuminate apices, and single gland. Plants from near 

Perinet have much smaller and narrower leaves than those from Montagne d'Ambre. 

A. antongilliana (Tul.) Schinz 
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This is a poorly characterized species from northeastern Madagascar. Ranging 

along the coast from Ansiranana South to the Bay of Antongil, the apparent habitats of 

this species differ dramatically from dry to some of the wettest places in Madagascar; it is 

likely that more than one species are subsumed in A. antongllliana (Lowry pers. comm.). 

Forms from the extreme north are very similar to A. firingalavensis, but are readily 

diagnosed by the spheroid tuber that emerges aboveground in older specimens. Leaves 

are highly reflective and occasionally have glands lining the margin of the leaf 

Furthermore, leaves tend to be unlobed or 3-lobed, whereas mature leaves in^. 

firingalavensis tend to be 3-lobed. 

Despite these distinguishing characteristics, a variety of uncharacterized morphs 

of this, or other undescribed, species seem to exist. However, according to molecular 

work, the forms that are allied with A. antongiUiana are all monophyletic (Fig. la). At 

Montagne des Frangais and Windsor Castle, there are forms that have aboveground 

caudices and are wrinkled, unlike the generally smoother tubers of plants at Ankarana. 

Much future work is required to characterize A. firingalavensis, A. epigea, and^. 

antongiUiana. 

A. boivinii de Wilde 

With its nearly fascicled leaves, elongate, smooth, and weakly tapering trunk, 

and paired gland dots (occasionally single) at the middle of the underside of leaves, this 

species is unmistakable. A. olaboensis might be confused with it, but trunks of A. 

olaboensis are wrinkled and furrowed, whereas those of A. boivinii tend to be smooth. 

A. cladosepala (Baker) Harms 
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Similar in form to A. sphaerocarpa, but readily diagnosed by the presence of 

white, waxy hairs on leaf under-surfaces. Additionally, this species has a large tuber 

unlike A. sphaerocarpa, which lacks a tuber. 

A. densiflora (Bak.) Harms 

Plants are similar in general appearance to A. sphaerocarpa, but they lack 

auricular glands of^. sphaerocarpa, and unlike J. sphaerocarpa, they possess elongate, 

subterranean tubers that are clustered at the base of the stem. Leaves are nearly circular in 

outline, occasionally weakly 3-lobed. The base of the liana can become a many-branched 

trunk. 

A. ecirrosa de Wilde 

Known from Lake Tsmanampetsosa in the far south of Madagascar, plants of 

this species lack tendrils, and they have fairly large, lobed leaves that distinguish it from 

A. lapiazicola and A. pyromorpha which both also lack tendrils, but have entire or small 

leaves, respectively. However, plants of A. monadelpha from Toliara (also in the far 

south of Madagascar) suffer extensive herbivory by Acraea butterflies, so plants rarely 

get a chance to develop tendrils. As a result, 1 question whether lack of tendrils is 

sufficient as this condition may be due to herbivory rather than genetic determinancy. 

A. elegans I'err. 

Most easily confused withyi. siibsessiiifblia, A. elegans has larger leaves (1-4 

cm vs. 0.7-1.5 cm in A. subsessiUfoUa) with long lobes. Moreover, ̂ 4. subsessiUfolia is 

distinctly greyish whereas A. elegans frequently has reddish tones in the leaves, in 

contrast to most othtr Adenia, juvenile leaves are entire, becoming lobed in mature 
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plants. Stems occasionally have (1) distinctive tubercles or (2) very sparse thick hairs on 

stems. 

A. epigea Perr. 

Like A. antongilliana, this taxon is very under-characterized, as very few 

decisively identified specimens have been collected. However, the lack of leaf 

punctations, irregular and epigeous caudex, long fruit, and warty glands make plants of 

this taxon very distinctive. The fruit that appears with the syntype specimen (Perrier de la 

Bathie 6754 [P]) is 13 cm long, which is very unusual. That is the only fruiting specimen 

of which I am av^'are. Apparently, the species is also distinctive in its large epigeous tuber 

that is "difforme et monstreux" (Perrier de la Bathie 1945). In the field, the only species 

that arc similar in appearance arc A. slylosa and potentially odd specimens of A. 

antongilliana from which plants of A. epigea differ in having knobby glands at the blade-

petiole junction. 

A. fasciculata de Wilde 

Plants are similar to A. acuta, but differ in leaf shape; those of A. fasciculata are 

oblong to elliptic with rounded bases and obtuse to subacute apices. 

A. firingalavensis (Drake ex Jumelle) Harms 

One of the few Malagasy species having green stems at maturity, these plants 

have entire or 3-lobed leaves, and tall conical stems at maturity. Stems of southern forms, 

while still green, are squatter and often bluish. 

A. isaloensis (Perr.) de Wilde 
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Originally a considered a subspecies of A. sphaerocarpa with which these plants 

share auriculate glands, plants of A. isaloensis only rarely become lianas. !n habit, they 

are also distinctive, being quite shrubby rather than scandent. Furthermore they have 

tubers that are scattered along roots, unlike plants of A. sphaerocarpa which lack tubers. 

Plants are only known from Isalo National Park and environs where they are locally 

common. 

A. lapiazicola Bardot-Vaucoulon 

The only succulent shrub of the Malagasy Adenia, these plants lack tendrils, and 

have several thick branches along the stem. It is remarkably convergent with A. 

keramanthus from East Africa, but comes from a very different lineage of Adenia. Only 

approx. 15 plants are known, all from one locality atop tsingy in Ankarana. 

A. longistipitata de Wilde 

Plants are easily confused with A. olaboensis, as leaves are very similar in shape 

and size; glands can be confiised as well, although there tend to be 2 distinct glands at the 

blade-base in A. longistipitata, unlike the single (very occasionally double) gland in A. 

olabensis. A. longistipitata has cylindrical stems, so plants can be distinguished from 

those of^. olaboensis, a pachycauL They also lack tubers; roots are fleshy, but uniformly 

so. 

Near the aii-port at Ivato, this species is found with A. olaboensis, and an 

uncharacterized form of Adenia that is intermediate between A. sphaerocarpa and A. 

densiflora, but differs from both in having parallel fissures (striations) along stems. 

A. monadelpha Perr. 
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A. monadelpha shares knobby, upturned glands in mature leaves with A. 

perrieri, A. ecirrosa, A. epigea, A. lapiazicola, and^. trichocalyx. It differs from A. 

perrieri in its wide lobes, from A. lapiazicola and A. ecirrosa in having tendrils, from A. 

trichocalyx in having a conical to potentially spheroid stem, and from A. epigea in 

distribution; A. monadelpha occurs in the south whereas A. epigea occurs only in the far 

north. Stems of A. epigea have been described as "difforme et monstreux" (Perrier de la 

Bathie 1945). The base of stems of^. monadelpha can be deeply tubercled at the 

transition to the tuber, but otherwise they are smooth, unlike A. epigea. 

A. olaboensis Clav. 

Unmistakable in its form, trunks are conical with irregular fissures across its 

surface. A. olaboensis var. parva from southern Madagascar has smoother stems (than A. 

olaboensis var. olaboensis) with smaller, nearly circular to reniform leaves. Both 

varieties consistently have a single gland on a spatulate appendage at the median base of 

the leaf blade. 

A. pachyphylla de Wilde 

Also allied with A. acuta and A. fasciculata, A. pachyphylla is distinct in its stiff, 

ellitic leaves, acute bases and single gland on a wart-like projection. Unusual specimens 

(Ratovoson, Rakotoandrasana, Rakotondrajaona 293 [MO]) that are intermediate between 

A. fasciculata and A. pachyphylla have been collected from the Zahamena reserve, but 

such plants have significantly larger leaves. 

A. pehata (Bak.) Schinz 
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The 3 glands on the abaxial side at the base of the generally lanceolate leaves are 

diagnostic. Trunks are rarely very thickened. 

A. per fieri Clav. 

Mature plants are remarkable for their tall (to 4 rn) conical trunks and deeply 

lobed, mottled leaves. Leaves of A. mcdadiana are similar, but these plants lack the trunk. 

A. litoralis is similar, but plants of A. litoralis have leaf stages that are unlobed; at 

maturity, A. perrieri leaves lack the lobules at the base of the central lobe that are 

characteristic of^. litoralis and^. trichocalvx. 

A. pyromorpha (Perr.) de Wilde 

This species was treated as a form of A. siihsessilifolia, but plants of A. 

pyromor-pha are spraw ling herbs that lack tendrils (the later character shared only with A. 

lapiazicola and A. ecirrosa among Malagasy Adenia), have annual stems, and possess a 

single tuber in the field. Like^. elegans, leaves are un-lobed in juveniles, but are 3-lobed 

when mature. Leaves are larger and thinner in A. pyromorpha than A. subsessilifolia. 

A. refracta (Tul.) Schinz 

Distinctive for its slender vines and single rapiform tuber, these plants are only 

known from Majunga and adjacent areas. In mature leaves, glands are on undulate blade 

bases, which are diagnostic among species of Malagasy Adenia. 

A. sphaerocarpa Clav. 

One of the most widespread of Malagasy A. sphaerocarpa plants are 

easily diagnosed by the large auriculate glands, lack of tubers and pubescence (compare 

the similar^, cladosepala), terete stems, and robust liana form. 
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A. subsessilifolia Perr. 

Plants are very distinctive for their small, stiff, and caducous leaves (leaves 

smallest of Malagasy Adenia), many branches from the base (which themselves tend to 

be unbranched), and strongly glaucous appearance. They grow in similar habitats as 

Seyrigia (Cucurbitaceae) with which it is convergent in form. Additionally, its tubers tend 

to be elongate and extend laterally from the base of the plant, unlike those of A. 

pyromorpha that grow perpendicular to the surface and are singular. 
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FIGURES 

Figure 1. Phylogeny of relevant clades of Adenia. Phylogenetic reconstruction follows 
Bayesian methodology of Appendix A. Taxon samples are those of Appendix A, Table 1, 
but samples for these analyses were reduced to only the taxa that are relevant to resolve 
positions of the new taxa. To further resolve relationships, additional samples are 
included, all housed at ARIZ (A. ajf. antongilliana (Ank3); Hearn Mad27; A. 
sphaerocarpa (Tul): ex Lavraiios 30111;^. mcdadiana (Or): Hearn cult40). Values 
above nodes are posterior probabilities from the Bayesian analysis, a. Bayesian analysis 
of Clade 5 (Appendix A), which includes Malagasy Adenia. Adenia sylosa is distant from 
A. firingalavensis, A. mcdadiana is monophyletic and sister to a monophyletic A. 
sphaerocarpa, and^. trichocalyx is sister to/J. litoralis despite marked differences in 
habit, b. Bayesian analysis of Clade 4, which includes A. kigogoensis and relatives. 
Adenia kigogoensis is strongly supported to be separate from A. digitata, and is closely 
allied to A. stenodactyla. 

Figure 2. Adenia kigogoensis. a. Flowers, b. Tuber, c. - d Leaves, e. Leaf of 
stenodactyla. f. Leaf of digitata. 

Figure 3. Adenia litoralis. a.-h. Variation in leaf form. Leaves span from juvenile (a.) to 
mature (//.). i. 1 labit. showing pachycaul trunk. 

Figure 4. Adenia trichocalyx. a. Juvenile, entire plant, b. Mature plant. Note cylindric 
trunk, trilobed and entire leaves, and large napiform tuber, c. Juvenile vine with juvenile 
leaves, d. Juvenile vine with transition to mature leaf form. Note lobules at base of central 
lobe. e. Juvenile leaf. Note paired lobules at base of central lobe. 

Figure 5. Adenia mcdadiana. a.-c. Leaf forms. Lobes tend to become narrow with 
maturity, d. Plant in habit with Acraea caterpillars, e. Flowers. Flower to left is A. 
sphaerocarpa, to the right is A. mcdadiana. There tends to be more flowers in 
inflorescences of^. mcdadiana and flowers tend to be smaller and lighter. 

Figure 6. Adenia stylosa. a.-c. Habit, b. Juvenile plant with wrinkled caudex. a,c. Mature 
form with smoother caudex, but still pitted and wrinkled, d. Male flower. 
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Figure la. 
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Figure lb. 
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Figure 2. 
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Figure 4. 
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Figure 6. 
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APPENDIX C: 

ANATOMICAL DESCRIPTION 0¥ ABENIA FORSSKAL (PASSIFLORACEAE) 
AND A TEST OF THE INNERVATION HYPOTHESIS AS AN EXPLANATION 
FOR ANOMALOUS SECONDARY GROWTH 
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ABSTRACr 

Anatomical observations of young and mature stems and tubers are reported for 58 

species of Adenia (Passifloraceae). The hj-pothesis that anomalous secondary growth aids 

resource transport in storage structures is tested in a comparative framework. The 

comparative method used considers phylogenetic uncertainty. It was found that 

evolutionary gains of vascular strands are associated with increases in the volume of 

parenchyma xylem of mature stems. In addition to vascular strands, three other cambiai 

variants are recorded for Adenia, including a new type that resembles the intraxylary 

phloem of Ipomoea. 

In general, the anatomical features of Adenia are similar to those of other 

members of Passifloraceae. They generally share wide, short vessel elements with simple, 

transverse perforation plates, and alternate lateral wall pitting; fibriform vessel elements, 

vascular tracheids and libriform fibers as imperforate tracheary elements; and well-

developed axial parenchyma. Several anatomical features of Adenia are consistent with 

xeromorphy. 
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INTRODUCTION 

The majority of woody dicots have secondary growth in which a single vascular 

cambium produces xylem to its interior and phloem to its exterior in a circular band 

around the stem. There is, however, a minority of plant groups whose vascular 

differentiation is referred to as anomalous or variant. Secondary growth in these plants 

proceeds through several cambia rather than a single encircling cambium, or a single 

cam_bium produces phloem as well as xylem internally. The three most common types of 

variants are described as successive cambia, interxylary phloem, and canibial products 

that develop a conformation other than cylindrical (Carlquist 2001; 271). Successive 

cambia are known from 34 families of which 15 have lianoid representatives, interxylary 

phloem is recognized in 19 families, and, as an example of the third category, furrowed 

xylem is recognized in 7 families (Carlquist 2001: 277, 282, 286). 

Ai'e there functional explanations for these cambial variants? Several patterns 

associating growth forms and habits have been observed, but these patterns are not 

universal. Many hypotheses have been offered, and Carlquist (2001: 290-295) describes 

these in greater depth. To summarize, it has been proposed that (1) cambial variants 

provide a supportive function or assist climbing (as in the grooved stems of buttressed 

plants and flat stems of several lianas), that (2) conjuntive tissue (parenchyma between 

vascular cam_bia) can act as storage and provide flexibility; moreover the totipotency of 

parenchyma assist in the repair of damaged tracheary systems, and that (3) interxylary 

phloem facilitates awaking from dormancy. 
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It has also been proposed (Carlquist 2001; 291) that anomalous growth may 

provide a mechanism to innervate a storage structure and promote the transport of 

nutrients within this structure. Successive cambia, for example, are found predominantly 

in lianas, but they are also found in tubers of beets (Carlquist 2001:291) and trunks of 

succulent trees v,'ith extensive storage tissue (Ipomoea arborescens; McDonald 1992). In 

addition to successive cambia, other types of anomalous growth are also associated with 

storage structures. Vascular strands (herein defined as tissues developing from multiple 

cambia that form after the primary cambium has initiated secondary growth; these cambia 

differentiate into phloem on one side and xylem on the other) are relatively common in 

tubers of some groups (Solanaceae, Convolvulaceae, Passifloraeeae). 

Although these patterns of association between cambial variants and other 

structures have been observed, they have not been tested in a phylogenetic context. I 

therefore investigate this last hypothesis, the innervation hypothesis, in a phylogenetic 

context. Specifically, are evolutionary gains in anomalous bundles associated with 

increases in the volume of parenchyma (storage tissue) in secondary xylem? 1 investigate 

this question by observing patterns of anomalous cambial evolution relative to other 

patterns of anatomical evolution in the stem anatomy of members of the genus Adenia 

Forsskal (Passifloraeeae). To couch this investigation in relation to the anatomy of 

Adenia as a whole, I provide a description of 58 species of Adenia. 

Members of Passifloraeeae have long been known to possess anomalous 

secondary growth. Claverie (1908) reported unusual lignified fascicles in the storage 

parenchxTiia of Ophiocaulon firingalavense Drake (= Adenia jiringalavensis (Drake) 
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Harms) that were not found in the lianescent portions of the stem. Claverie also reported 

that these bundles were not in the cortices of the stem but could not conclude whether 

they were cortical bundles that were subsequently displaced to the secondary 

parenchymatous wood or whether they in fact originated in the xylem. To the best of my 

knowledge, Harms (1893; as cited in De Wilde 1971a) did not report cambial variants in 

Passifloraceae although he worked extensively on the anatomy of Passifloraceae. The 

first conclusive suggestion that plassifloraceous plants possess variants was that of Stern 

and Brizicky (1958). They showed that Passiflora multiflora from the Florida Keys has 

the dispersed type of anomalous secondary growth, defined by Ayensu and Stern (1964) 

as "irregularly shaped, disoriented strands of xylem and phloem associated with 

fragments of vascular cambium spread throughout a parenchymatous matrix." Obaton 

(1960) observed successive cambia in Adenia cissampeloides, and Ayensu and Stern 

(1964) characterized three types of anomalous secondary grow th for Passifloraceae as a 

whole; dispersed type, successive cambia (interrupted type), and included phloem 

(patches of phloem embedded in the xylem cylinder). Carlquist (2001), although citing 

Ayensu and Stem (1964), does not mention Passifloraceae in the list of families 

possessing interna! phloem, so it remains unclear whether the included phloem of Ayensu 

and Stern has different developmental origins from internal phloem. Janse van Vuuren 

(1970) observed anomalous secondary growth in three species of succulent (A. 

spinosa, A. glaiica, A. fruticosa) and in the liana, A. gummifera, all from South Africa. He 

recorded successive cambia in A. gummifera, and vascular strands and ground tissue 

proliferation in the other taxa. 
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In other respects, xylem characters of Passifloraceae are, in general, 'advanced' or 

specialized relative to the evolutionary polarization of xylem traits provided by Frost 

(1930a, 1930b, 1931), Kribs (1935, 1937), and Bailey and Tupper (1918). Traits that are 

considered advanced include wide, circular, simple perforations in vessel elements, 

shortened vessel elements, alternate lateral wall pitting in vessels, transverse end walls 

(Bailey and Tupper 1918, Frost 1930a, Frost 1930b), and abundant axial parenchyma 

(Kribs 1937). In general, Passifloraceae possess these traits, woods are diffuse porous, 

and they lack storied structures (Ayensu and Stern 1964). The average vessel element 

length in Passifloraceae is 500 p.m (Ayensu and Stern 1964), and elements of dicots as a 

whole average 649 ).mi (Metcalfe and Chalk 1983). Imperforate tracheary elements are 

shorter on average as well (582 pm in Passifloraceae versus 1317 ).im in dicotelydons as a 

whole; Ayensu and Stern 1964). 

A possible exception to the specialized state of vascular tissues in Passifloraceae 

is the presence of scalariform perforation plates in Paropsia (Paropsieae). These plants 

are trees and shrubs with highly lignified secondary xylem; the tribe includes no scandent 

representatives (De Wilde 1971b). In contrast, members of tribe Passifloreae tend to be 

vines and lianas (De Wilde 1974). Some authors therefore rejected inclusion of Paropsia 

in Passifloraceae {e.g. Harms 1925; as cited in De Wilde 1971a). Paropsia, however, 

shares similar patterns of axial parenchyma and fibriform vessel elements with other 

Passifloraceae. Fibriform vessel elements were first documented in Passifloraceae 

(Woodworth 1934, Woodworth 1935). They are essentially irregularly perforate vascular 

tracheids or fiber tracheids (Ayensu and Stern 1964). 
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Vessels in Passifloraceae tend to be wide, perhaps owing to the prevalence 

of lianas in this lineage (Ayensu and Stem 1964). Lianas generally have wide, short 

vessels (Carlquist 1975: 180). They also have very long, narrow stems compared to other 

growth fornis, and must transport water up these relatively narrow stems. A general 

solution to conduction in lianas is to develop wide vessels; wide vessels have much 

greater conductivity (less resistance to flow) than narrow vessels. The Hagen-Poiselle law 

(see, e.g., Zimmermann 1983) suggests that conductivity is proportional to the fourth 

power of the radius of the water-conducting vessel. 

Members of the genus Adenia are unusual among other members of 

Passifloraceae in being dioecious. They are restricted to the Old World tropics whereas 

the majority of species of Passifloraceae (i.e. members of Passiflora) live in the New 

World. Also distinctive is the spectacular growth form radiation witnessed in Adenia. 

Among the ca. 100 species, there are succulent trees, succulent shrubs, vines, geophytes, 

lianas, and other odd variants; all plants are perennials. Despite this diversity of form, 

little attention has been paid to the anatomy of Adenia and the association between 

anatomy and habit. There appear to be several separate origins of these growth forms 

among different lineages in the group. Moreover, the number of species in Adenia 

provides a suitable sample size for comparative tests that are notoriously difficult to 

apply successfully due to the low statistical power caused by few species or few 

transitions of interest. 

In a series of three papers (Appendices C, E, and F), 1 document patterns of 

anatomical evolution in Adenia. In this paper, I focus on the patterns of evolution in the 



138 

anatomy as they relate to anomalous secondary growth. Such patterns of transition are 

discussed in terms of a description of anatomy of Adenia as a whole. Specifically, I test 

whether (1) gams in anomalous secondary growth are associated with increased volumes 

of parenchyma in xylem, (2) anomalous secondary growth is associated with larger vessel 

aggregations, (3) anomalous secondary growth is associated with narrower vessels, and 

(4) anomalous growth is associated with increased vessel density. These traits all relate to 

the volume of parenchyma present in the axial portion of the stem. According to the 

innervation hypothesis, gains of anomalous bundles should increase vessel density in 

storage tissue (i.e. parenchyma in xylem) and should be associated with storage 

structures, so gains in anomalous bundles should associate with increases in vessel 

density, potentially aggregation size, and percent xylem parenchyma. Other studies (e.g. 

Carlquist 1962) have also found smaller vessel widths with increases in vessel density 

and aggregation size. 

MATERIALS AND METHODS 

Taxon sampling and anatomy preparation. Mature stem, juvenile stem, and tuber 

anatomy was characterized for 58 species of Adenia, 2 Passiflora, 1 Deidamia, and 1 

Paropsia (Table 1). The explicit phylogenetic tests used 52 species of Adenia with 

complete data. Because of the relative rarity of several of these species, one mature stem, 

one mature tuber, and one new stem were sampled for anatomical analyses. Sampling 

tubers generally kills the plant, and injured stems of the succulent species tend to rot, 

often resulting in whole plant death. Variation, therefore, is considered within individuals 
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and across species rather than among individuals of species. Plants were either field 

collected or cultivated (Appendix A, Table 1) and tissue samples were cut to expose 

radial, tangential, and transverse surfaces preserved in a volume of FAA that was 20X 

greater than the volume of the sample. Prior to sectioning, the tissue samples were 

softened in a 10% solution of ethylene diamenes (Kukachka 1977, Carlquist 1982) for 1-

3 weeks. 

Tissues were dehydrated, embedded in paraffin (30% EtOH, 4 hrs; 50% EtOH, 4 

hrs; 70% EtOH, overnight; 90% EtOH, 4 hrs; 95% EtOH, 4 hrs; 100% EtOH with 1% 

safranin, overnight; 100% EtOH, 4 hrs; 2:1 100% EtOH:xylene, 4 hrs; 1:2 100% 

EtOH:xylene, overnight; xylene, 4 hrs; xylene, 4 hrs; 2:1 xylene:paraffin oil, 4 hrs; 1:2 

xylene:paraffin oil, 4 hrs; in oven set to 58° C; paraffin T' change, 8 hrs; paraffin 2"*^ 

change, overnight), and stained in a weak solution of saffranin for visibility. A small 

amount of liquid paraffin (58° C; Oxford Labw are; Division of Sherwood Medical, St. 

Louis, MO, 63103 USA) was poured into plastic embedding molds. Plant parts were 

oriented for cross, tangential, and radial sectioning and laid on top of a small volume of 

slightly solidified paraffin so that the orientation was maintained in the paraffin. The 

molds were filled to the top with paraffin and a cassette was placed onto the paraffin to 

attach it to the paraffin. This cassette was subsequently attached directly to the microtome 

for later sectioning. Gem stainless steel coated razor blades were broken in half 

lengthwise to create the microtome blade. The blade was secured to the microtome, and 

carefully cleaned with a Kimwipe (Kimberly-Clark) to remove machine oil. The 

embedded specimen was attached to the microtome and ribbons of the sample were 
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made. Using a rotating microtome (820 Spencer Microtome), sections 4-10 |im thick 

were cut. Even after softening, thin sections of some samples were not possible. To 

soften further, the tissue was exposed using the microtome to remove paraffin and the 

specimen was placcd into a softening solution (10:3:90 10% Aerosol 

OT:Glycerine:water) for two days maximum and then re-sectioned. 

Sections were put onto pre-cleaned slides that had been pretreated with a 

small droplet of "glue" (Gelatin 1%, Sodium Benzoate 0.5%, water 98.5%) that was 

rubbed across the slide to cover it thoroughly. All excess glue was rubbed off so that only 

a very thin layer remained. A few drops of boiled distilled water were added to the 

treated slide and the ribbon of sections placcd onto it so that they floated on top of the 

water. The slide was then placed onto a flat heater at about 42 °C to flatten wrinkles in 

the paraffin. Once smooth, the excess water was decanted. Using a diamond pen, the 

sample number was etched onto the slide. The samples were put into an oven set to 42 °C 

for at least a full day to attach the sample to the slide. 

Slides with affixed sections went through a standard staining series (HemoDe, 10 

m: HemoDe, 10 m; Li 100% Et()ll:l lemoDe. 5 m; 100% EtOH, 5 m; 95% EtOH, 2 m: 

70% EtOH, 2 m; 50% EtOH, 2 m; 30% EtOH, 2 m; water, 2 m; 2% W/V zinc chloride, 1 

m; water, 5 s; 1:25,000 safranin:water, 5 m; water, 5 s; lOg Orange G, 25 g tannic acid, 

20 drops HCL, a few Thymol crystals, 500 ml water, 5 s; water, 5 s; 5% of 25 g tannic 

acid, a few Thymol crystals in 500 ml water, 5 m; water, 1 s; 5 g ferric ammonium sulfate 

in 500 ml water, 2 m; water 15 s; 30% EtOH 5 s; 50% EtOH 5 s; 70% EtOH 5 s; 90% 

EtOH 5 s; 100% EtOH, 5 s; 100% EtOH 10 s; 1:1 methylsalicylate:xylene, 1 m; xylene, 1 
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m; xylene, 1 m). Slides were taken from the final xylene step. 10-14 drops of Cytoseal 60 

(Stephens Scientific) were added over the slide specimen, and a cover slip (Corning 

Labware and Equipment Cover Glass No. 1 'A 24x50 mm) was lowered on top. 

Macerations of mature stems were made to quantify lengths of tracheary 

elements. The Ruzin (1999: 132) version of Gifford's method (Gifford 1963) was used. 

Tissue was not available for embedding young A. repanda, A. karihaensis, A. 

trichocaiyx, and A. penangiana, mature A. heterophylla stem, and A. penangiana tuber, 

so hand sections were made and stained with safranin. 

A duplicate set of all shdes is available at RSA. 

Anatomical measurements and characterization. Digital images were taken of 

every slide, and a single, high resolution image of the entire section was composited 

using software developed by the author or Photoshop Pro (Adobe). I also developed an 

image measurement software tool in Java to record areas, lengths, angles, and counts. 

Pixel measurements of lengths and areas were scaled to dimensions in mm by building a 

least-squares regression model of the number of pixels in 0.1 mm vs. camera focal 

lengths; both horizontal and vertical measurements of 0.1 mm were included in the 

regression analysis to assure that the pixel aspect ratio was 1. A 0.01 mm increment slide 

micrometer (Fisher Scientific) was used to determine the number of pixels per 0.1 mm. A 

different model was constructed for each magnification and each digital camera used. 

A primary goal of this and the two following papers is to compare the 

evolutionary patterns of change in anatomy with the patterns of change in habit. Growth 

form (including tuber forms), leaf shape diversity, and anatomy are characterized. Mature 
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plants of all 52 species were observed in the field or in cultivation to assess growth form. 

1 developed a living research collection of over 60 species of Adenia from which leaves 

and some anatomy samples were used for this study (collection numbers preceded by 

'cult', Table 1). The monograph of Adenia (De Wilde 1971a) provides additional 

descriptions of habits. 

Forty-seven characters were quantified or quahtatively characterized. Appendix 

D, Table 1, describes the characters and their measurement. For the majority of 

characters, measurement and characterization conventions were those described by 

Carlquist (2001). Macromorphological data were observed from plants growing in the 

field, from plants growing in the University of Arizona greenhouses, or from descriptions 

in the monograph (De Wilde 1971a). 

Phylogeny and independent constrasts. The analyses that tested for a correlation 

bet(A'een traits built on the method of Independent Contrasts (ICs; Felsenstein 1985) by 

incorporating phylogenetic uncertainty. Instead of calculating ICs on a single tree, ICs 

were calculated on several trees. Tree toplogies and corresponding branchlengths were 

sampled according to their posterior probabilites as estimated from a Bayesian analysis of 

phylogeny (Huelsenbeck and Ronquist 2001). The Bayesian analysis of phylogeny 

followed the methods of Appendix A. The MCMC sampling performed during the 

Bayesian analysis generates an output file of tree topologies and branchlengths, and the 

frequency of a particular tree topology or branchlength in the file provides an estimate of 

its posterior probability (Huelsenbeck and Ronquist 2001). One thousand tree topologies 

and associated branchlengths were randomly sampled from this output file, and ICs were 
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calculated on each tree using a version of CAIC (Purvis and Rambaut 1995; Version 

2.7.1 as modified by Nick Isaac) that handles batch analyses. All continuous-valued data 

were square-root transformed as recommended by the CAIC manual to reduce the 

frequency of violation of test assumptions. 

The batch version of CAIC is limited to the analysis of two variables, so 

each analysis tested for a correlation between two ti'aits, one of which was dichotomous 

and the other continuous. The dichotomous trait was considered to be the predictor 

variable by CAIC. For each evolutionary gain in the dichotomous trait, the corresponding 

change in the continuous trail was recored. CAIC records the change in the value of the 

dependent trait for each gain of the predictor trait. For each of the 1,000 trees sampled 

from the posterior distribution, the percent of contrasts that were positive, Pemp, in the 

continuous variable were recorded, and a frequency distribution, the "empirical 

distribution", of these percentages was made. 

In addition to the ICs that were calculated for the empirical trait values, ICs 

were also calculated for random permutations of both the dichotomous traits and the 

continuous traits for each of the 1,000 trees that were sampled from the posterior 

distribution. The percent of contrasts in the continuous variable that were positive, prand, 

was recorded, and a frequency distribution of these percentages was made. 

I then compared the frequency distribution of pemp values to the frequency 

distribution of /?,•««/• If the empirical distribution was not statistically different from the 

distribution associated with randomized data, the null hypothesis of no correlation 

between traits is not rejected. This proceedure attempts to control for any spurious 
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cofTelatioii that might result from some artifact of the tree topology that generates 

seemingly correlated traits even when traits are in fact randomly associated. 

To compare the frequency distributions and evaluate the probability that the 

distribution ofpemp values differs as much as observed from the distribution of prand 

values by chance, I calculated the difference, Ddc, between the paired pemp and prand for 

each of the 1,000 trees, and looked at the frequency distribution of the /) statistic. Under 

the null hypothesis of no correlation between traits, this difference {Ddc Pemp - Prand) is 

expected to be zero. When traits are expected to be positively correlated a priori, the null 

hypothesis is rejected when 95% of the values of Dcu- are > zero. When traits are expected 

to be negatively correlated, the null hypothesis is rejected when 95% of the values of Dck-

are < zero. When the alternate hypothesis is simply that the traits are correlated (i.e., no 

predicted direction of correlation), the null hypothesis was rejected when 97.5% of the 

values of Ddc were greater than, or when 97.5% of the values of Ddc were less than zero. 

1 also recorded whether the ICs in the dependent variable were statistically 

different from zero for each of the 1,000 trees, individually. 1 tested for statistically 

significant ICs on individual trees for both the randomized and empirical data using a t-

test. 

1 performed four analyses using the above methods. Evolutionary gains of 

anomalous vascular strands (predictor variable) were tested for correlations with (1) 

decreases in vessel diameter, (2) increases in vessel number per mm^, (3) increases in 

vessel aggregation size, and (4) increases in the percent of parenchyma in xylem {i.e., 

increases in storage tissue). 
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RESULTS 

Taxon sampling and anatomy preparation. 

Despite efforts to soften wood, some tearing of sections was unavoidable. In 

particular, cambial regions were most prone to tearing. To reduce tearing, sections were 

cut thicker than would be optimal. Longitudinal sections (radial and tangential) were 

occasionally difficult to intei"pret because of this thickness. In two species (J. hastata, A. 

ellenbeckii), the transverse sections of new growth were highly ripped. Cells could be 

measured, but some qualitative measurements and measurements of larger structures 

were not possible. 

Anatomical measurements and characterization. 

The measurement process was considerably aided by the image mosaicing 

and data sampling software. In total, more than 65,000 quantitative measurements were 

made in addition to the qualitative observations. 

The method used to convert pixel measurements to mm scale measurements 

proved to be very accurate and precise. The model used to convert between pixels and 

m m  w a s  L  =  0 . 1  *  P !  { b  +  m *  f )  w h e r e  L  i s  t h e  l e n g t h  i n  m m ,  P  i s  t h e  l e n g t h  i n  p i x e l s ,  b  

is the intercept of the regression between camera focal length and the number of pixels in 

0.1 mm, m is the slope of this regression equation, and/is the focal length of the camera 

used for the observation of .F. A separate parameterization of this equation was made for 

each magnification of each camera used. Magnifications used were 40x, lOOx, and 200x, 

and two digital cameras were used. The r-squared values for all 6 regressions were 1.00 
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(to two significant digits; Fig. 1). At the lowest magnification and shortest focal length, 

each pixel corresponded to approximately 3 p.m, and at the highest magnification and 

longest focal length, one pixel equaled 0.16 |im. Because magnitudes of converted 

measurements at the lowest magnification scale approached the lengths of measurements 

of some sti'uctures (e. g., vessel wall thickness), care must be used when interpreting 

results. To increase the accuracy of vessel wall thickness measurements, only walls of 

adjacent vessels were measured so that each measurement consisted of two, rather than 

one, wall. 

Growth form and anatomical description 

See Appendix D for means, standard deviations, and sample sizes of 

quantitative characters. Wood of Adenia is best described as parenchymatous 

diffuse porous. Growth rings were absent in Adenia. 

Growth habit. All members of Adenia are perennial, but they dilTer primarily in 

terms of perennating storage structures. The distribution of storage tissue within the plant 

body and the large-scale patterning of secondary growth diagnose four habit divisions. 

Such to nils are distributed across the five chides as depicted in Appendix A. 1 .ianas that 

climb exclusively with tendrils were inferred to be the ancestors of extant Adenia 

(Appendix A). A/estiges of the liana ancestry are visible in all four habit categories, but 

16 species have lost functional tendrils and of those, 14 species no longer actively climb. 

Plants of the first of the four categories have little or no secondary growth in 

stems. Such plants are frequently geophytes whose stems are annual and die back to the 

perennating subterranean, or partially exposed, tuber. Geophytes tend to have tendrils; 
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some taxa, however, have lost tendrils. One group of related species in Clade 4 ( J .  

goetzei, A. ovata, A. tisseranti, A. erecta, A. huillensis, A. malangeana, A. tuberifera, and 

A. wilmsii) is composed of erect tuberous herbs with no tendrils. Adenia pyromorpha, a 

geophyte in Clade 5, has lost tendrils, but stems are prostrate. Adenia wightiana, A. 

isaloensis, A. acuta, A. fasciciilata, A. elegans, A. subsessiUfolia have perennial stems 

with minimal secondary growth, so mature stems are consistently less than 1 cm in 

diameter (e.g., A. wightiana; Fig. 2). Plants of these 6 species all possess tendrils. In A. 

subsessiUfolia, A. elegans, and A. isaloensis (sub-shrub), these tendrils are functional but 

rarely involved in climbing; such plants are highly ramified with short stems in general 

(Appendix D). However, stems in A. subsessiUfolia and A. elegans occasionally climb 

several meters but remain slender. 

l ianas, the second group, have diagnosably cylindrical stems that taper very 

slowly. All lianas have functional tendrils. Stems are perennial, occasionally abscissing 

during drought, but eventually developing extensive secondary growth. Tubers are 

present in many species, with fibrous roots in others. The primary distinction between 

lianas and the third category, the pachycaul succulents, is that plants in the third category 

develop extensive storage tissue at the base of the stem. Pachycauls are stem succulents 

that rarely branch near the base of their storage stem. As among lianas, tubers are not 

uniformly present in the pachycauls. Climbing stems develop from the thickened, 

spheroid to conical base, and they frequently die back to it with the onset of the dry 

season; during wet years, climbing stems can persist. These semi-annual stems remain 

narrow, and do not develop the secondary growth of lianas. Semi-annual stems of some 



148 

pachycaul species rarely becomed thickened and resemble lianas. This phenomenon has 

been observed in A. spinosa. Stems in A. firingalavensis also frequently become 

lianescent, so this species was classified both as a pachycaul and as a liana. Pachycaul 

stems can be several meters in diameter at soil level {A. spinosa, A. globosa), and they are 

less than 2 m in height. In A. karibaensis, the pachycaul stem in mature plants is 

lengthened to 4.5 m into what is best described as a tree trunk (Paigrave 1997: 642). The 

basal stem of A. Irichocalyx rem.ains cylindrical and relatively narrow, but this species is 

classified as pachycaul since annual stems emerge from the apex of its trunk. 

The last category consists of succulent shrubs that branch extensively. These 

plants have storage tissue that is uniformly distributed throughout their cylindrical stems 

{A. keramanthus, A. lapiazicola). They are erect and lack tendrils. The boundary between 

the third and fourth categories can be fuzzy, and in this and following papers, "stem 

succulents" refer to both categories. 

Tubers are variable in Adenia as well. Geophytes, in general, possess a single 

napiform to rapiform tuber. Other taxa, notibiy^. denisiflora and J. hastata, have several 

elongate tubers emerging from the base of the stems. Among the succulents with tubers 

(A. keramanthus, A. fruticosa, A. ellenbeckii) the tuber appears as an enlarged extension 

of the succulent stem. Occasionally, tubers among succulent species also become 

branched at the base of the stem, but in the field tend to be singular. Tubers are serially 

developed along the roots of A. isaloensis, A. penangiana, A. elegans, and^. 

siibsessiJi/blia such that thick and thin portions of the root alternate. Yet other species 

have tubers without nodes from which stems can nevertheless regenerate. Tliis 
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phenomenon was observed in A. jruticosa, A. hastata, and J. schweinjurthii. Tubers in 

Adenia have a tendency to rot when injured. 

Leaves. Like growth habit, leaves are exceptionally variable, both in size and 

shape (Fig. 3). They range in size from the minute, ephemeral leaves of^. globosa, to 

giant leaves of A. heterophyUa. Leaves of the seasonal species are dropped when rains 

cease, and develop soon after flowering, often before rains commence. Leaves in other 

species are rapidly caducous soon after soil dries. Leaves are heteroblastic in most 

species, and vary from dissected to entire-cordate in the same individual at different 

developmental stages. A future paper will examine the developmental patterns in leaves 

of Adenia. 

Other macro features. Tendrils are a conspicuous feature of Adenia plants. Plants 

of the majority of species employ the tendrils to attach to supportive structures; no stems 

of Adenia species twine. Inflorescences typically develop from the tendrillate branches. 

Tendrils have been secondarily modified or lost in a number of species, in which case 

inflorescences appear on short shoots, often appearing as racemes or fascicles. In A. 

spinosa and A. globosa, two pachycauls, tendrils have been modified into thorns. In A. 

spinosa, iu\'QVii\c tendrils are functional and can attach to other objects. As tendrils 

mature, the base of the tendril stiffens, and the tip undergoes necrosis leaving a sharp 

point. Thorns of A. globosa are never functional tendrils and are recognizeable as tendrils 

only through positional homology. These thorns are thick and conical (Fig. 4). Adenia 

pechiielii has no vesitiges of tendrils, but the tips of the stems undergo necrosis, thereafter 

functioning as spines (Fig. 5). 
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Dermal tissue (Figs. 6, 7). Stems of all plants of the first habit category (except 

those of A. isaloensis) and new growth of all species, develop a cuticularized epidermis. 

Preparations of the stems did not always successfully maintain epicuticular waxes, but 

these are recorded in certain species as occasionally becoming encrusting (Fig. 6f; 

Jumelle 1907, De Wilde 1971a). When geophytic stems perrenate {e.g. A. digitata, A. 

kirkii, Fig. 7), they can develop a periderm that is similar in structure to that of lianas and 

tubers. Mature stems of plants of several species of lianas, pachycauls, and stem 

succulents also maintain a cuticularized epidermis throughout their life. The epidermis 

consists of round, radially elongate, or flattened cells and is uniseriate or multiseriate; in 

old stems, the cells of the epidermis can become highly variable in shape and size. 

Specialization of epidermal cells includes stomata and trichomes. Uniseriate 

trichomes are uniformly present in one lineage (A. keramanthiis, A. stricta, A. volkensii, 

A.schliebenii, A. ellenbeckii; Fig. 6h). These soft to hispid trichomes are located on both 

the leaves and stems and are found in no other species. Waxy epidermal projections have 

been noticed on stems of^. elegans and^. inermis (Fig. 8c). The dermal projections of 

A. aciileata (closely related to A. inermis) develop into sclerified prickles (Fig. 8a). Stem 

trichomes are not known in other species, but in A. cladosepala, A. reticulata var. 

cinerea, and A. antongilliana, whitish, waxy appendages are present on leaf undersides; 

these are frequently cauducous (De Wilde 1971a). Hispidulous trichomes have been 

observed on the calyces of A. trichocalyx (Appendix B). The stem epidermis can be 

smooth (e.g. A. spinosa), wrinkled {e.g. A. keramanthiis), regularly tubercled (A. lobata, 

A. riimicifolia), or irregularly warty {A.globosa). 
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Although no special tissue preparations were made to observe stomata, they were 

noticed in cross sections and macerations of stems of several species, and it is likely that 

they would be observed in several others had a study been dedicated to stomata 

characterization. Predictably, stomata were associated exclusively with an epidermis (vs. 

periderm). The stomatal types were most commonly anomocytic but varied from 

paracytic to cyclocytic (Fig. 6a, b). Unlike other succulent, xerophytic plants (Steinmann 

2001, Felger and Henrickson 1997), stomates were not generally located in pits or 

fissures, and were not associated with large substomatal chambers. Adenia pachyphylla, 

however, did have stomata in grooves (Fig. 6c), but this is a wet forest species. 

Furthermore, no paUisade cortical parenchyma was associated with stomata, unlike other 

succulent species (Steinmann 2001), but spongy tissue was occasionally present beneath 

stomates (Fig. 6d). Cells that fan out beneath stomates frequently stained darker, 

presumably due to the presence of photosyntates. 

In several species, initiation of a phellogen promotes periderm development. 

Periderm cells are uniformly lengthened tangentially, narrow axially, and storied (Fig. 9b, 

c). No periderms were cuticularized. (Occasional storying was also observed in vascular 

cambia, but not elsewhere.) All tubers have a periderm, with the possible exception of 

those of A. repanda. However, the tuber that was sectioned w-as young, and may not have 

initiated periderm development yet. 

Cortex (Fig. 10). Cortical tissue consists of collenchyma and parenchyma ground 

tissue that is located betw^een the dermis and the vascular cambium (Esau 1977). The 

hypodermis is cortical tissue that is closely associated with the epidermis of several 
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species. This layer is detected by the presence of collenchyma whose cells walls are thick 

and darkly stained due to the presence of pectin and hemicelluloses (Fig. 10a; Esau 

1977). Many Adenia spp. maintain a cuticularized, photosynthetic epidermis into 

maturity. Young plants frequently have a hypodermis, but as the plant ages the 

hypodermis becomes less visible, and the epidermis frequently becomes multiseriate. 

The cortex of juvenile stems of all but one species ( J .  m o n a d e l p h a )  contains 

bundles of thick-walled, libriform fibers above the phloem (Fig. lOa-c, e). The number of 

bundles in cross section varied from species to species. As the stem matures, bundles 

persist (Fig. lOf). In A. digitata and some other species, more bundles develop as the 

stem ages (Figs. 7, lOd). Putatively, these bundles function to strengthen the climbing 

stems, and they potentially reduce damage from shear stresses. These bundles were 

absent from tubers and provide a diagnostic character to distinguish the two; instead, 

tubers usually have phloem fibers scattered in ground tissue. This condition of the tuber 

is similar to the condition in the conjuntive tissue of A. gummifera and^. cissampeloides. 

In addition to mechanical support that is likely provided by cortical phloem liber 

bundles, the cortex can also store water. As in succulent Euphorbia (Steinmann 2001), 

the relative width of the cortex varies interspecifically among similarly-aged juvenile 

stems in Adenia. The thickness of the cortex presumably relates to storage capacity. A 

unique cortical tissue type that is present in stems that emerge from the storage trunk was 

recorded for globosa (Fig. lOg). This tissue consists of large, thin-walled, irregular 

parenchyma cells with extensive air spaces between them. Structurally, this tissue closely 

resembles the cortical tissue of some cacti. In cacti, this tissue was inferred to provide 



153 

collapsible water storage (Mauseth 1995), and by analogy, it is suggested to serve the 

same function in Adenia. This tissue is likely to occur mA. hallyi (not treated in current 

study) as well, because A. hallyi is morphologically very similar to A. glohosa. Both A. 

globosa and A. ballyi are globular pachycauls of the rift valley and environs of Tanzania 

and Kenya, and subdesert steppe of the Somali Republic. This tissue type appears to be 

uniquely derived in A. glohosa and putatively in A. hallyi. 

Crushed phloem was present in the cortices of mature stems and some tubers 

(e.g., bands in the cortex of Fig. I Ic). 

Lastly, an anomalous condition was observed in cortices of A. lohata (Fig. 

lOh). The cortices of this species appear to have ligniHed conduits that resemble vessels 

in cross section. These might be analogous to the cortical bundles of some cacti (Mauseth 

and Sajeva 1992). Although leaf traces were not observed in older stems, it is also 

possible that these anomalies are vestiges of traces. 

Inclusions (Fig. 11). Inclusions considered here are stone cells, crystals, and resin 

cells. Older stems and tubers of several species have sclerified stone cells near the dermis 

with thick, layered secondary walls (Fig 1 lb, c). These cells are nearly isodiametric as 

inferred from cross and longitudinal sections. No attempt was made to survey stone cells 

comprehensively as these were present in old stems only, and some stems may not have 

been old enough to manifest these cells. Stone cells and tannin cells are frequently 

common beneath the periderm of both tubers and stems (Figs. 9b, c, lid). 

Raphides of calcium oxalate are common and sometimes occupy nearly every 

parenchymatous cell (Fig. 11c) or are absent. They develop in the pith, rays, cortex, and 
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occasionally in the periderm of nearly every species in new and old stems and tubers but 

were not observed in lignified tissue. Their highest densities are in the pith and cortex, 

and they are occasionally present in most cells that subtend the epidemiis (Fig 1 la). 

Secretory structures include tanniniferous cells (De Wilde 1971a). These are 

distributed throughout parenchymatous cells in tubers and stems. They are numerous (e.g. 

A. gummifera, A. elegans) to absent. In cross section, tanniniferous cells appear similar to 

parenchyma cells (Fig. 1 le). In longitudinal section, however, they can be elongate (Fig. 

1 If) and resemble tubules. Tanniniferous tubules have been reported by Garratt (1933) in 

species of Myristicaceae; they have not been seen in any other families. Whether there is 

sufficient stractural similarity to the myristicaceous tubules to qualify these cells of 

Adenia as such is unclear at this time. 

Pith flecks are sporadic and likely to be response to wounding (Carlquist 2001; 

note that Carlquist advocates the term callous tissue for these structures). These were 

found only in A. lapiazicola, A. spinosa root, and Passiflora foetida. No attempt was 

made to systematically survey pith flecks, as they may be due to injury and not 

representative of the anatomy for the species (Carlquist 2001; 181). 

Phloem and vascular cambium. Phloem was not exhaustively characterized. Sieve 

element diameter was the sole phloem character quantified. At a larger scale, regions 

containing sieve elements were separated by wide phloem rays. Within the secondary 

phloem, scattered fibers often develop. 

The vascular cambium was characterized as the region between phloem and 

xylem, often consisting of regularly-arrayed rectangular cells in cross section that were 
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thin walled and undifferentiated; it ranged in width from 0.0 jim (undetectable) to 69 |im. 

The width of the vascular cambium may have little significance other than it potentially 

correlates with the degree of metabolic activity (not measured) of the plants. 

Anomalous secondaiy growth (Figs. 12, 13). Adeniahas several distinct cambial 

variants including successive cambia of the Atriplex-type to Securidaca-type (Carlquist 

2001; Fig. 12), anomalous vascular bundles (vascular strands; Fig. 13a-d, g, h), 

intmxylary phloem (Figs. 7, 17c), and ground tissue proliferation (Fig. 13b, d, f). 

Furrowed xylem is not present in the Adenia sections I studied, although Ayensu and 

Stern (1964) and Stern and Brizicky (1958) report it for other Passifloraceae. 

Successive cambia were observed m A: gummifera, and A. aff. cissampeloides. 

They were also observed in a specimen (not analyzed here) of a related species that could 

not be identified with confidence but was potentially A. stolzii (collection Hcarn 26-11-35 

[ARIZ]). These three species all belong to Adenia Section Ophiocaulon (De Wilde 1968), 

and this anomalous type of cambial activity appears to be restricted to this group. A. 

wightiana (Fig. 2) is also a member of this lineage (Appendix A), but never develops 

substantial secondary growth, and thus does not exhibit the successive cambia of the 

thick-stemmed lianas. 

Anomalous vascular bundles (vascular strands) were routinely present in tubers 

and in succulents. These appear to be derived from ground tissue and develop in various 

orientations relative to the "primary" vascular cambium that borders the cortex. They can 

develop within the pith and within the ray or axial parenchyma (Fig. 13a-d, f-g), 

developing normally with phloem and xylem on opposite sides of the cambium. 
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Carlquist and Hanson (1991) report that intraxyXwy phloem is present m 

Convolvulaceae. This anomalous vascular differentiation consists of phloem production 

between the primary xylem and the pith. A similar, but not quite identical, condition was 

obser\'ed in some of the geophytes {A. digitata, A. kirkii, A. lanceolata; Fig. 7), all 

members of Clade 4 (Appendix A). It is possible that this condition is more extensive in 

this lineage and would be observed in slightly older stems (e.g., stems of^. goetzei, A. 

wilmsii) than those used in this study. Phloem and phloem cap fibers appear to be 

differentiating within the primary xylem near the pith. I am not aware of any other plant 

lineages with this type of anomalous grovt th. 

Primary xylem in Adenia stems most often occurs as a continuous ring of lignified 

tissue with no rays or axial parenchyma present (Fig. 13e). As secondary growth 

commences, this ring disintegrates as subdivision of the ground parenchyma ruptures it 

(Fig. le, f; Janse van Vuuren 1970). In mature stems of succulent species of Adenia, this 

ring is absent. Distinct transitions from primary xylem to secondary xylem were observed 

in the majority of species in both tubers and stems (e.g.. Fig. 17e, Fig. 10c), so chunks of 

primary xylem are distinguishable from secondary xylem after ground tissue has 

proliferated (Fig. 13d). 

Rays and Axial Parenchyma (Fig, 14). According to the definition in the 

Multilingual Glossary of Terms Used in Wood Anatomy (lAWA Committee on 

Nomenclature 1964), a ray is "a ribbon-hke aggregate of cells extending radially in the 

xylem and phloem". This general definition permits a wide range of cell patterns to be 

rays. Using this definition, rays in Adenia are very wide; their heights were not 
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determinable from the sections. In longitudinal section, lignified tissue appears embedded 

in a matrix of parenchyma. 

Parenchyma of rays and axial parenchj/ma consist of thin-walled, non-

lignified cells. Rays and axial parenchyma are typically discussed separately in 

anatomical descriptions. However, wood of Adenia is so highly parenchymatizcd, that it 

is often difficult to distinguish ray, axial, and ground parenchyma. In species that have 

parenchymatizcd wood, there is no difference between putative ray cells and ground 

tissue. Irregular ray cells, or ray cells that are longitudinally elongated have been reported 

in woody stems of other taxa. According to Carlquist (2001), such arrangements are best 

described as paedomorphic rays. Rays in such cases are uniformly multiseriate. When ray 

cells can be distinguished from axial parenchyma, the axial parenchyma cells are smaller 

and apotracheal (Fig. 14f). Starch plastids were commonly present in both ray and axial 

parenchyma (Fig. 9d). 

Axial parenchyma is apotracheal and abundant. Lignified tissue frequently 

forms aliform bundles in a matrix of parenchyma (Fig. 14h, lower left). Both wide and 

narrow axial parenchyma bands are common in several species. Such bands are frequent 

around bundles of thick-walled libriform fibers in lianas and many pacliycauls (Fig. 14a, 

b). The secondary growth of several lianas had large regions of parenchyma with bands 

of vascular tissue (Fig. 14h). 

Perforate tracheary elements (Figs. 14-16). Perforate tracheary elements are 

dimoiphic following usage of Carlquist (1988). Fibriform vessel elements were 

recognized early as characteristic of both the woody and sub-ligneous species of 
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Passifloraceae (Wordworth 1934, Word worth 1935, Ayensu and Stern 1964). These 

perforate elements have since been observed in diverse families including Euphorbiaceae 

and famiHes with scandent plants (Carlquist 1981, Carlquist and Hansen 1991, Steinmann 

2001). In some groups such as Ipomoea (Carlquist and Hansen 1991), fibriform vessel 

elements intergrade with imperforate tracheary elements. In Adenia, they intergrade as 

well (Fig. 16b, d-h). and the lengths provided for imperforate elements therefore include 

both the fibriform vessel elements and the vascular tracheids associated with vessels. 

Although it is difficult to distinguish these two cell types, the other perforate vessel 

members are wide and easily distinguishable from the tracheids and fibriform vessel 

elements. Measurements for vessel elements are of these w ider cells. 

Wide vessels are solitary or aggregated (Fig. 14b-f). Vessels tend to be more 

aggregated in succulents and tubers show the highest level of aggregation. The tuber of A. 

subsessilifolia has an average of 4.8 vessels per group. In some species the aggregations 

arc radially oriented, and in others, there is no discernable pattern (Fig. 14c-f). Both 

radial and tangential multiples have been reported in other Passifloraceae (Ayensu and 

Stern 1964). Densities of vessels in stems average 12 vessels per mm' and range from < 1 

to >50 vessels per mm^. These values are particularly low for xerophytes (Carlquist 2001: 

54), but are not unexpected due to the large volumes of parenchyma in the stems. 

Follov^ing the size classification of Metcalfe and Chalk (1983: 120), average 

diameters of the wide (i.e. not fibriform) vessel elements range from small (32 }im) to 

large (204 )im). Vessels that have diameters that are 204 j.im are in the tail of the 

distribution of vessel sizes for angiosperms and 32 jim are smaller than average (Metcalfe 
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and Chalk 1983; 120). Vessel element lengths are considerably smaller on average (217 

|im) than is typical for dicots (Metcalfe and Chalk 1983: 121), and species averages range 

from 60 f,im to 1 mm. 

Fibrifomi vessel elements have oblique, caudate tips in most species, but in some 

geophytes, they have transverse ends and few lateral wall pits (Fig. 16b, d-h). Perforation 

plate angles in wide elements range from transverse to oblique in secondary xylem (Fig. 

15a, e). Perforation plates are uniformly simple and unbordered (potentially weakly 

bordered; see Baas 1986, Carlquist 1986), with no trebeculae observed. Tyloses are 

frequent in the older portions of both tubers and stems (Fig. 9e, f). Lateral wall pits in 

both the wide vessel elements and the fibriform eiemenls arc bordered or weakly 

bordered and are not vestured (Fig. 15). 

Vessel lateral surfaces lack helical thickenings and have alternate, irregularly 

alternate, and pseudoscalariform pits (Fig. 15). Carlquist (2001; 76) describes 

pseudoscalariform pitting as a relatively rare condition in which pits span the lateral wall 

face. Pseudoscalariform pits in Adenia do not traverse the length of the lateral wall, so 

might best be called wide alternate pits. Intervascular pitting tends to be smaller than 

contact pits. That contact pits differ in si/e from intervascular pitting is somewhat 

unusual as Frost (1931) ckiims that 85% of dicots have no difference. Appendix E 

examines lateral wall pit size in relation to evolutionary transitions from non-succulent 

forms to forms with large volumes of axial parenchyma, but lateral wall pits are obsei"ved 

to be wider on average in succulents. 
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Imperforate trachecuy elements (Fig. 16). Imperforate tracheary elements in 

xylem consist of both vascular tracheids and libriform fibers. Unlike the results of 

Ayensu and Stem (1964) who found no libriform fibers in the xylem of lianas, libriform 

fibers are found in many lianous Adenia. Libriform fibers tend to be thick-walled and 

narrow, but in some species (e.g. A. karibaensis; Fig. 16c) there are both thick and thin-

walled fibers with septae and nuclei. The average length of all fibers was relatively short 

(1.2 mm), but averages varied between 444 |i,m (A. inermis) and 2.5 mm (A. hondala). 

Ayensu and Stern (1964) apply the term fiber-tracheid to non-libriform 

imperforate elements. Carlquist (1985), however, recommends that these be called 

vascular trecheids in Passifloraceae. These elements tend to be in close association with 

wide vessels. I adopt Carlquist's recommendation although these vascular tracheids have 

unbordered lateral pits. The pitting and the shapes of these elements closely resemble 

those of the libriform vessel elements. Metcalfe and Chalk's (1983: 13) definition of a 

vascular tracheid as "an imperforate cell resembling in form and position a small vessel 

elemenf fits well with the description of imperforate elements in Adenia. Lengths of the 

vascular tracheids and fibriform vessel elements averaged 0.5 mm, but they ranged 

bet\\'een 0.2 and 1.2 mm. 

Pith (Fig. 17). Pith consisted primarily of large-celled, thin-walled parenchyma. 

Pith in proximity to primary xylem is lignified as is visible when viewed in relation to 

protoxylem (Fig. 17d). Although not exhaustively documented, piths of the young stems 

of several species were hollow (Fig. 10b, c). Both tannin cells and raphide crystals are 

present in the pith of many species (Fig. 17a, b). 
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Phylogeny and independent constrasts 

The 52 species used for the phylogenetic analyses of character correlation were 

those species for which anatomical data were complete or nearly complete {i.e., only one 

measurement missing; Fig. 18). Ad en ia aff. metriosiphon, A. letoiizeyi, A. a IT. lindiensis, 

A. cladosepala, A. aff. cissampeloides, and A. longestipitata were therefore excluded 

from these analyses, but their available data are recorded in the tables. The phylogeny 

resulting from this taxon samphng is similar to that presented in Appendix A, but differs 

in the placement of A. schweinfurthii, and A. perrieri. Adenia perrieri is sister to A. 

lapiazicola, A. litoralis, A. trichocalyx, A. monadelpha, A. refracta, and^. boivinii in this 

analysis, whereas it is sister to only A. lapiazicola, A. litoralis, A. trichocalyx in the 

analysis of Appendix A. Adenia hondala is sister to A. schweinfurthii in this analysis, 

whereas these taxa are paraphyletic and adjascent to each other in the analysis of 

Appendix A. 

Results of the comparative analyses are presented in Fig. 19. Gains in 

anomalous secondary growth (asg) were strongly positively correlated with increases in 

xylem parenchyma. The values of D were greater than 0 in 998 of the 1,000 replicates. 

Gains in asg were also positively associated with gains in vessel density (994 of 1,000 

replicates were positive). Neither the number of vessels per aggregation nor vessel 

diameter was correlated with gains in anomalous secondary grov«.'th. Ninty-two percent of 

the trees had significant contrasts for the test between gains in asg and xylem 

parenchyma. Fifty-three percent of the trees had significant contrasts for the test between 

gains in asg and vessel density. The percent of trees with randomized data that had 



162 

significant contrasts ranged from 6.9% to 8.9%. On average, 7.69 ICs were present in 

each tree for the empirical data, and between 15.05 and 15.18 contrasts were present for 

the randomized data. 

DISCUSSION 

Summaiy of Anatomy in Adenia. The patterns of xylem evolution in Adenia are 

consistent with those observed in the rest of Passifloraceae. They share the specialized 

woods that are generally present in Passifloraceae (wide and short vessels, little storying, 

extensive axial parenchyma, and fibriform vessel elements). Although anatomy of tubers 

in Passifloraceae had not been investigated prior to this study, tubers in Adenia are 

uniformly parenchymatized, often with scattered libriform fibers. 

Members of Adenia tend to have high volumes of ray and axial parenchyma and 

several xeromoiphic traits, but no diagnostic anatomical features were recognized that 

distinguish Adenia from other lineages in Passifloraceae. Within some sub-lineages, 

however, there are distinctive patterns. Perhaps most striking are the successive cambia, 

which were observed exclusively in Adenia. section Ophiocaulon. Whether this trait is 

diagnostic for this group is unknown as only two (A. giimmifera, A. aff. cissampeloides; 

potentially a third, A. staudtii) of the 12 recognized species have been characterized. 

Adenia wightiana also appears to be part of this lineage (Appendix A), although this 

species lacks extensive secondary growth, so does not develop successive cambia. The 

novel type of anomalous secondary growth similar to the wi/raxylary phloem of Ipomoea 

(Carlquist and Hansen 2001) was only observed in Clade 4. Actually, it seems more 
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accurate to call this condition anomalous primary growth, as these species rarely develop 

substantial secondary growth at ail. 

Like successive cambia, other anatomical features provide synapomorphies 

for particular lineages. Adenia perrieri, A. rejracta, A. peltata, A. monadelpha, A. 

lapiazicola, A. trichocalyx, and^^. Utoralis comprise a lineage of Malagasy species in 

which there is an abrupt transition in the Juvenile stem between a photosynthetic 

epidermis and a periderm. Adenia monadelpha is radically altered such that juvenile 

stems no longer possess the phloem fiber bundles so characteristic of stems of all other 

Adenia species. These patterns of development in this lineage (quick loss of epidermis, 

lack of phloem bundles, stem succulence) resemble those of tubers. In most other 

pachycaul lineages (with the exception of A. stylosa and A. olaboensis) the 

photosynthelic epidermis is retained in old stems throughout the life of the plant. 

Retention of a photosynthetic epidermis has been described as an adaptation by 

xerophytes to limited water availability (Steinmann 2001, Janse vanVuuren 1970). 

Leaves can be shed when water becomes scare, but the stems can continue to 

photosynthesize at a slower rate with water present in the succulent storage tissue. 

Succulents generally exhibit low transpiration rates with moderate negative partial 

pressures for conduction; they are able to rapidly uptake water on a seasonal basis, but 

persist with a slow and steady rate of transpiration (Carlquist 2001: 208). In addition to a 

retained epidermis and storage parenchyma, many Adenia plants have thick cuticles and 

epicuticlar waxes. Special collapsible water storage cortical parenchyma was observed in 

A. globosa and was postulated to exist in A. ballyi as well; no other taxa shared this trait. 
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Special ontogenetic features also appear to relate to xeromorphy. Flowering 

often commences before leafing and before rains commence {pers. obs. in e.g., A. 

lanceolata, A. digitata, A. spinosa), similar to several dry forest species of trees and 

shrubs (Janzen 1967). Some species have markedly ephemeral leaves that drop when soil 

dries {e.g., A. globosa, A. subsessilifolia). Having enlarged, water storage stems that 

potentially attract herbivores, many African pachycauls (A. globosa, A. ballyi, A. spinosa, 

A. pechiielii) possess thoms, and the majority of Adenia possess crystals and tannins with 

putative defensive functions (e.g., Carlquist 2001: 251). 

The patterning of parenchyma development plays a key role in understanding the 

patterning of anomalous secondary growth in succulents in Adenia. Nearly all species 

begin growth with a ring of primary xylem that lacks (or rarely contains) parenchyma. 

Ground tissue proliferates (Baccarini 1908, Janse van Vuuren 1970), and as it does so, it 

breaks this ring until in mature specimens it is no longer visible. Even rooted stem 

cuttings of at least A. Jiringalavensis, A. olaboensis, A. spinosa are capable of developing 

a large, parenchymal i/ed storage structure as a result of both cambial development and 

proliferation. As parenchyma continues to proliferate, it occasionally differentiates into 

cambial cells which give rise to vascular strands in the storage structures of many 

species. These strands are found exclusively in tubers and succulents, and within an 

evolutionary context, 1 have demonstrated that gains in the presence of anomalous 

secondary growth are correlated with increases in parenchyma. 

Carlquist (1962) remarked that pitting in stem succulents tends towards 

pseudoscalariform pits, and members of Adenia appear to be no exception. Among 
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Adenia, pits in succulents appear to be longer than those in other species on average. 

Furthermore, contact pits appear to be larger than intervascular pits in Adenia, which is a 

relatively rare condition among highly lignified plants (/. e., those surveyed by Frost 

1931). Thus, several patterns of anatomical evolution in Adenia relate to xeromorphy and 

to the storage capabilities of many species. Appendix E analy/cs some of these 

observations with greater scrutiny in a phylogenetic context. 

Test of/he Innervation Hypothesis. The initial hypothesis to be tested, that gains 

in anomalous secondary growth were associated with increases in xylem parenchyma, 

was corroborated. Evolutionary gains in vascular bundles were associated with increased 

parenchyma in xylem (Fig, 19). Randomized data were used to test whether the actual 

pattern of evolution differed from randomly distributed characters on a phylogeny. If 

individual trees produced significant contrasts, but randomized data also produced 

significant contrasts on the same tree, then the pattern implied by the empirical data {i.e. 

non-randomized data) would be suspect. Between 7% and 9% of the randomized data on 

the sampled trees generated significant contrasts. Such percentages were consistently 

higher than the expected <5% at the a = 0.05 level. These observations may indicate that 

the structure of the tree independent of the data themselves can bias the detection of 

correlation. However, in general, the percent of individual trees with significant contrasts 

was less than the percent of differences in percentages of positive contrasts between the 

randomized data and the empirical data. Thus considering only the percentage of trees 

that have significant contrasts is a more conservative estimate of correlation strength for 

these analyses. 
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This pattern that vascular strands are associated with increased succulence is 

consistent with the hypothesis that innei"vation of storage structures via anomalous 

secondary growth can help distribute resources throughout the structure. With the 

proliferation of parenchyma and increases in stem girth, the distances between vascular 

tissues also increase when there is no anomalous secondary growth. Transport without 

the initiation of vascular strands can be accomplished through diffusion or active 

transport, but the former is slow, and the later expends resources. Innervation by 

anomalous secondary growth likely provides a transport network that is powered by 

transpiration. Neither vessel diameter nor vessel aggregation size was correlated with 

gains in anomalous bundles. Increases in vessel density were correlated with gains when 

differences between randomized and empirical data were considered, but there was no 

correlation when significance of contrasts was considered on individual trees. Clearly, 

physiological work is required to understand the transport processes in such vascular 

strands, but this study supports the hypothesis that anomalous strands function to aid 

transport. 

A caveat, however, is required. One of the major goals of researching the 

relationship between characteristics in a phylogenetic context is to examine the pattern of 

evolution among independent origins of the character states of interest. When phylogeny 

is considered, correlations among traits are less likely to be due to their shared presence 

in an ancestor that gave rise to descendants that also possess the traits. The classic 

example is the correlation between mammalian hair and milk. These traits are correlated 

100%. Whenever an organism has milk, it also has fur (follicles). But this correlation is 
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spurious as there was a single evolutionary event responsible for this pattern. Is it 

possible that this is what is occurring in Adenia as well? Looking solely at the 

distributions of the evolutionary appearance of succulence and anomalous secondary 

growth in stems, these traits do not appear to be ancestral, but to have evolved 

"independently" in several lineages when parsimony is the criterion used to infer 

ancestral states. Recent work in plant genetics (Yoon and Baum 2004) suggests that very 

minor changes in regulatory genes can induce parallelisms in the evolution of 

inflorescence structure and other morphologies. The ancestors (lab strains) all possessed 

the same genetic machinery, and evolutionary alterations (induced through mutagens) 

altered the regulation of that machinery. The apparent separate origins of inflorescence 

structure were due not to de novo evolution of developmental systems, but to the 

presence of a conserved developmental system whose regulation changed. Although the 

individual mutation events that lead to parallelism were independent, the structures 

themselves were dependent on the presence of a shared developmental program in their 

ancestor. Developmental programs that are present in ancestors can be flexibly turned on 

and off resulting in a scattered distribution of a trait in a phytogeny when the program is 

expressed. 

Perhaps an even more parsimonious explanation, then, for the pattern of co

occurrence of vascular bundles and succulence is that the ancestor of all Adenia 

possessed the developmental and genetic machinery to develop succulence with 

anomalous secondary growth, and subsequent evolutionary alterations in the regulation of 

the genetic program responsible for initiating the development of storage tissue {i.e.. 
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succulence) generated the pattern of several origins of succulence and several origins of 

anomalous secondary growth. The ramifications of this hypothesis are explored in more 

detail in Appendix F and Appendix H. If this scenario is accurate, a single origin of the 

genetic system for anomalous secondary growth and for succulence followed by 

independent mutational events in regulatory genes would explain the pattern observed. 

Although the expression of succulence is intermittently masked and then switched on, the 

hypothesis that the developmental system that produces both succulence and anomalous 

growth is present in all Adenia is explained as reflcctive of the correlation between these 

traits in the common ancestor just as it the case with the correlated occurrence of 

mammalian hair and milk production. 

If evolutionary switch-like behavior is prevalent in the evolution of plants, the 

validity of the use of so-called statistically independent contrasts has to be questioned. In 

light of the fact that the data about the genes and the developmental processes they evoke 

are not currently available (except in the case of a few unrepresentative so-called genetic 

models species) the current approach is advocated. As more genetic data become 

available, these data, too, can be used to generate more robust models of character 

evolution. 

Yet another caveat is required. The method developed incorporates uncertainty in 

phylogeny by randomly sampling topologies and branchlengths from a distribution of 

their states, but once the the phylogeny and branchlengths have been selected, there is 

only one reconstruction of the ancestral stiites, based on a Brownian motion model of 

character evolution, to estimate independent contrasts {i.e., no variability is considered in 
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ancestral states). An even more thorough approach would include the uncertainty both in 

the estimation of ancestral (and current) states and in the phylogeny. The approach used 

here builds on previous methods by incorporating the first form of uncertainty, and future 

work will hopefully examine the second source of uncertainty. 

The main hurdle to assessing the probability distributions of ancestral states is in 

defining an appropriate model of character evolution. If. indeed, plant evolution is 

dominated by discrete, switch-like evolutionary transitions, Brownian motion is not an 

appropriate model. It has, however, been shown that detection of correlations using 

Brownian motion to infer ancestral states is robust, when, in fact, a different model of 

character evolution was responsible (DiazUriarte and Garland 1996). In the current case 

when a dichotomous variable is contrasted with a continuous variable, no assumptions 

about the model of character evolution are used according to the CAIC documentation. 

Finally, one last issue is that the software (batch version of CAIC) is capable 

of considering pairwise interactions only. A more accurate account of the evolution of 

anatomy (and other characters) would involve a model that included the effects of several 

variables. 

Summary. The anatomy of Adenia resembles that of other members of 

Passifloraceae. The presence of fibriform vessel elements, wide, short vessels elements, 

vascular tracheids, well developed axial parenchyma, simple perforation plates, and 

alternate lateral wall pitting are all characteristic of all of the species of Adenia that have 

secondary growth in stems. Four distinct t}/|3es of anomalous secondary growth are 

reported for species of Adenia. These include successive cambia, vascular strands, ground 
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tissue proliferation, and a new type that is analogous to //i/raxylary phloem. Anomalous 

secondary growth was found in several species of Adenia and presence of one type of 

anomalous secondary growth (vascular strands) was correlated vvith increases in xylem 

parench3'ma. This observation is consistent with the hypothesis that increased innervation 

of storage structures associated with anomalous secondary growth may aid in resource 

transport. However, I also offer an alternate hypothesis to account for this pattern that 

proposes that the association between anomalous bundles and succulence is a result of 

parallel changes in a shared developmental program. 
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FIGURES AND TABLES 

Figure 1. Regression analyses for camera measurement calibration for two cameras and 
three magnifications (40X, lOOX, 200X). Correlation coefficients were uniformly high 
(1.00) for ail magnifications and cameras. Regression models are shown for camera focal 
length on number of pixels per 0.1 mm. Lowest to highest magnification, curv'-es are 
bottom to top. a. Calibration curves for Nikon Coolpix 950. b. Calibration curves for 
Nikon Coolpix 990. 

Figure 2. Cross section of mature stem of the vine, A. wightiana, showing features of a 
plant with no enlarged storage structures. Note that stem is angular in cross-section and 
has little secondary growth, extensive parenchyma in secondary growth, cuticularized 
epidermis, and extensive cortical storage parenchyma (shriveled cells). This species has 
no tuber or thick stems, so cortical tissue, ray, and axial parenchyma putatively provide 
storage. Scale bar = 0.8 mm. 

Figure 3. Leaf shape diversity in Adenia (various scales), a. A. venenata, b. A. 
keramanthus. c. A. volkensii. d. A. perrieri. e. A. glauca. f. A. pyromorpha. g. A. 
subsessilifolia. h. A. wilmsii. i. A. globosa ssp. pseudoglobosa. ]. A. shweinfurthii. k. A. 
gummifera. 1. A. goetzei. m. A. digitata. n. A. litoralis. o. A. kigogoensis. p. A. repanda. q. 
A. firingalavensis (juvenile), r. A. hondala. s. A. wightiana. t. A. riimicifolia. u. A. lobata. 
v. A. stylosa. w. A. pachyphylla. x. A. spinosa. y. A. aff. monadelpha. z. A. fruticosa. aa. 
A. stenodactyJa. ab. A. trichoca/yx. ac. A. mcdadiana. ad. A. hondala. ae. A. lancaeolata. 
af A. ajj. metriosiphon. ag. A. aff. trisecta. ah. A. pechuelii. ai. A. perrieri. aj. A. mannii. 
ak. A. ajf. lindiensis. al. A. kirkii. am. A. ovata. an. A. schliebenii. ao. A. karibaensis. 

Figure 4. Thorns derived from tendrils, a. Narrow, shaip thorns of J. spinosa. These 
thorns begin as functional tendrils, but when unused the tendril tips undergo necrosis and 
a persistent thorn, as shown here, remains, b. Thick, conical thorns of A. globosa. These 
plants never produce tendrils, but the thorns are positionally homologous to them. Scale 
bar = 2 cm. 

Figure 5. Adenia pechuelii in habitat. Image used with permission from http:/7www. rare-
succulents.com. Stems on these plants never produce tendrils and remain relatively short 
throughout life. Their leaves are ephemeral, and the branch tips undergo necrosis to 
produce apical spines. Fig. 12c is a cross section through one of the spine-tipped 
branches. 

Figure 6. Epidermal features of Adenia. a. Epidermal peel of A. fruticosa showing 
anomalocytic stomata. b. Epidermal peel of A. stylosa showing cf. cyclocytic stomata. c. 
A stomate in groove of A. pachyphylla. d. Stomate of the liana A. mcdadiana. Note the 
spongy cells and small or absent substomatal chamber beneath the stomate. e. Cuticle of 
A. karibaensis. The stem is relatively young, as older stems develop periderm. Note the 
small, uneven epidermal cells, f. Layered epicuticular wax of mature stem of A. 
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fasciculata. g. Multiseriate epidermis of^. acuta, h. Uniseriate trichome of young ^4. 
keramanthus stem. Note the hypodermis and the spherical, even epidermal cells. Scale 
bars: a.-g. = 0.1 mm; h. = 0.4 mm. 

Figure 7. Stem cross-section of the geophyte Adenia digiiata. Note thick periderm and 
numerous phloem fiber bundles that proliferate throughout the life of the stem (large 
arrow points to a new bundle). Stems of^. digitata, as well as some other geophytes in 
Clade 4, produce anomalous phloem between the pith and primary xylem (small arrows). 
Stems of most geophytes never develop periderm and die back each year, so periderm is 
unusual in geophytes. 

Figure 8. Anatomy of tubers and stems of sister species, A. aculeata and A. inermis. 
Adenia inermis is a geophyte with annual stems whereas A. aculeata is a stem succulent 
with prickles on stems, a. Prickle of matured, aculeata stem. b. Young stem of A. 
aculeata. Note similarity to young stem of A. inermis. c. Young stem of^. inermis. Note 
the periderm development at the lower left that resembles initiation of a prickle (small 
arrow). Prickles, however, never form in these annual stems. Also note the small 
epidermal projections (large arrow). Stems of A. inermis never develop substantial 
secondary grow th, d. Mature stem of A. aculeata, a succulent with narrow, clustered 
vessels (small arrow) and anomalous vascular bundles (large arrowhead), typical of many 
stem succulents in Adenia. e. Tuber of A. aculeata. Very similar to the succulent stem, 
the tuber also has narrow vessels (small arrow) and anomalous bundles (large 
arrowhead), f Tuber of A. inermis. The tuber is typical; it has narrow vessels (small 
arrow) and anomalous vascular bundles (large arrowhead; see also Fig. 15a). Scale bar: a, 
b. = 0.2 mm; c.-f. = 0.4 mm. 

Figure 9. Characteristics associated with mature stems and tubers, a. Non-storied or 
partly storied periderm of A. schweinfurthii. Degraded phloem fiber bundle also present, 
b. Peridenn of tuber of A. densiflora, a liana. Dark tannin cells are abundant, as are 
lighter stone cells (arrow) directly under the phellogen. c. Periderm of A. inermis, a 
geophyte. Adenia densiflora (1 lb.) and A. inermis come from different lineages of 
Adenia, are very different in habit, yet produce anatomically very similar tubers. 
Periderm is uniformly present in tubers, and is frequent among portions of older stems. 
Stems of several species (see Fig. 13d) also produce a similar pattern of tannin and stone 
cells. Stone cells are often associated with periderm, d. Starch plastids in pith of A. 
cissampeloides. Starch plastids are commonly found in the parenchyma of secondary 
xylem in most species, e. Tyloses in vessel of^. densiflora. Tanniniferous cells are also 
present in the cellular tyloses, f. Tyloses in A. cladosepala, a close relative of A. 
densiflora. Scale bars: 0.1 mm. 

Figure 10. Cortical features. Cortex width varies among species, as does its cellular 
structure. In some species it probably serves a storage function, a. Anomalous condition 
of new stems of^. rnonadelpha. Primary growth is in bundles, and cortex and pith are 
indistinguishable from ground parenchyma; also distinctive about this species is the lack 
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of phloem fiber bundles which are uniformly present across all other Adenia spp. b. 
Narrow cortex of A. hondala. This Indian species forms apachycaul base and thick Uana 
sterns. The pith is hollow, phloem bundles are numerous, and the pith is wide relative to 
the cortex, c. Wide cortex of young stem of A. pechuelii. The pith is hollow and narrow, 
whereas the cortex (begining at the torn vascular cambium) is wide and probably serves a 
storage ftinction. These plants grow in habitats with scant precipitation (Fig. 7; Fig. 12c is 
a cross section through one of the spine-tipped branches.), d. Cross section through stem 
of A. digitata. This stem is one of the perennating stems of a geophyte. It is likely to be 
several years old, yet never develops extensive secondary growth. It develops phloem 
fiber bundles throughout life. Note the small ones that are presumably youngest, c. Close-
up of phloem fiber bundles of A. schweinfurthii. Likey^. pechuelii, A. schweinfurthii has a 
relatively wide cambium that is hkely to serve a storage function. Unhke A. pechuelii, A. 
schweinfurthii does not develop much secondary growth, f Cortex of A. sphaerocarpa, a 
liana. Arrows indicate degraded phloem fiber bundles. There appears to be no 
proliferation of these bundles in this species, g. Collapsible storage parenchyma in A. 
globosa. It is not certain that the spaces between the wrinkled cortical cells are for storage 
or gas exchange, but they are very similar to those observed in some cacti, h. Unusual 
vascular tissue in cortex of A. lobata. These are vessels in the cortex. Scale bars: 0.4 mm. 

Figure 11. Inclusions. Tannin cells and raphide crystals are prevalent features of Adenia 
anatomy, a. Crystals in every cell beneath the epidemiis of A. ellenbeckii. The arrow 
points to a rhomboid crystal. The remainder consists of druses, b. Druses, starch plastids, 
and tannin cell of A. acuta, c. Plentiful crystals in cortex of A. lapiazicola. The black dots 
are druses, d. Mature stem of A. elegans. This multistemmed vine has extensive tannin 
cells (dark) and stone cells (light) beneath its cuticularized epidermis, e. Close-up of 
tannin cells in A. acuta, f Longitudinal section through a young stem of A. cladosepala. 
Although nearly isodiamctric in cross section, tannin cells are frequently elongated 
longitudinally. Scale bars: a.,b.,d.,e. = 0.1 mm; f = 0.2 mm; c. = 0.4 mm. 

Figure 12. Anatomy of A. gummifera. a. Cross section through young stem of^. aff. 
cissampeloides, a close relative of^. gummifera. b. Fairly young stem of^. gummifera. 
Successive cambia are indicated by arrows. Mature stems are several centimeters wide 
with many cambia. c. Tuber. Vessels are narrow, and anatomy is very different from 
stem. Scale bars: 0.8 mm. 

Figure 13. Cambial variants. Anomalous vascular bundles (vascular strands) are 
widespread in tubers and succulent stems. Proliferation of ground parenchyma disrupts 
primary xylem in most stems, a. Typical vascular strand in tuber of A. inermis. Phloem is 
crushed, b. Vascular strands in stem of A. trichocalyx. The semi-circular lignified tissue 
is primary xylem. The two indicated strands (arrows) are present in the proliferated 
ground tissue, c. Anomalous bundles in stem of A. perrieri. Arrows mark two bundles. 
The ripped tissue is vascular cambium, d. Anomalous bundles in the former pith of A. 
litoralis. The down arrow marks a remnant of primary xylem. The up arrow indicates the 
vascular cambium of a strand, e. Cross section through new growth of A. sphaerocarpa. 
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Primary xylem forms a continuous ring. f. Older stem of J. sphaerocarpa. Arrow marks 
region of ground tissue proliferation that interrupts the formerly continuous primary 
xylem ring. g. Stem of A. fruticosa. Anomalous bundles are marked, h. Tuber of^. 
fruticosa. Anomalous bundles are marked. Note the anatomical similarity between the 
succulent stem (g.) and the tuber (scattered bundles embedded with narrow vessels 
embedded in ground tissue). Scale bars = 0.4 mm. 

Figure 14. Axial and ray parenchyma including vessel aggregation patterns. Rays are 
wide and axial parenchyma is abundant in all species of Adenia. a. Wide and narrow 
apotracheal bands in A. litoralis. Islands of libriform fibers are abundant between rays 
and bands, b. Close-up of a. Axial parenchyma cells are smaller than ray cells. Vascular 
tracheids (or fibriform vessel elements) are next to vessel. Other lignified tissue is 
composed of thick-walled libriform fibers, c. Axial parenchyma and rays in A. 
nimicifolia. Rays are relatively narrow and interrupted by the large, mostly singular, 
intrusive vessels. They consist of radially elongate cells. Other cells are the abundant 
apotracheal axial parenchyma, d. Tangentially oriented vessel aggregations of A. 
ellenbeckii. Ray cells are indistinguishable from ground parenchyma. An'ow points 
parallel to rays. e. Irregular vessel aggregations of A. monadelpha. Adjacent parenchyma 
cells are irregularly shaped and sized. Arrow points parallel to rays, f Anatomy of A. 
boivinii. Vessel multiples are irregularly oriented. Axial parenchyma cells are distinctly 
smaller than ray cells (upper left corner). Both vasicentric tracheids (and/or fibriform 
vessel elements) and libriform fibers (arrow) are present, g. Radial multiples in tuber of 
A. subsessilifolia. Apart from the narrow band of vessels, the secondary growth is almost 
entirely irregularly shaped and sized parenchyma, h. Wide bands that lack vessels in the 
liana, A. letonzeyi. Note the beginning of rupture of primary xylem. Scale bars = 0.2 mm. 

Figure 15. Vessel elements. Vessel elements range from wide to narrow, with transverse 
to oblique plates. Primary xylem frequently has helical- and reticulate-walled vessels, a. 
Vessels of A. cladosepala. This liana has unifonnly alternate lateral wall pitting, 
transverse plates, and wide vessels, b. Vessels of A. gummifera. This liana has relatively 
wide vessels with mixed pitting. Elongate cells are most likely axial parenchyma; no 
plasids were observed in libriform fibers. Contact pits verge on pseudoscalariform 
(arrow) whereas intervascular pits are alternate. Axial parenchyma is present next to the 
pseudoscalariform pits. c. Pseudoscalariform pits of the pachycaul, A. karibaensis. d. 
Mixed pitting of A. fruticosa, another pachycaul. e. Caudate tips of vessel of A. acuta, a 
vine, f Helical vessel walls of primary xylem of A. hastata. Scale bars; 0.1 mm. 

Figure 16. Imperforate tracheary elements and fibriform vessel elements, a. Wide, non-
septate jibriform fibers of A. isaloensis, a sub-shrub, b. Fibriform vessel element adjacent 
to septate libriform fiber (below) and axial parenchyma (above), c. Septate, thin-walled 
libriform fiber of^. karibaensis, a pachycaul tree. d. Irregular fibriform vessel elements 
and vascular tracheids of .4. cladosepala, a liana. Imperforate members are very similar to 
fibfiform vessel elements apart from the lack of a perforation, e. Thick and thin libriform 
fibers with a vascular tracheid in A. cladosepala. f. Close-up of perforation in fibriform 
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vessel element of A. cladosepala. g. Fibriform vessel element of the geophyte, A. goetzei. 
h. Close-up of perforation of fibriform vessel element of A. goetzei. Lateral wall pits 
appear to be minutely-bordered, minute themselves, and sparse. 

Figure 17. Pith. Crystals and tannin are frequently embedded in pith cells. Pith cells tend 
to be relatively large and isodiametric. a. Wide pith of A. acuta, a vine. b. Pith of A. 
elegans, a multi-stemmed vine. A large proportion of parenchyma cells are filled with 
tannin, c. Anomalous phloem between primary xylem and pith of^. digitata. The 
crushed phloem cells are topped by a bundle of libriform fibers (see also Fig. 9). d. 
Protoxylem of A. spinosa. Parenchyma adjacent to protoxylem is unlignified whereas 
parenchyma surrounding these cells is lignified. Thus, pith parenchyma that neighbors 
primary xylem becomes lignified in time. e. Crushed pith of tuber of A. goeztei. This 
section began as the root of a cutting, then it differentiated into a tuber. A distinct 
transition is observable between the darkened vascular tissue of the original root and the 
parenchymatized vascular tissue of the tuber. The vascular cambium (arrow) is close to 
the section periphery. 

Figure 18. Phylogeny of Adenia spp. with complete anatomical data. The phylogeny is 
the consensus tree of the post burn-in MCMC sampling performed during a Bayesian 
analysis. Sequence data used are those of Appendix A. 

Figure 19. Character correlations between gains in anomalous secondary growth and 
anatomical features related to stem succulence. Graphs show histograms of differences 
between percent positive contrasts and randomized contrasts for sample size of 1,000 
trees sampled from the Bayesian posterior distribution. Red bars show all 1,000 trees. 
Blue bars are individual trees that have statistically significant empirical contrast values. 
Green bars are individual trees that have significant randomized contrast values. Yellow 
bars are trees on which both empirical and randomized data are significant, a. Gains in 
anomalous vascular bundles vs. percent parenchyma in xylem. Both the difference scores 
(red bars) and the individual trees (blue bars) support a positive correlation between these 
traits, b. Gains in anomalous vascular bundles vs. vessel aggregation size. These were not 
significantly correlated, c. Gains in anomalous vascular bundles vs. vessel diameter. 
These were not significantly correlated, d. Gains in anomalous vascular bundles vs. 
vessel number mm"^. Differences were significantly different from 0 (red bars), however, 
considering the correlations on individual trees (blue bars), there was no correlation. 
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Table 1. List of Adenia species and outgroups used for anatomical analyses. Collection, 
voucher information, country of origin, and location (abbreviations follow Holmgren et 
al. 1990) are provided. 

Collection Origin 

Adenia aculeata Hearn cult! (ARIZ) Ethiopia 

A. acuta Hearn Mad007 (ARIZ) Madagascar 
A. aff cissampeloides Hearn 211119 (ARIZ) Tanzania 
A. boivinii Hearn Mad023 (ARIZ) Madagascar 

A. cladosepala Hearn MadOl 1 (ARIZ) Madagascar 
A. dens {flora Hearn Mad()40 (ARIZ) Madagascar 
A. digitata Hearn 1040 (ARIZ) South Africa 
A. elegans Hearn Mad053 (ARIZ) Madagascar 
A. ellenbeckii Hearn cult5 (ARIZ) Kenya 
A. fascial lata Hearn Mad002 (ARIZ) Madagascar 
A. firingalavensis ex. Specks 3601 (ARIZ) Madagascar 
A. fruticosa Hearn 1029 (ARIZ) South Africa 

A. glaiica Hearn 1035 (ARIZ) South Africa 

A. globosa ssp. pseudoglo bos a ex.  Huntington BG 78550 ( ARIZ) Kenya 
A. goetzei 1 learn cultS (ARIZ) Tanzania 
A. gummifera Hearn 1015 (ARIZ) South Africa 
A. hastata v. glandulifera Hearn 1008 (ARIZ) South Africa 
A. heterophyl/a ssp. australis Hearn cult 1 1 (ARIZ) Australia 
A. hondala Hearn cult  12 (ARIZ) India 
A. inermis Hearn cult l3 (ARIZ) Ethiopia 
A. isaloensis Hearn Mad046 (ARIZ) Madagascar 
A. karibaensis Hearn cultl4 (ARIZ) Zimbabwe 
A. keramanthus Hearn 201116 (ARIZ) Tanzania 
A. kirkii Hearn 261131 (ARIZ) Tanzania 
A. lanceolata ssp. schejfleri Hearn 201115 (ARIZ) Tanzania 
A. lapiazicola Hearn Mad26 (ARIZ) Madagascar 
A. letouzeyi Meise 39-1490 (Meise,  Belgium) unknown 
A. lindiensis Hearn 181110 (ARIZ) Tanzania 
A. litoralis 1 learn Mad031 (ARIZ) Madagascar 
A. lobata ex De Wilde 873 (Meise, Belgium) West  Africa 
A. longesiipitata Hearn Mad042 (ARIZ) Madagascar 
A. mannii ex L.Escobar 92-38 (ARIZ) Africa 
A. mcdadiana Hearn Mad029 (ARIZ) Madagascar 
A. metriosiphon Hearn cultl 8 (ARIZ) Tanzania 
A. monadelpha Hearn Mad050 (ARIZ) Madagascar 
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Collection Origin 
A. olaboemis ssp. olaboensis Hearn Mad016 (ARIZ) Madagascar 

A. pachyphylla I lcarn cult20 (ARIZ) Madagascar 

A. pechuelii Hearn cult21 (ARIZ) Namibia 

A. peltata Hearn cult22 (ARIZ) Madagascar 
A. penangiana Hearn T6 (ARIZ) Thailand 
A. perrieri Hearn Mad048 (ARIZ) Madagascar 

A. pyromorpha Hearn Mad061 (ARIZ) Madagascar 

A. racemes a Hearn 261132 (ARIZ) Tanzania 

A. refract a Hearn MadOOS (ARIZ) Madagascar 

A. repanda Hearn 1023 (ARIZ) Namibia 

A. nimicifolia Hearn 41241 (ARIZ) Tanzania 

A. aff. schliebenii Hearn cuit24 (ARIZ) Tanzania 
A. schweinfurthii Hearn cull25 (ARIZ) unknown 

A. sphaerocarpa Hearn cult26 (ARIZ) Madagascar 

A. spinosa Hearn 1022 (ARIZ) South Africa 
A. stenodactyla Hearn 3515 (ARIZ) Tanzania 

A. stylos a Hearn cult28 (ARIZ) Madagascar 

A. subsessilifolia Hearn MadOSl (ARIZ) Madagascar 
A. trichocalyx Hearn Mad025 (ARIZ) Madagascar 

A. venenata Hearn cult29 (ARIZ) Kenya 

A. volkensii Hearn cult30 (ARIZ) Kenya 
A. wightiana ssp. africana Hearn 18119 (ARIZ) Tanzania 
A. wilmsii Hearn 1028 (ARIZ) South Africa 
Deidamia bicolor Hearn Mad06 (ARIZ) Madagascar 

Paropsia madagascarensis Hcam Mad037 (ARIZ) Madagascar 
Passiflora caeriilea K. Hansen 16 (TEX) Paraguay 

P. foetida Hearn cult32 (ARIZ) United States 



APPENDIX D: 

DATA FOR ANATOMICAL DESCRIPTIONS 



This Appendix presents the anatomy data for Appendix C in five tables. The first summarizes the characters, their 
descriptions, and their abbreviations. The second provides data for tubers, the third gives data for stems with extensive 
secondary growth, the fourth gives data for stems with little secondary growth (geophytes), and the last provides data for 
juvenile stems. General legend: NA = not applicable, m = missing, Si) = standard deviation. Quantitative data are means. 

Table la. Qualitative anatomy characters. 

Abbreviation Description Legend 
angV vessels angular? 

• 
+

 
II 

11 

ax Par type of axial parenchyma 0 = wood parenchymatized 
Oa = 0 with scanty vasicentric lignification 
1 = 0 with chainlike clusters of vessels surrounded by scanty lignified tissue 
1' = 1 with wide bands interrupting chains 
2 = apotracheal parenchyma, lignified tissue in strips from pith to vc, 

with ray-adjacent parenchyma 
2a - 2 with wide bands 
3 = apotracheal diffuse 
3a = 3 to absent 

cambV type of cambial variant vs = vascular strand/bundle 
sc = successive cambia 
ip = intraxylary 
n = normal cambia 



Abbreviation Description Legend 

epiDesc epidermal cell description f = flattened 
i = irregular 
s = spherical 
e = elongate 
sq = square 
sp = sparse/spaces between cells 
a = absent 
mi = minute 

epiMS epidermis multiseriate? + = yes 
- = no 

± = sparingly so 
a = epidermis absent 

plate perforation plate type s = simple 

rayH ray histology g = cells indistinguishable from ground parenchyma 
pi = similar to paedomorphic type I 
pll = similar to paedomorphic type II 
sq = square 
u = upright 
p = procumbent 
h = homocellular 
a = absent 

starch presence of starch plastids ++ = very many 
+ = present 
- = absent 
± = few 



Abbreviation Description Legend 

storied location of storied structure periderm = p 
vascular cambium = vc 
ph = phloem 
absent = a 

tyl presence of tyloses +-=yes; 
- = no 

VELW vessel element lateral wall h = helical 
pit type n = none/very small 

a = alternate 
0 = opposite 
p = pseudoscalariform 

Table lb. Quantitative anatomy characters. 

Abbreviation Description Units 

PXyl Length of tail of primary xylem pm ± SD (N) 

bundAng phloem fiber bundles per arc of 1° number/degree ± SD (N) 

bundL length of phloem fiber bundle pm ± SD (N) 

bundW width of phloem fiber bundle pm ± SD (N) 

crysD diameter of crystal pm ± SD (N) 

ctxW width of cortex pm ± SD (N) 

cutW cuticle thickness pm ± SD (N) 

hypW width of hypodermis pm ± SD (N) 

imperfL length of narrow tracheary elements pm ± SD (N) 

imperfW width of narrow tracheary elements pm ± SD (N) 

libL length of libriform fiber pm ± SD (N) 
KJ 
o to 



Abbreviation Description Units 

libW diameter of libriform fiber pm ± SD (N) 

maxVEDiam maximal diameter of vessel element lumen pm 

maxVEL maximal length of vessel element pm 

minVEDiam minimal diameter of vessel element lumen pm 

minVEL minimal length of vessel element pm 

par Ax diameter of xylem parenchyma pm ± SD (N) 

parCor diameter of cortex parenchyma pm ± SD (N) 

parCort% percent parenchyma in cortex % 
parPith diameter of pith parenchyma pm ± SD (N) 

parXyl% percent parenchyma in xylem % 
perL length of periderm cell pm ± SD (N) 

per Thick periderm thickness pm ± SD (N) 

perW width of periderm cell pm ± SD (N) 

pithR radius of pith pm ± SD (N) 

plateAng perforation plate angle angle in degrees ± SD (N) 

rayW ray width pm ± SD (N) 

SEDiam sieve element diameter pm ± SD (N) 

stone stone cell diameter pm ± SD (N) 

tannin diameter of tannin cell pm ± SD (N) 

VCW width of vascular cambium pm ± SD (N) 

VE#/mm vessel element number per mm'^2 number/mm-^l ± SD (N) 

VEAgg number of vessels per aggregation number/aggregation ± SD (N) 

VEDiam diameter of vessel element lumen pm ± SD (N) 

VEL length of vessel element pm ± SD (N) 

VEPit vessel element lateral wall pit size pm ± SD (N) 



Table 2. Tuber anatomy. 

starch angV cambV ravH storied ctxW cry si) parCor parAx 

A aculeata + + vs s P 819±42 (5) 39±17 (15) 67±24 (50) 63±22 (50) 

A hoivinii - - n pll a 1741±106 (7) 33±10(17) 77±30 (30) 51±20 (38) 

A densiflora j- ± vs g vc 1887±210(6) 31 ±8 (7) 43±21(54) 54:22 (48) 

A digitata + n g P 1256±70 (6) 29±5 (5) 75±47 (38) 48±21 (40) 

A elegans ± + n g P m 0 m 161±78 (88) 

A eli'enheckii + + n g P 1221±i46 (7) 53.49 (1) 77±45 (54) 48±26(82) 

A fruticosa ± + vs g P 863±147(5) 33±9 (21) 48±22(84) 63±25 (68) 

A goetzei - T" n g a 601±23 (8) 0 65±43 (56) 74±26 (48) 

A gummifera + + n s P 563±120(10) 40.63 (1) 38±14(40) 53±16(56) 

A hastata -
+ vs s m m 0 m 116±45 (44) 

A inennis -
+ vs pl(u),g p,cv 749±13](10) 32±6(17) 32±15(28) 47±24 (56) 

A isaloensis + + n g a 3780±110(5) 0 41±19 (48) 54±23 (50) 

A karihaensis + + n g p,vc 1482±]07 (6) 33±6 (5) 42±19(54) 49±16(48) 

A keramanthiis + + vs s,u,g p,cv 1253±82(5) 33±6(12) 39±18 (60) 75±27 (38) 

A kirkii + + vs g P 1310±38 (4) 33±10(6) 41±14(40) 55+25 (78) 

A lanceolata + + n g m 978±133 (8) 28±5 (10) 37±22 (34) 36±22 (36) 

A lindiensis + + m g m m 0 m 72±22 (34) 

A metriosiphon + + vs g p,vc 2038±188 (4) 34±15(11) 86±30 (50) 91±31 (84) 

A monadelpha + + vs g a 1774±53 (6) 43±11 (18) 57-25 (84) 71 ±30 (50) 

A pechuelii -
+ n g p,vc 1918±39 (5) 0 60±19(72) 44±19 (62) 

A penangiana + - + vs s a 976±44 (6) 0 49±9 (12) 15±4 (8) 

A perrieri -
+ n pn,g P 1890±97(7) 52±16(2) 52±21 (40) 39±15 (52) 

A pyromorpha + + n s m 2093±100(5) 56±2 (2) 47±31(52) 69±38 (36) 



starch aiigV cambV rayH storied ctxW crysD parCor par Ax 

A. racernosa + + vs s p,ph 2087±244 (4) 33±13 (19) 41+19 (38) 63+20 (30) 

A. refracta + + n § p,vc 548±34 (8) 33±7 (10) 44±19 (28) 47+18 (50) 

A. repanda + n g a 1374±88(4) 44±12 (11) 55+20 (48) 45+26(58) 

A. schHehenii "1" n pll (s,u,p) p 2594±28 (5) 31 ±9 (96) 61 ±33 (52) 50±25 (52) 

A. schweinfurthii + n g P 2822±197 (5) 52+16(16) 55-20(54) 83+34 (46) 

A. stenodactyla + + vs § P 2565±888 (4) 2516 (19) 36±10(52) 51 ±23 (64) 

A. siibsessilifolia + vs g P 1761±157(6) 43±7 (2) m m 

A. trichocalyx + + vs g P 2375+67 (5) 52115 (18) 62±24 (62) 56±19(52) 

A. volkensii + + n pll(s,u) p 2I49±45 (6) 0 75±46 (46) 55±21 (44) 

A. wilmsii it + vs g p,cv m 0 43±21 (72) 27±10(46) 

perL perW perThick SEDiam rayVV tannin stone 

A aculeata 75±34 (9) 13±4 (9) 119±35 (10) 44±10(7) 1150±474 (3) 34±6 (4) 81.56(1) 

A lyoivinii 74±25 (18) 15±4(18) 149±24(13) 26±6(11) 285±62 (4) 0 0 

A densiflora 41±17 (12) 21±5 (12) m 22±4 (10) 457±323 (4) 41±18 (34) 46+15(9) 

A digitcita 75+27 (26) 22±6 (26) 130±32 (15) 25±4 (9) 1043+134(2) 0 0 

A elegans m m 164±40 (12) m m 0 70+27 (8) 

A eUenbeckii 97±29 (11) 19±6(H) 113±46 (8) 16±4 (3) 417±182(4) 85±38(21) 0 

A fruticosa 61±17(21) 16±5 (21) 306±89 (11) 23±12(9) 591:265 (4) 38±20 (21) 0 

A goetzei 90±27(17) 22±8(17) 129±11 (15) 21 ±8 (6) 608+525 (3) 0 0 

A gtimmifera m m m 22±6 (11) 2503.46 (1) 0 63±13 (8) 

A hastata m m m m m 39±12(2) 0 

A inermis 28±10(11) 17±8 (11) 256±20 (13) 24+9 (10) 398+321 (4) 31 + 12 (41) 55±16(11) 

A isaloensis 51±15 (12) 21±4 (12) 183±74 (9) 21±3 (13) 261±106(6) 52i:18(18) 63±16(13) 



perL perW perThick 

A. karihaensis 64±19 (15) 28±16(15) 144±30 (17) 

A. keramanthiis 55±23 (22) 16±5 (22) 150±27 (10) 

A. klrkii 45 i 14 (26) 9±3 (26) 145±44 (10) 

A. lanceolata m m m 

A. Undiensis m m m 

A. metriosiphon 53±18 (20) 12±3 (20) 263±51 (11) 

A. monadelpha 52±21 (18) 16±5 (18) 118+35 (22) 

A. pechuelii 65±22 (21) 17±5 (21) 167+33 (15) 

A. penangiana 41±11 (13) 24±7 (13) 363+66 (7) 

A. perrieri 59±20 (23) 22±5 (23) 208+72 (13) 

A. pyromorpha m m 70+45 (10) 

A. race mas a 75±21 (26) 14±4 (26) 339+28 (14) 

A. refracta 54-22 (28) 18±5 (28) 171+20(12) 

A. repanda NA NA NA 

A. schliebenii 47±32 (23) 14+5 (23) 144+39 (13) 

A. schweinfvrthil 51±16 (40) 20±8 (40) 176±34(14) 

A. stenodactyla 39±10 (20) 11±4 (20) 116+23 (17) 

A. subsessilifolia 51±]5 (27) 18±4 (27) 234+30 (16) 

A. trichocalyx 74±24 (18) 19±6 (18) 222+47 (9) 

A. volkensil 48±17 (21) 24±11 (21) 150+22 (15) 

A. wilmsii 50±18 (22) 21 -r-5 (22) 253+71 (15) 

SEDiam rayW tannin stone 

20+4(17) 262+143 (5) 0 0 

14+6 (12) 563.08 (1) 34+18 (21) 0 

15+5 (8) 932+537 (3) 26+9 (3) 0 

m m 54+14 (2) 0 

m m m m 

21+5 (9) 460.85 (1) 0 0 

17+7 (3) 499+276 (3) 0 0 

24+7 (14) 590+210 (3) 0 0 

29+15 (9) 1662+791(2) 0 0 

32+7(19) 118+69(8) 0 0 

15+6 (20) 94+45 (8) 51+6 (2) 69+21 (18) 

45+16(7) 1128.88 (1) 0 0 

23+6(10) 525+145 (2) 34+15(18) 0 

16+4 (10) 572+235 (3) 0 0 

22+6 (23) 162+64 (9) 66+33 (32) 0 

24+6 (3) 847+456 (3) 0 0 

41 + 11 (2) m 0 61 + 17 (27) 

20+4 (12) 566+162 (3) 0 47+9 (18) 

39+8 (3) 336+181 (4) 0 0 

23+5 (8) 436+148(4) 57+19(4) 0 

15+4 (26) 230+102 (6) 35+17(4) 0 



vcw V LDiani VELen 

A aculeata 155±80 (4) 44±15 (33) m 

A hoivinii 0 69±24(51) 315±159(12) 

A densiflora 45±2 (2) 74±40 (27) 162±59(11) 

A digitata 101±29 (9) 38±9(17) 102±35 (6) 

A elegans 0 98±73 (15) 178±68(9) 

A ellenheckii 37.27 (1) 55±13 (46) 177±66(18) 

A fniticosa 48±11 (3) 68±27 (35) 213±98 (3) 

A goetzei 30±8 (5) 52±14(16) 149±62 (7) 

A gummifera 40.54 (1) 89±32 (34) m 

A hastata. in 78±28(16) n8±55(I0) 

A inermis 36±9(6) 50±13 (32) 206±98 (18) 

A isaloensis 38±7 (8) 72±30 (35) 164±81 (8) 

A karihaensis 22±6 (6) 50±10(24) 132±38 (10) 

A keramanthus 18±3 (3) 33±12(26) 165±44 (3) 

A kirkii 19±1 (2) 44±12(56) 113±40 (8) 

A lanceolata 19.12 (1) 46±14(38) 99±49(16) 

A lindiensis m 25±2 (2) m 

A metriosiphon 28±9 (6) 38±10(14) 135±20 (5) 

A monadelpha 31±12 (2) 51±24 (50) 118±37 (11) 

A pechuelii 38±11 (6) 33±12(40) 138±71 (22) 

A penangiana 0 62±32 (9) m 

A perrieri 39±14(11) 55±15 (18) 204±68 (8) 

A. pyromorpha 37±14 (16) 52±20 (43) 130±31 (4) 

VE#/mm VEAgg VEW 

6±11 (6) 

9±9 (6) 

2±3 (4) 

11 ±15(2) 

2±1 (2) 

6±6 (4) 

7±8 (4) 

4±4 (2) 

9±12 (2) 

9±10(2) 

12±16(4) 

I Oil2 (2) 

7±7 (4) 

0.27(1) 

8±10 (4) 

15±21 (2) 

m 

2±2 (4) 

5±6 (2) 

12±16(2) 

II ±5 (2) 

14±19(2) 

4±4 (2) 

3±6 (30) 

2±1(29) 

2±1 (32) 

2±1 (18) 

3±3 (8) 

2+1 (32) 

3±2 (27) 

2±1 (38) 

2±1 (23) 

2±} (19) 

2±2 (62) 

1±1 (36) 

2±1 (25) 

2±1(17) 

2±1(42) 

2±1 (23) 

2 ( 1 )  

2±1 (9) 

3±2 (27) 

m 

1 (10 )  

2±1(19) 

2±1 (23) 

3±1 (3) 

5±3 (5) 

4±2 (4) 

3±1 (6) 

10±7 (6) 

5±2 (9) 

5±3 (5) 

5±3 (7) 

5±3 (4) 

4±1 (2) 

6±3 (8) 

5±3 (5) 

4±2 (8) 

4±1 (3) 

4±3 (7) 

3±1 (10) 

3(1) 

3±3 (5) 

5±2 (5) 

4±1 (13) 

5±8 (2) 

3±3 (5) 

4±2 (11) 



VCW VEDiam VELen 

A. racemosa 35 (2) 41±9(13) 28±14(20) 

A. refracta 22±1 (3) 43±19(26) 146±71(18) 

A. repanda 18±3 (4) 25±9 (46) m 

A. schliebenii 67±21 (11) 53±18 (44) 175±61 (15) 

A. schweinfurthil 36±13 (9) 54±24 (41) 166±80(6) 

A. stenodactyla m 49±15 (28) 105±26 (29) 

A. subsessUifolla 26±6 (11) 27±7 (34) 142±61 (6) 

A. trichocalyx 26±6 (5) 139±48 (43) 206±45 (6) 

A. volkensii 28.94 (1) 44±12(39) 182±87 (16) 

A. Wilms a 38±9 (5) 37±13 (30) 185±3! (9) 

VE#/mm VEAgg VEW 

3±4 (2) 

1±1 (2) 

13±15(4) 

10±13 (2) 

14±19(2) 

9±12 (2) 

10±13 (6) 

7±13 (6) 

16±20(4) 

7±9 (4) 

1±1 (11) 

1±1 (27) 

3±2 (25) 

2±1 (24) 

3±2 (33) 

2±1 (16) 

5±3 (15) 

2±1 (34) 

2±1 (49) 

2±1 (34) 

5±1 2) 

4±2 4) 

3±1 9) 

4±2 17) 

5±2 19) 

4±2 4) 

2±1 9) 

6±4 10) 

4±] 10) 

3±1 (9) 



Table 3. Anatomy data for stems with extensive secondary growth. 

starch aiigV cambV epiPesc eplMS 

A. aculeata + + vs s -

A. acuta + - n f ± 

A. boivinii - vs a a 

A. cissampeloides ++ - so e,sp ± 

A. dadosepala + - n r,e -

A. densiflora + n a a 

A. elegans - - n e -

A. ellenheckii + + n f,mi ± 

A. fasciculata - - n i -

A. firingalavensis ± - n i -

A. fniticosa + vs mi ± 

A. glauca + + vs i,mi ± 

A. globosa - + vs f ± 

A. giimmifera + - so e -

A. heterophylki - n a a 

A. hondala ~ + vs a a 

A. karihaensis ± + vs mi,i -

A. keramanthus + + vs sp,i -

A. lapiazicola 4- + vs a a 

A. letouzeyi - - n e -

A. litoralis + - vs a a 

A. lobata + - n e,sp -

VELW parXyl plate ravH storied tyi 

a,p 1 s g P + 

a 2a s p],u a -

a 2a s pll P -

m 2a s pll,u,sq a -

a 2a s pi ph + 

a 2a s pll,u,sq a + 

a 2 s p! a + 

a,p 1 s S a + 

a 2a s pn,sq a + 

a,p 2a s p[I,u,sq,g ph + 

o,p Oa s g a -

P Oa s g a + 

a,o Oa,l s g a -

a 2a s pIJ,u a + 

a,p 2 s pll,u,sq P -

a 1 s g P + 

o,a Oa,l s g (X -

a o,r s g vc -

a,p 1 s u,sq,g p + 

m 2a s g vc + 

a,p 0 s g p + 

a 2a s pll a + 



starch angV cambV epIDesc epiMS VELW parXyl plate rayH storied tyl 

A. longistipitata + - n e ± a 2 s pl,sq,u vc + 

A. mcdadiana + - n f - a 2,2a s pl,g vc + 

A. monadelpha -h + vs a a a 1 s pll,u,sq P + 

A. olaboensis + - vs f - a 2 s g P,vc + 

A. pachyphyl/a - - n e - m 2a s pll,u,sq a -

A. pechiielii - + vs i ± a,p 0,1 s g a + 

A. peltata + + n a a a,o Oa s pll,u,sq p,vc + 

A. perrieri + - n a a a Oa,l' s pll.u P -

A. mmicifolia + - n i,sp - a,p 2,2a s pn,sq,u,p a + 

A. schweinfurthii - -h n a a a 2 s g a + 

A. sphaerocarpa + - n f,mi ± a 2a s pll,sq,u 'd + 

A. spinas a - + vs m m a,o,p 0,0a s g a -

A. stylosa + - vs a a a,p Oa s g p -

A. trichocalyx - - vs a a a 2,2a s pll.sq.u p + 

A. venenata -
-L vs i,f i a 2a s pll,u,g a + 

A. volkens a - + n f,i ± a,p 2 s p[l,u a + 

Deidamia ± - n a a m 2a s pi P + 

Paropsia + n a a m 3a s pill a + 

Passiflora caerulea - n a a m 3a s h a -

Passiflora foetida - n sq - m 3a? s a a -



ctxW crysD cutW imperfL imperfW hypW libL 

A. aculeata 2417±764(5) 49±15 (10) 5±1 (9) 563±209(9) 23±18 (8) 0 !168±283 (10) 

A. acuta 1655±70 (7) 37±5 (16) 17±3 (13) 245±111 (4) 25±25 (3) 92±22(13) 986±150(7) 

A boivinii 2962±336 (5) 45±8 (12) 0 644±180 (5) 43±21(4) 0 1888±427 (10) 

A cissampeloides 1760±37 (6) 37±9 (9) 27±4(16) m m 0 m 

A cladosepala 3339±192(5) 38±7 (3) 30±7(14) 750±357(13) 71±32 (3) 0 2208±269(10) 

A densiflora 3011±193 (8) 38±10(13) 29±9 (8) 740±164(7) 39±11(4) 0 1182±518(6) 

A e/egans 1220±56(7) 32(1) 23±8 (24) 1064±453 (5) 36±13 (5) 0 2205±509 (9) 

A eUenbeckii 1000±74 (8) 35±10(3r) 5±1 (9) 302±164(3) m 45±8 (18) 795±310(10) 

A fasciculata 1335±1]7(8) 32 > 5 (9) 26±8 (24) 495±157 (11) 33±9 (11) 105±12 (6) 1752±599 (5) 

A firingalavensis 3083±68 (6) 33±5 (19) 8±4 (10) 380±143 (12) 27±8 (4) 100±53 (4) 1032±302 (7) 

A fniticosa 2108±70 (7) 35±8 (23) 8±4(14) 634±192(13) 27±18(8) 0 864±187 (9) 

A glauca 3072±664 (2) 28±10(4) 6±3 (30) 493±177(18) 25±7 (9) 64±19(16) 819±168 (2) 

A globosa 2298±256 (4) 32±6 (12) 0 595±274 (5) 36±12(5) 0 2249±300(9) 

A gummifera 695±76 (7) 25±4(19) 9±4(18) 436±178(21) 26±9 (12) 0 672±510(12) 

A heterophyl/a 2614±10(3) 24dz6 (24) 0 1063±499 (12) 28±16(7) 0 1458±537 (11) 

A hondala 2845±125(4) 39±11 (24) 0 482±189(8) 30±12(5) 0 2478±762 (7) 

A karibaensis 1614±49 (8) 40±9 (34) 9±3 (8) 433±146(11) 30±7 (6) 0 807±142(13) 

A keramanthus 1793±64 (6) 31 (1) 12±6 (9) 591 ±331 (22) 35±10(6) 0 1267±367 (15) 

A lapiazlcola 3586±104(5) 34±8 (30) 0 249 (1) m 0 653±391 (5) 

A letouzeyi 2056±301 (7) 26±9 (20) 8±2(12) 242±41 (4) m 0 10±3 (7) 

A litoralis 1364±97 (4) 25±5 (29) 0 365±152(5) 28±3e±00 (3) 0 625±188 (10) 

A lohata 1991±160(5) 23±6 (27) 7±4(17) 273±174(10) 38±35 (10) 0 962±359(6) 

A longistipitata 1828±149(6) 33±13 (3) 11±3 (30) 541±228 (12) 24±4e+00 (6) 0 1186±372 (11) 



ctxW crysD ciitW imperfL imperfW hypW libL 

A. mcdadiana 3528±96 (4) 42±8 (29) 12±4 (14) 520±193 (21) 47+19(19) 76+33 (16) 1062+273 (16) 

A. monadelpha 2290±139(6) 38±8 (21) 0 488±83 (18) 38+24 (17) 126+22 (11) 1437+628 (13) 

A. olahoensis 3895±365 (3) 38±12 (14) 0 314±134(11) 24±5e+00 (5) 0 1668+218 (9) 

A. pachyphyHa 619±101 (10) 31 (1) 11±5 (14) 352±102 (2) m 103+25 (12) 17+4 (4) 

A. pechiie/ii 1977±31 (5) 31±8 (21) 7±2(11) 705±305(9) 32+10(7) 61+26(19) 958+210 (11) 

A. peltata 1013±50(7) 33±7 (33) 0 502±328(9) 42+14(6) 173+39 (7) 2124+581 (13) 

A. perrieri 1072±65(5) 35±8 (42) 0 511±238 (18) 41 + 16(9) 0 1071 + 107 (7) 

A. nimicifo/ia 2351±626(4) 40±9 (17) 13±4 (18) 642±292 (21) 28+7 (2) 0 692+274(10) 

A. schweirifiirthil 2754±59 (6) 36±11 (29) 0 381±166(15) 20+6 (8) 0 773+118 (8) 

A. sphaerocarpo 1809±80 (7) 35±6 (13) 13±4 (17) 562±112(12) 30+10(8) 0 1560+208 (2) 

A. spin OSa 2979±781 (4) 0 m 300±147(26) 32+6(10) 0 719+193 (5) 

A. stylosa 3707±20 (2) 0 0 504+333 (6) 27+18(2) 0 930+218 (10) 

A. trichocalyx 2350±167(6) 29±6 (52) 0 683+208(8) 30+9 (2) 78+12 (6) 1754+579(10) 

A. venenata 1620±54 (5) 31 ±6 (47) 9±3 (19) 464+200(18) 34+18(9) 0 628+691 (19) 

A. volkensii 1749±130(6) 47+15 (5) m 471+183 (15) 42+13 (9) 68+16(19) 973+222 (9) 

Deidamia 1482±57 (4) 38(1) 0 581+448(4) m 0 29+8 (6) 

Paropsia 703±41 (8) 28±6 (8) 0 m m 0 23+5 (4) 

Passiflora caeriilea 1284±64 (4) 0 0 m m 0 111 

Passiflora fbetida 459±79 (14) 19±6 (11) 10±3 (13) m m 38+12 (13) 10+1 (8) 

to 



libW parCor par Ax 

A. aculeata 12±2 (10) 42±18 (40) 48±14 (46) 

A. acuta 19±5 (7) 36±10 (8) 39±12 (78) 

A boivinii 21 ±1 (10) 55±25 (34) 48±31 (28) 

A cissampetoides m 37±15 (40) 42±19 (28) 

A cladosepala 26±5 (10) 47±12 (36) 37±24 (76) 

A densiflora 24±8 (6) 35±12 (36) 26±8 (50) 

A elegans 1 8±4 (9) 40±17 (42) 37±19(66) 

A ellenbeckii 148±398(10) 47±17 (68) 31 ±9 (58) 

A Jasciculata 2415 (5) 36+15 (50) 46±13 (70) 

A firingalavensis 23±3 (7) 38±15 (50) 27±16(52) 

A fruticosa 14±3 (9) 52±21 (66) 66±23 (70) 

A glauca 21±1 (2) 35±13 (50) 35±12(58) 

A glohosa 23±8 (9) 40±19 (48) 58±16(42) 

A gummifera 432±660(11) 30±14 (62) 19±6 (30) 

A heterophylla 25±11 (11) 46±14 (16) 23±9 (20) 

A hondala 19±8(7) 58±23 (116) m 

A karihaensis 20±6 (13) 41±15 (76) 54±22 (46) 

A keramanthus 24±6(15) 60±26 (56) 72+32(60) 

A lapiazicola 11±10(5) 38±17 (26) 35±20 (70) 

A letouzeyi 10±3 (7) 37±19 (72) 24±5 (42) 

A litoralis 14±5 (10) 30±14 (35) 25±10(50) 

A lohata 21 ±6 (6) 41±16 (30) 33±11(48) 

A. longistipitata 19±4 (11) 31±12 (40) 28+11 (44) 

parPith plateAng perL perW 

66+17 (58) 81±21 (13) 42±12(15) 11±4(15) 

44+14 (38) 42+13 (6) 0 0 

31+9 (22) 67+25 (9) 48+12 (9) 25+6 (9) 

75+16 (28) 89+8 (9) 0 0 

63±24 (71) 82+10(9) 0 0 

55+18 (68) 67+13 (4) 28+10(16) 12+4(16) 

26+10(46) 74+8 (4) 0 0 

48+14(50) 67+14(18) 0 0 

52±17(60) 81 + 15 (20) 0 0 

44+16(60) 90+7 (10) 17+6(18) 8+3 (18) 

NA 58+28 (12) 0 0 

66+17 (62) 72+16(12) 0 0 

NA 57+24 (7) 0 0 

43+14(64) 84+10(14) 0 0 

44+13 (34) 88+7 (7) 32+9 (9) 14+3 (9) 

68+22 (62) 63±18(11) 45+16 (20) 16+4 (20) 

NA 70+22(11) 0 0 

NA 81 + 10(23) 0 0 

NA 77+14(29) 39+15 (20) 13±3(20) 

27+12 (102) 76+17(13) 0 0 

32+17 (54) 68+21 (6) 29+6(18) 8+4 (18) 

49+14(54) 70+21 (19) 0 0 

54+14(50) 79+7 (4) 0 0 



A. mcdadiana 

A. monadelpha 

A. olaboensis 

A. pachyphylla 

A. pechuelii 

A. peltata 

A. perrieri 

A. rumicifolia 

A. schweinfurthii 

A. sphaerocarpa 

A. spinas a 

A. stylosa 

A. trichocalyx 

A. venenata 

A. volkensii 

Deidamia 

Paropsia 

Passiflora caerulea 

Passiflora foetida 

libW parCor par Ax 

22+7 (16) 38+16(56) 37+18 (38) 

17+4 (13) 62+19 (56) 30+9 (36) 

12+3 (9) 39+10(62) 37+20(42) 

18+5 (3) 24+9 (42) 20+7 (36) 

21+3 (11) 33+15 (66) 44+25 (60) 

12+5 (13) 41 + 15 (52) 41 + 15 (56) 

20+3 (7) 51+26(50) 38+18 (68) 

13+6(10) 36+12 (58) 32+25(28) 

16+4 (8) 48+20 (98) 47+27 (46) 

20+5 (2) 41 + 14(68) 46+19 (88) 

15+2 (5) 53+20 (72) 53+20 (42) 

13+7 (10) 42+15 (36) 42+12 (48) 

14+3 (10) 40+20 (56) 23+9 (54) 

848+789(19) 29+10(40) 53+21 (86) 

23+4 (9) 73+23 (64) m 

29+6 (6) m 21+4 (34) 

25+4 (3) 28+13 (42) NA 

m 23+15 (20) m 

9+2 (7) 19+6 (24) m 

parPith plateAng perL perW 

52±]3 (50) 

75±28 (56) 

44±12 (56) 

47±24 (74) 

m 

49±18 (46) 

49±20 (48) 

53+18 (70) 

19±6 (30) 

56±17(48) 

NA 

NA 

34±8 (34) 

NA 

85±30(58) 

31±10(74) 

38±11 (46) 

m 

50±20 (48) 

87±5 (12) 

64±26 (22) 

80±11 (12) 

74±]3 (23) 

73-15 (10) 

77±23 (12) 

73±21 (15) 

87±10(10) 

65±20(14) 

75±13 (13) 

57±17(12) 

81±16(12) 

80±]3 (27) 

89±8 (10) 

42±15 (9) 

80±8 (11) 

m 

80±9 (15) 

0 

33±15 (19) 

31±8 (16) 

0 

0 

40±14(10) 

38±11 (29) 

0 

34±13 (29) 

0 

0 

36±13 (16) 

40±16(20) 

0 

0 

26±9 (14) 

34±9 (10) 

m 

0 

0 

13±7 (19) 

10±5 (16) 

0 

0 

14±3 (10) 

19±7 (29) 

0 

18±6(29) 

0 

0 

15+5 (16) 

11±4 (20) 

0 

0 

12+4(14) 

18+8 (10) 

ni 

0 

4^ 



perTliick bundL bundW 

A. aculeata 349±69 (8) NA NA 

A. acuta 0 172±23 (2) 67±32 (2) 

A. boivinli 256±21 (8) NA NA 

A. cissampeloides 0 249±35(2) 161±18 (2) 

A. cladosepala 0 244±59 (2) 158±13 (2) 

A. densiflora 317±153 (18) NA NA 

A. elegans 0 144-32 (4) 122±44 (4) 

A. ellenheckii 0 138±61 (9) 108±59 (9) 

A. fasciculata 0 156±2 (2) 89±4 (2) 

A. firinga/avensis 98±22(12) NA NA 

A. fruticosa 0 316(1) 182 (1) 

A. glaiica 0 321±42 (2) 156±15 (2) 

A. globosa 0 82 (1) 97(1) 

A. giimmifera 0 NA NA 

A. heterophylla 325±119(11) 235 (1) 95(1) 

A. hondala 215±31 (15) 233 (1) 159(1) 

A. karibaensis 0 NA NA 

A. keramanthus 0 178 (1) 155(1) 

A. lapiazicola 205±68 (18) NA NA 

A. letouzeyi 0 80±10(5) 73±13 (5) 

A. I it or a! is 110±22 (12) NA NA 

A. lobata 0 146±54 (3) 85±14(3) 

A. longistipitata 0 209±56 (3) 160±35 (3) 

SEDiam 

31±6(11) 

26±8 (20) 

38±10(14) 

44±11 (30) 

43±11 (28) 

27±7 (26) 

34±9 (32) 

17±4 (27) 

22±6 (21) 

30±6 (26) 

27±6 (9) 

33±10(8) 

24±4 (5) 

46±12 (40) 

30±4(16) 

27±7(11) 

22±6 (27) 

28±7 (13) 

21 ±5 (24) 

28±6 (25) 

36±9 (6) 

29±9 (34) 

31±7 (21) 

rayW 

650±240(5) 

512±55 (3) 

175±104(3) 

175±90 (7) 

122±47 (3) 

77±35 (10) 

88±62 (3) 

156±61 (20) 

419±319(4) 

59±31 (3) 

676±606 (2) 

m 

872 (1) 

68±54 (4) 

126±23 (2) 

624±153 (3) 

352±175 (2) 

405±59 (3) 

415±115 (3) 

77±29 (7) 

123±77(13) 

146±35 (2) 

99±26(4) 

pithR 

617±459 (15) 

474±124 (4) 

159±24 (5) 

1545±390 (4) 

1532±283 (3) 

1268±133(3) 

291±51 (5) 

1474±141 (5) 

750±142 (5) 

i002±75(2) 

NA 

NA 

NA 

552±19 (3) 

798±102 (6) 

1881±219(3) 

NA 

NA 

NA 

948±45 (3) 

m 

569-56 (10) 

857±88 (8) 



per riiick bmidL bundW 

A. mcdadiana 0 258 (1) 105(1) 

A. monadelpha 149±22 (18) NA NA 

A. olaboensis 87±17 ( 13) 275 (1) 187(1) 

A. pachyphylla 0 165±18(6) 106±16(6) 

A. pechuelii 0 255 (1) 189 (1) 

A. peltata 153:43 (19) 17U65 (3) 62±4 (3) 

A. perrieri 167±32 (17) 110±59 (2) 65±18 (2) 

A. nimicifolia 0 NA NA 

A. schweinfurthii 225±19 (12) 152±32 (5) 115±20 (5) 

A, sphaerocarpa 0 121±28 (2) 55±7 (2) 

A. spinas a 0 NA NA 

A. stylosa 102±22 (11) 93(1) 67 (1) 

A. trichocalyx 216±18 (15) 102±21(2) 76±34 (2) 

A. venenata 0 170(1) 130(1) 

A. volkensii 0 216±105 (10) 178±39(10) 

Deidamia 188±39 (8) 220 (1) 133 (1) 

Paropsia 351±36 (12) NA NA 

Passiflora caerulea 223±33 (6) NA NA 

Passiflora foetida 0 142±34 (18) 57±15 (18) 

SEDiam pithR rayW 

29±8 (30) 

22±4 (25) 

33±8 (60) 

19±4(19) 

20±4(12) 

30±9 (20) 

23±6 (28) 

31 ±9 (35) 

20±6 (21) 

24±6 (28) 

30±12(3) 

16±3 (10) 

26±7 (41) 

21±3 (8) 

21 ±5 (24) 

21±4 (22) 

17±5 (21) 

27±9 (50) 

14±4(15) 

2033±454 (2) 

1771±161(4) 

2001±411(4) 

988±132 (5) 

NA 

906±139(5) 

1255±303 (4) 

1234±206(5) 

547:.; 244 (8) 

1229±255 (4) 

NA 

NA 

465±18 (4) 

NA 

1530±379 (3) 

884±42 (4) 

1150±210(5) 

m 

585±11](6) 

156±112(5) 

124±38 (5) 

156±2 (2) 

69±36 (8) 

688±340(3) 

170±62 (8) 

205±131 (6) 

451±258 (3) 

237±144(15) 

195±177(14) 

266(1) 

1637 (1) 

312±85 (5) 

178±227 (3) 

179±82 (11) 

2 8 ( 1 )  

14±4 (4) 

32±17(11) 

NA 



tannin stone vcw 
A. aculeata 

A. acuta 

A. hoivinii 

A. cissampeloides 

A. cladosepala 

A. densiflora 

A. elegans 

A. ellenheckii 

A. Jascicu/ata 

A. firingalavensis 

A. fruticosa 

A. glauca 

A. globosa 

A. gummifera 

A. heterophylla 

A. hondala 

A. karihaensis 

A. keramanthus 

A. lapiazicola. 
A. letouzeyi 

A. litoralis 

A. lohata 

A. longistipitata 

0 

54±18 (32) 

0 

51±18(24) 

47±17(41) 

38±14(62) 

35±]2 (26) 

46±13 (22) 

47±14(27) 

39±10(40) 

0 

0 

0 

37±11 (43) 

0 

21 ±6 (5) 

0 

0 

0 

52±36 (7) 

0 

31±13 (37) 

41±17(18) 

0 

2 1  ± 1  ( 1 5 )  

74±20 (31) 

54±9 (4) 

59±23 (32) 

44±12(23) 

64±24 (36) 

0 

32±8 (18) 

44±20 (27) 

0 

58±17 (6) 

58±17(14) 

61±31(22) 

64±14(7) 

0 

0 

0 

58±5 (3) 

0 

52±10(13) 

50±16(13) 

0 

45.: 3 (5) 

36±8 (12) 

26±3 (3) 

60±18 (20) 

61±23 (6) 

17±7(10) 

49±20 (7) 

55±11 (7) 

41±8 (8) 

55±12 (3) 

67(1) 

0 

0 

2 0 ( 1 )  

69±31(6) 

59±18(10) 

50±16(5) 

18±4 (5) 

2U6(10)  

25±8 (8) 

25±6 (6) 

41±10(8) 

45±19(7) 

VEDiam VEL VE#/mm 

56±23 (37) 

75±46 (44) 

135±69 (69) 

232±82 (31) 

270±109(22) 

142±64 (46) 

139±50 (27) 

45±13 (36) 

85±33 (39) 

155±91(49) 

95±30 (34) 

96±40(17) 

45±10(56) 

202±109(66) 

148±78 (61) 

73±22 (52) 

56±20 (46) 

69±19(61) 

88±32 (92) 

121±68 (62) 

79±38 (78) 

110±54 (44) 

99±56 (56) 

147±58 (17) 

232±154(15) 

166±121(11) 

240±80(17) 

258±90 (20) 

168±85(13) 

160±76 (12) 

181±77 (16) 

205±62 (23) 

259±95 (29) 

495±219(9) 

143±104(18) 

241±169(16) 

165±67 (46) 

200±95 (14) 

209±65 (22) 

21 Oil05 (40) 

169±74 (55) 

179±58 (33) 

180±76(19) 

255±136(24) 

141±64 (21) 

157±60 (11) 

141:25 (5) 

9±10(4) 

!1±12(4) 

7±7 (6) 

10±9(4) 

15±17(4) 

6±6 (8) 

12±16(12) 

14±17(4) 

11±13(4) 

14±16(2) 

3Oil (2) 

19±26 (2) 

17±19(2) 

33±39 (2) 

9±n (4) 

9±11 (4) 

13±15 (4) 

14±20(4) 

25-31 (2) 

8±10(2) 

10±11 (4) 

19±20(6) 



tannin stone vcw 

A. mcdadiana 0 50±12 (14) 60±15 (12) 

A. monadelpha 0 0 26±8 (3) 

A. olahoensis 39±14(33) 67±24 (33) 36±14(9) 

A. pachyphylla 41±19(35) 34±9 (25) 22±3 (4) 

A. pechuelii 0 0 40±2 (3) 

A. peltata 0 0 19±5 (7) 

A. perrieri 0 0 41 ±9 (4) 

A. rumicifo/ia 0 47±12 (24) 25±9 (8) 

A. schweinfiirthii 0 0 31±8 (14) 

A. sphaerocarpa 0 0 51 ±20 (20) 

A. spinosa 0 59±17(22) 36±4 (2) 

A. sty las a 36±19(15) 0 0 

A. trichocalyx 28±9 (7) 0 29±14(6) 

A. venenata 0 0 23±4 (4) 

A. volkensii 40±3 (2) 0 55±27(8) 

Deidamia 33±8 (37) 43±11 (11) 0 

Paropsia 37±10(40) 39±14(]1) 15±4 (4) 

Passiflora caerulea 0 0 37±5 (7) 

Passiflora foetida 20±9 (13) 0 27±10(19) 

VEDiam VEL VE#/mm 

204±69 (22) 

53±21 (93) 

186±66 (34) 

90±45 (36) 

35±14(82) 

54±18 (26) 

93±31 (37) 

201±113 (34) 

41±!9 (47) 

75±31 (106) 

40±13 (48) 

72±33 (16) 

109±42 (109) 

45±15 (23) 

62+17 (47) 

185±105 (27) 

42±14(33) 

42±30 (92) 

62±25 (40) 

124±51 (20) 

140±88 (77) 

219±57 (15) 

173±63 (26) 

129±58 (44) 

204±125(8) 

228±85 (27) 

138±60 (25) 

195±56(18) 

2Mil22 (45) 

169±87 (21) 

191±116(11) 

243±71 (24) 

233±94 (29) 

218±8I (32) 

491±173 (13) 

m 

197±47 (25) 

m 

13±14(2) 

39±46 (4) 

20±20 (2) 

9±11 (4) 

18±25 (4) 

11±13(2) 

21±27(2) 

22±26 (4) 

23±31 (2) 

19±26 (2) 

8±11  (2 )  

4±4 (4) 

51±67 (2) 

11±12(4) 

10±14(4) 

7±7 (4) 

63±87(2) 

64±89 (2) 

25±35 (2) 



parCort parXyl max max miii min 
VEPit VEAgg VEW % % VEDiam VEL VEDIam VEL 

A. aculeata 7±2 (26) 4±4 (21) 3±2 (7) 100(1) 94(1) 117 228 24 51 
A. acuta 5±] (9) 2±1 (26) 4±2 (5) 100(1) 79(1) 187 583 15 28 

A. hoivinii 8±2 (18) 2±1 (37) 6±3 (10) 92(1) 51 (1) 371 324 33 45 

A. cissampeloides m 1±1 (33) 5±4(n) 98(1) 61(1) 407 388 101 120 

A. cladosepaJa 4±1(12) 1 (37) 11 ±4 (4) 84(1) 46(1) 467 458 74 90 

A. den si/I ora 6(10) 1±1 (56) 7±4(11) 91(1) 68(1) 275 337 25 56 

A. elegans 6±2 (27) 1±1 (52) 6±2 (8) 64 (1) 23(1) 237 296 51 23 

A. ellenheckii 8±1 (8) 3±3 (28) 3±2 (20) 98(1) 75(1) 78 310 16 35 

A. fascicuJata 6±2 (26) 2±1 (37) 4±3 (7) 98 (1) 80(1) 154 362 26 87 

A. firingalavensis 6±3 (36) 1±1 (35) 6±3 (9) 77(1) 72(1) 386 458 33 75 

A. fruticosa 10±4(33) 2±1 (53) 7±5 (9) 99(1) 93(1) 182 809 41 96 

A. glauca 9±4 (34) 3±2 (13) 5±3 (16) 97(1) 99(1) 209 413 44 50 

A. globosa 8±3 (34) 2±1 (38) 3+3 (3) 98 (1) 92(1) 75 603 28 72 

A. gummifera 6±1 (26) 2±1(72) 6±3 (20) 88(1) 40(1) 492 369 45 55 

A. heterophylla 7±2 (33) 1±1 (42) 5±2 (7) 97(1) 38(1) 327 346 18 35 

A. hondala 5±1 (26) 2±1 (38) 5±2 (4) 99(1) 86(1) 126 340 37 104 

A. karibaensis 13±4 (25) 2±1 (31) 5±2(10) 95(1) 96(1) 121 573 25 63 

A. keramanthus 8±2 (36) 2(2 (34) 4±1 (8) 99 (1) 85(1) 127 365 29 43 

A. lapiazicola 7±3 (37) 2±2 (77) 4±2 (10) 100(1) 85(1) 161 321 34 83 

A. letouzeyi m 1±1 (54) 3±2 (8) 100(1) 54(1) 356 321 31 37 

A. I it oral is 4±2 (16) 1±1 (112) 4±2 (16) 93(1) 69(1) 189 520 19 34 

A. hhata 8±2 (59) 1±1(75) 6±4(]]) 95(1) 43 (1) 215 330 31 58 

A. longistipitata 8±3 (43) 2±1 (112) 5±2 (15) 73(1) 42(1) 249 237 20 73 



min 
VEL 

46 

22 

132 

45 

28 

2 1  

103 

35 

109 

1 8  

47 

35 

133 

50 

66 

264 

ni 

91 

m 

parCort parXy! max max min 
VEPit VEAgg VEW % % VEDIam VEL VEl 

5±2 (50) 1 (27) 7±3 (4) 99(1) 63(1) 353 254 104 

6±2 (37) 4±3 (54) 4±2 (14) 98(1) 35(1) 110 401 18 

6±2 (60) 1±1 (44) 9±5 (8) 97(1) 71(1) 308 345 50 

9(1) 1±1 (35) 3±1 (8) 88(1) 47(1) 201 280 30 

8±2 (36) 2±2 (55) 3±1 (8) 99 (1) 93(1) 80 223 15 

5±2 (59) 2±2 (48) 4±2 (8) 99(1) 82(1) 93 416 25 

6±1 (42) 1±1 (96) 4±2(17) 96(1) 83(1) 146 376 32 

7±2 (37) 1±1 (62) 5±3 (15) 90(1) 55(1) 475 271 39 

4±1 (21) 2±1 (66) 4±2 (9) 100(1) 82(1) 122 338 10 

8±2 (27) 2±2 (75) 3±1 (22) 99 (1) 76(1) 152 603 20 

4±2 (20) 2±2 (27) 4±2 (5) 97 (1) 98(1) 74 399 17 

7±3 (30) 1±1 (20) 3±3 (5) 100(1) 96(1) 127 445 36 

9±3 (26) 2±1 (113) 5±3(26) 98(1) 53(1) 200 368 27 

11 ±4 (37) 2±2 (25) 3±2(12) 98(1) 92(1) 90 442 27 

8±4 (28) 3±2(75) 4±2 (20) 97(1) 57(1) 103 393 27 

m 1(36) 6±6 (6) 84 (1) 28(1) 455 911 59 

m 4±3 (44) 5±2(10) 87(1) 8(1) 69 m 20 

m 2±1 (50) 4±2 (9) 62(1) 42(1) 239 276 11 

m 1±1 (47) 4 :  2 (5) 95(1) 60(1) 120 m 18 



Table 4. Anatomy of stems with little secondary growth when mature. 

starch VELW axPar plate imperfL imperfW 

A. digitata " a 3 s 740±164 (7) 18±5 (8) 

A. goetzei - h,n 3 a s 949±387 (6) 32±12(9) 

A. hastata P m s 211±76 (4) 19±5 (3) 

A. inermis - m 3a s 221±1 (2) m 

A. isaJoensis - a m s 427+112(14) 24±8 (8) 

A. kirkii - a 3 a s 453±217(6) 19±13 (5) 

A. lanceolata - a 3a s 527±234(18) m 

A. mannii - m 2a s 390(1) m 

A. metriosiphon - m 2 s m m 

A. penangiana + a m s 672±247 (9) m 

A. pyromorpha - o,a 3a s 390±184(16) 26±11 (12) 

A. racemosa - a 3a s 413-113 (15) 24±7 (9) 

A. refracta - a 2-3 a s 898±533 (20) 45±15 (10) 

A. repanda + a,p m s 392±156(16) 28±7(11) 

A. wilmsii - a 3a s 355±115 (8) 19±6(4) 

A.schliebenii - a,p 3a s 706±351(14) 36±11(7) 

A.stenodactyla - a 1 s 1152±453(7) 36±12(6) 

A. subs ess il ifoUa + a 3a s 396±140(13) 24±5e+00 (4) 



MbL libW plateAiig 

A. digitata 1054±506(9) 15±4 (9) 78±11 (8) 

A. goetzei 1658±901(8) 24±4 (8) 66±25(4) 

A. has fata 2093±1400(2) 21±16 (2) 44±6 (2) 

A. inermis 273 (1) 3(1) 82±15 (7) 

A. isaloensis 151±211 (10) 26±7 (10) 72±21 (4) 

A. kirkii 1630dz655 (10) 12±4(10) 81±9(12) 

A. lanceolata 1218±488 (14) 16±3 (14) 70±18(6) 

A. rnannii m 8±1 (3) 59±19(8) 

A. metriosiphon m ]3±2 (11) m 

A. penangiana 2219±802 (10) 20±4(10) 66±20 (9) 

A. pyromorpha 1427±381 (16) 15±3 (16) 63+7 (5) 

A. racemosa 940±236(8) 12±3 (8) 72±12(6) 

A. refracta 1313±437 (9) 14±4 (9) 81±14(17) 

A. repanda 1139±322 (10) 21±3 (10) 45±18(14) 

A. Wilms a 558±162(9) 16±6 (9) 50±18(8) 

A.schliebenii 1280±581 (5) 18±3 (5) 82±15(7) 

A.stenodactyla 1160±330 (5) 21 ±9 (5) 76±10(9) 

A.subsessilifolia 1634±1006(14) 17±5 (14) 63±41 (2) 

VEL VEPit parCort% parXyl 

195±99 (13) 7±2(17) 94 (1) 31 (1) 

1015±329 (4) m 79 (1) 0(1) 

128±23 (3) 10±4 (34) m m 

m 6±2 (19) 89 (1) 0(1) 

209±105 (12) 4±1 (44) 84 (1) 0(1) 

170±94 (21) 4±2 (46) 88 (1) 0(1) 

276±139(5) 7±2 (32) 89 (1) 16(1) 

258±59(10) 10±2 (7) 98 (1) 43(1) 

m m 94 (1) 58(1) 

359±88 (12) 3±1 (22) 88 (1) m 

60±22(12) 5±1 (26) 78 (1) m 

2n±144(ll) 4±1 (38) 89 (1) 34(1) 

320±160(13) 6±2 (33) 91 (1) 30(1) 

252±130(24) 5±2 (43) 85 (1) 63(1) 

m 5±2(17) 86 (1) 26(1) 

209+83 (12) 7±2 (46) 94 (1) m 

204±59(12) 7±3 (46) 99 (1) 55 (1) 

247±108(5) 6±2 (40) 94 (1) 64(1) 



Table 5. Anatomy of juvenile stems. 

angV epiDesc cpiMS plate rxyi ctxW cry si) cutW hypW 

A aculeata + s ± s 102±20 (9) 292±55 (15) 0 0 53±14(11) 

A acuta - e,sq - s 174±49 (6) 511±82(14) 0 12±2 (18) 0 

A hoivinii - s - s 97±25 (10) 253±47(11) 43±12 (12) 10±1 (13) 66±19(16) 

A cissampeloides - e - s 153±49 (21) 583±71 (18) 47(1) 13±3 (12) 0 

A cladosepala - s ± s 146±65 (17) 411±58 (20) 29±7 (13) 11±2 (14) 0 

A densiflora - e - s 165±93 (10) 774±49 (12) 28±5 (19) 16±6 (18) 91±11 (10) 

A digitata + s - s 123±14 (7) 173±21 (17) 0 5±1 (9) 25±6(16) 

A elegans + s - s 47±8 (5) 222±31 (23) 33±21 (2) 5±1 (14) 0 

A eUenbeckii - f - s 73±24(4) 172±45 (5) 0 0 56±15 (14) 

A fascicLilata - e - s 98±16(15) 309±56(21) 25±7(19) 9±2 (7) 80±24(17) 

A firingalavensis ~ s,mi ± s 139±25 (20) 284±27 (24) 26(1) 0 77+6 (22) 

A fniticosa + sq - s 177±45 (16) 289±41 (15) 21 ±5 (6) 4±2 (12) 55±13 (19) 

A glauca + s - s 157±44 (7) 314±44(13) 0 4±2 (10) 51±14(22) 

A glohosa + f,mi + s 111±33 (13) 639±32 (9) 22±4 (12) 0 45±9 (15) 

A goetzei - f ± s 65±21 (9) 247±38 (20) 0 7±2 (13) 26±7 (25) 

A gummifera + s - s 98±20(12) 172±26(14) 12 (1) 3±1 (6) 50±6 (24) 

A hastata - s - s 63±23 (14) 112±18 (6) 0 0 35±10(15) 

A heterophylla - s - s 80±16(8) 174±15 (19) 15±4 (2) 3±1 (10) 41 - 5 (13) 

A hondala + s,e - s 193±36(15) 379±37(17) 37±9 (5) 0 0 

A inermis - i ± s 88±30(9) 219±53 (16) 27±5 (2) 5±1 (14) 42±8 (14) 

isaloensis - e - s 189±96(11) 498+58 (15) 0 6±3 (13) 0 

karihaensis - s ± s 245±94 (5) 245±75(7) 0 5±2 (3) 38±8 (12) 

A. keramanthus + i - s 215±52 (8) 734±93 (21) 0 0 83±20(15) 



angV epiDesc epiMS plate rxyi ctxW cry si) cutW hypW 

A. kirkii + l,S,f - s 114±29 (7) 387±115(18) 22(1) 12±5 (14) 37±6 (18) 

A. lanceolata 4- i - s 133±41 (10) 347±64(15) 0 10±2(15) 23±9 (11) 

A. lapiazicola + a a s 368±90 (7) 1269±212(4) 22±9 (28) 0 0 

A. letoiizeyi 4- s - s 80±36(10) 368±51 (22) 24±3 (7) 5±1 (10) 464:10(11) 

A. Jindiensis 4- s,sq - s 82±13 (13) 160±37 (8) 23 (1) 7±1 (12) 22±7 (18) 

A. litoralis 4- f,sq 4: s 124±16 (7) 241±31 (11) 0 0 294:10(12) 

A. lobata - mi - s 97±34(12) 477±110(17) 23±4 (11) 74:3 (18) 37±16(14) 

A. longistipitata + e,sp - s 91±48 (11) 251±43 (24) 23±5 (9) 7±2 (29) 100±34 (12) 

A. mana + sq - s 71±14(9) 276±46 (27) 0 8±2 (11) 39±9 (20) 

A. mcdadiana - s ± s 91±18 (16) 268±41 (11) 30(1) 0 64±7 (13) 

A. nietriosiphon - f - s 77±19(4) 483±50(13) 19±6 (20) ll±4(]7) 70±20(11) 

A. monadelpha f ± s 127±39 (3) 573±117(9) 2414 (11) 7±1 (7) 140±31 (14) 

A. olaboensis "f i - s 174±14(2) m 23±2 (6) 5±1 (7) 55x8 (17) 

A. pachyphyUa + sq,e - s 64±21 (8) 237±28 (12) 18±5 (26) 0 65±12(20) 

A. pechuelii 4- s,f - s 260±121 (10) 1426±86(12) 28±6 (9) 1+1 (4) 464:15 (26) 

A. peltata 4- sq,s - s 81±21 (13) 182±15(17) 0 0 32±6 (16) 

A. penangiana + f,s - s 2214:53 (8) 377±28(16) 32±8 (21) 9±3 (11) 73±18 (15) 

A. perrieri - f,sq - s 72±10(10) 170±25 (18) 18±7 (6) 8±1 (11) 39±5 (28) 

A. pyromorpha + i ± s 50il6(9) 263±37 (14) 3U6 (3) 0 41 ±9 (25) 

A. racemosa + f 4i s 71±13 (6) 415+98 (15) 0 0 34±9 (19) 

A. refracta - f - s 54±9 (13) 298±69 (29) 21 ±6 (9) 7±2 (11) m 

A. repanda 4- s - s 1944:6(5) 452±58 (8) 364:13 (28) 8±2 (6) 894:23 (18) 

A. nimicifolla + sq,e s 59±10(8) 284±46 (25) 22 (1) 4±1 (8) 0 



angV epiDesc epiMS plate r'Xyl ctxW crysD CEtW hypW 

A. schliehenii s ± s 151±32 (13) 496±49 (16) 31 ±4 (2) 8±2 (9) 58±9 (22) 

A. schweinfurthii + s ± s 68±24(12) 622±38 (17) 33±7 (9) 0 59±13 (29) 

A. sphaerocarpa s ± s 82±18(13) 322±40(13) 0 0 67±17(26) 

A. spinosa - mi ± s 88±22(15) 474±43 (13) 26(1) 5±2 (11) 58±14(33) 

A. stenodactyla - mi,sp - s 116±28 (6) 622±69(10) 30±4 (13) 13±2(18) 60±20(11) 

A. stylosa - s,sp - s 63±16 (6) 117±18(26) 0 8±2 (15) 0 

A. siihsessilifolia + s,f ± s 53±16(7) 327±36 (20) 25±6(17) 3±1 (10) 3Oil3 (33) 

A. trichocalyx + s - s 95±34 (6) 302±48 (17) 20±9 (17) 5±1 (9) 40±15 (30) 

A. venenata + sq - s 133±24(16) 295±37 (20) 0 5±1 (7) 25±6 (22) 

A. vo/kensii - s - s 171±49(9) 429±40(17) 

1056±169 

41 ±9 (4) 0 71±15(26) 

A. wightiana - f,s - s 110±23 (11) (15) 44±7 (2) 10±2 (11) 62±17(19) 

A. Wilmsii + f ± s 168±25 (14) 491±76(16) 0 5±2 (4) 50±13 (42) 

Deidamia - s - s 134±29(14) 210±31 (16) 0 5±1 (12) 0 

Paropsia - s - s 190±50 (5) 279±56 (22) 37±15 (7) 0 0 

Passiflora caerulea. + s - s 109±31 (6) i98±27 (18) 15±6 (6) 9±3 (16) 26±11 (26) 

Passiflora foetida sq,e - s 121±9 (7) 189±36(21) 17±4 (17) 3±2 (8) 0 

fO 



parCor par Ax parPith perL 

A aculeata 22±8 (34) NA 24±7 (26) 

A acuta 48±18 (34) NA 144±40 (46) 

A boivinii 30±13(24) NA 42±10(26) 

A cissampeloides 27±9 (56) NA 54±18 (38) 

A cladosepala 27±6(38) NA 43±11 (50) 

A densiflora 27±7 (48) 18±3(16) 32±9(44) 

A digitata 16±5 (44) NA 28±10(50) 

A elegans 32±10(40) NA 19±7 (52) 

A ellenbeckii 20±5 (42) NA 27±6 (46) 

A fasciculata 17±5 (34) NA 32±9 (56) 

A firingatavensis 10±2 (20) NA 27±10(58) 

A fruticosa. 22±6 (38) NA 41±16 (50) 

A glaiica 18±6 (48) NA 25±8 (56) 

A globosa 19±5 (20) NA 38±11 (52) 

A goetzei 24±]0(64) NA 42±13 (44) 

A gummifera 1 5±5 (40) NA 28±9 (58) 

A hastata 16±4 (22) NA 18±5 (20) 

A heterophylla 12±5 (20) NA 29±10(66) 

A hondala 24±8 (54) NA 34±14 (70) 

A inermis 13±4 (43) NA 18±6 (58) 

A isaloensis 23+6 (30) NA 40±14 (98) 

A. karibaensis 28±4(10) NA 35±17(24) 

A keramanthus 39±12 (46) NA 58±20 (82) 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

perW per Thick bundAng bundL 

0 0 0.09 (1) 

0 0 0.06(1) 

0 0 0.06(1) 

0 0 0.09(1) 

0 0 0.10(1) 

0 0 0.13 (1) 

0 0 0.06(1) 

0 0 0.03 (1) 

0 0 m 

0 0 0.10(1) 

0 0 0.12(1) 

0 0 0.07(1) 

0 0 0.03 (1) 

0 0 0(2) 

0 0 0.04(1) 

0 0 0.05 (1) 

0 0 m 

0 0 0.07(1) 

0 0 0.07(1) 

0 0 0.05(1) 

0 0 0.05 (1) 

0 0 0.07(1) 

0 0 0.06(1) 

67±31 (31) 

275±99(12) 

176±78 (21) 

124±34(24) 

117±32 (32) 

133±49 (20) 

100±24(12) 

81 ±7 (9) 

123±17 (4) 

160±63 (14) 

99±18(9) 

128±31(16) 

247±69 (12) 

61±15(21) 

176±59(14) 

132±29 (15) 

m 

111±21 (7) 

168±42 (19) 

93±33 (16) 

343-145 (16) 

190±41 (12) 

131±31 (12) 



parCor parAx parPith 

A. kirkii 18±7 (32) NA 30±8 (42) 

A. lanceolata 19±9 (32) NA 23±8 (36) 

A. lapiazico/a 35±14(50) 22±5 (26) 44±16 (66) 

A. letoLizeyi 28±8 (40) NA 36±10(58) 

A. lindiensis 14r5 (22) NA 20±4 (24) 

A. litoralis 19±6 (41) NA 34±10 (46) 

A. lohata 27±8 (30) NA 24±5 (30) 

A. longistipitata 23±7 (30) NA 22±6 (48) 

A. nuinii 24±7 (32) NA 32±10 (26) 

A. mcdadiana 16±5 (38) NA 35±9 (44) 

A. metriosiphon 34±9 (26) 19±8 (22) 41±8 (40) 

A. tnonadelpha 71 ±25 (58) NA 63±18 (58) 

A. olaboensis 26±9 (50) NA 26±8 (38) 

A. pachyphylla 13±3 (40) NA 26±8 (60) 

A. pechuelii 32±11 (38) NA NA 

A. peltata 14±4 (66) NA NA 

A. penangiana 3Oil2 (20) NA 46±14 (38) 

A. perrieri 23±9 (38) 23±9 (30) 35±12 (54) 

A. pyromorpha 17±4 (32) NA 18±5 (42) 

A. racemosa 27±13 (38) NA 28±6 (30) 

A. refracta 26±7 (36) NA 27±8 (42) 

A. repanda 26±6(18) 21±4 (10) 48±10(20) 

A. rumicifolia 15±5 (32) NA 30±9 (52) 

perL perW perThick bttndAng hundL 

0 0 0 0.08(1) 140±68 (23) 

0 0 0 0.12(1) 153±77 (31) 

36±12(10) 16±6 (10) 150±41 (10) ITl 72 (1) 

0 0 0 0.07(1) 79±31 (13) 

0 0 0 0.07(1) 96±19 (4) 

0 0 0 0.08(1) 126±41 (15) 

0 0 0 0.09(1) 108±39(15) 

0 0 0 0.06(1) 92±34 (20) 

0 0 0 0.06(1) 101±39 (14) 

0 0 0 0.11 (1) 95±23 (9) 

0 0 0 0.04(1) 183±53 (13) 

0 0 0 NA NA 

0 0 0 0.08(1) 96±38(22) 

0 0 0 0.07(1) 73±23 (8) 

0 0 0 0.04(1) 184±30(11) 

0 0 0 0.07(1) 98±20(11) 

0 0 0 0.05 (1) 188±66 (14) 

0 0 0 0(2) 112±35 (11) 

0±2e-03 
0 0 0 (2) 165±56(11) 

0 0 0 0.06(1) 126±34 (11) 

0 0 0 0.07(1) 86±29(16) 

0 0 0 0.04(1) 202±54 (14) 

0 0 0 0.05 (1) 94±21 (16) 



parCor par Ax parPith perL 

A. schliebenii 31±11 (40) NA 45±13 (44) 

A. schweinfurthii 28±7 (38) NA 24±5 (50) 

A. sphaerocarpa 18±5 (32) NA 29±7 (44) 

A. spinas a 24±7 (34) NA 34±8 (42) 

A. stenodactyla 29±10(48) NA 45±15 (56) 

A. stylos a 12±4 (18) NA 28±7 (32) 

A. siibsessilifolia 26±10(40) NA 24±10(32) 

A. trichocalyx 24±6 (30) 13±5(]8) 38±6(36) 

A. venenata 14±3 (22) NA 35±10(40) 

A. volkensii 32±9 (52) NA 38±10(38) 

A. wightiana 37±10(38) NA 49±16(38) 

A. Wilms a 44±14(32) NA 49±17 (52) 

Deidamia 24±6 (24) NA 50±14 (54) 

Paropsia. 19±7 (50) NA 46±16(74) 

Passiflora caeriilea 13±3 (28) NA NA 

Passiflora foetida 13±3 (36) NA 29±8 (32) 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

perW per Thick bundAng biindL 

0 0 0.06(1) 167±53 (18) 

0 0 0.06(1) 97±37 (20) 

0 0 0.11 (1) 98±48 (21) 

0 0 0.08(1) 144±52 (19) 

0 0 0.10(1) 247±131 (8) 

0 0 0.08(1) 75±21 (18) 

0 0 0.04(1) 54±12(8) 

0 0 0.09(1) 110±39 (33) 

0 0 0.08(1) 131±38 (19) 

0 0 0.07(1) 128±32 (25) 

0 0 0.05 (1) 106±18 (7) 

0 0 0.04(1) 242173 (14) 

0 0 0.07(1) 202±50 (21) 

0 0 0.08(1) 154±108(17) 

0 0 0.08(1) 98±21 (10) 

0 0 0.06(1) 100±32(21) 

to 
to 
OO 



bundW SF.Diam pithR tannin 

A. aculeata 

A acuta 

A boivinii 

A cissampelo ides 

A cladosepalo 

A densiflora 

A digitata 

A elegans 

A eUenbeckii 

A fasciculata 

A firingalavensis 

A fruticosa 

A glaiica 

A globosa 

A goetzei 

A gummifera 

A hastata 

A heterophylla 

A hondala 

A inermis 

A isaloensis 

A karibaensis 

A. keramanthus 

55±29 (31) 

125±36(12) 

85±21 (21) 

69±14(24) 

70±17(32) 

110±42 (20) 

62±19(12) 

42±7 (9) 

52±12(4) 

93±23 (14) 

62±16(9) 

79±20(16) 

156±33 (12) 

69±19(21) 

75±22(14) 

57+9(15) 

m 

47±7 (7) 

92+22 (19) 

53+16(16) 

196+54 (16) 

86+22 (12) 

135+27 (12) 

16+6 (21) 

41 + 12 (7) 

34+10(14) 

23+4 (14) 

16+4 (14) 

20+7 (16) 

14+3 (9) 

13+3 (18) 

14+3 (4) 

23+7 (25) 

14+4 (30) 

15+3 (11) 

13+4 (22) 

14+3 (16) 

15+4 (25) 

17+4 (26) 

11+3 (4) 

12+3 (18) 

15+5 (32) 

13+4 (33) 

19+4 (35) 

10+1 (6) 

14+4 (23) 

391+79 (9) 

713+120(7) 

298+42 (5) 

900+127 (6) 

504+98 (9) 

798+129 (8) 

279+89 (10) 

123+39 (7) 

230+56 (9) 

480+49 (7) 

647+69 (8) 

470+48 (7) 

292+59 (9) 

1033+316 (5) 

304+64 (7) 

348+48 (7) 

364+65 (5) 

341+22 (8) 

860+79 (7) 

230+50 (12) 

538+106(8) 

751 + 143 (8) 

1647+205 (5) 

0 

103+47 (2) 

0 

39+13 (41) 

34+11 (33) 

32+11 (28) 

0 

0 

18+6(15) 

28+10(15) 

21+7 (36) 

0 

26+6 (39) 

0 

21+6(24) 

20+6 (41) 

0 

32(1) 

0 

19+6(13) 

34+12 (41) 

0 

37+14 (32) 

VCW VEDiam VEAgg VEW 

33+13 (19) 53+22 (25) 2+1 (11) 2+2 (10) 

93+26 (13) 142+30 (5) 1 (5) 6+4 (7) 

30+8 (11) 77+26 (26) 2+1 (17) 5+3 (7) 

34+8 (15) 43+12 (30) 1 + 1 (33) 3+1 (7) 

39+9(11) 130+31 (23) 1 (21) 3+2 (8) 

42+16(12) 68+36 (40) 4+8 (27) 3+2 (10) 

28+4(11) 48+8 (28) 2+1 (23) 1 + 1 (8) 

26+4(10) 46+10(8) 1 (7) 3+2 (6) 

0 108+11 (3) 1 (2) 0 

28+7 (12) 50+15 (25) 1 (13) 3+2 (8) 

24+6 (10) 47+12(7) 1 (4) 2+1 (7) 

39+5 (15) 55+12 (8) 1 (7) 2+1 (6) 

33+8 (4) 38+10(16) 6+5 (9) 2+1 (7) 

35+6(13) 35+8 (11) 1(2) 2+1 (7) 

25+5 (21) 34+8 (10) 1(6) 3+2 (15) 

34+9 (7) 56+9 (5) 1 (5) 2+1 (7) 

m 46+13 (10) 2+1 (8) 6+23 (7) 

14+3 (12) 31+9 (7) 1 (1) 4+1 (4) 

37+7 (20) 43+7 (10) 3+1 (25) 3+1 (10) 

13+5 (6) 56+14(11) 2+1 (10) 3+2 (8) 

24+8 (14) 66+15 (12) 2+1 (8) 6+3 (17) 

0 30+11 (15) m 2+1 (3) 

35+7 (33) 33+6 (22) 4+4 (22) 4+1 (10) 



huntlW SEDiam pithR 

A. kirkii 93±44 (23) 28±9 (27) 460±62 (6) 

A /anceo/ata 108±45 (31) 19±6 (46) 805±164 (6) 

A lapiazicola 69(1) 11±3 (23) 1439±548 (3) 

A letouzeyi 49±12(13) 15±3 (23) 433±62 (7) 

A lindiensis 38±6 (4) 10±3 (15) 254:22 (8) 

A litoralis 81±25(15) 16±4 (19) 593±72 (7) 

A lohata 69±15 (15) 14±4 (17) 324±40 (9) 

A iongistipitata 56±19(20) 10±2 (22) 310±25 (9) 

A manii 45±20(14) 15±3 (17) 366±48 (7) 

A tncdadiana 51±10(9) 16±3 (12) 756±76 (8) 

A metriosiphon 67±19 (13) 22-5 (27) 468±69 (8) 

A monadelpha NA 18±5 (55) NA 

A olaboensis 49±!6(22) 17±5 (25) 331 ±44 (9) 

A pachyphylla 38±8 (8) 10±3 (15) 214±28 (7) 

A pechuelii 197±54(n) 20±7 (21) 358±45 (5) 

A peltata 38±3 (11) 10±4(13) 333±29(12) 

A penangiana 72±25(14) 15±3 (14) 497±72 (11) 

A perrieri 43±9(11) 18±6 (19) 364±56 (8) 

A pyroniorpha 04 :25 (11) 12±3 (34) 212- 54 (10) 

A racemosa 62±15(11) 21 ±6 (32) 292±36 (7) 

A refracta 48±18(16) 24±5 (36) 265±40 (9) 

A repanda 144±24(14) 15±4(10) 456±50 (6) 

A rumicifolia 46±l 0 (16) 1 5.1.5 (28) 260±38(7) 

tannin VCW VEDiam VEAgg VEW 

0 32±8 (7) 119±29 (25) 1 (22) 6+4 (5) 

0 36±16 (18) 119±37 (29) 1 (23) 4±2 (9) 

0 16±3(5) 37±9(64) 3±2(31) 4±3 (13) 

24±7(8) 23±6 (22) 31±11 (4) 2±1 (4) 2±1 (6) 

0 26±5 (9) 56±19 (10) 1±1 (10) 2±1 (9) 

0 18±4 (15) 52±10 (17) 2±2 (16) 3±3 (10) 

0 20±6 (7) 58±14(12) 1 (12) 3 (5) 

26±9 (28) 14±2(4) 37±9 (19) 1(17) 2±1 (5) 

0 24±7 (15) 44±11 (5) 1 (3) 3±2 (2) 

0 18±7 (8) 45±10(21) 1±1 (10) 2±1 (10) 

0 21 (!) 75±28 (52) 2±1 (31) 4±1 (6) 

0 21±4(12) 26±8 (34) 7±6 (28) 3±2 (8) 

0 29±5 (10) 73±22 (31) 2±1 (53) 4±2 (6) 

22±6 (10) 15±4 (9) 23±11 (5) 2±1 (4) 2±1 (2) 

0 30±10 (8) 32±10(33) 3±2 (30) 3±2 (12) 

0 10±3 (7) 39±7 (11) 2±1 (6) 2±1 (12) 

0 44±29 (10) 33±8 (21) 2±1 (26) 2±1 (7) 

0 26±7 (8) 45±18 (20) 1 (18) 3±1 (6) 

27±10(14) 5±2 (12) 44±11 (12) 2±1 (15) 2±1 (9) 

0 34±10(13) 91±36(21) 1±1 (18) 3±1 (3) 

0 19±4 (9) 86±46 (33) 2±2 (19) 4±2 (5) 

0 0 38±10(33) 2±2 (9) 3±2 (4) 

0 21±5 (14) 58±19(10) 1 (11) 2±1 (7) 
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A. schliebenii 

A. schweinfurthii 

A. sphaerocarpa 

A. spinosa 

A. stenodactyla 

A. stylos a 

A. subsessilifolia 

A. trichocalyx 

A. venenata 

A. volkensii 

A. wightiana 

A. wilmsii 

Deidamia 

Paropsia 

Passiflora caeru/ea 

Passiflora foetida 

84±19 (18) 

71 ±25 (20) 

71 ±23 (21) 

120±43 (19) 

143±68 (8) 

40±12(18) 

78±25 (8) 

89±24 (33) 

97±23 (19) 

89±14(25) 

79±19 (7) 

151±37 (14) 

50±11 (21) 

43±13 (17) 

44±21 (10) 

58±14(21) 

22±5 (28) 

19±4(18) 

16±3 (26) 

17±5 (20) 

19±5 (20) 

10±3 (19) 

10±2 (22) 

18±4 (21) 

15±3 (23) 

14±3 (21) 

20±5 (40) 

18±5 (53) 

18±3 (20) 

10±3 (16) 

16±4 (24) 

8±2 (28) 

766±81 (7) 

339±52 (8) 

591±82 (8) 

558±97(8) 

913±48 (4) 

339±26 (6) 

276-47 (9) 

382±49 (8) 

684±18 (6) 

615±110(8) 

570±101(7) 

688±123 (8) 

570±74 (9) 

500±41 (8) 

415±38 (6) 

251 ±47 (8) 

tannin VCW VEDiam VEAgg VEW 

33±6 (15) 36±n (15) 68±20(11) 1±1 (8) 4±2 (12) 

0 21±5 (12) 35±8 (29) 3±1 (18) 2±1 (11) 

0 36±8 (23) 31 ±5 (3) 1 (5) 2±1 (7) 

28±8 (20) 29±8 (19) 47±15 (37) 1±1 (25) 2±1 (5) 

0 44±19 (8) 57±25 (32) 2±1 (20) 3±2 (12) 

14±4 (20) 19±2 (12) 79±35 (26) 1 (70) 2±1 (6) 

38±11 (20) 19±5 (6) 32±15 (7) 1 (5) 1±1 (5) 

0 23±10(14) 46±24 (57) 1 (63) 3±1 (2) 

0 26±6 (12) 48±14(11) 2±2 (7) 3±1 (14) 

35±16(9) 30±6 (30) 30±9 (45) 3±2 (12) 2±1 (14) 

0 28±7 (6) 83±30 (46) 1±1 (43) 4±2 (8) 

0 42±10(23) 50±25 (20) 1±1 (11) 3±1 (14) 

38±10 (30) 23±6(18) m 1 (4) 3±1 (9) 

28±9 (29) 17±2 (2) 29±6 (24) 8±6 (28) 3±1 (10) 

0 16±7 (10) 22±8 (11) 3±1 (8) 4±1 (6) 

18 (1) 13±3 (10) 15±4 (18) m 3±1 (7) 
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APPENDIX E: 

ASSOCIATIONS BETWEEN HABIT, HABITAT, AND ANATOMY IN ADEMA 
FORSSKAL (PASSIFLORACEAE) 
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ABSTRACT 

Plants in Adenia exhibit diverse anatomy, diverse habits, and live in habitats ranging 

from desert to wet rain forest. Predictions concerning the distribution of habits and 

anatomical characters in relation to climate are developed from physiological arguments. 

These predictions are tested in a phylogenetic framework. An interpolation scheme is 

used to estimate climate variables for sites of collection or centers of distribution of 52 

species of Adenia for which 1 have a complete set of anatomical data. Evolutionary 

transitions to lianas were associated with increased vessel diameters, increased vessel 

wall thickness, increased diameters of phloem sieve elements, increased specific 

conductivity (Mauseth and Plemons-Rodriguez 1998), increased average annual 

precipitation, and long stems. There was no pattern of association between lianas and 

vessel element length. Gains of succulence were associated with anomalous secondary 

growth, increased cortical parenchyma cell diameter, increased percent parenchyma in 

xylem, increased lateral wall pit sizes, and increased girth. Origins of tuberous plants, in 

particular geophytes, were associated with decreases in average annual temperature, 

precipitation, and range between minimal and maximal monthly mean precipitiation per 

annum. Among life history traits, there was a trend for cauducous leaves to be found in 

less seasonal, cooler, and drier habitats; cuticles in mature plants tended to be found in 

cooler and drier habitats as well As expected, vessel aggregation sizes decreased with 

increased precipitation and maximal precipitation, but only marginally so {i.e., P-value < 

0.1). Vessels diameter increased with precipitation. Counter to predictions, there were no 
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associations between climate variables and vessel element length, vessel density, vessel 

v/all thickness, or leaf area. The lack of association may be a consequence of 

pliylogenetic constraint. Vessel element lengths, in particular, are relatively short in 

general, consistent with the ancestor of Aderiia being a liana; lianas typically have short 

vessel elements. 

In these analyses, pliylogenetic uncertainty is taken into account by considering 

the distribution of contrasts across a sample of trees from the Bayesian posterior 

distribution. Both the distribution of contrasts across all trees sampled, as well as the 

significance of contrasts on individual trees were considered. In general, the results of the 

two methods were similar. 
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INTRODUCTION 

Plants are integrated wholes. Each plant is a system of interacting parts for which 

alterations in structure and dynamic of one part influence the structure and dynamics of 

other parts. Such relationships among the components of plant anatomy have a long 

history of documentation and research. Individuals of successfLil land plant lineages resist 

desiccation while conducting water and nutrients. They arc able to maintain structural 

stability using some of the strongest and least dense materials known (Niklas 1992: 48; 

e.g., macadamia nut husk) while developing among the tallest biological structures on 

Earth (Niklas 1997). In particular, the anatomical strategies used by land plants to 

conduct and distribute nutrients within the plant body are intimately related to the 

mechanical ability of a plant to stay upright (Carlquist 1975, Zimmermann 1983, 

Carlquist 2001). 

Of particular importance to land plant evolution is the trade-off between 

conductive ability and mechanical stability (Tyree and Sperry 1989). Bailey (1953) 

indicated that xylem tracheary cells carry out two primary functions; conduction and 

mechanical support. He pointed out that these functions are antagonistic. Longer, 

narrower tracheary elements are stronger, but offer more resistance to conduction. 

Conversely, wider cells have greater conductivity, but are more susceptible to mechanical 

failure from collapse, and when embolized they incur a greater cost than narrow vessels. 

Dixon (1914) introduced the cohesion-tension theory of water transport in plants that 

posits that water evaporation at the leaf surface generates a negative pressure (tension) in 

the plant stem that causes water to flow from roots to leaves. This theory has largely been 
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substantiated by measuring water potentials directly (Tyree and Sperry 1989). As water 

evaporates from plant surfaces at stomata, large negative pressures develop within the 

xylem conduits. When such conduits are seeded with tiny air bubbles, or dissolved gases 

come out of solution, the gases can expand under the negative pressure and block water 

flow within the stem. This blockage is an embolism. 

Plants in arid habitats tend to have much more negative water potentials 

(more tension) than plants at more mesic sites (Salisbury and Ross 1991: Chapter 5). 

Plant vessels often experience pressures with magnitudes of several atmospheres. 

Increased tension increases the likelihood of embolism. Moreover, blockage of a large 

vessel has a much more substantial effect on stem conductivity than blockage of a smaller 

vessel (Zimmermann 1983, Mauseth and Plcmons-Rodriguez 1998). The conductivity of 

a vessel is expressed through the Hagen-Poiseille law; conductivity is directly 

proportional to the radius of the vessel raised to the fourth power when the liquids being 

transported have equal viscosities. Thus, cavitation of a large vessel is equivalent to loss 

of conduction of 16 smaller vessels half its diameter (Mauseth and Plemons-Rodriguez 

1998). Smaller vessels, therefore, are expected where probabilities of cavitation are high 

(Tyree and Sperry 1989). If natural selection favors individuals that have increased 

conductive efficiency relative to other individuals, narrower vessels are expected in more 

xeric environments. 

Following a similar logic, expectations can be derived for other anatomical 

features as discussed at length by Carlquist (1975, 1977, 2001) and Zimmermann (1983). 

Carlquist in particular proposed that shorter vessel elements (hereafter VE) with simple 
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perforation plates have the least resistance and borders around such plates act as 

strengthening girdles. Vessels composed of short elements would have more girdles than 

vessels composed of long elements. So, in addition to narrow VE's, shorter VE's with 

simple plates are expected in arid habitats. Zimmemiann (1983) however, beheves that 

VE lengths are functionally meaningless. In addition to being relatively narrow and 

shorter, VE's are expected to be in high density, in large aggregations, and have thick 

walls in arid habitats to decrease risks of cavitation (Carlquist 1975, Mauset and 

Plemons-Rodriquez ] 998). High densities may be due simply to the fact that more narrow-

vessels can fit in the same volume of wood than wide vessels. If a single, narrow vessel 

fails in a large vessel aggregation, the surrounding vessels can assume its function, so 

large vessel aggregations may be favored in habitats with high risk of cavitation. 

However, dicot woods with vasicentric tracheids or fibriform vessel elements may not 

exhibit larger vessel aggregations in xeric conditions as these cells can perform the 

function of the vessel when it fails (Carlquist 1984). Lastly, thicker walls may reduce the 

chance of vessel collapse under high tension. 

In addition to vessel features, a whole suite of other characters is associated 

with transitions to more xeric sites. Summarized by Steinmann (2001) and Enquist and 

Huxman (2003), these include succulence (tubers, stems, and leaves), cauducoiis or 

deciduous leaves, stomata on stems, sunken stomata, thickened cuticles, reflective leaf 

surfaces, and a hypodermis. 

Other life history traits are directly related to xylem characteristics. In particular, 

there is a direct relationship between leaf surface area and xylem differentation in some 
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species (Dobbins 1970, Shininger 1970). When leaves are removed in Xanthium, cambial 

differentiation to lignified tissues does not occur (Shininger 1970). Furthermore, leaf 

surface area can be related directly to conduction and water transport. Where water is not 

a limiting resource, increased leaf surface area permits a greater volume of water to be 

conducted through a greater area of transpiration. A general pattern then, is that larger 

leaves are expected in more mesic habitats. 

Considerations of mechanical strength and conductivity can also be used to 

generate expectations concerning the relationship between growth habit and anatomical 

characteristics. Lianas and other scandent forms rely on neighboring structures for 

mechanical support, and must transport hquids across large distances in often unbranched 

stems. Lianas and vines therefore have notably wide, short, thick-walled vessel-elements. 

They must deal with greater torsion than plants with other habits so it has been proposed 

that their generally long fibers help to prevent rupture of vessels under torsion (Carlquist 

2001: 207). Carlquist (1962, 1975, 2001) claims that evolution of succulent woods from 

woody ancestors is associated with increased diameters of lateral wall pits in VE's, 

angled vessels, and VE's with obhque end walls. These so-called paedomorphic features 

will be discussed more thoroughly in Appendix F. 

Although these patterns have been reported in a general way for a diversity of 

plant lineages, few researchers perform explicit statistical tests for such patterns. 

Carlquist (1980) states, "One could, with justification, state that very few ty|ies of data in 

wood anatomy are statistically significant, or ever can be," so he seems to deny even the 

possibility of testability. Furthermore, even fewer of these patterns have been evaluated 
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in a phylogenetic context. Without correcting for phylogenetic non-independence 

(Felsenstein 1985), is it possible that such patterns are artifacts? Did those groups having 

particular characters diversify in particular habitats, so that characters are correlated only 

because they occurred in the ancestors of such lineages? Are such patterns due to random 

chance and phylogenetic artifacts? A classic example is that of milk and fur. These are 

always found together, but this correlation is not functional; the ancestor that gave rise to 

mammals had these two traits. 

Baas et al. (1983) were notable in briefly considering the phylogenetic 

relationships among the assemblages of plants they studied. They found that many 

species did not follow the above expectations, and that patterns are more complex than 

typically depicted. Indeed, plants hving in the same habitats can display markedly 

different anatomical strategies for dealing with environmental exigencies. Furthermore, 

observations of the original patterns in xylem evolution (e.g. Bailey and Tupper 1918) 

relied almost exclusively on anatomical data from woody plants. Will these patterns exist 

across lineages with parenchymatous xylem such as that in lianas and stem succulents? 

Perhaps these patterns are not so clear-cut. Carlquist (1980) suggested that "each 

plant within an assemblage has its own compromise of features which permit it to exploit 

cach habitat and survive there." Perhaps such patterns are not expected to be present 

across assemblages of lineages that have evolved different strategies. Kribs (1937) wrote 

" high correlations frequently occur in groups of closely related species and genera, 

whereas, serious discrepancies arise in the case of large families and orders." Further, 

Baas (1976: 164) stated that "each genus has its own individual pattern." I have therefore 
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chosen to focus on one lineage of closely related species in the genus Adenia to test 

whether these patterns exist in a phylogenetic context. Members of Adenia present great 

diversity of anatomy and habit (Appendix C), and individuals in the lineage inhabit 

diverse habitats, so the lineage is ideal for the investigation of relationships among 

anatomy, habit, and habitat. Are evolutionary transitions in habit and habitat 

stereotypically associated with evolutionary transitions in anatomy? 

If there is sufficient variation, and the natural selective pressures are as 

suggested above, I expect several patterns to exist in the moiphological ecology of this 

group. The expectations are summarized in Table 1. These expectations arc tested using a 

modification of the method of Independent Contrasts (Felsenstein 1985) that incorporates 

phylogenetic uncertainty by sampling several trees according to their posterior 

probabilities (estimated from a Bayesian analysis of phylogeny) and calculating contrast 

statistics for each tree. Schwilk and Ackerly (2001) advocate looking at the percentage of 

significant contrasts on many trees individually, so 1 also consider the significance of 

contrasts on each of the trees sampled from the posterior distribution. 

METHODS 

Taxon sampling and anatomy preparation, and characterization. Taxon sampling 

and data collections were as presented in Appendices A, C, and D. Bayesian analysis of 

phylogeny follows methods of Appendix A. 

Climate data. Climate data consisted of monthly precipitation and temperature 

records that came from a database of over 6000 weather stations worldwide. These data 
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are available from N.O.A.A (Peterson and Vose 1997; NCDC GHCN 2004; files 

v2.mean, v2.precip). Both unedited and systematically edited data sets in which 

statistically anomalous data were removed were available. Data with some anomalies 

were used instead of edited data sets, as the edited sets did not contain sufficient data for 

Madagascar. Climate data were estimated for the specific collection site of each species 

or, when the latitude and longitude of the collection were unavailable, the center of the 

distribution of the species were estimated from the distribution maps in De Wilde (1971). 

Climate variables at these sites were interpolated using the methods developed in 

Willmott et al. (1985) and New et al. (2000). Cartographers use these techniques to infer 

climate isoclines from weather station data. 

New et al. (2000) investigated several interpolation methods and concluded 

that angular-distance interpolation (ADD was most accurate for climate data. ADI sums 

the weighted and normalized climate contributions from n stations surrounding a focal 

point. Following New et al. (2000), the eight nearest stations to each species locality 

were used in the interpolation in this paper. Distance weights are calculated according to 

an exponentially decreasing function of the distance from a focal site to each weather 

station; the angular separation among stations weighs the climate contributions so that 

two sites that are close to one another are given less weight. The distance weight function 

also considers the correlation decay distance, which is the distance away from a focal 

point where values of a climate variable are no longer statistically correlated with values 

of the climate variable at the focal point. Inference of this correlation decay length is 
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sensitive to the method used (Jones et al. 1997), and I chose to estimate it from the data 

depicted in New et al. (2000; Fig. 4 ). 

Total annual precipitation and monthly average temperature and precipitation 

were interpolated for each species. Temperature ranges, minimum, and maximum 

monthly values were inferred from these data. The range (maximum monthly average -

minimum monthly average) is henceforth used as an estimate of seasonality of both 

precipitation and temperature. Localities with large climate ranges are considered more 

seasonal even when average minimums are higher than less seasonal areas. 

Leaf area. From between 6 and 20 mature, healthy, undamaged leaves of each of 

the 52 species used for the comparative analyses were digitized on a flatbed scanner. 

Hearn {Unpublished data) suggested that a sample of ca. 7 leaves is sufficient to 

accurately characterize average shape of a species. These plants were grown in a common 

garden to emphasize genetic, rather than plastic, differences in areas. I developed 

software that renders an image of leaf outlines and calculates areas of leaves (available 

from author). 

Phylogeny and independent constrasts. A "tips" analysis was performed on the 

averages of each pair of quantified anatomical, life-history, climate, and locality 

measurements (82 in total) using a script written in the R statistical language (R 

Development Core Team 2003) to assess general patterns. When dichotomous variables 

were compared to continuous variables, ANOVA was used with the dichotomous 

(predictor) variable as a factor. Otherwise, linear regression was used. The 3280 (82" / 2 -

82) comparisons were examined using a Perl (Wall 2003) script, and those comparisons 
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that were statistically significant or relevant to the hypotheses in Table 1 were further 

analyzed in a phylogenetic context. 

In Appendix C, I developed a method that builds on the method of Independent 

Contrasts (ICs; Felsenstein 1985) to test for a correlation between a dichotomous variable 

and a continuous variable. The method takes into account the uncertainty in the estimate 

of the topology of the phylogeny by samphng tree topologies and branchlengths 

according to the posterior distribution of a Bayesian analysis. ICs were calculated on each 

tree using a version of CAIC (Purvis and Rambaut 1995; Version 2.7.1 as modified by 

Nick Isaac) that handles batch analyses. All continuous-valued data were square-root 

transformed as recommended by the CAIC manual to reduce the frequency of violation 

of test assumptions. The batch version of C AIC is limited to the analysis of two traits, so 

each analysis tested for a correlation betv\'een two traits. 

The method to compare dichotomous / continuous valued traits that was 

developed in Appendix C is used here also, and I develop a similar method to compare 

two continuous valued traits. In the discrete / continuous test, 1,000 trees were randomly 

sampled according to the posterior distribution of a Bayesian analysis. ICs were 

calculated for each tree and the percent of positive contrasts, pemp, in the continuous 

valued trait in the presence of a gain in the dichotomous trait were recorded. The data for 

both the dichotomous and continuous traits were randomized on each of the 1,000 trees, 

and the percent of positive contrasts, Pramu were again calculated. A test distribution was 

estimated that consisted of the difference (A/v) between the percent of positive contrasts 

for the empirical data {pemp) and the percent of positive contrasts for the randomized data 
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(pranch Ddc = Pemp - Pruned- Tlic null cxpcctation was that thc mean of D^c was zero 

corresponding to no difference between random data and actual data. When an a priori 

expectation was provided, a one-tailed test was used to assess statistical significance. If a 

positive correlation was expected, the null hypothesis of randomly associated characters 

was rejected when 95% of the values of D^c were greater than zero, or when a negative 

correlation was expected, the null hypothesis was rejected when 95% of the values of Ddc 

were less than zero. When there were no a priori expectations, the null hypothesis was 

rejected when 97.5% of the values of Ddc were greater than, or when 97.5% of the values 

of Ddc were less than zero. 1 provide a priori expectations about the direction of 

association between traits for all comparisons in this paper (Table 1). 

The methodology of the test for the correlation between two continuous 

valued traits parallels the discrete / continuous case. As before, contrasts for both the 

empirical and randomized data were calculated. As a statistic to compare empirical 

contrasts with contrasts from randomized data, the slope of the regression line fit to the 

contrast values of thc two traits was used for the comparison of tw o continuous valued 

traits, instead of the percent of positive contrasts, as was used for the dichotomous / 

continuous trait case. The slope was calculated for each of the 1,000 trees for both the 

empirical data {semp) and the randomized data (Sramd-, the difference {Dec) between 

Semp and Srund WHS calculatcd {Dec ~ Semp - Snmcd- As with the dichotomous / continuous 

valued trait comparisons, when an a priori expectation was provided, a one-tailed test 

was used to assess statistical significance. In such cases, if 95% of the values of D«. were 
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more extreme than zero, the null hypothesis of randomly associated characters was 

rejected. 

In addition to the above randomization method, 1 recorded whether the ICs for the 

discrete / continuous trait comparisons were significantly different from zero using a /-

test. I also recorded whether the slopes of the linear regression models were statistically 

significant for each of the trees that were sampled for the continuous / continuous trait 

comparisons. Statistical significance on individual trees was assessed for both the 

randomized and the empirical data. Traits will be considered correlated with greater than 

95% of the individual trees have significant contrasts. 

RESULTS 

Climate data and leaf areas. CUmate and leaf area data are presented in Table 2. 

Interpolated climate estimates for a few species are depicted in Figure 1. in almost all 

cases, all 8 weather stations used for each interpolation were within 500 km of the 

collection site. This distance is the precipitation correlation decay length used for 

localities at greater than 30 degrees latitude and less than -30 degrees latitude. The 

precipitation correlation decay length used for sites between -30 and 30 degrees latitude 

was 250 km. For temperature interpolation, the correlation decay distance used was 1,400 

km for sites betu'een -90 and 30 degrees and 1,700 km for sites north of 30 degrees. As 

mentioned, correlation decay indices were estimated from data depicted in New et al. 

(2000; Fig. 4). The interpolation method does not consider elevation, and in the case of A. 

globosa, which was collected in the rift valley, all closest stations are much higher in 
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elevation. Temperature estimates may therefore be underestimated and precipitation 

estimates overestimated for this species, but for consistency, the interpolated values were 

used in the analyses. 

Figure 2 presents a typical image of the outhnes generated by the area-

determining program. Average leaf areas per species ranged between 0.5 cm" (A. 

globosa) and 114.4 cm' (J. volkensii; Fig. 2f). Much larger leaves have been observed in 

different clones of A. heterophylla, but these samples were not included because no 

anatomical samples of these individuals were included in the analysis. 

Phylogeny and independent constrasts. Table 1 and Figure 3 present the results of 

the comparative analyses. Several traits were correlated with transitions in growth form. 

Lianas are associated with transitions to longer stems (Fig. 3a.xi), wider (Fig. 3a.xii) and 

thicker-walled (Fig. 3a.xiii) vessels, increased specific conductivity (Fig. 3a.x; as 

measured by Mauseth and Plemons-Rodriguez 1998), and increased sieve element 

diameters (Fig. 3a.ix). They were found in v/etter climates than other growth forms (Fig. 

3a.vii). Transitions to the liana habit were not correlated with decreases in vessel element 

length (n.s. in "tips" analysis), increases in fiber length (n.s. in "tips" analysis), or 

increases in leaf area (Fig. 3a.viii). 

Few associations were found with evolutionary transitions to tuberous 

plants. Tubers were associated with cooler (Fig. 3a.xxii), less-seasonal (Fig. 3a.xxiii) 

climates. 

Transitions to succulent forms (both pachycauls and stem succulents v^'ere 

lumped in this category) were associated not only with increases in xylem parenchyma 
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volumes (Fig. 3a.xvii) but increased size of parenchyma cells (Fig. 3a.xvi). Such 

transitions are also associated with increase in stem girth (Fig. 3a.xviii). As discussed in 

Appendix C, succulence was associated with increases in anomalous bundles (Fig. 

3a.xv). Succulence was also associated with increased lateral wall pit size (Fig. 3a.xx). 

Although 96.6% of the percent positive contrast differences, Ddc, were greater than zero 

for the analysis of increases in lateral wall pit size, none of the indi\ idual trees had 

statistically significant contrasts. When the individual contrasts were examined, one 

contrast value was consistently larger and opposite in sign than the other values, causing 

a lack of significance when individual trees were considered. There was no correlation 

between average annual precipitation and evolutionary transitions to succulence (Fig. 

3a.xiv), nor a correlation with decreases in vessel widths (Fig.3a.xxi). There was a 

marginal increase in vessel aggregation size in succulents (Fig. 3a.xix). 

Among other comparisons, few were significant. Counter to expectations, 

cuticle presence in adults was associated with decreases in temperature (Fig. 3a.v) and 

seasonality was associated with decreases in vessel aggregation size (Fig. 3b.xiii). The 

only other anatomical / seasonal comparison that was significant was the positive 

correlation between maximum monthly precipitation and vessel diameter (Fig. 3b.x). 

Among continuous / continuous trait comparisons, the percent of the trees 

sampled that had significant contrasts for random data was large (Table 1, Fig. 3b). 

Typically, 30% - 40% of the trees with random data had significant contrasts. The trees 

on which randomized data were significant were t^'pically in the tails of the distributions 

of Figure 3b, giving rise to a distinctly bimodal distribution of trees with significant 
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random contrasts. In all continuous / continuous trait comparisons, CAIC calculates a 

contrast across each internal node, giving rise to 51 contrasts (52 terminal taxa) per tree. 

DISCUSSION 

Methodological considerations. Two different techniques were used to assess the 

statistical significance of contrasts. The approach advocated here looks at differences 

between randomized and empirical data. The randomized data are not intended to 

represent the outcome of a model of evolution, rather, they are intended solely as a point 

of comparison to uncorrelated data on particular trees. Schwilk and Acker ly (2001), 

howevei", advocate looking at the percentage of significant comparisons across several 

trees. Such assessments to not take into account any spurious correlations among traits 

that are simply due to the structure of the phylogeny and the range of trait values 

exhibited by the taxa. Among the continuous / continuous comparisons, the randomized 

data were statistically significantly correlated over 30% of the time (Table 1; green and 

yellow bars in Figure 3b). These values suggest that the test, or the way contrasts are 

determined, may bias the outcome unless uncorrelated character data are considered in 

relation to the empirical data on the same tree. The bimodal distribution of trees that have 

significant contrasts for randomized data suggests that the cases in which randomized 

data generate significant contrasts are extreme cases, because the difference in slopes 

(Dec) between contrasts for the randomized data and the contrasts for the empirical data 

are large compared to the mean values of Dec- Values of Dc^ that are close to the mean 

typically correspond to randomized data sets that do not generate significant contrasts. 
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However, 1 do not yet have an explanation for the inflated number of trees for which 

randomized data generate significant contrasts. 

In general when the randomization method that considered D values 

produced significant results, so did the method that considered significance of contrasts 

on individual trees. 1 will henceforth call the method that includes randomized data the 

randomization method, and the method that considers individual trees {c.f Schwilk and 

Ackerly 2001) the individual-trees method. Five of the 17 significant correlations were 

only significant using the randomization method, whereas tv.'o were only significant 

using the individual-trees method. The remaining 10 significant correlations were 

significant using both methods. 

One of the 5 analyses that was significant using only the randomization 

method had zero trees of the 1,000 sampled trees for which contrasts were significant. ! 

used the /-test to assess differences between the contrast values and 0. With this particular 

analysis, one of the contrast values was substantially greater in magnitude than the other 

contrast values and of opposite sign, so the data were clearly not normally distributed, 

and the /-test was inappropriate. There were frequently only ca. 5 contrasts for this 

particular comparison, so the sign test was also not able to detect a difference either, due 

to lack of power. Over 5 contrasts must be present on an individual tree to detect a 

difference when using a sign test. Although randomized data do not represent a realistic 

model of evolution, they do provide a useful null distribution of contrasts associated with 

uncorrected characters. By including randomized data, correlations may be detectable 

which are undetectable using individual trees. 
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Anatomy vs. climate. Many of the anatomical expectations developed in the 

introduction relied on physiological patterns of change across climate gradients and were 

developed fi-om physiological arguments and from Carlquist (1975), Zimmermann 

(1983), and others. In particular, emphasis was placed on predictions in xeric 

environments. With decreases in precipitation, it was expected that vessels would be 

narrower, their density would be higher, aggregations larger, perforation plates simple, 

lateral wall pits alternate, end walls transverse, and that helical thickenings would be 

present. 

Several studies have reported correlations between xylem anatomy and 

climate that are consistent with the above expectations. Olson (2001) reported wider 

vessels and larger conductive areas in wetter habitats in his study of all 13 species in 

Moringaceae. Carlquist (1985) reported smaller diameter vessels in Begonia with drying 

of habitat, consistent with patterns in species with certain types of growth rings, or early 

woods (e.g,. Michener 1981). Michener (1981) found that Keckiella species living in 

deserts had shorter and naiTower vessel elements and shorter fibers. Baas (1973) reported 

trends in vessel dimension with increasing latitude in Ilex. With increases in latitude, 

vessels are narrower, shorter, and their densities are higher. Such patterns may relate to 

general decreases in temperature and precipitation with increases in latitude. 

Not all studies, however, conform to these patterns. Among climate / 

anatomy comparisons tested in this study few were statistically significant when 

phylogeny was considered. Counter predictions, the presence of cauducous leaves and 
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cuticles were associated with decreases, not increases, in maximal monthly average 

temperature (Fig. 3a.v) and range in precipitation (Fig. 3a.vi), but only marginally so 

{i.e., F-value < 0.07; Table 1). Cauducous leaves were reported for only 7 species, so it is 

possible that this pattern is an artifact of small sample size. An alternate explanation is 

that there is an optimal temperature for both cuticle presence and cauducous leaf 

presence. Periderms may reduce water loss in extremely hot environments, and there may 

be a threshold in aridity past which cuticles no longer function as effectively as periderm. 

Cuticles are associated with photosynthetic stems, and in habitats that are too arid, water 

loss through stomates might disadvantage plants with pliotosynthetic stems. Although 

reduced seasonality does not necessarily correlate with weather predictability, a future 

hypothesis to explore would be whether cauducous leaves are more prevalent in less 

predictable habitats. If precipitation is not regular, a strategy might be to grow leaves 

quickly when water is present, and drop them when it dries. If precipitation is not 

predictable, it may be months or days before the next rains. Such questions could be 

approached by considering the relationship between precipitation variability and resource 

loss curves with age of leaf to predict an expected leaf life span in seasonal and variable 

environments. 

Maximum monthly precipitation was correlated with increases in vessel 

diameter. Baas et al. (1983) examined patterns across assemblages and found plants with 

the widest vessel elements in the most xeric habitats. They also noted that within the 

same individuals, both large and small vessels existed. Webber (1936) observed wide 

vessels in assemblages of desert plants as well. It appears that in studies that look across 
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assemblages within particular habitats, some of the trends break down. Different lineages 

appear to exploit the environments in different ways, and have evolved different solutions 

to water limitation and seasonality (Carlquist 1980, Schwinning 2001). Plants with both 

wide and naiTOw vessels may be able to exploit the frequent rains during the rainy season, 

but avoid conduction failure by having narrow vessels as well when conditions are drier 

(Baas e/a/. 1983). 

Within the genus Adenia, each growth habit may present a different strategy 

for dealing with transport and support. In the same habitat, within meters of one another, 

lianas and stem succulents of Adenia thrive. Prior studies were biased towards the highly 

lignified woods of arborescent taxa (Carlquist 1978), so patterns reported may not hold 

for members of Adenia which are exceptional in having highly parenchymatized woods. 

Ayensu and Stem (1964) point out that "Habit-related anatomical modifications 

may be superimposed upon specializations related to phylogeny, and the separation of 

these two facets of structural change is not always clear cut." It is likely that the ancestor 

of all Adenia was a liana or vine (Appendix A), and some of the anatomical traits in 

current species may be vestiges of this ancestry. Vessels are uniformly relatively short in 

Adenia (Appendix C). Lianas generally are reported as having short vessel elements (e.g., 

Carlquist 2001: 372), and if this is an ancestral state for the group, the presence of short 

vessel elements might explain why there was no con-elation between precipitation and 

length (see also Zimmemiann 1983). The highly parenchymatized nature of the woods of 

all species with secondary growth might explain Vi'hy there is no consistent pattern 

between vessel density and vessel width. 
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Habit vs. anatomy and climate. Among the comparisons between habit and 

climate, three variables are key for Adenia. These include the amount of storage tissue in 

stems, the ultimate length of stems, and the nature of the secondary growth. These 

features are central to the diagnosis of the life forms in this group (Appendix C). Several 

expected patterns are upheld in analyses between habit, anatomy, and climate. A 

consistent pattern that has been reported is that stems with large length to width ratios 

have the widest vessels (see, e.g., Zimmermann 1983). This pattern is upheld in Adenia. 

Transitions to lianas are associated with increases in vessel diameter. Lianas also have the 

longest stems of all growth forms in Adenia, and relative to the succulent forms, they are 

narrow as well (Fig. 3a.xi, 3a.xviii). 

No patterns were observed in Adenia that related fiber measurements or 

vessel clement lengths to climate or habit. Although scandent forms in Passifloraceae 

have the widest vessels, the trees with lignified woods in Paropsiaea tend to have longer 

vessels (Ayensu and Stern 1964). Among succulents, Gibson (1973) reports wider, longer 

vessels in taller cacti. Again, however, this pattern is not consistent across all groups. For 

example, in Hibiscus, the longest, widest vessels are in annual herbs and shrubs, 

perennial herbs have the shortest vessel elements, and trees have the narrowest vessels 

(Walsh 1975). Fibers tended to be longer in plants of non-herbaceous Hibiscus taxa {i.e., 

larger trees and shrubs), consistent with the observed patterns in other groups (Walsh 

1975). 

Lianas in Adenia are also associated with greater specific conductivities, larger 

sieve element diameters, and thicker vessel walls (Fig. 3a.ix, x, xiii). These observations 
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are generally consistent with other Passifloraceae. Liana vessels are wider on average 

than those of trees, but there are exceptions (arboreal Passiflora can have wider vessels 

than lianas; Passiflora maguirei, a liana, has narrower perforation plates on average than 

trees; Ayensu and Stem 1964). 

Lianas in Adenia are also found in wetter habitats where water stress is less 

likely to be an issue (Fig. S.a.vii). Wider sieve elements and thicker walls may relate to 

conductive capacity, as wider sieve elements may permit more efficient transport of 

photosynthates, and thicker-walled vessels may permit increased tensions in vessels 

without vessel collapse. Phloem cell dimensions are rarely reported, and the association 

between both sieve element diameter and vessel wall thickness and their association with 

stem conductive capacity both require further investigation. 

Carlquist (1962) attempted to explain patterns of transition to herbaceous forms in 

his theory of pacdomoq^hic woods. The theory of paedomorphic woods will be examined 

in greater detail in Appendix F. Cumbie and Mertz (1962) in their study of xylem 

anatomy of Sophora in relation to habit found that shifts to herbs were associated with 

decreased secondary growth, less storied structure, narrower rays, and less axial 

parenchyma. Relatively few alterations were found in vessel characters. Walsh (1975) 

studied anatomical correlations with shifts in habit of 21 species of Hibiscus. He found 

nearly identical patterns to Cumbie and Mertz (1962). Characters Carlquist (1962) lists 

for transitions from woody ancestors to derived herbaceous taxa are also consistent with 

Walsh's (1975) and Cumie and Mertz's (1962) observations. 
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Patterns in transitions to herbaceous, annual-stemmed plants in Adenia are 

consistent with the above observations. Such transitions in Adenia are associated with 

substantia! decreases in axial parenchyma, and little secondary growth (Appendix C). 

Primary xylem forms the majority of lignified tissue in these plants. Primary xylem in 

every permanently thin-stemmed species of Adenia forms a continuous band of lignified 

tissue. Most species lack rays in their primary xylem. A few species have scattered 

vascular bundles as primary growth {e.g., species in the trichome-bearing lineage, A. 

monadelpha), but these species all develop into succulent forms with extensive secondary 

growth. All annual-stemmed plants in Adenia are geophytes, and have tubers for 

perennial storage. Three strong correlations between evolutionary gains in tubers and 

climate were observed, none of which was as anticipated. The patterns were not 

consistent with expectations. Gains of tubers were associated with decreased average 

annual precipitation, average annual temperature, and seasonality (Fig. 3.a. xxii, xxiii, 

xxiv). Thus tuberous plants tend to be present in cooler, drier habitats relative to plants 

that lack tubers. As was addressed for the evolution of cauducous leaves, it is unclear 

whether an optimal habitat exists for tubers. Is there a point where conditions are too wet 

or too cold or too hot? Most tuberous plants in Adenia are found in tropical dry forests or 

savannah (not in deserts), but at least one species is found in wet lowland rainforest (A. 

penangiaiia). This species was even observed to be associated with Nepenthes bogs in 

some localities. Adenia penangiana develops serial tubers along thin roots, and it appears 

able to develop stem,s from these tubers when roots or other tubers rot. It is possible that 

different forms of tubers serve different functions in different environments. 



Stem succulents tend to store water aboveground in contrast to tuberous plants, 

but several succulents also have tubers. When storage is underground, the rate of 

expansion and development in girth of the storage structure may be limited by the 

confines of the surrounding soil and rocks. Increases in the girth of aboveground storage 

stems are not limited by rocks or soil, and succulents are associated with increases in 

stem girth relative to other forms (Fig. S.a.xviii); both this correlation and the correlation 

between lianas and increased stem length are somewhat circular as these forms are 

defined in part by the presence of these structures. Some succulents (A. spinosa, A. 

pechuelii, A. gJobosa) tend to be squat plants, with stem bases that can achieve a few 

meters in diameter. It was therefore expected that stem succulents would be found in the 

driest habitats where their increased water storage capabilities could be advantageous. 

However, there was no correlation between gains in stem succulence and average annual 

precipitation (Fig. 3a.xiv), nor was there an association with increased temperature (n.s. 

in "tips" analysis). Since it was believed that these forms v^'ould be in arid habitats, 

narrower vessels and larger aggregations were also expected. There was no correlation 

with vessel diameter, but there were marginal (i.e., P-value < 0.1) increases in 

aggregation size (Fig. 3.a.xxi, xix). Tubers had the largest aggregations of vessels on 

average (Appendix D). Adenia pechuelii, a succulent, is found in the driest habitats of all 

Adenia. Succulents, however, are not consistently found in dry habitats. Several species 

from the Ankarana Massif in Madagascar experience substantial rain during the wet 

season. These species all live on quickly draining limestone referred to locally as 

'tsingy'. A huge diversity of succulents come from the Karroo of South Afi-ica. This 
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region is quite mild in temperature, and experiences moderating coastal influence. Again, 

an optimal temperature and precipitation regime is likely to exist which facilitates the 

evolution of succulence. 

Not only do stem succulents have more parenchyma in their axial systems (Fig. 

3a.xvii), but they have larger parenchyma cells as well (Fig. 3a.xvi). Gains in succulence 

were also associated with increases in vessel wall pit size associated with contact pits and 

anomalous secondary growth as reported in Appendix C. These increases were 

hypothesized to function in nutrient transport within these storage structures. 

Leaf area. Surprisingly, leaf area was not correlated with any traits. Larger leaves 

were not associated with wetter climates per se, nor were they associated with higher 

conductivities. The largest leaves observed by the author are, in fact, found in a wet forest 

species of uncertain identification, but aUied to A. heterophylla. The smallest leaves, 

however, were not found in the driest habitats. A. pechuelii is found in the driest habitat, 

and its leaves are sub-succulent, glaucous, and rapidly cauducous. It seems reasonable 

that such life history traits may obscure any association between habitat and leaf area. In 

fact, plants that are able to go dormant during the dry season, drop their leaves, and cease 

or nearly cease metabolic activity may only experience mesic conditions when actively 

growing. Thus, plants in seasonally dry areas may have large leaves and wide vessels 

even though average annual precipitation levels are low quite overall. Adenia volkensii 

from northern Tanzania and southern Kenya lives in seasonal habitats, and this species 

had the largest leaves of all species analyzed. Nearly all species of Adenia are drought 

deciduous. 
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Several other factors may influence the distribution of leaf sizes among habitats. 

Not only is size important, but leaf shape plays a significant role in gas exchange 

(Enquist and Huxman 2003). Leaves in Adenia exhibit a tremendous diversity in form 

(Fig. 2). Some are entire with a cordate base whereas others are dissected and lobed. 

Moreover, leaf sizes can be highly plastic (pers ohs.). All leaves that were sampled for 

this study were grown under conditions of ample fertilization, and near-optimal lighting 

and temperature. It is possible that under more typical conditions leaves might show a 

trend of increased area with precipitation. Finally, leaf area of individual leaves may not 

be indicative of the total surface area available to transpiration. Internode lengths vary 

across species (Table 2), some species have fascicled leaves {e.g. A. boivinii), and other 

forms may be highly branched (e.g. A. e/egans). Thus, species with smaller leaves may 

have many more leaves and larger overall photosynthetic surface areas. Moreover, leaves 

arc not the only structures responsible for photosynthesis in many species of Adenia. 

Stems of the cauducous-leaved species in particular may assume this function during the 

majority of the year. When, where, how many, what shapes, and what sizes of leaves are 

all components of the life history strategies of Adenia, of which only size was considered 

here. 

Conclusions. In the introduction to this paper, several expectations were 

developed from considerations of physiology and work of wood anatomists. The results 

in the paper do not consistently match these expectations when associations are viewed in 

a phylogenetic context. Few of the anatomical transitions were correlated with transitions 

in climate. Few of the patterns that were expected to be associated with leaf areas were 
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observed. Several patterns between climate and habit were consistent with the patterns of 

evolution in other lineages. Overall, the lack of match between the traditional 

expectations and these results suggest that more complex optimalit}/ or tradeoff models 

are required to offer accurate predictions concerning the distributions of life forms and 

anatomical features. Life history strategies may have optimal combinations of anatomical 

traits, and no monotonic pattern between climate and habit or anatomy may exist when 

several life history strategies are compared. 

This study uses explicit climate and phylogenetic information when 

assessing patterns in anatomy and habit evolution. Discussions of evolutionary patterns 

pertaining to habit shifts were organized around three traits: secondary growth, stem 

length, and storage structure. These traits differ among the three primary life forms found 

in Adenia {i.e., geophytes and vines, lianas, and succulents). Four primary conclusions 

are derived from these results. First, little to no secondary growth, and a lack of axial 

parenchyma are found in geophytes. Tubers are a prominent feature of these plants. 

Second, stem succulents have immense stems with relatively little lignified tissue. Their 

leaves exhibit diverse strategies. Some are rapidly cauducous, whereas others are large 

and fleshy and persist for several months. All succulents have drought deciduous leaves, 

as do nearly all Adenia taxa. Third, a variety of conduction strategies exist among 

species. Lianas have wide, predominantly solitary vessels and long cylindrical stems, 

whereas succulents have aggregated, narrow to wide vessels in generally squat and wide 

stems. Fourth, it appears that relics from the lianous origins of Adenia may dominate 

some of the evolutionary patterns of stem anatomy; such ancestry may explain why no 
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consistent patterns are observed between habitat and vessel element lengths and widths, 

and aggregation patterns. 
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FIGURES AND TABLES 

Figure 1. Climate curves for ?,Q\Qct Adenia species showing interpolated values, a. 

Temperature (°C). b. Precipitation (mm rainfall). 

Figure 2. Outlines of leaves generated by outline detection program, a. A. hondala. b. A. 
wightiana. c. A. ovata. d. A. hastata. e. A. wilmsii. f A. volkemii. g. A. gummifera. h. A. 
venenata, i. A. stylosa.]. A. slenodactyla. k. A. trichocalyx (juvenile). 1. A. mcdadiana. m. 

A. litoralis. n. A. lanceoiata. o. A. repanda. p. A. refracta. q. A. racemosa. r. A. 
pyromorpha. s. A. lapiazicola. t. A. rumicifolia. u. A. perrieri. v. A. mannii. w. A. lobata. 

Figure 3. Character correlations. Histograms of D are presented for a sample of 1,000 

random trees from the Bayesian posterior distribution. Red bars arc differences for all 

trees; blue bars are trees that individually have significant contrasts using a /-test at the a 

= 0.05 significance level; green bars are trees that have significant contrasts from 

randomized data; yellow bars are trees that have significant empirical and randomi/cd 

data. a. Dichotomous variables vs. continuous variables, i. Periderm Presence in Adult vs. 

Phloem Sieve Element Diamater. ii. Cuticle Presence vs. Average Annual Precipitation, 

iii. Cuticle Presence vs. Average Annual Temperature, iv. Cauducous Leaves vs. 

Maximum Precipitation, v. Cauducous Leaves vs. Maximum Temperature, vi. Cauducous 

Leaves vs. Precipitation Range, vii. Liana vs. Average Annual Precipitation, viii. Liana 

vs. Leaf Area. ix. Liana vs. Phloem Sieve Element Diameter, x. Liana vs. Specific 

Conductivity, xi. Liana vs. Stem Length (m). xii. Liana vs. Vessel Diameter, xiii. Liana 

vs. Vessel Wall Thickness, xiv. Succulent vs. Average Annual Precipitation, xv. 

Succulent vs. Anomalous Vascular Bundles, xvi. Succulent vs. Xylem Parenchyma 

Diameter, xvii. Succulent vs. Percent Parenchyma in .Xylem. xviii. Succulent vs. Stem 

Basal Diameter, xix. Succulent vs. Vessel Aggregation Size. xx. Succulent vs. Vessel 

Lateral Wall Pit Size. xxi. Succulent vs. Vessel Diameter, xxii. Tuber vs. Average 

Annual Temperature, xxiii. Tuber vs. Range Precipitation, xxi v. Tuber vs. Average 

Annual Precipication. b. Continuous Variables, i. Average Annual Parenchyma vs. 

Percent Parenchyma in Xylem. ii. Average Aniuial Precipitation vs. Specific 

Conductivity, iii. Average Annual Precipitation vs. Vessel Aggregation Size. iv. Average 

Annual Precipitation vs. Vessel Element Length, v. Average Annual Precipitation vs. 

Vessel Density (mm'"), vi. Average Annual Precipitation vs. Vessel Wall Thickness, vii. 

Crystal Diameter vs. Cortical Parenchyma Diameter, viii. Leaf Area vs. Average Annual 

Precipitation, ix. Leaf Area vs. Range Precipitation, x. Maximum Precipitation vs. Vessel 

Diameter, xi. Phloem Sieve Element Diameter vs. Cortical Parenchyma Diameter, xii. 

Phloem Sieve Element Diameter vs. Specific Conductivity, xiii. Range Precipitation vs. 

Vessel Aggregation Size. xiv. Range Precipitation vs. Vessel Wall Thickness. 
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Figure 3. b 



Table 1. Character Correlations Tested and Expected Direction of Correlation. Anatomical data are provided in Appendix D, 
and climate data appears in Table 2. Characters being compared were chosen to examine patterns of anatomical evolution in 
association with transitions in form as well as patterns of association between climate and form. Legend: Exp = Expected 
direction of correlation (gains in character one with gains in character two are positively correlated); Obs = Observed direction 
of correlation; %D = Percent positive contrast differences or slope differences between randomized and empirical contrasts; 
%SE = Percent of trees with significant contrasts (empirical data); %SR = Percent trees with significant contrasts (randomized 
data); Sig = Statistical significance; - = not significant, S = greater than or equal to 95% of differences in percent positive 
contrast values or differences in slope are more extreme than 0, s = greater than or equal to 95% of individual trees have 
statistically significant contrasts. 

Character 1 Character 2 Exp Obs %D %SE %SR Sig 

average annual precipitation percent parenchyma in xylem . 0 44.3 1.3 35.8 

average annual precipitation specific conductivity + 0 76.7 23.1 29.4 -

average annual precipitation vessel aggregation size - 0 7.6 91.3 35.9 -

average annual precipitation vessel element length + 0 86.1 46.5 27.6 

average annual precipitation vessel number per mm" - 0 52 13.4 36.2 -

average annual precipitation vessel wall thickness - 0 86.4 56.1 37.6 -

average leaf area average annual precipitation + 0 45.4 7.1 38.7 -

average leaf area range monthly precipitation - 0 64.4 3 36.3 -

cauducous leaves maximum monthly precipitation - 0 6.8 62.9 3.1 -

cauducousleaves maximum monthly temperature + 0 6.8 32.2 2.6 -

cauducous leaves range monthly precipitation + 0 6.4 72.8 2.3 -

crystal diameter cortex parenchyma diameter + 0 61.7 2.2 32.4 -

cuticle presence in adult average annual precipitation - 0 12.8 21.9 3 -

cuticle presence in adult average annual temperature + - 4.5 32.2 1.4 S 

liana average annual precipitation + + 99.1 1 7.8 Ss 

liana leaf area + 0 85.6 26.5 6.4 -

liana phloem sieve element diameter + + 99.4 1 8 Ss 



Character Character 2 

liana 
liana 
liana 
liana 

maximum montly precipitation 
periderm present in adult 
phloem sieve element diameter 
phloem sieve element diameter 

range monthly precipitation 

range monthly precipitation 
succulence present 
succulence present 
succulence present 
succulence present 
succulence present 
succulence present 
succulence present 

succulence present 

tuber present 
tuber present 
tuber present 

specific conductivity 
stem length 
vessel diameter 
vessel wall thickness 
vessel diameter 

phloem sieve element diameter 
cortex parenchyma diameter 
specific conductivity 
vessel aggregation size 
vessel wall thickness 
anomalous bundles present 
average annual precipitation 
diameter axial parenchyma 
percent parenchyma in xylem 
stem base diameter 
vessel aggregation size 
vessel diameter 
vessel lateral wall pit size 
average annual precipitation 
average annual temperature 
range monthly precipitation 

Exp Obs %D %SE %SR Sig 

+ + 99.4 1 7.8 Ss 
+ + 1 1 9.2 Ss 
+ + 96.5 95.4 7.6 Ss 
+ + 95.8 87.9 8.3 S 
+ + 85.6 95.4 37.3 s 
+ 0 77.2 49 5.8 -

+ 0 48 O
O
 

b
o
 

41.7 -

+ 0 49.1 22.4 31.2 -

+ - 5.6 97.1 34.2 s 
+ 0 78.3 0.1 34.3 -

+ + 1 1 5.1 Ss 
- 0 34.3 2.1 5.1 -

+ + 99.2 85.3 8.2 S 
+ + 99.5 1 8.6 Ss 
+ + 1 99.4 8.9 Ss 
+ 0 90.9 28.3 8.5 . 

- 0 67.4 0.1 5.3 -

+ + 96.6 0 7.4 s 
- - 1.2 99.5 0.7 Ss 
- - 3.7 93.6 1.3 S 
+ - 1.2 99.5 0.7 Ss 



Table 2a. Interpolated temperature data. Monthly interpolated values as well as average annual temperature data are provided 
in degrees Celsius. In addition to taxa with full anatomy, some data for additional tax a are included. 

Jail Feb Mar Apr May .Juii Jul Aug Sep Oct Nov Dec range annual 

A. acuta 26.4 26.4 26.1 25.3 23.5 21.6 21.0 21.3 22.4 24.0 25.4 26.0 5.4 24.1 
A. aculeata 27.1 28.5 29.6 29.7 29.3 28.9 28.1 28.4 29.1 28.2 27.2 26.9 2.8 28.4 
A. boivinii 28.2 28.3 28.5 28.3 27.2 25.8 25.1 25.0 25.7 26.8 27.9 28.4 3,4 27.1 
A. cissampeloides 28.4 28.7 28.7 27.7 26.4 25.2 24.5 24.8 25.7 26.9 27.9 28,3 4.2 26.9 
A. dadosepala 28.6 28.6 28.8 28,5 27.0 25.3 24.7 24.9 25.9 27.3 28.4 28,6 4.1 27.2 
A. densifiora 112 27.2 26.7 25.4 23.3 21.4 20.9 21.4 22.6 24.2 25.5 26,5 6.3 24.4 

A. digitata 25.5 25.1 23.9 21.0 17.5 14.2 14.3 16.9 20.3 22.3 23.4 24,7 11.3 20.8 

A. elegans 27.8 27.8 27.3 25.8 23.7 21.7 21.2 21.8 23.0 24.6 25.9 27,1 6.6 24.8 

A. e/lenheckii 27.2 28.4 29.4 28.9 28.8 28.4 27.3 27.3 28.2 27.9 27.0 26.8 2.6 28.0 

A. fasciculata 27.3 27.3 27.3 26.5 24.7 22.8 22.2 22.6 23.8 25.4 26.7 27.2 5.1 25.3 

A. firingalavensis 27.3 27.4 27.3 26.8 25.3 23.6 22.9 23.1 24.0 25,4 26.6 27.2 4.5 25.6 

A. fruticosa 26.9 26.4 25.3 22.8 19.5 16.4 16.4 18.7 21.8 23.7 24.9 26.2 10.6 22.4 

A. glauca 26.6 26.1 24.9 22.1 18.7 15.5 15.5 18.0 21.5 23.5 24.7 25.9 11.2 21.9 

A. glohosa 21.1 21.7 22.0 21.6 20.7 19.4 18.8 19.1 20.1 21.1 20.8 20.7 3.2 20.6 

A. goetzei 22.4 22.5 22.6 22.2 20.4 18.5 18.4 20.4 23.4 25.2 24.0 22.6 6.8 21.9 

A. gummifera 26.7 26.1 24.9 22.4 19.0 15.8 15.8 18.3 21,7 23.8 25.0 26.0 10.9 22.1 

A. has tat a 26.2 25.8 24.7 21.9 18.6 15.4 15.5 17.9 20.9 22.8 24.1 25.4 10.8 21.6 

A. heterophy/la 31.0 30.5 30.3 30.1 28.9 26.7 26.0 26.8 28.6 30.5 31.8 31.8 5.8 29.4 

A. hondala 26.5 27.3 28.7 29.6 29.5 28.0 27.4 27.4 27.7 27.5 27.0 26.5 3.1 27.8 

A. isaloensis 27.8 27.8 27.3 25.9 23.8 21.9 21.3 21,8 23.1 24.7 26.0 27.1 6.5 24.9 

A. karihaensis 23.3 23.2 22.7 21.6 19.0 16.5 16.3 18.8 22.5 25.3 24.7 23.5 9.0 21.4 

A. keramanthiis 29.2 29.4 29.3 28.3 27.1 25.9 25.2 25.4 26.3 27.5 28.6 29.1 4.2 27.6 

A. kirkii 28.5 28.8 28.8 27.8 26.5 25.4 24.6 24.9 25.7 26.9 27.9 28.4 4.1 27.0 

l-o 
-J NJ 



Jan Feb Mar Apr May Jim Jul Aug Sep Oct Nov Dec range annual 

A lanceolata 29.2 29.4 29.3 28.3 27.1 25.9 25.2 25.4 26.3 27.5 28.6 29.1 4,2 27,6 
A lapiazicoJa 28 2 28 3 28 5 28.3 27.2 25.8 25.1 25.0 25.7 26 8 27 9 28.4 3,4 27 1 
A letouzeyi 28 3 28 7 29 0 28.9 27.9 25.1 23.6 24.2 25.7 27 4 27 9 27.9 5,3 27 1 
A lindiensis 29 3 29 6 29 5 28.5 27.3 26.0 25,3 25,6 26.4 27 7 28 8 29.2 4,3 27 7 
A literal is 28 0 28 1 28 3 28.1 27.1 25.6 24.9 24.9 25.5 26 6 27 7 28.2 3.4 26 9 
A lobata 28 6 30 0 30 4 30.0 29.5 28.4 27.4 27.2 27.7 28 3 29 0 28.7 3.2 28 8 
A longestipitata 27 5 27 5 26 9 25.6 23.5 21.6 21.0 21.5 22.7 24 4 25 7 26.8 6.4 24 6 
A mannii 29 0 29 4 29 3 29.2 28.8 27.6 26.4 26.5 27.4 27 8 28 2 28.7 2.9 28 2 
A mcdadiana 28 0 28 1 28 3 28.1 27.1 25.6 24.9 24.9 25.5 26 6 27 7 28,2 3.4 26 9 
A metriosiphon 26 8 27 5 27 8 26.9 25,4 24.0 23.0 23.4 24.6 25 9 26 3 26,4 4.7 25 7 
A monadelpha 27 9 27 9 27 3 25.9 23.8 21.9 21.3 21.9 23,1 24 7 26 0 27.2 6.5 24 9 
A olahoensis 27 3 27 4 27 3 26.8 25.3 23.6 22.9 23.1 24.0 25 4 26 6 27.2 4.5 25 6 
A pachyphylla 26 7 26 7 26 5 25.7 24.1 22.2 21.6 21.8 22.9 24 4 25 7 26.4 5.1 24 6 
A pechiielii 23 6 22 9 21 9 19.9 17.2 15.0 14.6 16,4 19.3 21 4 22 6 23.5 9.1 19 8 
A peltata 27 1 27 1 26 5 25.2 23.2 21.3 20.7 21.2 22.3 23 9 25 3 26.4 6.4 24 2 
A penangiana 28 5 29 3 30 1 30.7 30.4 30.0 29.7 29.6 29,3 29 0 28 6 28,3 2.4 29 5 
A perrierl z7 9 27 9 27 3 26.0 23.8 21.9 21.3 21.9 23,1 24 7 26 0 27.2 6.6 24 9 
A pyromorpha 27 5 27 5 26 9 25.6 23.5 21.6 21.0 21.5 22,7 24 3 25 7 26.8 6.4 24 5 
A racemosa 26 4 26 5 26 4 25.6 24.2 22.7 22.2 22.9 24.4 26 1 26 9 26.6 4.8 25 1 
A refracta 28 5 28 5 28 7 28.3 26.9 25.2 24.5 24.8 25.7 27 2 28 2 28.5 4.1 27 1 
A repanda 24 9 24 0 23 1 21.4 18.0 15.1 15.0 18.0 22.1 24 6 25 0 25.2 10.2 21 3 
A rumicifolia 29 8 30 1 30 1 29.0 27.8 26.7 25.9 26.1 26.8 27 9 29 0 29.6 4.2 28 2 
A schliehenii 23 i 23 2 22 1 19.8 17.2 15.2 14.4 14,7 16.1 18 1 20 3 22.0 8.9 18 8 
A schweinfurthii 25 6 25 9 26 0 25.8 25.6 24.9 24.3 24.4 24.7 24 9 25 0 25.2 1,7 25 2 
A sphaerocarpa 27 8 27 9 27 3 25.9 23.8 21.8 21.3 21.9 23.! 24 7 26 0 27.1 6,5 24 9 
A spinosa 26 2 25.7 24 5 22.0 18.7 15.7 15.6 18.1 21.4 23 5 24 7 25,6 10,6 21 8 



Jan Feb Mar Apr May Jim Jul Aug Sep Oct Nov Dec range annual 

A. stenodactyla 23.7 23.8 23.6 23.1 21.4 19.6 19.2 20.3 22.5 24.5 25.1 24.2 5.9 22.6 
A. stricta 29.3 29.7 30.1 29.2 27.8 26.8 26.0 26.2 26.9 27.9 28.7 29.2 4.1 28.2 
A. stylosa 28.2 28.2 28.4 28.2 27.2 25.7 25.0 24.9 25.6 26.7 27.8 28.3 3.5 27.0 
A. siihsessilifolia 27.9 27.9 27.3 25.9 23.8 21.9 21.3 21.9 23.1 24.7 26.0 27.2 6.5 24.9 
A. trichocalyx 28.2 28.3 28.5 28.3 27.2 25.8 25.1 25.0 25.7 26.8 27.9 28.4 3.4 27.1 
A. trisecto 23.1 23.1 22.8 22.1 20.0 17.9 17.4 18.7 21.3 23.7 24.5 23.6 7.1 21.5 
A. venenata 29.2 30.2 30.9 29.8 28.6 27.7 27.0 27.4 28.4 28.4 28.2 28.6 3.9 28.7 
A. volkensii 23.2 24.0 24.1 23.4 22.0 20.6 19.8 20.2 21.4 22.7 22.9 22.8 4.3 22.3 
A. wightiana 29.3 29.6 29.5 28.5 27.3 26.0 25.3 25.6 26.4 27.7 28.8 29.2 4.3 27.7 
A. wllmsii 25.5 25.1 23.9 21.0 17.5 14.2 14.3 16.9 20.3 22.3 23.4 24.7 11.3 20.8 
A. inermis 26.5 27.5 28.0 26.9 26.1 25.3 24.4 24,7 25.8 25.8 25.4 25.8 3.6 26.0 
P. foetida 10.0 12.0 14.9 19.3 24.3 29.9 31.4 30.2 27.9 21.8 14.8 10.5 21.4 20.6 
P. caerulea 11.5 12.9 14.5 17.1 20.0 23.6 27.2 27.2 25.0 20.6 15.5 12.0 15.7 18.9 
Diedamia 26.5 26.6 26.3 25.5 23.7 21.9 21.2 21.5 22.5 24.1 25.5 26.2 5.4 24.3 
Paropsia 28.0 28.0 28.2 28.1 27.1 25.6 24.9 24.9 25.5 26.6 27.7 28.1 3.3 26.9 

to 
-~0 



Table 2b. Interpolated precipitation data. Monthy and annual precipication in mm are provided, as is the range in monthly 
precipitation. 

Jan Feb Mar Apr May Jun Jul  Aug Sep Oct Nov Dec annual ranf 

A. acuta 345 319 316 176 121 117 117 90 62 76 148 287 2175 284 
A. aculeata 1 4 9 104 67 1 1 0 9 91 45 6 332 104 
A. boivinii 352 337 220 117 46 44 38 39 38 54 118 232 1587 314 
A. cLssampeloides 125 107 148 190 95 21 16 13 24 45 72 119 976 177 
A. cladosepala 453 359 241 60 5 1 2 3 4 28 115 272 1539 451 
A. densiflora 262 224 193 76 55 51 46 34 35 40 123 241 1369 227 
A. digitata 155 146 116 58 21 11 11 11 33 71 123 143 895 144 
A. elegans 103 87 41 17 14 13 5 4 10 11 30 96 411 99 
A. ellenheckii 11 20 62 189 153 35 37 58 89 145 57 11 888 178 
A. fasciculata 370 299 239 68 24 16 17 16 14 53 142 292 1547 356 
A. firingalavensis 392 355 324 208 118 126 123 100 64 70 148 272 2317 327 
A. fniticosa 174 166 142 59 26 15 16 14 29 65 118 160 964 160 
A. glauca 194 180 168 65 27 14 18 16 32 77 132 179 1075 180 
A. globosa 69 71 102 231 163 49 35 30 35 70 121 88 1056 201 
A. goetzei 321 288 299 88 6 0 0 0 2 22 169 316 1518 321 
A. gummifera 132 117 96 39 18 10 10 7 16 49 87 116 680 124 
A. hastata 154 146 114 57 20 12 11 11 33 67 115 138 874 143 
A. heterophylla 287 276 274 126 26 7 2 1 1 10 54 191 1250 286 
A. hondala 21 31 62 149 234 459 399 264 199 329 217 71 2429 437 
A. inermis 9 33 67 209 180 34 35 36 69 164 64 15 935 200 
A. isaloensis 212 158 100 33 19 16 11 11 15 27 91 191 859 201 
A. karibaensis 210 180 108 28 6 1 0 1 2 13 73 194 827 210 
A. keramanthiis 129 108 169 241 95 20 13 9 20 40 79 127 1051 232 
A. kirkii 112 94 151 218 94 21 15 12 28 50 83 119 994 205 



Jan Feb Mar Apr May Jun Jul 

A. hmceolata 129 108 169 241 95 20 13 
A lapiazicola 353 337 221 117 46 44 38 
A letouzeyi 138 150 182 197 84 1 1 
A lindiensLs 123 102 162 234 94 21 13 
A litoralLs 311 280 181 78 27 27 26 
A lobata 24 50 120 192 249 319 392 
A longestipitata 236 184 123 45 28 24 19 
A mannii 135 142 243 273 296 151 57 
A mcdadiana 311 280 181 78 27 27 26 
A metriosiphon 70 59 141 261 150 41 27 
A monadelpha 135 107 59 22 16 14 7 
A olahoemis 392 355 324 208 118 126 123 
A pachyphyUa 393 377 445 317 236 240 239 
A pechuelii 6 6 8 3 1 1 0 
A peltata 258 221 231 110 84 87 73 
A penangiana 68 36 78 170 247 228 236 
A perrieri 158 121 72 26 17 15 8 
A pyromorpha 228 171 112 39 22 19 15 
A racemosa 181 158 229 218 64 11 6 
A refracta 451 371 236 63 6 2 2 
A repanda 89 102 89 35 4 I 1 
A rumicifolia 71 61 137 289 225 56 42 
A sch/iebenii 19 20 26 60 98 119 104 
A schweinfurthii 68 96 164 184 172 131 123 
A sphaerocarpa 115 94 48 19 15 13 5 

A spin OS a 116 102 78 32 13 7 6 

Aug Sep Oct Nov Dec annual ran; 

9 20 40 79 127 1051 232 
39 38 54 118 232 1588 315 
3 9 65 211 151 1181 210 
9 19 38 77 121 1015 225 
25 19 25 59 171 1182 291 
295 398 291 92 26 2441 374 
17 20 29 104 208 1006 219 
94 311 482 306 151 2636 425 
25 19 25 59 171 1182 291 
21 20 45 164 129 1103 241 
6 11 16 48 125 545 130 
100 64 70 148 272 2317 327 
182 117 95 148 285 3075 350 
1 1 1 2 2 29 8 
53 44 45 126 220 1532 214 
264 320 335 296 163 2440 298 
7 12 20 61 145 640 150 
14 17 30 100 203 942 214 
5 9 20 70 159 1136 224 
3 4 27 118 273 1553 449 
1 2 10 34 57 424 101 
41 49 83 138 126 1314 248 

95 60 45 27 21 693 100 
173 181 220 176 98 1778 152 
4 10 13 37 107 460 110 

5 12 34 74 103 575 111 •—] 
ON 



Jan Feb Mar Apr May Jun Jul 

A. stenodactvla 154 
A. striata. 31 
A. stylosa 311 
A. subsessilifolia 135 
A. trichocalyx 352 
A. trisecta 270 
A. venenata 1 
A. volkensii 81 
A. wightiana 123 
A. M'ilmsii 155 
P. foetid a 28 

P. caerulea 94 
Died ami a 383 
Paropsia 335 

167 89 14 1 0 
72 200 289 105 77 
181 78 26 27 26 
59 22 16 14 7 
220 117 46 44 38 
292 188 63 21 15 
21 96 38 1 3 
162 387 250 69 39 
162 234 94 21 13 
116 58 21 11 11 
24 10 5 9 73 
74 37 9 3 1 
425 296 219 222 222 
199 89 32 30 27 

144 
20 

282 

107 

336 
249 
2 

82 
102 

147 
26 

90 
367 

311 

Aug Sep Oct Nov Dec annual ran] 

0 1 8 45 142 770 167 
61 58 85 103 71 1172 269 
25 20 26 61 173 1187 291 
6 11 16 48 125 545 130 
39 38 54 117 231 1582 314 
5 5 12 80 220 1377 287 
1 2 50 45 8 266 95 
24 19 39 137 113 1378 368 
9 19 38 77 121 1015 225 
11 33 71 122 143 895 144 
73 38 23 21 30 360 68 
2 5 15 42 72 439 93 
169 109 92 148 285 2938 333 
28 25 36 83 198 1347 310 

-J 



Table 2c. Accessions and morphology. Legend; m = missing data; 1 = yes; 0 = no; Center = center of distribution?. Data for 
stem girth, stem length, and centers of distributions are from from De Wilde (1971). 

Ave. Stem Stem liiternode Tuber Pachypodous? Lat. Long. Center Collection 
leaf length girth length present 
area 
(cm') 

(m) (em) (cm) 

A. aciileata 16.2 20 12 8 1 1 6.0 44.0 1 DJH cultl 
A. acuta 21.4 10 1 4 0 0 -18.9 48.5 0 DJH Mad007 
A. hoivinii 16.5 10 30 15 1 1 -12.9 49.1 0 DJH Mad023 
A. cissampeloides - 25 10 11 1 0 -6.1 37.6 0 DJH 211119 
A. claclosepala - 10 10 10 1 0 -16.0 45.9 0 DJH MadOll 
A. densiflora 19.6 10 10 10 1 0 -22.0 46.9 0 DJH Mad040 
A. digitata 51.8 3 <1 12 1 0 -25.2 30.5 0 DJH 1025 
A. e/egans 3.8 5 <1 8 1 0 -23.3 43.8 0 DJH Mad053 
A. ellenheckii 30.3 1.5 5 6 1 1 6.0 42.0 1 D J11 cults 
A. fasciculata 35.5 10 2 7 0 0 -18.1 47.2 0 DJH Mad002 
A. firingalavensis 82.7 15 50 8 0 1 -16.3 49.0 0 DJH Mad013 

A. fruticosa 13.6 6 60 6 1 1 -24.0 31.0 0 DJH 1029 

A. glauca 30.3 3.5 40 7 0 1 -24.0 30.0 0 DJH 1035 

A. glohosa 0.5 8 250 5 0 1 -1.0 36.0 1 DJH cult7 

A. goetzei 13.9 0.35 <1 7 1 0 -11.0 30.0 1 DJH cult8 

A. gummifera 13.0 30 10 12 1 0 -23.0 30.0 0 DJH 1015 

A. hastata 19.3 4 <1 10 1 0 -25.0 31.0 0 DJH 1008 

A. heterophylla 76.9 30 10 20 0 0 -12.0 135.0 1 DJH cult 11 

A. hondala 58.3 25 75 15 0 1 9.0 77.0 1 DJH cult 12 

A. inennis - 10 <1 8 1 0 5.0 40.0 1 DJH cult 13 

A. isaloensis 27.4 4 <1 7 1 0 -22.6 45.4 0 DJH Mad046 



Ave. 
leaf 
area 
(cm^) 

Stem 
length 
(m) 

Stem 
girth 
(cm) 

Internode 
length 
(cm) 

Tuber 
present 

Pachypodous? Lat. Long. Center Collection 

A. karihaensis 62.5 4,5 50 8 1 1 -16,0 30.0 1 DJH cult 14 
A. kerarnanthus 53,3 1 10 6 1 1 -6.8 37,6 0 DJH 201116 

A. kirkii 27,6 3 <1 10 1 0 -6.5 38,0 0 DJH 181113 

A. lanceolata 13,6 6 <1 10 1 0 -6,8 37,6 0 DJH 201115 
A. lapiazicola 65,9 1 30 2 0 1 -12,9 49,1 0 DJH Mad26 

A. letouzeyi - 30 5 10 0 0 -5,0 13.0 1 Meise 39-
1490 

A. lindiensis . 5 1 20 1 0 -6.9 37.7 0 DJH 181110 

A. litoralis 42,5 10 30 9 1 1 -12.2 49.3 0 DJH Mad031 

A. lobata 62,2 40 12 15 0 0 5.0 6.0 1 DJH cult 16 

A. longestipitata - 5 2 6 0 0 -22.5 46.2 0 DJH Mad042 

A. mannii 17.2 5 <1 15 0 0 2,0 10.0 1 DJH cult 17 

A. mcdadiana. 42,6 8 20 15 0 0 -12.2 49.3 0 DJH cult 19 

A. metriosiphon 32,0 6 <1 10 1 0 -3.0 38,0 1 DJH cult 18 

A. rnonadelpha 36.5 5 20 7 1 1 -22.9 44.3 0 DJH Mad050 

A. o/aboensis 13.3 5 30 5 0 1 -16.3 49.0 0 DJH Mad016 

A. pachyphylla 16.5 15 5 7 0 0 -18.0 49,0 1 DJH cult20 

A. pechuelii 5,2 1,5 100 4 1 1 -23.0 14.0 1 DJH cult21 

A. peltata 23.3 10 2 12 0 0 -23.0 47.0 1 DJH cult22 

A. penangiana 18,6 6 <1 10 1 0 7.5 99.6 0 DJH T6 

A. perrieri 41.9 10 30 10 1 1 -22.9 44.6 0 DJH Mad048 

A. pyromorpha 4,8 0,6 <1 6 1 0 -22.7 46.1 0 DJH Mad061 

A. racemosa 17,9 8 <1 10 0 0 -7.7 36.2 0 DJH 261132 

A. refracta 17,5 4 <1 8 1 0 -15.7 46.5 0 DJH Mad008 



Ave. 
leaf 
area 
(cm^) 

Stem 
length 
(m) 

Stem 
girth 
(cm) 

Internode 
length 
(cm) 

Tuber 
present 

Pachypodous? Lat. Long. Center Collection 

A. repanda 5.9 2 1 10 1 0 -20.0 16.0 1 DJH 1023 

A. rumic[folia 55.4 45 10 20 0 0 -6.0 39.0 0 DJH 261132 

A. schliehenii 24.3 5 1 15 1 0 -40.0 11.0 1 DJH cult24 

A. schweinfurthii 13.1 20 1 18 1 0 1.0 26.0 1 DJH cult25 

A. sphaerocarpa 40.0 15 12 10 0 0 -23.0 44.0 0 ex. Lav, 
30111 

A. spinosa 15.0 1.5 250 4 0 1 -22.7 30,7 0 DJH 1022 

A. stenodactyla 12.6 2.5 <1 10 1 0 -8.2 35.0 0 DJH3515 

A. strict a - 2.5 2 8 1 0 -4,0 40,0 1 DJH cult2 

A. stylosa 30.3 15 50 8 0 1 -12.3 49.3 0 DJH Mad028 

A. s u hs ess ilifo 1 ia 1.2 1.5 <1 6 1 0 -22.9 44,3 0 DJH Mad051 

A. trichocalyx 30.9 15 3 10 1 0 -12.9 49,1 0 DJH Mad025 

A. trisecta . 3 <1 7 1 0 -11.0 35,0 1 DJH cult31 

A. venenata 17.1 8 75 10 0 1 4.0 42.0 1 DJH cult29 

A. vol kens a 114.4 1.5 5 5 1 1 -3.0 37,0 1 DJH cult30 

A. wightiana 23.4 8 <1 10 0 0 -6.9 37,7 0 DJH 18119 

A. wilmsii 41.2 0.3 <1 5 1 0 -25.2 30,5 0 DJH 1028 

P. foetida . m m m 0 0 32,2 110,5 0 DJH CI 

P. caerulea _ m m m 0 0 34.2 118,2 0 DJH cult32 

Diedamia . m m m 0 0 18.5 48,9 0 DJH Mad06 

Paropsia 4.5 m m 0 0 12.5 49,1 0 DJH Mad037 
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APPENDIX F: 

SWITCH HYPOTHESIS FOR HABIT TRANSITION IN A D  I - M A  FORSSKAL 
(PASSIFLORACEAE) 
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ABSTRACT 

Growth form radiation in Adenia is extensive. Forms range from succulent 

pachycaul trees to annual-stemmed tuberous geophytes (annual-stemmed plants with 

subterranean storage structures). It is proposed that evolutionary transformations between 

succulent stems and the tubers of geophytes are homeotic and that the storage tissue in 

tubers and succulent stems is homologous at the level of developmental program. 

Expectations derived from the homeotic switch hypothesis are contrasted with those of 

the theory of paedomorphic woods (Carlquist 1962). The switch hypothesis predicts that 

transitions among forms may be rapid and frequent across the phylogeny. Moreover, 

anatomical characteristics are expected to be similar between tubers and succulent stems. 

Loss-of-function mutation in genes that regulate secondary growth is proposed as the 

mechanism that gives rise to geophytes. In contrast to the switch hypothesis, the theory of 

paedomoiphic woods proposes that juvenile traits in ancestors to Adenia are retained in 

mature stem succulents and that such retention explains the origins of succulence. 

Anatomical evidence suggests that the expression of storage tissue above 

and belowground is labile during evolution and during the development of individuals. A 

suite of traits is shared betv^'cen succulent stems and tubers, consistent with the switch 

hypothesis. On the other hand, paedomorphosis does not provide a consistent explanation 

for the origins of succulence in Adenia, and the utility of heterochrony as a mechanism is 

questioned as an explanatory device for the origins of succulence in general. 
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INTRODUCTION 

Several aspects of the development and structure of plants set them apart from 

many other lineages of life. They are multicellular, integrated wholes, yet distinctively 

modular in their construction. Their growth consists of the patterning of modular rametes 

set at various angles and numbers relative to one another. The stems of these modules 

typically have cylinders of expansion that give rise to girth in gymnospenns and 

angiosperms. It is at this region of expansion, the vascular cambium, where cellular 

differentiation of vascular tissue occurs. Xylem is generally produced interior to the 

cambium and phloem to the exterior. The cambium begins development with protoxylem, 

then metaxylem, both referred to as primary xylem, then proceeds to produce secondary 

xylem thereafter. But even among these cambial products, cells can be totipotent and, 

under appropriate conditions, develop into complete, fully differentiated, organisms 

(Lyndon 1990; 4). Moreover, germ lines are not sequestered in plants, and each ramete 

often has the capacity to differentiate at its apex or from axillary buds into a reproductive 

structure, an inflorescence, yet another repeatable module; individuals therefore have the 

capacity to evolve (Gill et al. 1995). Differences in the spatial and temporal regulation of 

expression of modules can impart a great deal of architectural diversity (Lindenmayer 

1968, Prusinkiewicz 1990). 

1 investigate hypotheses concerning the mechanisms of moiphological 

diversification in the genus Adenia (Passifloraceae), a group with a dramatic radiation in 

form. I consider both traditional and evolutionary-developmental approaches, seek a 
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unified perspective drawing on components of these approaches, and discuss the 

implications that these perspectives have for the understanding of plant evolutionary 

biology. 

From a traditional perspective, Carlquisfs (1962) theory of paedomoiphic woods 

is frequently cited to explain the origins of herbaceous plants from woody ancestors and 

of succulents from non-succulents (see, e.g., Carlquist 2001; 312 for citations). Within 

Passifloraceae, succulence occurs only m Adenia and thus has its origins within the group 

(Appendix A). Transitions to succulent forms from non-succulent ancestors therefore 

occurred during the evolutionary history of Adenia, so Carlquisfs (1962) theory is 

situated to explain the origins of succulence w ithin this lineage. Carlquist (1962) claims 

that a suite of morphological characters associated with succulents have paedomorphic 

origins. Citing de Beer's (1930) definition of paedomorphosis, the theory predicts that 

succulent descendants of non-succulent ancestors have anatomical features in their 

mature wood that are similar to those of juvenile stages of ancestors. Carlquist (1962) 

gives special reference to transitions from primary to secondary xylem with the 

expectation that the rate at which the juvenile features transition into mature features is 

slowed in succulents relative to a non-succulent ancestor. 

Key to this argument is the observation that wood at the center of the stem 

{i.e., primary xylem) is oldest, whereas distal xylem is youngest. This observation occurs 

when there exists a single vascular cambium that encircles the entire stem. When 

anomalous secondary growth occurs instead of a single vascular cambium, youngest 

wood is adjacent to the originating cambium and oldest wood is farthest from it. 
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The work of Carlquist and others who cite the theory of paedomorphic woods 

largely predates modern phylogenetic thinking and instead often relies on conclusions 

drawn from the work of Frost (1930a, 1930b, 1931), Kribs (1935, 1937), and Bailey and 

Tupper (1918) that concern the phyletic sequence of anatomical evolution. Their work 

polarizes the character states of xylem into primitive and advanced (or specialized). 

States that are considered primitive (long and narrow vascular elements, helical to 

annular vessel lateral walls, scalariform perforation plates, angular vessel walls, reduced 

axial parenchyma, bordered pits, non-intmsive elements, oblique end walls, vessels 

solitary, heterocellular rays; see Carlquist 2001 for descriptions) are frequently found in 

primary xylem (Bailey 1944) whereas advanced states (short and wide vascular elements, 

alternate lateral wall pitting, simple perforation plates, circular vessel walls in cross 

section, increased axial parenchyma, simple pits in walls of imperforate elements, 

transverse end walls, aggregate vessels, homocellular rays) are found more frequently in 

secondary xylem. This pattern of development is common among the eudicots. Several 

taxa, such as Ricinus, undergo a complete series of transformations from primitive in 

primary xylem to advanced in secondary xylem (Esau 1977; 114). 

Juvenile traits of extant species are commonly those traits that are considered 

primitive, so some wood anatomists conclude that paedomorphosis is occurring when 

primitive traits develop in secondary xylem or when characteristics of the secondary 

xylem resemble those of the primary xylem (Carlquist 2001; 312). However, when a 

phylogeny is used to explicitly reconstruct ancestral states, this conclusion is not always 

appropriate (Donoghue 1989, Baas and Wheeler 1996). I explicitly incorporate the 
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phylogeny of Adenia to investigate whether paedomorphosis explains the transition to 

succulence. I will use the anatomical states as inferred by parsimony of the ancestor of 

Adenia as reference points. 

Although it is the most frequently evoked theory to explain the origins of 

succulence, the theory of paedomorphic woods is one of a large range of possible 

scenarios. The diversity of possible explanations of growth form transition is being vastly 

enlarged through evo-devo studies in plants. Such studies, as summarized by Baum 

(1998), provide a plethora of mechanisms to explain transition in form. Common themes 

that permeate the evo-devo work on plants are that (1) gene duplication and subsequent 

specialization of the duplicated genes are relatively frequent (Eckardt 2004), (2) simple 

changes in regulatory genes can have major phenotypic consequences, (3) genes can be 

co-opted by different biochemical pathways and thereby assume new biological 

function^, and (4) plant modularity permits loss-of-function mutations to occur without 

lethality (certain modules do not develop, but other functional ones assume the role). 

In addition to this list of 4 items, Sattler (1988) emphasizes the importance 

of homeotic mutations in plant evolution. He sites examples from Pisum in which leaves, 

stipules, and tendrils readily replace one another. Stipules, for example, can be replaced 

by leaves or by branched tendrils. At the site of the stipule, the developmental program of 

a leaf or tendril is instantiated instead of the developmental program of a stipule (e.g. 

Murfet and Reid 1993). Such dramatic transitions in phenotype can be the result of a 

mutation in a single gene. 
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More recent work has identified and cloned specific genes that are involved in 

floral organ identity and homeosis. Among the first floral homeotic genes to be cloned 

was DEFICIENS A in Antirrhinum (Sommer el al. 1990). AGAMOUS (AG) was cloned 

soon thereafter (Yanofsky e/ al. 1990). APETALA (AP) is another classic floral homeotic 

gene (Gustafson Brown et aJ. 1994). All the homeotic genes, with the exception of 

encode MADS box transcription factors (Howell 1998: 201). Many of the floral homeotic 

genes share homologs across taxa, and paralogs within individuals, and the effects of 

these genes have been explained through the ABC model, which posits three classes of 

homeotic genes (Weigel and Meyerowitz 1994). The overlapping expression of genes 

from these classes determines the location and form of the floral organs. 

Many of the homeotic genes manifest in switch-like transitions in structure 

both evolutionarily (e.g., switches between phenotypes among close relatives due to 

mutations in regulatory genes) and developmentally (e.g., differential temporal and 

spatial expression of developmental programs leading to marked changes of piienotype 

within an individual's ontogeny; e.g., West-Eberhard 2003). Loss-of-function mutations 

in regulatory genes may remove entire structures or radically alter the positioning of 

structures. Yoon and Baum (2004) found that "changes in a single developmental 

regulatory program [through loss-of-function knockouts] were involved in multiple 

origins of the same derived trait but that the specific genetic changes were different in 

each case." Such knockouts resulted in transitions from long to short inflorescences. 

If evo-devo mechanisms are important in the evolutionary history of organisms, 

then there should be large-scale, phylogenetically structiu*ed morphological patterns that 
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are consistent with the proposed mechanism. I explore two expectations that can be 

derived if switch-like mechanisms were important during the evolutionary history of 

Adenia. First, if a simple homeotic mutation swaps the positions where structures are 

expressed, then multiple origins of the heterotopic character state should be visible in the 

phytogeny. Moreover, the structure that is homeotically expressed should be anatomically 

similar regardless of where it is expressed. Second, when simple loss of function 

mutations are responsible for transitions, several origins of the loss-of-function 

phenotype are expected and few returns to the initial phenotype are expected: a single 

point mutation may change a key amino acid leading to a loss of function mutant. 

whereas a gain of function is only readily achieved when the original amino acid is 

reestablished. Homeosis and loss-of-function are not mutually exclusive mechanisms. 

In both scenarios, neither the homeotic mutation nor the loss-of-function 

m utation would cause appreciable loss of fitness due to plant modularity {i.e., point 4) 

above). Furthermore, closely related species may have major phenotypic differences if 

either mechanism is responsible for phenotypic change. 

Building on these above two expectations, f propose a new hypothesis for the 

origins of succulence in Adenia and offer an explanation for the origins of geophytes in 

this lineage. Within this lineage of ca. 100 species, there are geophytes, thin-stemmed 

perennial vines with no noticeable subterranean storage, canopy hanas, succulent shrubs 

with many branches, and succulent pachycaul treelets with few perennial branches 

(Appendix C). 1 hypothesize that the developmental program that generates storage tissue 

in tubers and succulent stems is the same; only the spatial regulation of the program 
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differs. Moreover, 1 propose that geophytes originate from a loss-of-function that results 

in the observed absence or extreme reduction of secondary grov>.'th in their stems 

(Appendix C). The rate of evolution of geophytes from other growth forms (forward rate) 

is expected to be significantly faster than the rate that geophytes evolve back into other 

growth forms (backward rate) if a loss-of-function mutation is involved. 

The homeosis scenario entails that the developmental program causes the 

same pattern of vascular differentiation at cambia whether in the root or shoot. Table 1 

summarizes moi-phological patterns of development under this model. When storage 

tissue is expressed belowground and aboveground, tuberous succulents result. When 

expressed belowground , tuberous plants result; when expressed aboveground, stem 

succulents result; when not expressed, thin-stemmed, fibrous-rooted plants result. All 

four combinations are present among species of Adenia. 

Alternatively, it'paedomorphosis is responsible for the observed transitions to 

succulence, secondary xylem of stem succulents in Adenia is expected to have prolonged 

retention of the juvenile anatomical characters of the ancestor to Adenia. Whether the 

switch hypothesis and the theory of paedomorphosis are mutually exclusive will be 

explored in the discussion. 

Several analyses are performed to evaluate the processes of growth fonii 

evolution in Adenia. First, I test the theory of paedomorphic woods to evaluate the 

importance of paedomoiphosis in the evolution of succulence in Adenia. Then, I test 

predictions of the homeotic switch h3/pothesis. If a flexible evolutionary or 

developmental switch is responsible for growth form transition, switch-like patterns in 
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evolution and development are expected. I report switch-like transitions in anatomy 

during the development of individuals. If a simple homeotic mutation is responsible for 

transitions between tuber and stem storage, then several evolutionary origins of stem 

succulents or geophytes are expected. I reconstruct growth form evolution on the 

maximum a posteriori (MAP) tree from a Bayesian analysis and report the number of 

origins of different forms. Next, if the same developmental program is responsible for 

development of storage tissue in stems and roots, anatomy of succulent stems is expected 

to be similar to anatomy of tubers, so I test for the similarity of anatomy. Lastly, I test the 

hypothesis that geophytes originate from a loss of function mutation that knocks out 

development of secondary growth. 

MATERIALS AND METHODS 

Taxon sampling, molecular methodology, andphylogenetic analysis. Taxon 

sampling, DNA extraction, PGR methodology, and Bayesian phylogenetic analyses are 

described in Appendix A. This paper uses the phytogenies of the 52 species from 

Appendices C and E. 

Anatomical description. The anatomy data of Appendix D are used in this paper. 

These data are summarized in Appendix G. 

Test ofpaedomorphic origins of succulence. Eleven characters were used to 

assess the importance of paedomorphosis in the evolution of succulence (Appendix G). 

These characters were selected bccause there were data for both juvenile growth and 

mature growth, and they were relevant to the question of paedomorphosis based on the 
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characteristics that Carlquist (1962) expected to be under heterochronic influences. 

Neither ray histological characters nor axial parenchyma characters were used because in 

succulent woods, neither ray cells nor axial parenchyma cells were confidently 

distinguishable from anomalous intrusive ground tissue (Appendix C); homology 

assessment between such characters was problematic. 

Anatomical data were collected from Juvenile (primary growth) and mature 

(secondary growth) stems. Juvenile character states of ancestral anatomy were 

reconstructed on the maximum a posteriori (MAP) tree from the Bayesian analysis using 

parsimony as implemented in Mesquite (Maddison and Maddison 2003a). Mature 

character states of ancestral anatomy were reconstructed on the MAP tree using 

parsimony as well. 

Comparisons between ancestral states and extant succulent states were based 

on 8 succulent taxa that are distributed across the phylogeny of Aden ia (Appendix A, Fig. 

5). Two measures were used to assess whether the succulent taxa were paedomorphic 

relative to the ancestor. First, 1 computed the difference between the juvenile state and the 

mature state for each anatomical character of the 8 succulent taxa, and compared this 

difference to the difference in the same trait in the ancestor (as reconstructed by 

parsimony). This difference between the juvenile and mature state is a measure of the 

slope of the ontogenetic trajectory for a particular trait. If, as predicted by the 

paedomorphosis hypothesis, the difference between the juvenile state and the mature state 

was larger in the ancestor, a '1' was scored, otherwise a '0' was scored. Second, I 

compared the mature states of traits in succulents to mature states of traits in the ancestor. 
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If the ancestral state was larger or had a more advanced state (sensii Frost 1930a), a ' F 

was scored, otherwise a '0' was scored. For example, wider vessels in ancestors were 

scored a ' 1' and angular vessels in succulents with terete vessels in ancestors were scored 

a ' r (angular vessels were considered primitive). 

The null hypothesis being tested was that the number of I's equaled the number 

of O's for either the slope comparisons or the magnitude comparisons. Under this null 

hypothesis, the numbers of 1 's and O's are binomially distributed. For both comparisons, 

a binomial sign test, as implemented by the R Statistical Language function binom.test (R 

Development Core Team 2003) was therefore performed to determine if the number of 

I's scored was statistically greater than the number of O's. This test was performed (1) 

taxon by taxon, and (2) across the taxa character by character to determine whether 

paedomorphosis was a dominant feature of the evolutionary process for (1) any of the 

taxa or (2) any of the characters during the transition to succulence, respectively. 

Similarity of growth form between close relatives and switch-like 

ontogenetic shifts. In addition to the quantitative analyses, qualitative obsei-vations 

concerning the gross similarity of form between close relatives are reported, as are 

observations of switch-like behavior during the ontogeny of the stem and root. 

Multiple origins of succulence and of geophytes. Growth habit was mapped on the 

maximum a posteriori (MAP) phylogeny to assess the number of evolutionary origins of 

succulence and the number of origins of geophytes. 

Test of anatomical similarity between succulent stems and tubers. If the same 

developmental program is responsible for development of storage tissue in stems and 
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tubers, it is expected that the anatomy of these structures would be similar. To assay the 

similarity between the anatomy of succulent stems, tubers, and the stems of lianas (the 

only non-succulent form in Adenia with extensive secondary growth), taxa were selected 

that (1) have both tubers and secondary growth in the stem, and (2) represented separate 

origins of their respective forms. For lianas, A. gummifera from eastern Africa and A. 

demiflora from Madagascar were selected. For stem succulents, A. fruticosa from 

southern Africa and A. keramanthus from Kenya and Tanzania were selected. Twenty 

characters of the secondary xylem were compared (Appendix G). 

1 tested whether (1) features of succulent stems were more similar to their own 

tuber than they were to the stems of lianas and whether (2) features of succulent stems 

were more similar to tubers of lianas than they were to the stems of lianas. To perform 

these tests, the succulent species (A. keramanthus, A. fruticosa) were labeled as target 

species with target character states. For each target character state, a '1' was recorded if 

the target character state was closer to the state of the same character in the tuber than the 

state of the liana stem, and a '0' was recorded otherwise. For example, if the 

measurement of the vessel diameter {target character state) in the succulent stem {target 

species) was closer to the vessel diameter in the tuber, a ' 1' was scored, but if the vessel 

diameter in the succulent stem was closer to the vessel diameter of the liana stem, a '0' 

was scored. 

The null hypothesis was that the number of I's and O's would be equal after 

assessing all 20 characters. Restated another way, the null hypothesis being tested was 

that each target character state was equally likely to resemble the state of the liana stem 
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as it was to resemble the state of the tuber. Under the null hypothesis, the number of I's 

and O's are binomially distributed. A binomial sign test as implemented by the binom.test 

of the R Statistical Language (R Development Core Team 2003) was therefore performed 

on the number of 1 's. If correlated suites of characters were shared between succulent 

stems and tubers, the sign test would reveal significantly more 1 's than expected by 

chance, so the alternate hypothesis was that there would be more 1 's than O's 

(corresponding to more traits shared between succulent stems and tubers). 

Characters were excluded from analysis for a few comparisons. If character 

states did not differ between stems and tubers {e.g., the average vessel diameters of 

succulent stems, tubers, and lianas were equivalent), or if data were missing for a 

succulent stem, tuber, or liana stem, the character was not included in the analysis. 

Test of loss-of-function as origin of geophytes. The basic premise of this final 

analysis was that the rate of the loss-of-function phenotype would be higher than the 

return-of-function phenotype as explained in the Introduction. If geophytes resulted from 

a loss-of-function mutation as predicted, then rates of transition to geophytes (gains of 

geophytism) are expected to be higher than rates of return to a growth form with 

extensive secondary growth (loss of geophytism). 

This expectation was tested two ways. First, a likelihood analysis was 

performed using the program Discrete (Pagel 1994, Pagel 1999a, Pagel 1999b) to test the 

null hypothesis that there was no difference between the rate of transition to geophytes 

(gains) and the rate of transition from geophytes to other growth forms (losses). Taxa 

were coded as either geophtyes (1) or not geophytes (0) for this analysis. Discrete finds 
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rate parameters that maximize the probability of the data (i.e., being a geophyte or not) on 

the phylogeny using a Markov model of character evolution. First, the rate of gains is 

constrained to equal the rate of losses (constrained model, hereafter CM). Then, the rate 

of gains is allowed to differ from the rate of losses (unconstrained model, hereafter UM). 

The null hypothesis is that the probability of the data (i.e., the likelihood) is no different 

under the CM or the UM. I used the likelihood ratio to test for differences in probabilities 

of data between models. The likelihood ratio is expected to be approximately ^-

distributed with one degree of freedom, as the CM is nested in the UM (Huelsenbeck el 

al. 1996, Huelsenbeck and Crandall 1997, Goldman et al. 2000). The test statistic is 

calculated as; 

= -2 * In (Probabihty(data | CM)/ l*robability(data | UM)) [1] 

The program, Discrete, requires that two characters be supplied for input, so 

the geophyte character was loaded twice. When characters are set as independent, the 

likelihood of the twice-loaded character under a particular model is the total log-

likelihood div ided by two. 

Second, 1 performed a simulation analysis to determine whether the number of 

evolutionary gains of geophytes would be different from the empirically observed 

number of gains of geophytes on the actual phylogeny of Adenia had the growth forms 

evolved according to the CM. The value of the model parameter of the CM that was 

estimated by Discrete to maximize the likelihood of the data was used in the simulations. 

The likelihood model of Page! (1994) used by Discrete is equivalent to Lewis' (2001) 

Mkl model when Lewis' alpha parameter is set equal to the rate parameter calculated by 
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Discrete and Lewis' k is equal to 2. Growth form evolution was simulated up the MAP 

tree and branchlengths of the Bayesian analysis under the Mkl model as implemented by 

Mesquite (Maddison and Maddison 2003a, Maddison and Maddison 2003b). The 

simulation was replicated 10,000 times. 

The simulation data were analyzed two ways. First, all replicates were used, 

and the number of losses, /, was recorded for each of the 10,000 phylogenies by a 

program I wrote in Java. This program reconstructs ancestral states using parsimony and 

calculates the number of gains or losses of a trait mapped on a tree. The null hypothesis 

being tested for this simulation analysis was that there was no difference between the 

mean of / and the empirically observed number of losses of geophytism, /«/„. The 

alternate hypothesis was that there were fewer empirical losses of geophytism. The null 

hypothesis would be rejected at the a = 0.05 level when 95% of the / values were greater 

than lobs- This first approach estimates the probability that lohs or fewer losses occurred 

under the CM. 

The second way the simulation results were analyzed considered only the 

simulation replicates that had the same number of origins of geophytes as the empirically 

observed number of gains, gobs- The number of losses of geophytism, were recorded 

for each of the trees that had gobs gains of geophytism. As before, the null hypothesis 

being tested was that there was no difference between the mean of k- and the empirically 

observed number of losses, The null hypothesis is rejected when 95% of the 4 values 

are greater than l„hs- This second approach estimates the probability that l,bs or fewer 

losses occurred under CM given that there were gobs origins of geophytism. 
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RESULTS 

Test of paedomorphic origins of succulence. Paedomorphosis was not a dominant 

mechanism in the evolution of any of the succulent species analyzed (Fig. 5; Appendix 

G). None of these species had significantly more paedomorphic characters than expected 

by chance. Characters that appear to be consistently paedomorphic in succulents include 

thinner, more angular vessel walls. 

Similarity of growth fonn between close relatives and switch-iike 

ontogenetic shifts. Shifts in moiphology during the ontogeny of individuals were 

commonplace in Adenia. Such shifts occurred in leaves, stems, and tubers. Leaf shapes 

are closely related to the developmental stage of the plant in many species. Juveniles 

frequently have distinct leaves from the adults. Adenia trichocalyx (Appendix B) persists 

as a geophyte with dissected leaves for the first couple years of its life, then shifts in form 

to become vining. The basal vine emerging from the tuber eventually develops into a 

cylindrical trunk, and at this mature stage, leaves are entire with a cordate base (Fig. 1). A 

similar transition is seen between juvenile and mature leaf states in A. sphaerocarpa, 

although in this species, there is a gradual transfomiation in the form and no distinct 

stages were observed. 

Form also depends on environment. Adenia glauca nonnally develops storage 

tissue aboveground, but in regions where goat herbivory is intense, plants may develop 

storage material nearly exclusively underground (Fig. 2). This phenomenon suggests that 



298 

storage tissue can flexibly be expressed aboveground or belowground in some species. 

Presumably, when herbivory pressure is great, storage is primarily subterranean. 

Tuber expression is flexible as well. In J. isaloensis and A. subsessilifoUa, tubers 

are sporadically expressed along the roots (Fig. 3a). In A. volkensii, A. ellenbeckii, and J. 

hastata, many linger-like tubers are expressed at the base of the stems (Fig. 3b). Stem 

development is possible directly from seemingly eyeless tubers in some species. Tubers 

that have rotted off from the main stem and later calloused in A. fruticosa, A. hastata, and 

A. schweinfurthii can undergo embryogenesis. 

Anatomically, dramatic shifts are observed between primary xylem and secondary 

xylem. This dramatic transition is particularly frequent among succulents (Fig. 4) where 

there is a distinct line between the primary xylem and the parenchymatized wood of 

secondary growth {e.g., A. pechuelii, A. spinosa, A. glauca). 

With the exception of the wet forest species from Madagascar (A. acuta, A. 

fascicu/ata), which are of medium thickness, stems in Adenia either have extensive 

secondary growth or almost none (Appendix C). Close relatives in Adenia often differ in 

fomi, and it is frequently the lack of secondary growth in one of the relatives that sets 

them apart. As examples, Adenia inermis, a geophyte, was originally considered a sub

species of A. aculeata, a stem succulent, based on floral characters (De Wilde 1971). It 

was later segregated by De Wilde (1972) based on the remarkable difference in form. 

Adenia acideata is a large liana with strong, densely prickly stems up to 8 cm thick with 

no or reduced tubers whereas A. inermis has a slender, annual, and terete stem with no 

prickles that grow from a subterranean napiform tuber (De Wilde 1972; Fig. 8). Adenia 
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refracta, a geophyte, is embedded in a lineage of pachycauls and stem succulents. Adenia 

repanda, a geophyte, is a close relative of A. peclmelii, a caudiciform, and both are 

embedded in a lineage composed mostly of canopy lianas. 

Test of multiple origins of succulence. Parsimony reconstructs three separate 

origins of stem succulence and six or seven separate origins of geophylism in Adenia. 

Seven origins are reconstructed when the equivocal ancestral state is interpreted as 

representing two separate origins (Fig. 8). 

Test of anatomical similarity between succulent stems and tubers. Succulent 

stems share suites of characters with tubers. Characteristics of the stems of both species 

of succulents (A. keramanthus and A. fruticosa) were significantly more similar to their 

respective tubers and tubers of the lianas tlian they were to the stems of lianas (Fig. 6). 

Not only were the cross-sectional areas of cell types more similar, but cell dimensions 

and aggregation patterns tended to be more similar between succulent stems and tubers 

than betu'een succulent stems and hana stems. 

Both tubers and succulent stems are associated with narrow vessels, large 

parenchyma cells, anomalous secondary growth (vascular strands), angular vessel walls, 

reduced fiber content, and larger vessel aggregations on average (Appendices C and E). 

In contrast, stems of the species used in the analyses that are lianas (Fig. 6) have terete 

vessel elements that are wide, with transverse perforation plates, alternate lateral wall 

pitting, and xylem that has extensive libriform fibers. 

Test of loss-of-function as origin of geophytes. Using parsimony, I 

reconstructed 7 separate gains of geophytes on the MAP tree and only two losses. The 
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likelihood ratio test excluded equal forward and reverse rates, and, opposite predictions, 

it found a significantly higher rate of loss of geophytism to gain (/' = 8.00, d.f. = 1, F-

value = 0.004; forward/reverse rate = 0.235). 

However, using the more conservative simulation approach, the model (CM) 

in which gains and losses of the geophyte habit occur at equal rates (instantaneous 

forward rate = instantaneous reverse rate = 1.96) could not be rejected. The number of 

empirically observed losses was not significantly different from the number of losses 

under the CM (Fig. 7). Using the first approach to analyze the simulation results that 

considered all 10,000 replicates. 39% of the simulation replicates had two or fewer losses 

{i.e., evolutionary shift from ancestral geophyte to non-geophyte). Using the second 

approach to analyze the simulation results that considered only the simulation rcplicates 

in which 7 origins of the geophytic habit were observed, 72% of the replicates had 2 or 

fewer losses. The first analysis approach estimates the probability that the observed 

number, /„/«•, or fewer losses of the geophyte habit occun-ed under the CM {P = 0.39), 

whereas the second approach estimates the probability that lobs or fewer losses occurred 

under the CM given that there were 7 origins of geophytism (P - 0.72). 

DISCUSSION 

Among evolutionary developmental explanations, heterochrony and homeosis 

existed long before genes and genetic mechanisms where known. Parallels between 

development and phytogeny were even recognized decades before Darwin's (1979 

reprint) Origin in the work of Maeckel (1811) and von Baer (1828; as cited in Gould 
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1977, Sander and Schmidt-Ott 2004). Homeosis emerged as an important concept 

towards the turn of the 19"' century (Sattler 1988). Many of these early ideas were 

championed by Haeckel, almost to the extreme that they were discredited (see e.g. Gould 

1977). The approach that was common at the turn of the 19"' century waned with the 

explosion of genetic theory following the modern synthesis (Schlichting and Pigliucci 

1998), but the work of Gould (1977) and Alberch e( al. (1979) re-ushered the 

developmental approach of early morphologists that flourished during Dai-win's time. 

Although Alberch ei al. (1979) developed their quantitative framework almost 

exclusively through the study of animal morphology (c.f. Takhtajan 1972), application to 

plants is common and touches on nearly every aspect of plant development (Takhtajan 

1943, DiMichelle et al 1989, Kellog 1990, Friedman 1992, Grimes 1992, Jones 1992, 

1993, Mosbrugger 1995, Caiinichael el al. 1996, Grimes 1996, Faivre 1998) and to many 

ecological aspects as well (Guerrant 1982, Lord et al. 1989). 

Other researchers believe that heterochrony has little utility as a conceptual 

framework to explain the evolution of development "because of its emphasis on parallel, 

linear developmental pathways" (Baum 1998) in the face of complex, non-linear, highly-

non-parsimonious (Sander and Schmidt-Ott 2004) developmental networks. Instead, 

Baum (1998) advocated a focus on genetic concepts and their mechanisms; "upstream 

versus downstream, gain versus loss-of-function, and cis- versus trans-acting regulation." 

However, heterochrony does not rely on parallel or linear developmental sequences. It 

deals with the timing of events in those developmental networks, not with the structure of 

the network itself Nonetheless, to label a process as neotenic, hypermorphic, and so forth 
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according to the Alberch et al. (1979) scheme may require monotonic ontogenetic 

trajectories for accurate characterization. Regardless, even when trajectories are not 

monotonic, shifts in timing of underlying developmental events may still be responsible 

for shifts in moi-phology. However, even when heterochrony is responsible for 

evolutionary transitions in form, if heterochronic processes cannot be readily diagnosed 

as such, heterochrony indeed has little utility as a conceptual framework as Baum 

suggests. 

Regardless of mechanism, patterns in morphological diversification should reflect 

heterchronic processes as well as other evo-devo mechanisms if they are important 

features of plant evolution. The current emphasis on candidate genes and molecular 

mechanisms can be integrated into the larger framework of phylogenetics if consistent 

patterns of evolution can be predicted from putative evo-devo mechanisms. Thus, 1 have 

attempted to offer predictions concerning the expected patterns of morphological 

evolution when different evolutionary developmental processes (heterochrony, homeosis, 

loss-of-fianction) are hypothesized. Use of heterochrony was one of the early evolutionary 

developmental processes used to explain growth form evolution in plants (Carlquist 

1962), so I begin there. 

Reilly et a!. (1997) indicate that any study of heterochrony requires (1) the 

characterization of homologous traits, (2) an accurate descriptor of these traits, (3) a 

relevant measure of time, (4) ontogenetic trajectory of the traits, and (5) a polarization of 

the trajectories relative to ancestral ones (following Fink, 1982). Raff and Wray (1989) 

argue that discovering a relevant measure of time and a reference point to begin 
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ontogenetic analysis is the most challenging aspect of this approach. The very nature of 

heterochrony shifts the timing and rate in development making discovery of a common 

reference between two ontogenies difficult. In plants, primary xylem consistently 

precedes secondary xylem during ontogeny (Esau 1977), so 1 chose to compare two 

points in the ontogeny of the stem which are consistently ordered in time: primary xylem 

and secondary xylem. Differences in average trait values between these developmental 

stages define the ontogenetic trajectory. When approached in this way, paedomorphosis 

does not appear to be a consistent mechanism of change in Adenia. If heterochrony were 

responsible for the e\ olution of succulence, the circles in the left column of Figure 5 

would have significantly larger radii than those on the right. 

Another central issue to contend with when evoking heterochrony is homology. In 

this paper, 1 adopt the view that structures are homologous when their ontogeny is the 

result of the actions of the same developmental program that is inherited from a common 

ancestor. This perspective is not without difficulties. First, if a new gene is incorporated 

into a developmental program of one of two descendants, does that make the two 

resultant structures of the two descendants non-homologous? At what point are 

differences between ancestral and descendant programs great enough to no longer call 

them homologous? Sattler (1988) argues that homology should not be treated as a 

dichotomous variable, rather that there are degrees of homology. If there are degrees of 

homology, at what degree is comparison no longer appropriate for the consideration of 

heterochrony? I do not have answers to these questions. 
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Second, if a genome or set of genes undergoes a genetic duplication, a nearly 

universal process among flowering plants (Eckardt 2004), and the second of those copies 

is no longer expressed during the development of the structure of interest, is the second 

copy homologous to the ancestral template? Are both of the copies within the descendant 

genome homologous to each other? In general such copies are referred to as paralogs 

(Lewin 2000: 947), and such copies are frequently compared using functional rather than 

historical association (e.g. //ox homeoboxes, Lewin 2000: 948, Fig. 29.33). Paralogs 

share a common ancestor, and are homologous at that level, but at the level of copy, they 

are no longer homologous. 

The results of this paper suggest that the developmental program that 

generates storage tissues in stems and roots may be shared between these structures 

through a homeotic process, and may represent a different program from that in liana 

stems. Perhaps the putatively different programs that are responsible for storage 

development vs. liana stem development originated from a duphcation event. Storage 

tissue of both tubers and succulent stems share similar anatomy (Fig. 6), storage tissue 

expression in both stems and roots is flexibly turned on and off in either location during 

evolution (Fig. 8), and both succulent stems and tubers share a suite of traits that differ 

from those in hana stems. 

If, indeed, different developmental programs are responsible for storage 

development in stems and for development of woody or lianous stems, then comparisons 

between stem succulents and lianas are not comparing homologous characters, but 

paralogs. Under this framework, heterochrony is not an appropriate explanatory 
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mechanism; the succulent and liana stem structures are not homologous. Differences 

between succulents and lianas were not due to differences between a shared 

developmental program, but to different developmental programs altogether. 

The alternate explanation that the morphological differences between 

succulents and lianas are due to differences in a common program requires thai repeated 

paralellisms occur in the program and that they occur in a coordinated fashion to account 

for the multiple origins of succulence in Adenia and the rapid transitions between forms 

among close relatives (Fig. 8). If the cumulative effects of several interacting genes, 

rather than one or a few genes of large effect, were required to explain the pattern of 

plienotypic change, the probability that all the necessary changes would occur in a short 

period is less likely than a single change of large effect occurring in that same time 

period. I luis, were a more complicated mechanism required that involved several genes, 

fewer marked phenotypic transitions would be expected, close relatives would tend to be 

phenotypically similar to each other, and intermediates in form would be found. A more 

parsimonious explanation that accounts for both the observed anatomical similarities 

between tubers and succulent stems and the repeated and rapid origins of succulence is 

that a simple homeotic mutation alters the spatial regulation of a shared developmental 

program that is responsible for storage tissue development. 

Even when structures being compared are homologous, difficulties still remain 

with heterochrony as a mechanism to explain evolutionary transitions in growth form. 

Homology is still the crux. The key is that heterochrony is being applied to the ontogeny 

of a series of structures in the stem, rather than to the stem as a whole. Heterochrony as 
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an explanation is typically applied to the ontongeny of a single structure such as a limb 

(e.g., Alberch and Gale 1985) or floral structure {e.g., Lord et al. 1989). When 

heterochrony is evoked as an explanation for evolutionary transitions in stem anatomy, 

the ontogeny of a sequence of characters, rather than of one character, is considered. 

Carlquist (1962) focused on the sequence of states of different vessels during stem 

ontogeny. A vessel element that begins, for example, with helical lateral walls does not 

progressively develop scalariform walls, reticulate walls, opposite lateral wall pits, and 

eventually alternate pits. Instead, a vessel begins with one lateral wall type and this is 

maintained throughout its ontogeny. Vessels that develop early in stem ontogeny 

typically have helical or annular walls, and later ones may have pitted walls. In order to 

use heterochrony to explain the pattern of development across different types of vessels 

in the stem, the developmental programs generating the different vessels must be 

homologous among the taxa being compared; otherwise changes in developmental events 

among different programs are being compared. 

Are the developmental pathways that are responsible for transitions in cell 

features during the ontogeny of the stem homologous between taxa being compared'.' 

There are four cases to consider. The first is that, yes, they are homologous, in which case 

heterochrony can be used to assess the relative timing of events. In this case, however, 

pairing the sequence of developmental programs between ancestral and derived 

ontogenies is problematic. The second case is that paralogous programs are responsible 

for changes, which is the expectation of the switch hypothesis; associated difficulties are 

described above. The third case is that structures that appear similar are only so as a 
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result of convergence or parallelism. Like case 2, non-homologous structures would be 

compared in case 3. The fourth is that differences are due to the plasticity of a common 

program. To make things more complicated, combinations of these four cases may be 

involved. 

Plasticity, case 4 above, is a serious issue when the developmental sequence 

of separate structures is considered, it' ancestral and descendant states differ due to 

plasticity, then heterochrony is not an appropriate explanation, but rather differences in 

physiological or external environment are the appropriate explanation. Vessel characters 

are notoriously plastic. Vessel element characteristics vary depending on seasonality 

(compare early w ood to late wood in ring porous species), habitat (drier habitats promote 

narrower vessels; Bissing 1976, Akachuku and Burley 1979, Carlquist 2001; 47), and 

plant architecture (Davidson 1976, Khan 1980); the diameters of vessels that develop 

when the branch crown of a tree is large tend to be wider than the diameters of vessels 

that develop when the crown is small (Carlquist 2001: 44). 

Next, consider homology assessment in more detail. When it is assumed that the 

differences between vessels in a stem are due to genetic, rather than plastic, differences, 

heterochrony as a mechanism is very difficult to apply in practice. If each vessel type or 

size is the result of a different developmental program, matching homologous programs 

across morphologically distinct taxa is difficult. Moreover, a far more parsimonious 

explanation for differences in vessel size in stems is that they result from the plastic 

effects of one or a few developmental programs. 
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Finally, if vessel development results from a combination of genetic and plastic 

effects, there is no control for the physiological environment within taxa being compared 

when different growth forms are involved. Succulent physiology is different from 

lignified woody physiology, so there is no way to determine the degree to which 

differences in vessel sizes are due to either environmental effects or genetic effects 

without controlled experiment. A possible experiment would involve grafting cambiai 

tissue from a succulent taxon into a closely related woody taxon (and vice-versa). 

Differences in vessel characters between cambia could thereby be observed within the 

same physiological individual. 

Carlquist (1962) claims: "...parenchymatization is clearly a continuation of 

primary xylem structure." The parenchymatized woods of Talinum, Brighamia, and 

Carica as continuations of primary xylem were thereby used to support paedomorphosis 

as the retention of juvenile features in mature wood. In Adenia, this observation is not 

upheld. Transitions between primary and secondary xylem were marked and traits of 

parenchymatized woods did not resemble primary growth (Fig. 4). A possible 

explanation for such distinct transitions is that either one developmental program 

switches into distinct modes or that separate developmental programs are responsible for 

the different xylem anatomy in primary and secondary xylem in Adenia. 

In conclusion, paedomorphosis was not a consistent feature of the anatomical 

evolution in Adenia (Fig. 5), and heterochrony may be an altogether inappropriate 

explanation for the differences observed in the anatomy of lianas and succulents if 

different developmental programs are responsible for their development or plastic effects 
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arc involved. Other anatomical features could potentially be explained by 

paedomorphosis such as the retention of epidermis in mature individuals, or prolonged 

development of protoxylem in succulents. Protoxylem, however, was not consistently 

more extensive {i.e. prolonged growth) in succulents compared to the putative ancestral 

protoxylem (Appendix G). Instead, the data support the hypothesis that homeosis is 

responsible for the observed patterns. 

The proposed loss-of-function model was not supported as the origin of 

geophytism (Fig. 7). Perhaps the naive hypothesis that gains of geophytism are more 

likely than losses is wrong and there are mechanisms other than restoration of the original 

amino acid(s) to achieve this {e.g., cis- or ^ra/iv-acting regulatory elements might re

establish secondary xylem development). Nonetheless, origins of geophytes can 

consistently be viewed within the switch hypothesis framework. One explanation is that 

all developmental programs responsible for secondary growth are turned off in 

geophytes. Anatomically, this hypothesis appears to be feasible. Geophytes never 

develop much secondary growth, and the primary xylem of succulents resembles the 

primary xylem of geophytes ( Appendix C's Fig. 10). 

Interestingly, geophj^tes in Adenia tend to have annual stems, so if homeotic 

processes are responsible for turning off the local expression of secondary growth during 

the evolution of a lineage, they may also be tied to origins of annuals (herbs) amongst 

perennial relatives. Because loss-of-function mutation was not supported as the 

evolutionary mechanism for shifts in form, the mutational mechanism remains a mystery. 
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If multiple developmental programs are responsible for different types of 

secondary growth (e.g. succulent, sub-ligneous, ligneous), another possibility is that such 

programs could be expressed simultaneously in the same place, resulting in what Sattler 

(1988) refers to as hybrid development. Although the stems of the two succulent species 

(A. keramanthus and A. fruticosa) surveyed were significantly more similar to tubers than 

to lianous stems, it is conceivable that when both putative programs are expressed 

simultaneously, mixed anatomical features result, some shared by tubers and some shared 

by lianas. This scenario potentially occurs in some pachycaul succulents from 

Madagascar (A. olaboensis, A. boivinii) whose vessels are wider than other succulents 

(Appendix C). In general, stem anatomical features are coordinated to assure efficient 

conduction and provide mechanical support (Carlquist 1975, Zimmermann 1983). 

Arguably then, disruption of coordinated suites of characters may result in negative 

fitness consequences that select against developmental hybrids. 

Clearly, the genetic basis for differences in succulent stems and hanas is 

unknown. Is a homeotic switch-like explanation unwarranted? Homeotic mutations 

appear to be commonplace in model plants such as Pisum, Antirrhinum, and Arabidopsis. 

For example, a variety of homeotic mutations were recognized early in Arabidopsis 

(Pruitt et al. 1987, Haughn and Somerville 1988) and maize (Poethig 1985). So homeosis 

is common in model plant systems. In addition to the importance of homeotic genes in 

plant development, Sussex and Kerk (2001) report that few genes of large effect may 

control the evolution of plant architecture: "The teosinte/maize model suggests that a 

relatively small number of genes may control large changes in plant architecture." 
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Moreover, paralogs of homeobox genes can be expressed in different structures. 

Bharathan et al. (1999) reported that paralogs of KNOX genes are differentially 

expressed in roots and shoots. 

Close succulent relatives either have or do not have tubers {e.g. A. venenata 

with no tuber and A. fruticosa with tuber; A. lapiazicola with no tuber and A. trichocalyx 

with tuber; A. firingalavensis with no tuber and A. ajf. antongiUiana with tuber; see Table 

1 and Appendix A), and succulents are often close relatives of geophytes (Fig. 8). 

Moreover, within the ontogeny of individual plants of Adenia, distinct transitions in 

anatomy were observed both in roots (serial tubers; Fig. 3a) and stems (transition from 

primary to secondary xylem; Fig. 4). These transitions further support the contention that 

more that one developmental program is responsible for ontogeny (or that separate stable 

pathways exist within the program, similar to phage lambda bistability (Little et al. 1999, 

Santillan and Mackey 2004), for example), and that temporal and spatial regulation of 

programs is flexible. 

The work presented herein also draws evolutionary developmental 

connections betw"een different growth forms and explains the evolutionary transitions 

from succulents and hanas to geophytes in Adenia. It offers an explanation for the 

evolutionary lability of tuber presence among species of Adenia. How general is the 

pattern of transition between tubers and succulent stems across flowering plants? Gibson 

(1983), Mauseth and Plemons (1995), and Mauseth and Plemons-Rodriguez (1998) report 

highly variable, dimorphic woods in cacti where distinct transitions in anatomy occur in 

the stem, suggesting that different developmental programs are involved in cactus stem 
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ontogeny. Steinmann (2001) reports that succulence has evolved at least 7 times in 

Euphorbia, providing an additional case of multiple origination of succulence within a 

lineage, as shown here for Adenia. Are tubers associated with succulents in other lineages 

as well? In Appendix H, 1 explore this tantalizing possibility. 



313 

REFERENCES 

Akacliuku, A. E., and J. Burley. 1979. Variation of wood anatomy of Gmelina arborea 
Roxb. in Nigerian plantations. lAWA Bulletin 4: 94-99. 

Alberch, P., and E. A. Gale. 1985. A developmental analysis of an evolutionary trend: 
digital reduction in amphibians. Evolution 39; 8-23. 

Alberch, P., Gould, S. J., Oster, G. F., and D. B. Wake. 1979. Size and shape in ontogeny 
and phytogeny. Paleobiology 5: 296-317. 

Baas, P., and E. A. Wheeler. 1996. Parallelism and reversibility in xyleim evolution: a 
review. lAWA Journal 17: 351-364. 

Bailey, L W. 1944. The development of vessels in angiosperms in morphological 
research. American Journal of Botany 31: 421-428. 

Bailey, 1. W., and W. W. Tupper. 1918. Size variation in tracheary in tracheary cells. I. A 
comparison between the secondary xylems of vascular cryptogams, gymnosperms, and 
angiosperms. Proceedings of the American Academy of the Arts and Sciences 54: 149-
204. 

Baum, D. A. 1998. The evolution of plant development. Current opinion in plant biology 
1: 79-86. 

Beer, G. R. De. 1930. Embryology and evolution. Oxford. 

Bharathan, G., Janssen, B.J., Kellogg, E. A., and N. Sinha. 1999. Phylogenetic 
relationships and evolution of the KNOTTED class of plant homeobox proteins. 
Molecular Biology and Evolution 16: 553-563. 

Bissing, D. R. 1976. The effect of cultivation on the expression of anatomical features of 
the wood of selected dicotyledons. PhD Thesis, Claremont Graduate School, Claremont, 
California. 117p. 

Carlquist, S. 1962. A theory of paedomorphosis in dicotyledonous woods. 
Phytomorphology 12: 30-45. 

Carlquist, S. 2001. Comparative wood anatomy: Systematic, ecological and evolutionary 
aspects of dicotyledon wood, 2nd ed. Springer-Verlag, Berlin. 

Carmichael, J. S., and W. E. Freidman. 1996. Double fertilization in Gnetiim gnernon 
(Gnetaceae): its bearing on the evolution fo sexual reproduction within the Gnetales and 
the Anthophyte clade. American Journal of Botany 83: 767-780. 



314 

Casey, R., and D. R. Davies. 1993. Peas: Genetics, Molecular Biology and 
Biotechnology. CAB International, Wallingford, U. K. 

Darwin, C. 1979. The origin of species. Gramercy Books, New York. 

Davidson, C. 1976. Anatomy of xylem and phloem of the Datiscaceae. Natural History 
Museum of Los Angeles County Contributions to the Sciences 280: 1-28. 

Do Wilde, W. .1. .1. O. 1971. A mon graph of the genus Adenia Forsk. (Passifloraceae). 
Mededelingen Landbouwhogeschool, Wageningen, Nederland. 

De Wilde, W. J. J. O. 1972. Additional notes on Ethiopian (Passifloraceae). Acta 
BotanicaNeerlandica 21: 560-566. 

DiMichelle, W. A., Davis, J. 1., and R. G. Olrastead. 1989. Origins of heterospory and the 
seed habit: the role of heterochrony. Tax on 38: 1-1 I. 

Donoghue, M. J. 1989. Phylogenies and tlie analysis of evolutionary sequences, with 
examples from seed plants. Evolution 43: 1137-1156. 

Eckardt, N. A. 2004. Two genomes are better than one: widespread paleopolyploidy in 
plants and evolutionary effects. The Plant Cell 16: 1647-1649. 

Esau, K. 1977. Anatomy of seed plants. 2nd edition. John Wiley & Sons, New York, 
U.S.A. 

Faivre, A. E. 1998. Form, function, and ontogeny of three heterostylous species of 
Rubiaceae. PhD Dissertation, University of Arizona. 

Fink, W. L. 1982. The conceptual relationship between ontogeny and phylogeny. 
Paleobiology 8: 254-264. 

Friedman, W. E. 1992. Evidence of a pre-Angiosperni origin of endospemi: implications 
for the evolution of flowering plants. Science 255: 336-339. 

Frost, F. H. 1930. Specialization in secondary xylem of dicotyledons. I. Origin of vessel. 
Botanical Gazette 89: 67-94. 

Frost, F. H. 1930. Specialization in secondary xylem of dicotyledons. 11. Evolution of end 
wall of vessel segment. Botanical Gazette 90: 198-212. 

Frost, F. H. 1931. Specialization in secondary xylem of dicotyledons. III. Specialization 
of lateral wall of vessel segment. Botanical Gazette 91: 88-96. 



315 

Gibson, A. C. 1983. Dimorphism of secondary xylem in tvN'o species of cacti. Flora, Bd 
167: 403-408. 

Gill, D. E., Chao, L., Perkins, S. L., and J. B. Wolf. 1995. Genetic mosaicism in plants 
and clonal animals. Annual review of Ecology and Systematics 26: 423-444. 

Goldman, N., Anderson, J. P., and A. G. Rodrigo. 2000. Likelihood-based tests of 
topologies in phylogenetics. Systematic Biology 49: 652-670. 

Gould, S. J. 1977. Ontogeny and phylogeny. Belknap Press: Cambridge, MA, USA. 

Grimes, J. 1992. Metamerism, heterochrony, and inflorescence morphology of the 
Pithecellobiiim complex (Leguminosae: Mimosoideae: Ingeae). Brittonia44: 140-159. 

Grimes, J. 1996. Branch apices, heterochrony, and inflorescence morphology in some 
mimosoid legumes (Leguminosae: Mimosoideae). Telopea 6: 729-748. 

Guerrant, E. O. 1982. Neotonic evolution of Delphinium nudicaule (Rannunculaceae): a 
hummingbird pollinated larkspur. Evolution 36: 699-712. 

Gustafson Brown, C., Savidge, B., and M. F. Yanofsky. 1994. Regulation of the 
Arabidopsis floral homeotic gene APETALAl. Cell 76: 131-143. 

I laughn. G. W., and C. R. Somcrville. 1988. Genetic control of morphogenesis in 
Arabidopsis. Development and Genetics 9: 73-90. 

Howell, S. 11. 1998. Molecular Genetics of Plant Development. Cambridge University 
Press, Cambridge, U. K. 

Huclsenbeck, J., and K. A. Crandall. 1997. Phylogeny estimation and hypothesis testing 
using maximum likelihood. Annual review of Ecology and Systematics 28: 437-466. 

Huelsenbeck, J, Hillis, D. M., and R. Nielsen. 1996. A likelihood-ratio test of 
monophyly. Systematic Biology 45: 546-558. 

Jones, C. S. 1992. Comparative ontogeny of a wild curcurbit and its derived cultivar. 
Evolution 46: 1827-1847. 

Jones, C. S. 1993. Heterochrony and heteroblastic leaf development in two subspecies of 
Cucurbita argyrosperma (Cucurbitaceae). American Journal of Botany 80: 778-795. 

Kellog, E. A. 1990. Ontogenetic studies of florets in Poa (Gramineae): allometry and 
heterochrony. Evolution 44: 1978-1989. 



316 

Khan. S. 1980. Studies on the seasonal activity of vascular cambium and secondary 
phloem in some Myrtaceae. PhD Dissertation, Aligarh Muslim University. 

Kribs, D. A. 1935. Salient lines of structural specialization in the wood rays of 
dicotyledons. Botanical Gazette 96; 547-557. 

Kribs, D. A. 1937. Salient lines of structural specialization in the wood parenchyma of 
dicotyledons. Bulletin of the Torrey Botanical Club 64: 177-187. 

Lewin, B. 2000. Genes VII. Oxford University Press, Great Clarendon Street, Oxford, U. 
K. 

Lewis, P. O. 2001. A likelihood approach to estimating phylogeny from discrete 
morphological character data. Systematic Biology 50: 913-925. 

Lindenmayer, A. 1968. Mathematical Models for cellular interactions in development. 1. 
Filaments with 1-sided inputs. Journal of Theoretical Biology 18: 280-&. 

Little, J. W., Shepley, D. P., and D. W. Wert. 1999. Robustness of a gene regulatory 
circuit. The I'M BO Journal 18: 4299-4307. 

Lord, E. M., Eckard, K. J., and W. Crone. 1989. Development of the dimorphic anthers in 
CoHomia grandiflora: evidence for heterochrony in the evolution of the cleistogamous 
anther. Journal of Evolutionary Biology 2: 81-93. 

Lydon, R. F. 1990. Plant Development. Unwin Hyman, London. 

Maddison, W. P., and D. R. Maddison. 2003a. Mesquite: A modular system for 
evolutionary analysis. Version 1.0. http://mesquiteproject.org. 

Maddison, W. P., and I ). R. Maddison. 2003b. StochChar: A package of Mesquite 
modules for stochastic models of character evolution. Version 1.0. 

Maeckel, J. F. 1811. Entwurf einer Darstellung der zwischen den Embryonalzustanden 
der hoheren Tiere und den permanenten der niederen stattfindenden Farallele. Beitr vergl 
Anat2: 1-60. 

Mauseth, J. D., and B. J. Plemons. 1995. Developmentally variable, polymorphic woods 
in cacti. American Journal of Botany 82: 1199-1205. 

Mauseth, J. D., and B. J. Plemons-Rodriguez. 1998. Evolution of extreme xeromoiphic 
characters in wood: a study of nine evolutionary lines in Cactaceae. American Journal of 
Botany 85: 209-218. 

http://mesquiteproject.org


317 

Mosbrugger, V. 1995. Heterochrony and the evolution of land plants. In, Evolutionary 
Change and Heterochrony, McNamara, K. J., ed. 

Murfet, I. C., and J. B. Reid. 1993. Developmental mutants. In Peas: Genetics, Molecular 
Biology and Biotechnology, Casey, R. and D. R. Davics, eds. pp. 165-216. CAB 
International, Wallingford, U. K. 

Pagel, M. 1994. Detecting correlated evolution on phylogenies: a general method for the 
comparative analysis of discrete characters. Proceedings of the Royal Society of London, 
Series B 255: 37-45. 

Pagel, M. 1999a. Inferring the historical patterns of biological evolution. Nature 401: 
877-884. 

Pagel, M. 1999b. I he maximum likelihood approach to reconstructing ancestral character 
states of discrete characters on phytogenies. Systematic Biology 48: 612-622. 

Pocthig, R. S. 1988. Heterochronic mutations affecting shoot development in maize. 
Genetics 119: 959-973. 

Pruit, R. I Chang, ( .. Pang, P.-Y., and E. M. Meyerowitz. 1987. Molecular genetics and 
development of Arabidopsis. In, Genetic regulation of development, W. F. Loom is. ed. 
pp. 327-338. A. R. Liss, New York, U. S. A. 

Prusinkiewicz, P. 1990. The algorithmic beauty of plants. Springer-Verlag, New York. U. 
S. A. 

Raff, R. A., and G. A. Wray. 1989. Heterochrony: developmental mechanisms and 
evolutionary results. Journal of Evolutionary Biology 2: 409-434. 

R Development Core Team. 2003. R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, Austria. 

Reilly, S. M., Wiley, E. O., and D. J. Meinhardt. 1997. An integrative approach to 
heterochrony: the distinction between intespecific and intraspecific phenomena. 
Biological Journal of the Linnean Society 60: 119-143. 

Sander, K.. and U. Schmidt-Ott. 2004. Evo-devo aspects of classical and molecular data 
in a historical perspective. Journal of Experimental Zoology 302B: 69-91. 

Sattler, R. 1988. Homeosis in plants. American Journal of Botany 75: 1606-1617. 



318 

Schlichting, C. D., and M. Pigliucci. 1998. Phenotypic evolution; A reaction norm 
perspective. Sinauer Associates, Inc., Sunderland, Massachusetts, U. S. A. 

Sommer, H., Beltran, J. P., Huijser. P., Pape, H., Lonnig, W.-E., Saedler, H., and Z. 
Schwarz-Sommer. 1990. Deficiens, a honieotic gene involved in the control of flower 
morphogenesis in Antirrhbwm majiis: The protein shows homology to transcription 
factors. EM BO Journal 9: 605-613. 

Steinmann, V. W. 2001. The evolution of succulence in the new world species of 
Euphorbia (Euphorbiaceae). PhD Dissertation, Claremont Graduate University, 
Claremont, California, U. S. A. 

Sussex, I. M., and N. M. Kerk. 2001. The evolution in plant architecture. Current Opinion 
in Plant Biology: 4: 33-37. 

Takhtajan, A. 1943. Correlation of ontogeny and phylogeny in the higher plants. Trans. 
Erevan State Univ. 22: 71-176. (in Russian with English summary) 

Takhtajan, A. 1969. Flowering plants; origin and dispersal. Smithsonian Institution Press, 
City of Washington. 

von Baer, K. E. 1828. Uber Entwickelungsgeschichte der Thiere. Beobachtung und 
Reflexion. Borntrager, Konigsberg. 

Weigel, D., and E. M. Meyerowitz. 1994. The ABCs of floral ho nicotic genes. Cell 78: 
203-209. 

West-Eberhard, M. J. 2003. Developmental plasticity and evolution. Oxford University 
Press, Great Clarendon Street, Oxford, U. K. 

Yanofsky, M. F., Ma, 11.. Bowman, J. L, Drews, G. N., Feldnian. K. A., and E. M. 
Meyerowitz. 1990. The protein encoded by the Arahidopsis honieotic gene AGAMOUS 
resembles transcription factors. Nature 346: 35-39. 

Yoon, H.-S., and D. A. Baum. 2004. Transgenic study of parallelism in plant 
morphological evolution. Proceedings of the National Academy of the Sciences of the 
United States of America 101: 6524-6529. 



319 

FIGURES AND TABLES 

Figure 1. Growth form transition bet\\'-een juvenile and mature individuals. Adenia 
trichocafyx exists as a geophyte for several years before a transition to the mature form 
occurs, a. Juvenile form with annual stem. b. Mature form with perennial cylindrical 
stem. 

Figure 2. Storage location differs in different individuals of A. glaiica.. a. Storage 
aboveground. b. Young plant with the majority of storage aboveground. The transition 
between green stem and white stem is slightly above soil level, c. Plants collected from 
region with goat herbivory. Almost all storage is bclowground as aboveground material is 
eaten. 

Figure 3, Serial tubers along roots. Storage tissue is differentially expressed in different 
regions of the root of some species, a. Adenia subsessilifolia. The gray, narrow, leafless 
stemsTMohg to this plant, b. Adenia isaloensis, a sub-shrub, c. Multiple tubers from the 
base of a cutting of A. ellenlyeckii. Such roots initially begin as fibrous roots, but widen 
eventually. This phenomenon suggests that storage tissue can be expressed differentially 
in time. 

Figure 4. Dramatic transition between primary xylem and secondary xylem in A. 
pechuelii. The boundary between storage tissue and primary xylem (with a little 
secondary xylem as well) is demarcated by the border between light and dark portions of 
the section, a. Young stem. Some secondary growth has commenced where rays are 
present, b. Older stem. The central core of vascular tissue resembles the initial growth of 
the juvenile stem. Then a distinct transition occurs between the initial vascular tissue and 
the storage tissue. Vascular cambia are indicated by arrows. Scale bars = 0.4 mm. 

Figure 5. Test of paedomorphosis. Characters for 8 succulent Adenia spp. (epithets 
provided) are shown. Circles in the right column of a.) or of b.) represent characters that 
are reduced relative to the ancestral state inferred by parsimony. Circles in the left 
column represent characters that are larger relative to the ancestral state. When the 
diameter of the outermost of the concentric circles is larger m the left column, 
paedomorphosis is supported. No diameters were statistically different for any of the 
succulent taxa. The color represents the particular character, a. Comparison of the slope 
of transitions from new to old growth, b. Comparison of the magnitude or level of 
specialization of the mature character state. 

Figure 6. Anatomical comparisons between tubers and stems. For each comparison, there 
are three anatomical sections being considered, ordered from left to right. If a character 
state of the middle section is closest to the section on the right, a circle for that character 
is made to the right, otherwise, the circle is made to the left. Colors specify the character. 
Colors in the legend are in order from outermost to innermost circle, a. Comparison 
between A. keramanthus and two lianas, A. densifhra and A. gummifera. Sections are 
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listed in left to right order as described above, i. A. keramanthus tuber, A. keramanthus 
stem, A. gummifera stem. ii. A. keramanthus tuber, A. keramanthus stem, A. densiflora 
stem, iii. A. gummifera tuber, A. keramanthus stem, A. gummifera stem. iv. A. densiflora 
tuber, A. keramanthus stem, A. densiflora stem. b. Comparison between A. fruticosa and 
two lianas, A. densiflora and A. gummifera. Sections are listed in left to right order as 
described above, i. A.fruticosa tuber, A.fruticosa stem, A. gummifera stem. ii. A. 
fruticosa tuber, A. fl-uticosa stem, A. densiflora stem. iii. A. gummifera tuber, A. fruticosa 
stem, A. gummifera stem. iv. A. densiflora tuber, A. fruticosa stem, A. densiflora stem. c. 
Comparisons of stems with stems, tubers with tubers, and young stems with young stems. 
Sections are listed in left to right order as described above, i. A.fruticosa stem, A. 
keramanthus stem, A. gummifera stem. ii. A. fruticosa stem, A. keramanthus stem, A. 
densiflora stem. iii. A. keramanthus tuber, A. densiflora tuber, A. gummifera tuber, iv. A. 
fruticosa tuber, A. densiflora tuber. A. gummifera tuber, v. A. keramanthus new stem, A. 
gummifera new stem, A. densiflora new stem. vi. A. fruticosa new stem, A. gummifera 
new stem, A. densiflora new stem. Legend (non-self-explanatory items); parDens -
xylem parenchyma density; resinDens = density of resin cells; vesselDens = density of 
vessels; imperfDens = density of tracheid-like cells; crystalDens = density of cells with 
crystals; libriDens = density of libriform fibers; ang = angular vessel walls present; 
crysDiam = average diameter of crystals; axPar = type of parenchyma in xylem; parL = 
average diameter of parenchyma cells; rayHist = cell types in rays; rayW = width of ray 
at vascular cambium; resinDia = average diameter of resin-filled cells; vcW == average 
width of vascular cambium; veD = average vessel element diameter; veL = average 
vessel element length; veDens " number of vessels per mnr; veAgg = average number of 
vessels in aggregation; veWallThick = average thickness of vessel wall. 

Figure 7. Test of loss of function hypothesis for origins of geophytes. Evolution of 
character states was simulated up the MAP tree when forward and reverse rates are equal. 
The black vertical line in graph represents the empirical number of losses of the geophyte 
habit. Histograms represent the number of losses of the geophyte habit under the Mk 1 
model of character evolution. The lower histogram includes only those simulation 
replicates in which 7 origins of geophytes are reconstructed in the tree. (The empirical 
data suggest 7 origins.) The upper graph includes all simulation replicates. 

Figure 8. Phytogeny of Adenia with habit marked and images of plants representing 
dramatic transitions of form among close relatives. Rapid and dramatic transitions in 
forni are common among several lineages in Adenia. Two such parallel transitions are 
shown between stem succulents and geophytes in African (top) and Malagasy (bottom) 
lineages. Taxa from left to right, top to bottom: A. aculeata, A. inermis (Gillett 13611 
[Paris]), A. lapiazicola, A. refracta. 
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Figure 8. 



Table 1. Switch hypothesis of growth form evolution in Adenia. Table lists the combinations of when and where secondary 
storage is expressed and the resulting lifeform. 

Undergrouncl A bo ve^ round Life form Examples 
on off geophyte A. wilmsii, A. goetzei, A. pyromorpha, A. racemosa 
off on stem succulent A. venenata, A. globosa, A. spinosa 
on on tuberous stem succulent A. fruticosa, A. keramanthus 
off off fibrous-rooted herb A. wightiana, A. acuta 
sequential: 

2nd 2nd stem succulent A. perrieri, A. litoralis 



APPENDIX G: 

DATA FOR THE SWITCH HYPOTHESIS 



This appendix provides the data used in Appendix F for the analyses of paedomorphosis and similarity between 
tubers and succulents. Some of it duplicates Appendix I ), but is provided here for ease of access. 

Table 1. Paedomorphsis anatomy data. Old stem and new stem character states used for analysis of paedomorphic origins of 
soft-wooded forms in Adenia. Ancestral states reconstructed with parsimony. Quantitative measurements are in jam unless 
otherwise indicated. Measurements of 0 pm mean that the character was absent in section. Legend: + = present/yes, - -
absent/no, m = missing data, o = old, n = new, tyl = tyloses present, lat wall = lateral wall pitting type (h = helical, o = 
opposite, a = alternate, p = pseudoscalariform), perf plate = perforation plate type (s = simple), ang vess = presence of angular 
vessel walls, per w = periderm width, psed = phloem sieve element diameter, ray w = ray width, stone = stone cell diameter, ve 
diam = vessel element diameter, v agg = vessel aggregat ion size, ve wall = vessel element wall thickness. 

tyl tyl lat lat perf perf ang ang per w per w psed psed 
0 11 wall wall plate plate vess vess o n o n 

0 n 0 n 0 n 

ancestor . a h s s -
_L 45 0 27 17 

A. aculeata + P m s s + + 349 0 31 16 

A. acuta . a m s s - - 0 0 26 41 

A. boivinii - a h s s - - 256 0 38 34 

A. densiflora + + a h s s - - 317 0 27 20 

A. digitata - a h s s - + 158 0 13 14 

A. eJegans -h a h s s - + 0 0 34 13 

A. ellenbeckii + a m s s + - 0 0 17 14 

A. fasciculata + + a m s s - - 0 0 22 23 

A. firingalavensis + + a h s s - - 98 0 30 14 

A. fruticosa - p m s s + + 0 0 27 15 

A. giauca + P m s s + + 0 0 36 13 

A. globosa - a m s s + + 0 0 24 14 

A. goetzei - 0 h s s - + 0 0 15 15 

A. gumniifera + a m s s - + 0 0 46 17 

A. hastata - + p m s s - - 0 0 11 11 



tyl tyl lat lat perf pj 
0 n wall 

0 
wall 
n 

plate 
0 

pi 
n 

A. heterophylla - - a m s s 
A. hondala + - a m s s 
A. inermis - - a h s s 
A. isaloensis - - a m s s 
A. karihaensis . . a m s s 
A. keramanthus - + a m s s 

A. kirkii _ a a s s 
A. lanceolata - - a m s s 

A. lapiazicola + + P m s s 
A. litoralis + + a P s s 

A. lobata + + a m s s 

A. mannii + - a h s s 
A. mcdadiana + + a h s s 
A. monadelpha + + a P s s 
A. olaboensis + - a m s s 

A. pachyphyHa - - a m s s 

A. pechiieUii + - a m s s 

A. pelt at n + - a m s s 

A. penangiana - a h s s 

A. perrieri - a m s s 
A. pyromorpha - - a h s s 

A. racemosa - - a h s s 

A. refracta - - a h s s 

A. repanda - - a m s s 

A. rumicifolia + - a m s s 

ang ang per w per w psed pse 
vess vess 0 n 0 n 
0 11 
- - 325 0 30 12 
+ + 215 0 27 15 
- - 28 28 13 13 

- - 0 0 19 19 
+ - 0 0 22 10 
+ + 0 0 28 14 
- "T 0 0 28 28 

- + 0 0 19 19 
+ + 205 150 21 11 
- - 1 1 0  0 36 16 
- + 0 0 29 14 
- + 0 0 20 15 
- + 0 0 29 16 
+ + 149 0 23 18 
- + 87 0 33 17 
- + 0 0 19 10 
+ + 0 0 20 20 
+ - 153 0 30 10 
+ + 0 0 15 15 
- + 167 0 23 18 
- - 0 0 12 12 
- + 0 0 21 21 

- + 0 0 24 24 
+ - 0 0 15 15 
_ + 0 0 31 15 



tyl tyl lat lat pert' p« 
0 n wall wall plate pi 

0 n 0 n 
A. schliebenii . + a ra s s 
A. schweinfiirthii + - a m s s 
A. sphaerocarpa + - a h s s 

A. spinosa " - a m s s 
A. stenodactvla + - a m s s 

A. stylosa - ~ a h s s 

A. siibsessilifolia - a m s s 

A. trichocalyx + - a h s s 

A. venenata + - a m s s 

A. volkensii + + a m s s 

A. wightiana - - a m s s 

A. wilmsii - - a m s s 

aiig ang per w per w psed pse 
vess vess 0 n 0 n 
0 n 
+ + 0 0 22 22 
+ - 225 0 20 19 
- + 0 0 24 16 
+ - 0 0 30 17 
- - 180 0 19 19 
- - 102 0 16 10 
- - 0 0 10 10 
- + 216 0 26 18 
+ + 0 0 21 15 
+ - 0 0 21 14 

- - 0 0 20 20 
+ + 0 0 18 18 



ray w o ray w n stone o stone n ve diam o ve diam n ve agg o ve agg n ve wall o ve wall n 
ancestor 70 0 26 0 112 56 2 1 1 6 
A. aculeata 649 0 0 0 56 53 4 2 7 4 
A. acuta 512 0 27 0 75 142 2 1 8 12 
A. boivinii 175 0 74 0 135 77 2 2 12 10 
A. densiflora 77 0 45 0 142 68 1 4 13 7 
A. digitata 0 0 0 0 46 48 2 2 3 3 
A. elegans 88 0 64 0 139 46 1 1 13 5 
A. ellenbeckii 156 0 0 0 45 108 3 1 7 4 
A. fasciculata 419 0 32 0 85 50 2 1 8 6 
A. firingalavensis 59 0 44 0 155 47 1 1 13 4 
A. fruticosa 676 0 0 0 95 55 2 1 13 4 
A. glauca 700 0 58 0 75 38 3 6 11 5 
A. globosa 872 0 58 0 45 35 2 1 7 4 
A. goetzei 0 0 0 0 34 34 1 1 7 7 
A. gummifera 68 0 61 0 202 56 2 1 12 5 
A. hastata 0 0 0 0 46 46 2 2 13 13 
A. heterophylla 126 0 64 0 148 31 1 1 10 9 
A, hondala 624 0 0 0 73 43 2 3 9 7 
A. inermis 0 0 0 0 56 56 2 2 5 5 
A. isaloensis 0 0 0 0 66 66 2 2 12 12 
A. karibaensis 352 0 0 0 56 30 2 3 9 4 
A. keramanthus 405 0 0 0 69 33 '-i L 4 7 8 
A. kirkii 0 0 0 0 119 119 1 1 12 12 
A. lanceolata 18 0 0 0 119 119 1 1 7 7 
A. lapiazicola 415 0 58 0 88 37 2 3 8 8 
A. litoralis 123 0 52 0 79 52 1 2 8 6 
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ray w o ray w n stone 0 stone n ve diam o ve diam n ve agg 0 Vi 
146 0 50 0 110 58 1 1 
129 0 0 0 54 44 1 1 
156 0 50 0 204 45 1 1 
124 0 0 0 53 26 4 7 
156 0 67 0 186 73 1 2 
69 0 34 0 90 23 1 3 
688 0 0 0 35 32 2 3 
170 0 0 0 54 39 2 2 
0 0 0 0 33 33 2 2 
205 0 0 0 93 45 1 1 
0 0 0 0 44 44 2 
0 0 0 0 91 91 1 1 
0 0 0 0 86 86 2 

105 0 0 0 38 38 2 

451 0 47 0 201 58 1 1 
0 0 0 0 68 68 1 1 
237 0 0 0 41 35 2 

195 0 0 0 75 31 2 1 
266 0 59 0 40 47 2 1 
0 0 0 0 57 57 2 
1637 0 0 0 73 79 1 1 
0 0 0 0 32 32 1 1 
312 0 0 0 109 46 2 ] 
178 0 0 0 45 48 2 

179 0 0 0 62 30 3 

102 0 0 0 83 83 1 1 
83 0 0 0 50 50 1 1 



Table 3. Tuber, old stem, and new stem anatomy data for two species of succulents and two lianas. All measurements refer to 
secondary growth. Quantitative measurements are in [im unless noted. General legend: m = missing. Legend for columns: 
%par = proportion xylem area parenchyma; %tan = proportion xylem area tannin cells; %ve = proportion xylem area vessels; 
%imperf = proportion xylem area non-libriform imperforate tracheary elements; %crys = proportion xylem area crystals; %libr 
= proportion xylem area libriform fibers; Ang VE? = angular vessel walls (+ = yes, - = no); Camb var? = anomalous vascular 
bundles (+ = present, - = absent); Cryst diam = crystal diameter; Ax par = axial parenchyma (- = parenchymatized; + = other); 
Par diam = parenchyma length; Ray Hist = ray histology (+ = cells like ground tissue, - = cells differentiated); Ray W = ray 
width at vascular cambium; Tannin = tannin cell length; VC W = vascular cambiuin width; VE Diam = vessel lumen diameter; 
VE L = vessel element length; V/mm^ = vessel number per mm'; V Agg = vessel aggregation size; VE Wall = vessel wall 
thickness. 

%par %tan %ve %imperf %crys %libr Ang Camb Cryst Ax par Par 
VE? var? diam diam 

A. densiflora tuber 95 0 0.7 0.2 0 0.3 + . 31 - 54 
A. fruticosa tuber 95 0 1 0.7 0.1 0.1 + + 33 - 63 

A. gummifera tuber 95 0 1 0.3 0 1 + - 41 - 53 

A. keramanthus tuber 92 0 1 0 0 4 + + 33 - 75 
A. densiflora new 28 0.2 28 27 0 0 m - 28 m 32 

A. fruticosa new 15 0 8 50 0 0 m - 27 m 41 

A. gummifera new 10 0 25 38 0 2 m 12 m 28 

A. keramanthus new 8 0 0 55 0 0 m - 0 m 58 

A. densiflora stem 68 1.2 11 2 0 9 - - 38 + 26 

A. fi'utlcosa stem 92 0 3 0.7 0.1 1 + + 35 - 66 

A. gummifera stem 43 0 11 5 0 10 - - 25 + 19 
A. keramanthus stem 86 0 3 0.9 0 1 + + 31 - 72 

--J 



Ray Hist Ray W Tannin VC W 

A. densiflora tuber 

A. fruticosa tuber 

A. gummifera tuber 

A. keramanthus tuber 

A. densiflora new 

A. fruticosa. new 

A. gummifera new 

A. keramanthus new 

A. densiflora stem 

A. fruticosa stem 
A, gummifera stem 
A. keramanthus stem 

+ 457 41 45 
+ 591 38 48 
+ 2503 0 41 
+ 563 34 18 
m 0 32 42 
m 0 0 39 
m 0 21 34 

m 142 37 35 
- 77 38 17 
+ 676 0 67 
- 68 37 20 
+ 405 0 18 

VE 
Diam 

VEL V/mm^ V Agg VE Wall 

74 162 2 2 8 
68 213 7 3 10 
89 m 9 2 11 
33 165 0 2 8 
68 ni m 4 7 
55 m m 1 4 
56 m m 1 5 
33 m m 4 8 
142 168 15 1 13 
95 495 14 2 13 
202 165 17 2 12 
69 169 13 2 7 

00 
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APPENDIX II: 

NEAR UNIVERSAL PATTERN OF SUCCULENCE EVOLUTION ACROSS THE 
EUDICOTS 
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ABSTRACT 

Stem succulence evolved in more than twenty Angiosperm families. This 

paper proposes a model of growth form evolution that encompasses all but one succulent 

lineage among the eudicots and proposes that shifts in the spatial expression of a shared 

developmental program cause the transitions to succulence. Subterranean expression of 

this program produces tubers, whereas aboveground expression results in stem 

succulence. A correlation between the presence of tubers and stem succulence is tested in 

a phylogenetic context, and the patterns of succulence evolution are recorded for 4 

lineages that account for most of the stem succulent diversity. Because the species level 

phylogeny for the eudicots is not fully resolved, a correlation test is derived that 

accurately detects character correlations using rank level classifications rather than fully 

resolved phytogenies. 

With the exception of Fouquieriaceae, all lineages in which succulents 

evolved also have tuberous representatives. Relatives of succulents are significantly more 

likely to be tuberous than are close relatives of mesophytes. Moreover, transitions 

between tuberous and succulent fonns are frequent and saltational in Passifioraceae, 

Euphorbiaceae, Apocynaceae, and the portalacaceous cohort. Both the close association 

between succulents and tuberous plants in a phylogenetic context as well as the marked 

and frequent transition to succulence in several lineages support the hj/pothesis that 

evolutionary transitions to stem succulents are the result of an evolutionary switch that 

regulates expression of a putatively common genetic program. 
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INTRODUCTION 

Among the most striking patterns in evolution are those provided by convergence. 

Convergent lineages have independently evolved different developmental pathways that 

generate remarkably similar structures, both in appearance and function (Futuyma 1998: 

110). Parallelism is also frequent and diflFers from convergence because independent 

changes in the same developmental program lead to similar characteristics (Futuyma 

1998; 110). Even among seemingly complex and highly coordinated structures, 

convergence is evident. The cephalopod eye contains analogs of the vertebrate iris, lens, 

and retina. Other classic examples include bats' and birds' wings, fins of cetaceans and 

fish, and loss of limbs in glass lizards and snakes. 

Plants, too, provide a panoply of examples. Multiple lineages evolved trees, 

shrubs, and climbing plants with remaikably similar anatomical layouts. Perhaps, 

however, the most frequently cited example of convergence in plants is that between the 

succulent Old World Euphorbia and the New World Cactaceae. Several other lineages in 

plants have generated succulents with remarkable degrees of structural similarity as well. 

Among succulents of smaller stature, the stapeliads with their foul-smelling, star-shaped 

carrion flowers, some smaller cacti, some smaller Euphorbia, and the succulent Senecio 

stapeliformis all have spines or prickles evenly spaced on their fleshy stems (Niklas 

1997: 311). The stems themselves are consistently short, columnar, and rarely branch 

above the base. In fact, stem succulents have evolved in over 20 separate lineages of 

eudicots (inferred from lineages represented in Jacobsen 1978, Rowley 1987, Eggli et al 
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2002). Even within certain lineages, stem succulence has evolved multiple times 

(Steinmann 2001, Appendix F). 

Are there commonalities that unite these seemingly independent origins of 

succulence? Although stem succulents appear to provide paradigmatic examples of 

convergence, I hypothesize instead that the storage tissue in tubers and succulent stems is 

homologous; moreover 1 suggest that transitions between tuberous plants and succulents 

are a result of a homeotic switch. 

The majority plant taxa in the eudicot lineage of over 160,000 species share 

a remarkably similar developmental layout in the stem (Esau 1977). Vascular 

development begins at the procambium, and the protoxylem and metaxylem, collectively 

known as primary xylem, lie to one side of the procambium and primary phloem to the 

exterior. Some individuals, notably herbaceous annuals, cease growth with the primary 

xylem, but the majority of species develop a vascular cambium which produces 

secondary xylem to the interior and secondary phloem to the exterior. It is at the 

cambium where differentiation from totipotent parenchymatous cells occurs. Within 

xylem, the tracheids, vessel elements, libriform fibers, fiber-tracheids, and parenchyma 

are the products of the cambium. 

In succulent species, the parenchyma in xylem, collectively referred to as 

axial parenchyma, is extensive, and such woods are referred to as parenchymatized 

(Carlquist 2001; 160). Several distinctive features are associated with parenchymatous 

woods including thin, angular vessel walls, narrow, long vessel elements, oblique 

perforation plates, pseudoscalariform lateral wall pitting in the secondary cell walls of the 



343 

vessels, and few imperforate elements (fibers and tracheids; Carlquist 1962, Carlquist 

1975, Appendices C, E, F). In contrast, wood of close relatives, such as that of lianas in 

Adenia. has terete vessel elements that are wide and short, transverse perforation plates, 

alternate lateral wall pitting, and extensive libriform fibers. 

The suites of anatomical characters associated with stem succulents are 

shared with tubers in Adenia (Appendix F). Few studies report tuber anatomy, and even 

fewer compare subterranean anatomy with stem anatomy. Olson and Carlquist (2001), 

however, in their study of the succulent and non-succulent Moringa (Moringaceae) 

species report suites of anatomical characters that are also shared between stems and 

tubers. 

Several structural and evolutionary connections were characterized betw een 

tubers and stem succulence in the genus Adenia (Passifloraceae) in Appendix F. 

Transitions between lianas (vines with secondary growth), geophytes (tuberous, annual-

stemmed plants) and stem succulents in this lineage are frequent and relatively rapid. One 

explanation for the similarity between tuber and succulent stem anatomy, for the frequent 

transitions between growth habits, and for the relatively rapid {i.e. short branchlengths 

separating events in a phylogeny) transitions between geophytes and stem succulents is 

the labile expression of a homologous developmental program. Are tubers and succulent 

stems likewise associated in the eudicots? 

Because of the distinctiveness between liana anatomy and succulent 

anatomy of close relatives, the anatomical similarities between succulent stems and 

tubers, and the marked shifts in anatomy within stems of Adenia plants, I proposed 
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(Appendix F) that different developmental programs were responsible for storage tissue 

in stem succulents and for the anatomy of lianas. It was further proposed that these 

programs were differentially expressed at the vascular cambium to produce the different 

suites of traits. The frequent pattern of transition between subterranean storage and stem 

storage was explained as a spatial (homeotic) shift in the expression of the shared 

developmental system for storage tissue. Thus multiple origins of succulence in Adenia 

were explained as homeotic parallelisms. 

How general might this explanation be for evolutionary origins of other 

succulents? Recent evo-devo work at the genetic level has found that parallelisms and 

homeosis frequently account for structural transitions in model organisms. Yoon and 

Baum (2004) observed that repeated knock-outs in one developmental program 

accounted for parallel transitions to rosette flowering from inflorescence flowering. 

Homeosis has been used to explain origins of compound leaves from simple leaves {e.g. 

Sattler 1988), and mutants of Pisum present homeotic alterations of leaves, tendrils, and 

stipules (e.g., Murfet and Reid 1993). Such observations indicate that simple genetic 

changes in plants can produce saltational switches in morphology. Thus, a parsimonious 

explanation for the repeated origins of succulence across angiosperms is that simple 

genetic alterations in a common developmental program act as evolutionary switches 

between tuberous plants and stem succulents. 

Morphological evidence can be used to reject this switch hypothesis. The primary 

expectations offered by this scenario are that tubers and stem succulence will be 

associated in a phylogenetic context, and if the mechanism is labile, as claimed, switches 
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between tuberous plants and succulents will be frequent and marked in the lineages 

explored, if these patterns arc not upheld, the scenario can be rejected. At a later date, 

when plant models encompass plants with secondary growth and are in lineages with 

diverse growth forms, transitions among growth forms can be examined at the genetic 

level as well. In this study 1 focus on the pattern of transition in the water storage of 

secondary xylem (i.e., storage in succulent stems and tubers) in eudicots. Monocots, in 

general, do not have secondary growth, so the suggested mechanism therefore does not 

apply, and patterns in their evolution will not be investigated. 

Several hurdles exist to such a study. First, in order to examine the association 

between succulence and tubers in a phylogenetic context across all eudicots, a phylogeny 

must be used. No species-level phylogeny for all eudicots exists. Thus a new general 

character correlation test is presented that uses rank-level taxonomic information to infer 

correlations. Sensitivity analyses are presented to Justify the use of this test at the rank 

level classification of angiosperms. 

MATERIALS AND METHODS 

Taxon sampling. A database of angiospenn taxa, including a rank-level 

classification following that proposed by Judd el al. (1999) was assembled from Tropicos 

(W^'TROPICOS 2004) and The International Plant Names Index (2004). Lineages with 

stem succulents were compiled from Jacobsen (1978), Rowley (1987), and Eggli et al. 

(2002), and information concerning the presence of tubers was from personal knowledge 

and the above sources. 
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Conservative assessments are made of the number of origins of stem succulence 

in four of the most species-rich stem succulent lineages: the portulacaceous cohort, 

Euphorbiaceae, Apocynaceae (including Asclepiadaceae), and Adenia (Passifloraceae). 

Correlation Test. The correlation test presented herein relies on the supposition 

that if two dichotomous character states are associated in a phylogenetic context, the 

characters will be shared by close relatives, and they will not be as frequently shared by 

distant relatives. If two character states are uncorrelated, they will be shared by both 

close and distant relatives equally, on average. Thus if two character states are 

uncorrelated, a taxon possessing the first state is equally likely to have a close relative 

(including itself) or a distant relative with the second state, whereas if they are correlated, 

a taxon with the first state will either have the second state itself, or a close relative will 

have it with greater probability than will a distant relative. 

Traits are expected to be associated in a phylogenetic context when the 

developmental programs responsible for the development of the traits are Hnked or are 

the same, but expressed in different locations or times during ontogeny. 

The test is a two-sample test. The first sample consists of taxa that have the first 

character state, and the second sample consists of taxa that lack the first character state. 

For both samples, a three-step procedure is carried out. First, a taxon, t, is randomly 

selected (either having or not having the first character state depending on whether it is in 

the first or second sample, respectively) from the phylogeny. Next, the distance between t 

and the most recent ancestor, a, of t that has descendants that possess the second 

character state is measured. The distance from t to a, hereafter referred to as the ancestral 
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distance, can be measured in actual calibrated generations, branchlengths, genetic 

distance, nodal depth in phylogeny (measured from t to a), or, as will be investigated, 

taxonomic rank. When taxonomic rank is used, the first taxonomic rank level (going 

from species level to kingdom level) of the group that possesses both / and a taxon with 

the second character state is the ancestral distance. Third, all descendants of a are 

excluded from future sampling to phylogenctic independence of samples. This three-step 

process is repeated until an adequate sample size is reached. This sample size will 

typically depend on the number of independent origins of the first character state and on 

the size of the phylogeny. 

The null hypothesis is that the two character states are not associated in a 

phylogenetic context. When the ancestral distances from a sample of target taxa having a 

particular trail are statistically different from a sample of target taxa that lack the 

particular trait, the null is rejected. Wilcoxon test can test for differences between the two 

samples. 

In this study, rank-level is used as ancestral distance. Under ideal circumstances, 

a complete and resolved phylogeny of the group of interest can be used, but none exists 

for the eudicots at the species level. Although using rank-level information is not ideal 

{c.f. Donoghue 1989), this particular test assures independence of the samples when the 

rank level classification represents the phylogeny that has all nodes collapsed to the 

particular rank. Recent rank-level classifications, like that espoused by Judd et al. (1999) 

attempt to reflect the underlying phylogenetic topology. Here, I also use simulations to 

justify the use of ranks. 
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Correlation test simulations. Properties of the correlation test are assessed using 

simulation. In particular, I evaluate the expectation that when rank-level is used, the test 

is conservative. This is expected because phylogenetic information is lost when branches 

in a phylogeny arc collapsed to ranks. I also evaluate the expectations associated with the 

average difference between ancestral distances of the two samples. The average 

difference is expected be statistically indistinguishable from 0 when traits are 

uncorrelated, and it will be positive with positively correlated traits. Additionally, the 

power of the test is evaluated with varying frequencies of the two character states, 

varying numbers of taxa, and varying strengths of correlation between the two character 

states. It is expected that the highest power will be achieved with character states of low 

frequencies, phylogenies with a large number of taxa, and a high correlation between 

states. 

Fully resolved phylogenies are simulated that have the statistical structure of the 

rank level classification of plants when branches are collapsed appropriately. The data 

used to generate these phylogenies consist of the "hollow-curve" data of Scotland and 

Sanderson (2004), originally obtained from Mabberley (1996) and Brummitt (1992). I 

consider only ordinal, familial, generic, and specific rank levels. 

Trees are evolved as follows. First, the total number of taxa to be simulated, 

N, is specified. Then, a taxonomic order is randomly drawn from the set of plant orders 

(data from Scotland and Sanderson 2004); the number of families in the selected order 

determine the number of famihes to evolve. For each family, genera are similarly 

sampled, and for each genus, species are similarly sampled. At each rank level, a tree is 
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evolved using Yule speciation, following the procedure used by Mesquite (Maddison and 

Maddison 2003). Thus, if an order with 5 families is selected, a tree with five terminal 

nodes is evolved, and phytogenies of genera of each family are similarly evolved as are 

species of genera. The process is depth first, such that the first species of the first genus 

of the first family of the first order is evolved first, followed by the second species. Once 

N taxa are evolved, the process stops. If the phytogeny associated with the first order has 

fewer than N taxa, a new order is selected and the process continues as before. 

Characters are evolved according to two models of evolution: random walk under 

Brownian motion and a uniform walk in which the magnitude of the changc in character 

state along a branch is proportionate to the branchlength on average, and magnitudes of 

change in character states are uniformly distributed with preset variance for all simulation 

replicates. The first character state is randomly evolved up the tree according to one of 

these models. 1 he second character state is sampled from a normal distribution (for 

Brownian walk) or respectively a uniform distribution (for unifomi walk) with mean 

equal to the value of the first character state and variance set to reflect degree of 

correlation; small variance corresponds to high correlation, whereas large variance 

corresponds to low correlation. After their simulated evolution is complete, the 

continuous-valued character states are thresholded to generate the desired frequencies of 

the dichotomous characters. 

This model of character evolution and trait development assumes that the 

evolution of the first trait evolves independently of the second trait, but the expression of 

the second trait depends on the expression of the first trait such that as the expression of 



350 

the first trait evolves, the expression of the second trait mimics the evolutionary change 

in expression of the first trait. An example of such a process might include a particular 

metabolic pathway that produces a particular secondary product that doesn't influence 

the functioning of the pathway. This pathway is intimately tied to the expression of a 

particular structure, A. 

A second pathway may be linked to the first pathway by incorporating the 

secondary product of the first pathway to develop structure B. During evolution, if the 

rate of expression of the first pathway increases such that structure A develops more 

rapidly, and the increased expression generates the secondary product at a faster rate. 

then the second pathway is expected to develop structure B more rapidly if the secondary 

product is a limiting reagent of the second pathway. Thus, as the regulation of the first 

pathway evolves, the regulation of the second pathway follows in parallel. 

If, say, some product of the first pathway must reach a threshold 

concentration before structure A develops, as the rate of the expression of the first 

pathway changes during evolution, the development of structure A may be turned on and 

off depending on whether the pathway works fast enough to reach the threshold 

concentration within the lifetime of the individual. Likewise, if a threshold concentration 

of the second pathway is required for the development of structure B, then as the rate of 

the first pathway changes during evolution, the appearance of structure B will depend on 

the rate of the first pathway. 

Lastly, if the rate of the expression of the second pathway includes a 

stochastic component, then expression of structure B will depend stochastically on the 
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rate of expression of the first pathway. In these simulations, the stochasticity is Gaussian, 

as is reasonable under the Central Limit Theorem of probability theory. If the 

evolutionary change of rate of expression of the first pathway is gradual, then Brownian 

motion may be an appropriate model of evolution as well, as was suggested by 

Felsenstein (1985) to justify the method of independent contrasts. 

To examine the space of ancestral distances, the simulation considered 8 bins 

(exponentially distributed, starting with frequency of 0.05 and finishing with 1.0) for the 

frequencies of each of the two character states, 15 taxa bins (linear between 5 and 495 

taxa), 6 variance bins corresponding to the stochasticity of the dependence of the 

expression of the second trait on the first (bins are exponentially distributed for the first 

five starting from 0.01 to 100.00 in the penultimate bin, and random characters in the last 

bin), and 1,000 replicates of each of the bin combinations (8*8*15*6 = 5,760 * 1,000 

replicates). In trees with few taxa, the taxon with the highest trait value was forced to 

have the character state of interest when the character frequencies were too low to have 

generated taxa with characters states. 

Ancestral differences were scaled by the distance from the root of the tree to 

the sampled taxon. Thus the standardized differences, dr, ranged between -1 and 1. For 

each of the 1,000 simulated trees for each bin combination (of the 8*8*15*6 total), one 

taxon, tl, was sampled that possessed the first character state, and one taxon, t2, was 

sampled that lacked the first character state. Ancestral distances for these taxa were 

calculated. When the ancestral distance for tl was 0 {i.e., tl also had the second character 

state) and the ancestral distance for t2 was the length of the tree, the standardized 
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difference was 1. Branchlength was used for ancestral distance for the fully resolved tree, 

and rank level was used for the rank level analysis. The total depth of each tree was 4 

when the rank level was used, whereas the total branchlength of fully resolved trees 

depended on the number of taxa being simulated. 

Ancestral distance statistics for correlated characters (or uncorrected characters 

for the last variance bin) were assessed using the 5760 bin combinations. For each tree, 

the tM'o sets of two characters were evolved. The first set consisted of correlated traits 

(except for the last variance bin) and the second set consisted of uncorrelated traits (as 

control). The standardized difference {dc or dr for correlated or random sets, 

respectively) of each set was calculated, and the difference, dc - dr - D, between these 

slandardi/ed differences was recorded for each replicate. The value of D ranges between 

-2 and 2. The value of D is expected to be positive when a positive correlation is 

detected, negative when a negative correlation is detected, and 0 when no correlation is 

detected. 

Test of association between succulents and tubers. The above correlation test was 

employed to investigate the association between stem succulence and tubers. Thus, the 

first character state was stem succulence presence, and the second was tuber presence. 

For the first sample, 20 succulent species from separate origins of succulence were 

randomly selected from the total compiled list of succulent taxa, and ancestral distances 

for these taxa were calculated at the rank-level. Next, twenty species lacking stem 

succulence were sampled according to the above guidelines to assure independent 

samples, and their ancestral distances were calculated as well. For this second sample. 



353 

when 1 was uncertain whether a particular rank group of the sampled taxon possessed a 

tuber, I scored it as if it did. Thus, the ancestral distances (rank levels that contain tubers) 

for these taxa are conservative estimates of ancestral distances. The differences between 

these distribution were tested using the default settings of the wilcox.test of the R 

Statistical Language (R Development Core Team 2003) with alternative set to "less", 

because the alternative expectation was that the ancestral distance would be less among 

the succulent taxa. 

RESULTS 

Taxon sampling. The database of taxa used for this study has been integrated into 

a Web database of images of plants and animals of Arizona and can be browsed at this 

site (Hearn et al. 2004). Most succulent lineages that were considered are listed in Table 

2. This table lists example species that have tubers, and divides the taxa among different 

succulent growth forms (see Rowley 1987). In all but one (Fouquieriaceae) of the 

lineages with stem succulents, tuberous representatives were also present. 

In Adenia (Passifloraceae), the portulacaceous cohort, Euphorbiaceae, and 

Apocynaceae, succulence and tuberous plants evolved in at least four lineages each, 

usually more. Appendix E reports 3 origins of succulence in Adenia and 6 to 7 origins of 

geophytes. Steinmann (2001) reports at least 7 origins of succulence in Euphorbia, and 

does not include Jati-opha, another group with stem succulence and tuberous 

representatives. Within the portulacaccous cohort, the cacti, Didieriaceae, Portulacaria 

spp., and Talinum giiadalupense are among separate origins of succulence when viewed 
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in the context of the phylogcny of this group (Applequist and Wallace 2001). Within the 

Ceropegieae (a lineage that is nested in Apocynaceae and contains the polyphyletic 

stapeliads; Meve and Liede 2002), succulence in Ceropegia is intermittant, and the 

"stapeliads" represent at least another origin of succulence. Moreover, Adenium, 

Pachypodium, and Fockea also represent lineages with other origins of succulence in 

Apocynaceae. 

Simulation results. All expectations were met. Greatest correlation detection 

power was associated with low character frequencies, high correlations, and large 

numbers of taxa. Because the results for both the Brownian motion and uniform motion 

simulations are similar, only the Brownian motion results are presented. Differences, D, 

between ancestral distances of uncorrelated traits averaged 0.000323 for the resolved 

t r ees  and  were  no t  s ign i f i can t ly  d i f f e ren t  f rom 0  (95% CI  - ( - 0 .00095 ,0 .00160) ,  d f -

734999, t = 0.4961, /'-value -• 0.6198; Fig. la bottom row of boxes). This average 

excludes D values for replicates where character frequencies of the first or second 

character states equaled 1.00, because all D values are 0 or undefined for these cases, 

respectively. 

Importantly, the test is conservative for rank-level analysis. Correlations are still 

detectable using rank level (lighter colors with low character frequencies), and the 

direction of the correlation is correct. However, the ability to detect correlation is greatly 

weakened when ranks are used. Thus any correlations that are detected using rank-level 

information are likely to represent very strong correlations between character states. 
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Test of association between succulents and tubers. The results of the simulations 

indicate that the test works best with low character state frequencies, high correlations, 

and large numbers of taxa. These conditions match the actual conditions; there are more 

than 250,000 eudicots and tuberous and succulent plants are relatively rare. Stem 

succulents are associated with tuberous plants in a phylogenetic context (W = 37, P-value 

= 4.68e-6; Fig. 2). 

DISCUSSION 

Growth Form Evolution. Tuberous plants and stem succulents are associated 

in a phylogenetic context. That is, structures that are commonly associated with storage 

in plants {i.e., tubers and succulent stems) are most likely to be present in close relatives 

(Table 2; Fig. 2). One possible explanation for this pattern is that tubers and succulent 

stems are adaptations to xeric conditions. Their association would be expected in lineages 

whose representatives live in arid habitats. This explanation was not investigated as it 

does not account for the frequent and marked evolutionary transitions between growth 

habits in lineages that have stem succulents and tuberous plants. In the lineages that were 

examined closely (portulacaceous cohort, Apocynaceae s.L, Euphorbiaceae, and Adenia), 

evolutionary transitions to succulence are labile and frequent. In all lineages investigated, 

except Fouquieriaceae, thin-stemmed tuberous plants were present as well as stem 

succulents (Table 2. in some lineages like Bombacaceae and An,acardiaceae, plants begin 

with thin stems and tubers and later develop massive succulent stems.) 
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Adaptation to xeric habitats may account for the association betvs/een tubers 

and succulents, in part. But to account for the observation that transitions are frequent 

and few transitional forms are present, this paper proposes that transitions between forms 

are due to a common homeotic switch that regulates spatial expression of storage tissue 

in eudicots. This model offers a parsimonious explanation for the observed association 

between tubers and stem succulents in a phylogenetic context. It also provides an 

explanation of the observed frequency of origin of succulence in certain lineages, but 

does not preclude adaptation to xeric habitats. 

Two other hypotheses that provide explanations for evolutionary origins of 

succulence include Carlquist's (1962) theory of paedomorphic woods and Olson's (2003) 

theory of co-option. Over 25 publications cite the theory of paedomorphic woods to 

explain transitions to succulents and herbs (Carlquist 2001: 312, citations therein). This 

theory predicts that the wood of these derived growth forms will have cells with 

'juvenile' characters {i.e., thin, angular vessel walls, narrow, long vessel elements, 

reduced imperforate elements, oblique perforation plates, and pseudoscalariform lateral 

wall pitting in the secondary cell walls of the vessels). In Adenia, tubers also share these 

traits, but the theory fails to explain their origin in these structures (Appendix F). 

Appendix F discusses problems associated with paedomorphosis as an explanation. 

Among these, accuracy of homology assessment and plasticity of vasculature characters 

are central. 

An alternate perspective is that of Olson (2003) who observed that a particular 

type of stem succulent, the pachycaul succulent, appears to have hanas as close relatives. 
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His proposal is that stem features of Uanas are co-opted by stem succulents. He focuses 

on comparisons between the anatomy of Dendrosycios (Cucurbitaceae) from Socotra and 

other Cucurbitaceae. The majority of curcurbits are vines and lianas. Lianas, in general, 

have wide, thick-walled, short, and terete vessel elements. They also have extensive ray 

and axial parenchyma that putatively provides flexibility under torsion (Carlquist 2001: 

292). They also frequently have starch plastids in the parenchyma that are hypothesized 

to aid ill rapid growth out of dormancy (Braun 1984, Carlquist 1985, 1996). 

Dendrosycios socotrana, a pachycaul succulent, shares the extensive xylem parenchyma 

and starch, so Olson (2003) draws the conclusion that pachycauls co-opt these features 

from liana ancestors for storage. 

Dendrosycios, however, has narrow, thin-walled vessels with pseudoscalariform 

pitting, traits shared by many other succulents, but not by lianas. Moreover, wood of 

these pachycauls has vascular phloem strands, a type of anomalous secondary growth. 

Elsewhere (Appendix C), I have shown a strong correlation between the occurrence of 

anomalous secondary growth in tubers and in the succulent stems of Adenia. The 

anomalous secondary growth reported in the stem of Dendrosycios has not been reported 

in any other stems of Cucurbitaceae (Olson 2003). Olson also reported that 

Corallocarpus, Xerosicyos, and Zygosicyos were likely to be close relatives of 

Dendrosycios. These taxa are cucurbit vines and lianas whose members frequently have 

immense tubers (and caudices), and primarily thin, often annual, stems. 

Olson's (2003) hypothesis has yet to be tested in a phylogenetic framework. There 

are several examples of pachycauls that are close relatives of lianas {e.g., Fockea, 
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Adenia, Dendrosycios, Ipomoea, Pyrenacantha, Cyphoslemma). There are several 

succulent lineages, however, that lack lianas. No lianas were present in Pachypodiitm, 

Adeniim, Moringa, Euphorbia, Geraniaceae, Bombacaceae {ByUneria excluded), 

Anacardiaceae, the portulacaceous cohort (vines are present in Basellaceae, but these 

produce little or no secondary growth), Fouquieriaceae, and Crassulaceae (Table 2). With 

the exception of Fouquieriaceae, these lineages all have representatives with tubers. 

Although there are sprawling epiphytic cacti in the portulacaceous cohort, these are 

rarely referred to as lianas, and they do not present typical anatomical features of lianas 

(Gibson 1973, Mauseth and Plemons 1995, Mauseth and Plemons-Rodriguez 1998) so 

were not included as such. Thus the liana explanation is not sufficient to explain the 

occurrence of succulence in ail lineages of eudicots even if it were correct for cucurbits. 

The question remains, are pachycauls statistically more likely to have lianas 

as close relatives when compared to the relatives of non-pachycauls? The test presented 

herein could be used to evaluate this hypothesis. Table 1 also presents examples of lianas 

in succulent lineages when they are present. 

Olson's (2003) hypothesis is not inconsistent with the hypothesis of a homeotic 

switch, and both the co-option hypothesis and switch hypothesis may be involved in 

growth form transition. Saltier (1988) describes the possibility that more than one 

developmental program can be expressed in the same structure at the same time. He 

refers to the resulting structures as developmental hybrids. It is conceivable that 

components of the developmental program of lianas contribute to storage tissue 

development, although Appendix F found that the majority of stem succulent features 
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(including sizes and densities of cells) were more similar to tuber features than to liana 

features. 

Ail but one of the lineages that I investigated that have succulent representatives 

also have tuberous taxa. Although this pattern is consistent with the switch hypothesis, 

possible exceptions are apparent. Initially, stapehads and cacti appeared to be exceptions. 

There are over 100 species of stapehads (Mabberley 1996), they are all succulents, and 

none of them, to my knovtdedge has tubers. Meve and Liede (2002) provide a phylogeny 

of Ceropegieae, the lineage of Apocynaceae in which the many genera collectively 

known as stapehads are embedded. This lineage has numerous tuberous species. 

Ceropegia is well known for the chain-of-hearts vine and associated tubers. 

Brachystelma has almost exclusively tuberous species. Within the polyphyletic 

Ceropegia, there are separate origins of succulence (C. aristolochiodes, C. 

stapaeliformis). Thus, the stapehads originated in a lineage in which tuberous plants 

abound. 

The Cactaceae have few tuberous representatives (Peniocereiis, Pterocactus, 

Wilcoxia), so initially the family may appear to provide another exception to the switch 

hypothesis. Again, looking at the lineage in which Cactaceae originated reveals myriad 

tuberous representatives. Cactaceae is embeded in the portuiacaceous cohort (Applequist 

and Wallace 2001). This clade includes many tuber-bearing lineages (Talimim, 

Claytonia, many Portulaca spp., Anacampseros spp., Ceraria spp., Anredera, and so 

forth) as well as many succulent lineages (Didieriaceae, Cactaceae, several Portulaca 
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spp., Portulacaria spp., and so forth). Cactaceae appear to represent a single origin of 

succulence that proliferated. 

No tuberous representatives were found in Fouquieriaceae or closely related 

Polemoniaceae. Fouquieriaceae has a few succulent taxa (Foiiquieria fasciculata, F. 

piirpiisii, F. columnaris). It is possible that these taxa evolved separate mechanisms, true 

convergence, for the production of succulence. The proposed mechanism to explain the 

origins of succulence in other taxa is a labile developmental program that is flexibly 

turned on and off in stems during evolution and during development (Table 1). It is 

conceivable that such a program is present in Foiiquieria, but that tuberous 

intermediaries never evolved or were not fit for whatever reason and have not persisted. 

The homeotic switch hypothesis does not require that all taxa with stem succulence also 

have close relatives with tubers, but if the switch mechanism were responsible for the 

observed pattern of association between tubers and succulent stems, these two traits 

would be more likely to be present in close relatives. 

The proposed mechanism to account for evolutionary transitions to succulence 

stimulates several questions. Do all succulents share a common developmental program 

or are there different programs that develop storage tissue? If different programs are 

responsible for the development of storage tissue versus lignified tissue, how did these 

separate programs emerge? What are the selection pressures responsible for maintaining 

different forms? I offer these questions as potential avenues for further research, and 

provide speculation concerning their answers. 
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If tubers and succulent stems share a common genetic program that was inherited 

from an ancestor, then these structures are true homologs. Parallelisms of this sort have 

not been investigated in secondary growth as model organisms such as maize, rice (both 

monocots), Antirrhinum and Arabidopsis all lack secondary growth to any extent. It 

remains to be seen whether a simple genetic mechanism in a common developmental 

system accounts for patterns in secondary growth. Members of the Brassicales have 

tubers {e.g. Raphanus) and some oddities such as kohlrabi have stem succulence, so the 

genetic tools developed for Arabidopsis and Brassica may be available in these groups to 

investigate the genetic mechanisms responsible for tuber and succulence development. 

The multiple origins and marked transitions between succulents and non-succulcnts in 

many lineages as well as the dimorphic woods of some succulents (cacti) suggest that 

simple genetic switches both in evolution and during development can account for much 

of the morphological diversity of these groups. 

Different developmental programs are potentially a consequence of 

duplication followed by divergence of function in constituent paralogs (Stephens 1951, 

Lynch and Conery 2000). Genomic duplication appears to be near-universal phenomenon 

in the evolutionary history of flowering plants (Eckardt 2004). Although most gene 

duplicates are silenced (Lynch and Conery 2000), it is possible that paralogous modular 

sets of genes could evolve relatively independently of one another (Blanc and Wolfe 

2004a, 2004b). Homeosis permits paralogs of an ancestral program to be expressed in 

different structures whereby paralogs may be exposed to different selective pressures that 

may lead to divergence in their functions. Post-divergence, much Hke secondary contact 
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after special ion. the spatial expression of such modular programs may change and the 

expression of paralogous modules could come into secondary contact to generate hybrid 

development {sensu Sattler 1988). If the individual modules are highly co-evolved 

complexes of genes, then the hybrid structures could have lower fitness than the "parenf 

structures and be selected against. A potential result is something analogous to character 

displacement, in which developmental modularity is reinforced. Recent papers report 

observations of tightly interacting sets of genes that are relatively isolated from other sets 

of interacting genes (Snel et al. 2002), and this reinforcement hypothesis may account for 

some of the modularity. 

Under what conditions should stem succulents be favored versus geophytes? 

Appendix E explored climates in which succulents and geophytes w ere favored in 

Adenia. Tuberous plants tended to be associated with cooler, drier climates, whereas few 

consistent climate associations were observed for succulents. One near universal among 

succulents and tuberous plants alike is that they are susceptible to rot. This is well known 

among cactus and succulent enthusiasts, and Irish-American immigrants alike. Both in 

the field and in the greenhouse, succulents grow in well-aerated, well-drained substrates, 

potentially avoiding rot. With reference to rot, investing in storage tissue belowground 

has different consequences than investing aboveground. Aboveground structures have 

better aeration, and dry more quickly after wetting and thus may be able to avoid rot 

better than tubers. Being aboveground, the secondary growth is not as constrained by 

substrate as is the secondary growth of tubers, so storage organs can increase in size. 

Appendix E also reports that gains in succulence are associated with increased stem 
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diameter. Moreover, with increased surface areas associated with aboveground storage 

structures, stem succulents, in particular CAM succulents, can use stems for 

photosynthesis, and reduce water loss through leaves (Holbrook 1995). Several species of 

succulent Adenia have photosynthetic stems as do many succulent Euphorbia 

(Appendices C, F; Steinmann 2001); such species frequently have caducous leaves. 

However, aboveground structures are susceptible to lire and grazing whereas tubers arc 

not (they may still be susceptible to burrowing herbivores). An understanding of the 

mechanisms of growth form evolution may help explain a diversity of life history traits. 

This paper proposes that succulence evolves through parallelism rather than 

convergence. In addition to succulence, several other features are frequently associated 

with xerophytes. l or example, many cacti and succulent Euphorbia share stem pleating 

and spines. Although I argue that succulence is not due to convergence in these taxa, 

such ornaments may indeed represent true convergence. Ornamentation such as spines 

and dermal characters can evolve independently of secondary growth. In Adenia, many 

succulent species have a periderm (e.g., A. lapiazicola, A. boivinii), whereas others 

maintain a green cuticularized epidermis throughout hfe (e.g., A. venenata, A. 

firingalavensis). Some are with spines or prickles (e.g. A. spinosa, A. aculeata), whereas 

others have none. Potentially, spines originated once among members of Cactaceae, as 

may have spines in many Euphorbia species. Homoeosis may still account for parallel 

origins of succulence in cacti and Euphorbia. 

Homeosis provides a general framework within v>'hich to view plant growth fomi 

evolution. In a general sense, homeosis is the flexible expression of developmental 
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programs in different locations. This definition implies that programs can be turned on 

and off in different locations. A great deal of plant life form diversity is accounted for 

when the different combinations of spatial expression of storage tissue are considered 

(Table 1). Euphorbia spp. as well as Adenia spp. provide examples of all the 

combinations. When programs responsible for secondary grovvth are turned off in stems 

and roots, herbs result, such as in Chamaesyce„ which is embedded within Euphorbia 

(Steinmann 2001). When the storage program is expressed belowground , geophytes 

result {e.g., E. trichogyna). When turned on both above and belowground, tuberous 

succulents result {e.g., E. knuthif). When turned on only aboveground, classic stem 

succulents result {e.g., E. obesurn). 

It may even be that homeosis accounts for patterns of evolution among monocots. 

Bulbous plants and rosette plants are prevalent forms throughout the monocots. Bulbs are 

usually belowground structures, composed of leaves that are often semi-succulent. 

Analogous to the shift in spatial expression between tubers and succulent stems, can 

homeosis account for the transition between bulbous plants and rosette plants? In bulbous 

plants, leaves are belowground and are folded tightly together, whereas in rosette plants, 

leaves are aboveground, and leaves become separated. Again, homeosis might account 

for this transition. 

Correlation Test. The primary inference drawn in this paper was that tubers and 

stem succulents are closely associated in a phylogenetic context. A new correlation test 

was developed to investigate this association that tests for a correlation between two 

dicliotomous traits. The test looks at how distant a taxon with the first trait is to a relative 
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with the second trait and compares this distance to the distance from another taxon 

lacking the first trait to its relatives that possess the second trait. Simulations indicated 

that on average, the difference between these two distances was 0 when traits were 

uncorrelated, and positive with they were positively correlated. This test shares features 

of the Concentrated Changes (CC) test of Maddison (1990) in that they both observe how 

likely it is for a second trait to evolve in the presence of a first trait. Unlike CC, this 

method relies on estimates of branchlengths or other estimates of timing of nodes. Unlike 

Pagel's (1994) test, and Felsenstein's Independent Contrasts (IC; 1985) this test does not 

rely on any particular underlying mode! of character evolution. Instead it simply relies on 

the observation that closely associated traits will appear in close relatives, so it is robust 

to whatever actual process generated the distribution of character states, as long as the 

states are correlated. 

However, unlike these above tests, the approach throws out a great deal of useful 

information. It works best when there are several separate origins of the first character 

and when there are several taxa being considered. Information is excluded from analysis 

when descendants of focal ancestors are excluded from sampling. This is both a banc and 

a blessing. Whereas the IC, CC, and Pagel's tests require fully resolved or mostly 

resolved phylogenies, this test can usefully take advantage of partial phylogenies, at the 

expense of statistical power. This test can also be apphed when the complete phylogeny 

is unknown or incomplete, as it uses only phylogenetically "local" information. 

Is the claim that this method is robust to the process of character evolution 

justified? For a start, both simulations using Brownian motion or uniform walks as 
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models of character evolution produced similar results. More generally, the sole tree 

statistic that this model uses is ancestral distance, the distance from a focal taxon to an 

ancestor with descendants that have the second character state of interest. Consideration 

of different processes that affect branchlengths may put this claim on a surer footing. In 

particular, I will consider the outcomes of the test when either of the characters 

influences extinction / speciation rates or rates of nucleotide evolution, two processes that 

can influence the distribution of branchlengths in a phylogeny. 

Recall that two character states arc considered with this test. When the first 

character state (hereafter cso for character state one and est for character state two) 

greatly increases the rate of evolution, it is expected that taxa that have cso will be on 

relatively long branches. Thus ancestral distances (ad) from these taxa will tend to be 

long. However, if cso is tightly linked to est, they will either be found in the same taxon, 

so the ad w ill be 0, or they will be part of the same local lineage. The ad from a taxon 

with cso to the ancestor with descendants having est may be large, but once the taxon 

with cso is sampled, all members of the local lineage are excluded from future sampling. 

So even if taxa that lack cso and have shorter ad'<ii than taxa with cso in the local lineage, 

they will rarely be sampled. However, if cso and est are not tightly linked or if the 

presence of est is required as a preadaptation for cso, this method may fail to detect a 

correlation, particularly when cso is rare and est is common. In the above scenarios, cso 

can be relabelled as est and est as cso. This change of label (and sampling order) will 

solve these problems. This scenario provides the greatest challenge to the generality of 

this method. 
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Other scenarios that can affect the outcome of the test include (1) when the 

characters together influence extinction rates, and (2) when they are together correlated 

with changes in speciation rate. If both characters together increase the extinction rate, 

they will be rare in combination, so they will be negatively correlated. In such a case, the 

difference in ancestral distances between the two samples taken for the test will be 

negative on average, if both characters together increase rates of speciation relative to 

other lineages, then it is expected that the ancestral distances of the first sample (see 

methods) will be even smaller on average, producing even more positive differences 

between the first and second samples. Alternatively, if both characters together increase 

rates of speciation and other lineages go extinct, character states will go to fixation. In 

this scenario, the test will not function; there are no differences to observe. If together the 

traits decrease rates of speciation, then they will be associated with long branches again. 

But this time, they have to be together to decrease rates. So ancestral distances of the first 

sample will again be small relative to ancestral distances of the second sample. 

Finally, if rates of evolution vary across lineages but the rates themselves 

arc independent of the focal characters, then for sufficiently large phylogenies, the 

correlation will still be detectable, as rate variation will be averaged out across a large 

phylogeny. There are other scenarios where the characters of interest may affect rates; 

either these scenarios will not affect test outcomes, or, once recognized as challenges to 

the test, they can be dealt with beforehand or a different test applied. 

In this paper, I use the test differently than most comparative analyses. It is not 

being used to test the adaptive significance between two characters, but rather it is being 
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used to show that tubers and stem succulents are associated in the eudicot phylogeny. 

The test, however, can be used to examine adaptive hypotheses in much the same way 

that CC can be used. 

Summary. This paper presents a general framework in which to discuss habit 

transitions in plants. First, a phylogenetic association between tuberous plants and stern 

succulents is reported. The pattern of association between succulents and tubers is 

statistically significant when viewed across all eudicots, and multiple, marked transitions 

between tuberous plants and stem succulents were observed in focal lineages (Adenia, 

Apocynaceae, portulacaceous cohort, Euphorbiaceae). A homeotic mechanism regulating 

the spatial expression of storage tissue is proposed to account for these observations. 

Genomic duplication and subsequent divergence of paralogs is suggested as the origin of 

different developmental programs in lignified stem, root, and succulent development. 

Next, the putative mechanisms reported for transitions between tuberous plants 

and succulents are generalized to explore the range of growth forms they encompass. 

Transitions among herbaceous plants, geophytes, lianas, ligneous-wooded plants, and 

stem succulents are described within this framework. Conditions under which different 

growth forms are favored are discussed, it is suggested that pathogenic rot may be a key 

selective agent during the evolution of stem succulents and geophytes. These conditions, 

as well as the ramifications of the generalized framework are speculative, and worth 

greater scrutiny and experimentation. 

The paper also develops a general character correlation test for dichotomous traits 

to test for the association between tubers and stem succulence in a phylogenetic context. 
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Simulations suggest that the test is most powerful when the phylogeny is large and the 

character states being considered are relatively infrequent. Moreover, the test is found to 

work when rank-level information is used, but at great cost to statistical power. Finally, 

potential pitfalls of the test arc discussed. 

Phylogenies increasingly have more and more taxa as DNA sequence data 

proliferate, and supertree methods (Sanderson ei al. 1998) continue to raise the bar for 

larger size of data sets. Comparative methods will be required to handle such large 

phylogenies, and this one provides a start. 



370 

REFERENCES 

AppJequist, W. L., and R. S. Wallace. 2001. Phylogeny of the portulacaceous cohort 

based on luiliF sequence data. Systematic Botany 26: 406-419. 

Blanc, G., and K. H. Wolfe. 2004. Functional divergence of duplicated genes formed by 

polyi^loidy during Arabidopsis evolution. The Plant Cell 16: 1679-1691. 

Blanc, G., and K. H. Wolfe. 2004. Widespread paleopolyploidy in model plant species 

inferred from age distributions of duplicate genes. The Plant Cell 16: 1667-1678. 

Braun, H. J. 1984. The significance of the accessory tissues of the hydrosystem for 

osmotic v^'ater shifting as the second principle of water ascent, with some thoughts 

concerning the evolution of trees. lAWA Bulletin NS 5: 275-294. 

Brummitt, R. K. 1992. Vascular plant families and genera. Royal Botanic Gardens, Kew, 

U. K. 

Carlquist, S. 1962. A theory of paedomorphosis in dicotyledonous woods. 

Phytomorphology 12: 30-45. 

Carlquist, S. 1975. Ecological strategies of xylem evolution. University of ( alitbrnia 

Press, Berkeley, USA. 

Carlquist, S. 1985. Observations on functional wood histology of vines and lianas: vessel 

dimorphism, tracheids, vasicentric tracheids, narrow vessels, and parenchyma. Aliso 11: 

139-157. 

Carlquist, S. 1996. Wood and stem anatomy of Menispermaceae. Aliso 14: 155-170. 

Carlquist, S. 2001. Comparative wood anatomy: Systematic, ecological and evolutionary 

aspects of dicotyledon wood, 2nd ed. Springer-Verlag, Berlin. 

Donoghue, M. J. 1989. Phylogenies and the analysis of evolutionary sequences, with 

examples from seed plants. Evolution 43: 1137-1156. 

Eckardt, N. A. 2004. Two genomes are better than one: widespread paleopolyploidy in 

plants and evolutionary effects. The Plant Ceil 16: 1647-1649. 

Eggli, U., Hartmann, I I. E. K.. Albers, F., and U. Meve. 2002. Illustrated handbook of 
succulent plants, vol. 2. Springer-Verlag, Berlin. 

Esau, K. 1977. Anatomy of seed plants, 2nd edition. John Wiley & Sons. New York, 

U.S.A. 



371 

Felsenstein, J. 1985. Phylogenies and the comparative method. American Naturalist 125: 

1-15. 

Futuyma, D. J. 1998. Evolutionary Biology, 3rd Edition. Sinauer Associates, Inc., 

Sunderland, Massachusetts, U. S. A. 

Gibson, A. C. 1973. Comparative anatomy of secondary xylem in Cactoideae 

(Cactaceae). Biotropica 5: 29-65. 

Hearn, D., Merrigan, S., MacAurthur, R., and R. Amistrong. 2004. Arizona Flora and 

Fauna Image Gallery; imagedb. Web site http://ag.arizona.edu/image. 

Holbrook, N. M. 1995. Stem water storage. In, Plant stems physiology and functional 

morphology, Gartner, B. L., ed. 

IPNl: International Plant Names Index. 2004. Published on the Internet 

http://www.ipni.org. 

Jacobsen, H. 1978. Handbook of succulent plants, vols. 1, 2. Blandford Press, Poole. 

Judd, W. S., Campbell, C. S., Kellogg, E. A., and P. F. Stevens. 1999. Plant Systematics: 

A phylogenetic approach. Sinauer Associates, Inc., Sunderland, Massachusetts, U. S. A. 

Loomis, W. F.,ed. 1987. Genetic regulation of development. A. R. Liss, New York, U. S. 

A. 

Lynch, M., and J. S. Conery, 2000. The evolutionary fate and consequences of duplicate 

genes. Science 290: 1151-1155. 

Mabberley, D. 1996. The plant-book: A portable dictionary of the higher plants. Press 

Syndicate of the University of Cambridge, Cambridge, U. K. 

Maddison, W. P. 1990. A method for testing the correlated evolution of two binary 

characters: Are gains or losses concentrated on certain branches of a phylogenetic tree?. 

Evolution 44: 539-557. 

Maddison, W. P., and D. R. Maddison. 2003. Mesquite; A modular system for 

evolutionary analysis. Version 1.0. http://mesquiteproject.org. 

Mauseth, J. D., and B. J. Plemons. 1995. Developmentally variable, polymorphic woods 

in cacti. American Journal of Botany 82: 1199-1205. 

http://ag.arizona.edu/image
http://www.ipni.org
http://mesquiteproject.org


372 

Mauseth, J. J)., and B. J. Plemons-Rodriguez. 1998. Evolution of extreme xeromoiphic 

characters in wood: a study of nine evolutionary lines in Cactaceae. American Journal of 

Botany 85; 209-218. 

Meve, U., and S. Liede. 2002. A molecular phylogeny and generic rearrangement of the 

stapelioid Ceropcgieae (Apocynaceae-Ascepiadoideae). Plant Systematics and Evolution 

234: 171-209. 

Muriel, 1.  C., and J. B. Reid. 1993. Developmental mutants. In Peas: Genctics, Molecular 

Biology and Biotechnology, Casey, R. and D. R. Davies, eds. pp. 165-216. CAB 

International, Wallingford, U. K. 

Niklas, K. J. 1997. The Evolutionary biology of plants. The University of Chicago Press, 

Chicago, U. S. A. 

Olson, M. E. 2003. Stem and leaf anatomy of the arborescent Cucurbitaceae 

Dendrosicyos socotrana with comments on the evolution of pachycauls from lianas. 

Plant Systematics and Evolution 239: 199-214. 

Olson, M. E., and S. Carlquist. 2001. Stem and root anatomical corielations with life 

form diversity, ecology, and systematics in Moringa (Moringaceae). Botanical Journal of 

the Linnean Society 135: 315-348. 

Pagel, M. 1994. Detecting correlated evolution on phytogenies: a general method for the 

comparative analysis of discrete characters. Proceedings of the Royal Society of London, 

Series B 255: 37-45. 

R Development Core Team. 2003. R: A language and environment for statistical 

computing. R Foundation for Statistical Computing, Vienna, Austria. 

Rowley, G. D. 1987. Caudiciform & Pachycaul Succulents. Strawberry Press, Mill 

Valley, California. U. S. A. 

Sanderson, M. J., Purvis, A., and C. Henze. 1998. Phylogenetic supertrees: assembling 

the trees of life. Trends in Ecology and Evolution 13: 105-109. 

Sattler, R. 1988. Homeosis in plants. American Journal of Botany 75: 1606-1617. 

Scotland, R. W., and M. J. Sanderson. 2004. The significance of few versus many in the 

tree of lifc. Science 303: 643. 

Snel, B., Bork, P., and M. A. Huynen. 2002. The identification of functional modules 

from the genomic association of genes. Proceedings of the National Academy of the 

Scicnces of the United States of America 99: 5890-5895. 



373 

Steinmann, V. W. 2001. The evolution of succulence in the new world species of 

Euphorbia (Euphorbiaceae). PhD Dissertation, daremont Graduate University, 

Claremont, California, U. S. A. 

Stephens, S. G. 1951. Possible significance of duplication in evolution. Advances in 

Genetics Incorporating Molecular Genetic Medicine 4; 247-265. 

W^ROPICOS. 2004. Missouri Botanical Garden's VAST nomenclatural database. 

Published on the Internet http://mobot.mobot.org/W3T/Search/vast.html. 

Yoon, H.-S., and D. A. Baum. 2004. Transgenic study of parallelism in plant 

morphological evolution. Proceedings of the National Academy of the Sciences of the 

United States of America 101: 6524-6529. 

http://mobot.mobot.org/W3T/Search/vast.html


374 

FIGURES AND TABLES 

Figure I. Character correlation sensitivity analyses. This figure attempts to communicate 

patterns in a 5-dimensional space (2 character state frequencies, variance, number of 

taxa, and ancestral distances). To do so, results were color-coded in boxes to represent 

three of the variables, and boxes were oriented relative to the last two variables. 

Simulated correlations decreased from the top row of boxes to the bottom row. In the 

bottom row, characters are uncorrelated. The first column of boxes represents data from 

trees of 5 taxa and the last column of trees from 495 taxa. Within boxes, the x-axis is the 

frequency of the first character state, the j;-axis is the frequency of the second character 

state, and the color is the average value of D across all 1,000 replicates. Light colors 

represent highest D values, whereas darkest colors represent lowest D values. Undefined 

D values {i.e. when the frequency of character state 1 is 1.00) are colored the same as D 
equal to 0. The two boxes to the right are close-up D values for trees with 5,000 taxa to 

show the character frequency axes. The top graph is for analyses on fully resolved trees, 

whereas the bottom graph is of phylogenies collapsed to rank level. 

Figure 2. Box plot of ancestral distance to tuber origins for mesophytes and succulents. 

Succulents have significantly smaller ancestral distances to an ancestor that has one or 

more tuberous descendants than do mesophytes. Stem succulents are thus more closely 

associated with tubers than are mesophytes as a whole. 
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Figure 2. 

Ancestral Distance 



Table 1. Switch hypothesis of growth form evolution in Eudicots. Table lists the combinations of when and where secondary 

storage is expressed and the resulting lifeform. The last scenario considers sequential temporal expression first belowground, 

then aboveground. 

Underground Aboveground Life form Examples 

on 

off 

on 

off 

sequential: 
1 Sf  

off 

on 

on 

off 

Tiid 

geophyte 

stem succulent 

tuberous stem 

succulent 

fibrous-rooted herb Chamaesyce spp. 

Jatropha macrorhiza, Euphorbia primiilifolia 

Euphorbia candelabra, Jatropha podagrica 

Adenia fruticosa, Euphorbia kmithii 

stem succulent Pachycormus discolor, Adansonia digitata, 
Operculicarya decaryi 

-J 



Table 2. Some major succulent lineages. Tuberous, succulent, and lianous representatives are included where applicable. All 

succulent lineages investigated, with the exception of Fauquieriaceae, have tuberous representatives. Many succulent Imeages 

have no lianas, or are not derived from liana ancestors. 

Tuberous representatives Succulent representatives Liana representatives 

Adenia A. pyromorpha. A. venenata, A. gummifera, 
A. racemosa, A. lapiazicola A. densiflora. 
A. digitata A. heterophylla 

Adenium A. oleifolium, A. socotranum none 

A. somalense 

Asteraceae Senecio tuberosa, Senecio fungens, Mikania spp. 

Othonna tuberosa Othonna cacalioides (vines) 

Bombacaceae Adansonia digitata (juvenile), Adansonia digitata, none 

Ceiba acuminata Bombax ellipticum 

Burseraceae Bursera fagaroides (juvenile) B. microphylla, none 

Commiphora dinteri, 
C. gracilifrondosa. 

Campanulaceae Cyphia spp. Brighamia spp. none 

(vines) 

Ceropegieae Brachystelma spp., Stapelia spp.. none 

Ceropegia rendaUii, Cerop egia stapelifo rm. is, 
C. woodii C. cimiciodora 

Convolvulaceae Ipomoea batatas I. arborescens many 

Crassulaceae Sedum spp. Tylecodon spp. none 

(few vines) 

Cucurbitaceae Marah spp., Dendrosicyos socatrana. Fevillea spp.. 

Ibervillea spp., Mormordica rostrata many 

Kedrostris spp. 

-J 
00 



Tuberous representatives Succulent representatives Liana representatives 

Dorstenia D. barnimiana, D. gigantea, none 

D. benguellensis, /.). gypsophila, 

D. cuspidata I ) ,  f o e t i d a  

Euphorbia Euphorbia primulifolia, E. obesum, none 

E. trichadenia, E. candelabra. 
E. orbiculifolia, E. cooperi, 
E. platycephala.. E. hupleurifolia 
E. cylindrifoHa spp. tuberifera 

Fabaceae Ervthrina flabelliform is, Delonix adansonioides Mucuna spp., 

Dolichos spp., many 

Neorautanenia Jicifolia 
Fockea F. angustifolia F. multiflora F. multiflora 

Fouquieriaceae none Fouquieria. columnaris none 

Geraniaceae Pelargonium amatymbicum, P. carnosum, none 

many geophytes Sarcocaulon spp. (some scramblers) 

Impatiens /. tuberosa, 1. mirabilis none 

(some scramblers) 

Jatropha J. tuberosa, J. podagrica none 

J. macrophylla 
Lamiaceae Plectranthus crassus, P. ernstii none 

P. dolomiticus. (few vines) 

Aeollanthus buchnerianiis 
Moringaceae Jacaratia hasselariana. Carica spp.. none 

Caricaceae Moringa pygmaea, Moringa drouhardtii 
M. borziana 

Pachypodium Pachypodium bispinosum. P. lameri, none 

P. succulentum P. densiflorum 



I iihcroiis representatives 

Pedaliaceae Ptemdiscus angust if alius, 
Harpagophytum spp, 

portulacaceous cohort Talinum spp,, 

Portulaca argentinensis, 
P. friesiana, 
P. macrorhiza, 
Pterocactus tuberosus 

Pyrenacantha P. kaurabassana 

Vitaceae Cyphostemma congestum, 
Cissiis spp. 

Succulent representatives Liana representatives 

Sesamothamnus higiiardii, 
Uncarina spp. 

Portulacaria afra, 
Portulaca molokiniensis, 
Carnegeia gigantea 

none 

(some scramblers) 

none 

(vines,scramblers) 

P. malvifolia P. spp, 

Cyphostemma jvttae, Cissiis spp, 

C, currori 

UJ 
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