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L. Abstract

Several ways in which morphology is used in systematic and evolutionary research in an-
giosperms are shown and illustrated with examples: 1) searches for special structural similari-
ties, which can be used to find hints for hitherto unrecognized relationships in groups with
unresolved phylogenetic position; 2) cladistic studies based on morphology and combined
morphological and molecular analyses; 3) comparative morphological studies in new, mor-
phologically puzzling clades derived from molecular studies; 4) studies of morphological char-
acter evolution, unusual evolutionary directions, and evolutionary lability based on molecular
studies; and 5) studies of organ evolution. Conclusions: Goals of comparative morphology
have shifted in the present molecular era. Morphology no longer plays the primary role in
phylogenetic studies. However, new opportunities for morphology are opening up that were
not present in the premolecular era: 1) phylogenetic studies with combined molecular and
morphological analyses; 2) reconstruction of the evolution of morphological features based on
molecularly derived cladograms; 3) refined analysis of morphological features induced by
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inconsistencies of previous molecular and molecular phylogenetic analyses; 4) better under-
standing of morphological features by judgment in a wider biological context; 5) increased
potential for including fossils in morphological analyses; and 6) exploration of the evolution
of morphological traits by integration of comparative structural and molecular developmental
genetic aspects (Evo-Devo); this field is still in its infancy in botany; its advancement is one of
the major goals of evolutionary botany.

Zusammenfassung

Verschiedene Moglichkeiten der Anwendung morphologischer Studien in der Systematik
und Evolutionsforschung der Angiospermen werden gezeigt und mit Beispielen illustriert:
1) Suche nach aussergewohnlichen morphologischen Ahnlichkeiten, die verwendet werden
konnen als Anhaltspunkte fiir potentielle unerkannte phylogenetische Beziehungen bei Taxa
mit noch wenig gesicherter Stellung; 2) kladistische Untersuchungen basierend auf kombinierten
morphologischen und molekularen Analysen; 3) vergleichend-morphologische Untersuchungen
in aufgrund von molekularen Analysen neuerkannten, morphologisch wenig untersuchten
Clades; 4) Untersuchungen von morphologischer Merkmalsevolution, ungewdhnlichen
evolutiven Richtungen und evolutiver Labilitit, die aus molekularen Untersuchungen resultieren;
5) Untersuchungen der Evolution von Organen. Zukunftsaussichten: Morphologie spielt heute
nicht mehr die Hauptrolle in der phylogenetischen Rekonstruktion. Es eréffnen sich jedoch
neue Moglichkeiten fiir die Morphologie, die in der primolekularen Zeit nicht vorhanden waren:
1) phylogenetische Studien basierend auf der Kombination von morphologischen und moleku-
laren Datensétzen; 2) Rekonstruktion der Evolution morphologischer Eigenschaften basierend
auf molekularen Kladogrammen; 3) verfeinerte Analysen morphologischer Eigenschaften in
Fillen, wo morphologische und molekulare phylogenetische Analysen zu abweichenden Resul-
taten gefiihrt haben; 4) besseres Verstindnies morphologischer Eigenschaften in einem erwei-
terten biologischen Kontext; 5) vermehrte Verwendungsméglichkeit von Fossilien; 6) Integration
von vergleichend morphologischen und molekularen entwicklungsgenetischen Aspekten (Evo-
Devo); diese Forschungsrichtung steht in der Botanik erst am Anfang; ihre Forderung ist von
besonderem Interesse.

II. Preface

This symposium, Structural Botany in Systematics, is dedicated to the memory of Bill
Dickison, highly esteemed colleague and friend. My acquaintance with Bill was through the
summer semester of 1982, when he was a guest professor at our department in Zurich and
taught a course in systematic plant anatomy. The uniqueness of his approach was that he used
all aspects of structure in his research. Today, researchers in structural botany are commonly
wood anatomists, or flower morphologists, or palynologists, or seed anatomists, or vegetative
morphologists. Bill did it all. Model families he studied in this way included Dilleniaceae
(Dickison, 1967-1970, 1979; Rury & Dickison, 1977; Dickison et al., 1978) and Cunoniaceae
(Dickison, 1975a, 1975b, 1977, 1978, 1980, 1984, 1989; Rao & Dickison, 1985a, 1985b;
Rutishauser & Dickison, 1989; Dickison & Rutishauser, 1990; Hufford & Dickison, 1992).
Bill Dickison (1989) also provided a detailed discussion of the systematic position of
Cunoniaceae and worked out an intrafamilial phylogenetic analysis, based on structural fea-
tures (Hufford & Dickison, 1992). A recent molecular analysis (Bradford & Barnes, 2001)
supports major parts of the morphological analysis. Bill’s broad approach was also a basis for
his unique book, Integrative Plant Anatomy (Dickison, 2000).
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IIL Introduction: The Role of Morphology in Phylogenetic
and Evolutionary Studies

The role of morphology in plant systematics has changed in the present molecular era.
Phylogenetic studies began with morphology in the 1970s and 1980s but then became domi-
nated by molecular methods in the late 1980s and the 1990s (for changes between 1950 and
2000, see Endress et al., 2000). Molecular studies triggered the development of refined cladis-
tic software, which could, in turn, be used by new and more sophisticated morphological stud-
ies. It is advantageous to be able to base phylogenies on molecular data to prevent circular
argumentation. However, we also have to realize that the entire endeavor of phylogenetic and
evolutionary reconstruction is a large mosaic of detective work. For well-supported results,
many steps may be necessary, with repeated cycles of reciprocal illumination. All parts should
fit together at the end (see also Donoghue, 1994). In addition, one should not forget that new
classifications (APG, 1998), shaped by molecular results, are built on the shoulders of those
whose classifications were primarily based on morphology (e.g., Cronquist, 1981; Dahlgren et
al., 1985; Kubitzki et al., 1993; Takhtajan, 1997; Thorne, 2000).

New opportunities for morphology in plant evolutionary biology have opened up thanks to
results gained by molecular studies. Morphology no longer plays the primary role in phyloge-
netic studies. The focus of morphology is shifting to evolutionary reconstruction, where mor-
phology is more efficient than earlier.

This also includes fossils. Paleobotanical studies gave and give fundamental insight into
major relationships and are important means of questioning or strengthening results gained by
the study of extant plants (e.g., Donoghue et al., 1989). Fossils can be studied only structurally
(except for relatively recent fossils, from which DNA can sometimes be retrieved; Soltis &
Soltis, 1993).

Among the milestones in angiosperm paleobotany that have contributed to phylogeny is
Doyle’s (1969) demonstration, in comparative stratigraphical studies, that triaperturate pollen
began later in the fossil record than did uniaperturate pollen. This was a strong argument for
the later origin of “higher” dicots than magnoliids (and monocots). In cladistic analyses it was
subsequently shown that the taxa with triaperturate pollen form a monophyletic group (Donoghue
& Doyle, 1989a, 1989b), and the informal name eudicots was created (Doyle & Hotton, 1991).
This eudicot clade is well supported by molecular systematics. With the molecular recognition
of the ANITA grade as basal in angiosperms (Qiu et al., 1999), it appeared in hindsight that
fossils resembling extant representatives of ANITA members were present in the Early Creta-
ceous, though not in considerable quantities. These include leaves (Upchurch, 1984), Amborella-
like pollen (Hughes & McDougall, 1987; see also Doyle & Endress, 2000), Illicium- or
Nymphaeaceae-like seeds (Friis et al., 2000), and Nymphaeaceae-like plants (Mohr & Friis,
2000) and flowers (Friis et al., 2001). Fossils also help to date divergence points in phyloge-
netic trees (Magallon et al., 1999; Bremer, 2000; Sanderson & Doyle, 2001; Vinnersten &
Bremer, 2001).

IV. Search for Special Structural Similarities

In the premolecular era, the search for and evaluation of structural similarities as potential
synapomorphies was the only method for determining phylogenetic relationships. This was
central to comparative morphology. Today it is overshadowed by molecular studies, because,
with the new technologies, large data sets can be obtained more quickly and analyzed more
easily. However, the search for structural similarities is still necessary and helpful. It may help
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in areas and at levels of the tree of life where molecular studies are difficult for some reason,
and it may give additional support to molecular studies. Of course, structural cladistic studies
are an additional way to proceed (see section V). Examples showing the significance of special
structural similarities are given below.

Cronquist (1981) recognized a small family Mendonciaceae, close to but separate from
Acanthaceae because of its fruit: an often unilocular drupe with only one or two seeds, in
contrast to explosive capsules with two locules and four or more seeds. It was shown, however,
that in Mendoncia the second locule is present in early development but then more or less
obliterates (Fig. 1) (Schonenberger & Endress, 1998). Furthermore, the early flower develop-
ment greatly resembles that of Thunbergia of Acanthaceae. Thus Mendonciaceae should not
be kept as a separate family. This was later supported by molecular studies, in which Mendoncia
is sister to Thunbergia, and the two are sister to the core Acanthaceae (McDade et al., 2000).

Chase et al. (1996) found in a molecular study that the trash-can family Flacourtiaceae is
polyphyletic, consisting of two or three clades, which also include some small former families.
Two major clades are Achariaceae sensu lato and Salicaceae sensu lato. Bernhard and Endress
(1999) showed that the androecium initiation pattern differs in these two clades. In Achariaceae
sensu lato the stamens are initiated centripetally or almost simultaneously, whereas in Salicaceae
sensu lato they are initiated centrifugally (Fig. 2).

All hamamelidaceous genera of the Southern Hemisphere are characterized by a unique
feature of the anthers. Although they have four pollen sacs, organized into two thecae, each
theca opens by a single valve, which is hinged on the ventral side of the theca (Fig. 3) (Endress,
1989a). To my knowledge, this pattern is not known in any other angiosperm and, thus, is
unique. The combination of such a unique feature and the exclusive occurrence of these genera
in the Southern Hemisphere (Australia, Madagascar, and Africa), in contrast to all other
Hamamelidaceae, indicate that they represent a monophyletic group, which was separated from
the northern rest of the family sometime in the Cretaceous and deserve to be recognized as a
taxon (Endress, 1989b). This was later supported by molecular studies (Li & Bogle, 2001).

Floral structure in some Anisophylleaceae and Cunoniaceae is exceedingly similar (Fig. 4)
(Matthews et al., 2001). In contrast, in molecular trees, Anisophylleaceae and Cunoniaceae
appear far apart, Anisophylleaceae in Cucurbitales and Cunoniaceae in Oxalidales. From pre-
liminary results of a comparative morphological study (M. Matthews, pers. obs.), Anisophyl-
leaceae would fit better with Oxalidales than with Cucurbitales. Floral fossils with structural
affinities to both Anisophylleaceae and Cunoniaceae, recently described from the Late Creta-
ceous of Sweden (Schonenberger et al., 2001), further emphasize potential close relationships
between the two families. Currently, Anisophylleaceae are molecularly insufficiently known;
only rbcL was studied in two species. Thus, it will be important to extend molecular analyses
to more genes, in order to see whether this will alter the phylogenetic position of the family.

V. Cladistic Studies Based on Morphology and Combined Morphology
and Molecules

Some large morphological cladistic studies in angiosperms found relationships that were
later confirmed by molecular studies. However, not many large morphological analyses had
been carried out before the large rbcL analyses by Chase et al. (1993), which then initiated the
boom of molecular studies. Due to the complexity of morphological characters, building a
sensible morphological data matrix is difficult. Stevens (1991, 2000) discussed difficulties in
scoring morphological characters, based on his own experience with Ericales. Hawkins (2000)
addressed formal problems in scoring morphological characters with a number of examples
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Fig. 1. Basal Acanthaceae, transverse sections of ovaries (from Schonenberger & Endress, 1998).
Upper figures: Pseudocalyx and Thunbergia have a two-locular ovary; Mendoncia has a unilocular ovary.
Lower figures: Ovary development in two species of Mendoncia, showing the early development of two
locules. In M. phytocrenoides, two almost equal locules are present in young stages; however, the upper
(adaxial) one lags behind in development and does not bear fertile ovules. In M. gilgiana, the upper
(adaxial) locule is minute from the beginning and almost obliterated at anthesis.
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Fig. 2. “Flacourtiaceae,” two different stamen-initiation patterns (from Bernhard & Endress, 1999).
A, B. Achariaceae sensu lato: centripetal stamen initiation. A. Camptostylus ovalis. B. Lindackeria dentata.
C, D. Salicaceae sensu lato: centrifugal stamen initiation. C. Idesia polycarpa. D. Pseudoscolopia poly-
antha.

from published studies by various authors. An additional dimension is the degree of knowl-
edge of global character distribution outside the group under study, which should improve
both character selection and character-state scoring.

In the large structural study on Rosidae by Hufford (1992), several new results came out
that were later confirmed by molecular studies, such as nonmonophyly of hamamelids, the
close relationships of Loasaceae and Hydrangeaceae, and the position of Sarraceniaceae in
asterids.

A morphological phylogenetic analysis by Tucker and Douglas (1994) found that Faboideae
and Mimosoideae were monophyletic but that Caesalpinioideae formed a grade, with the tribe
Cassieae being polyphyletic. This was later supported in an rbcL analysis by Doyle et al.
(2000). However, details in the topology of this caesalpinioid grade were different. The con-
gruity of the structural and molecular trees in some major aspects is noteworthy. However, the
differences in detail are also interesting, as they may help to elucidate problematical points in
the coding of characters.

A cladistic analysis based on morphological characters had never been carried out for all
angiosperms in sufficient detail before the large rbcL analysis by Chase et al. (1993), although
attempts to include all major angiosperm lineages in morphological cladistic analyses had been
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Fig. 3. Hamamelidaceae, different anther structure. Upper figures: open anthers from the side; each
dot designates a pollen sac. Lower figures: Transverse sections of closed anthers; each arrow points to a
dehiscence line (from Endress, 1989a). A. Anther with two valves per theca and a normal, central dehis-
cence line (in most Hamamelidaceae). B. Anther with one valve per theca and a unique, excentric dehis-
cence line (exclusively in all genera of the Southern Hemisphere).

Fig. 4. Anisophylleaceae (Cucurbitales) and Cunoniaceae (Oxalidales), young flowers (sepals re-
moved), showing digitate petals, protruding nectaries, and incurved stamens (from Matthews et al., 2001).
A. Anisophyllea disticha (Anisophylleaceae). B. Ceratopetalum gummiferum (Cunoniaceae).
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conducted by Dahlgren and Bremer (1985) and by Donoghue and Doyle (1989a, 1989b). Later,
Doyle et al. (1994), Nandi et al. (1998), and Doyle and Endress (2000) provided more studies
with increasing amounts of data; in addition, these three studies combined and discussed mo-
lecular and structural data sets. Another large combined data set and analysis of monocots is
that by Stevenson et al. (2000). Combination of molecular and morphological data appear to be
commonly more robust than molecular data alone (Donoghue & Sanderson, 1992; Nandi et al.,
1998; Chase et al., 2000; Sytsma & Hahn, 2000; Sytsma & Pires, 2001).

VI. New, Morphologically Puzzling Relationships Derived from
Molecular Studies

A.FAMILIES WITH UNEXPECTED NEW SYSTEMATIC POSITIONS

Molecular systematics has revealed some surprising relationships that had not been sug-
gested before. Some of these cases also show how convoluted the detective story of systematic
research can be—and the story may not be concluded today.

Dickison and Baas (1977) were the first to recognize the affinity of Paracryphiaceae to its
closest relative (that was later supported by molecular systematics; Savolainen et al., 2000),
but the global position of this clade was not discovered until later. Paracryphia was first de-
scribed as Ascarina alticola (Chloranthaceae) (Schlechter, 1906). It was found to be conge-
neric with Paracryphia by van Steenis (1950). Paracryphia had originally been described and
positioned in Eucryphiaceae (Baker, 1921). This was supported by Swamy (1953). However,
Dickison and Baas (1977) found similarities with Sphenostemonaceae, Actinidiaceae, and
Theaceae, and Schmid (1978) found affinities with Actinidiaceae; Hufford (1992) placed the
family as sister to Dilleniaceae and Theaceae. The big surprise came most recently from an
rbcL analysis in which Paracryphia was found to be sister to Sphenostemon and this clade
sister to Desfontainia and Polyosma in Dipsacales (Savolainen et al., 2000). All four genera
are in monogeneric families. In the mature fruit of Paracryphia the carpels separate from a
persistent central column (as in Medusagyne) (Cronquist, 1981; Endress, pers. obs.); the posi-
tion of Medusagyne is not yet clear (APG, 1998; Savolainen et al., 2000). The clade consisting
of Paracryphia, Sphenostemon, Polyosma, and Desfontainia is striking, because none of the
four genera had previously been positioned near Dipsacales.

Not only Paracryphia but also Sphenostemon (Sphenostemonaceae) was once believed to
be a primitive angiosperm. When Sphenostemon was first described it was placed in Rutaceae
(Baillon, 1875a) or Aquifoliaceae (“Ilicineae™) (Baillon, 1875b). However, one of its species
was later described as a new genus, Idenburgia, in Trimeniaceae (Monimiaceae) (Gibbs, 1917).
Van Steenis (1952) and Bailey and Swamy (1953) found another genus, Nouhuysia, to be
congeneric with Idenburgia; Nouhuysia had originally been described as a genus of Guttiferae
(Lauterbach, 1912). Van Steenis and Erdtman finally sank Nouhuysia (plus Idenburgia) into
Sphenostemon and confirmed its likely position in Aquifoliaceae (van Steenis, 1955). This
position was maintained by Cronquist (1981) and Takhtajan (1997), although Bailey (1956)
and Metcalfe (1956) (while supporting the Nouhuysia-Sphenostemon alliance) had questioned
a relationship with Aquifoliaceae on anatomical grounds. As mentioned before, most recently,
Sphenostemon surprisingly appeared in Dipsacales, based on rbcL (Savolainen et al., 2000).
Although both Aquifoliales and Dipsacales are in euasterids I (APG, 1998) they do not seem
to be closely related (Savolainen et al., 2000).

Of the other two genera in this new clade within Dipsacales, Polyosma was originally in
Saxifragaceae sensu lato (Escallonioideae) (Engler, 1930), Desfontainia in Loganiaceae
(Leeuwenberg & Leenhouts, 1980). At first glance, these four monogeneric families seem to
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be quite different from one another: Desfontainia has strongly sympetalous, tubular flowers
(Fig. 5D}; the flowers of the other three genera have free perianth parts, although in Polyosma
they are also tubular (Fig. 5C); flowers of Paracryphia (Fig. SA) and Sphenostemon (Fig. 5B)
are not differentiated into calyx and corolla (some species of Sphenostemon have two series of
perianth parts; Jérémie, 1997). However, their structure is poorly known in detail. The molecu-
lar results cry out for a comparative morphological study of this curious assemblage of strang-
ers, and the apparent morphological disparity, in turn, demands the inclusion of more genes in
molecular analyses. Desfontainia occurs in the Andes. Paracryphia, Sphenostemon, and Pol-
yosma are all from the Western Pacific region; all three have species in New Caledonia; the
monotypic Paracryphia is endemic there. Interestingly, all three genera that are represented in
New Caledonia have “primitive” wood, with more than 100 perforation bars in the end walls of
the vessel elements (cf. Takhtajan, 1997). Desfontainia also has up to 65 perforation bars
(Mennega, 1980).

Eupteleaceae were long regarded as a member of Trochodendrales or Hamamelidales in
hamamelidids (e.g., Hallier, 1903; Takhtajan, 1959; Endress, 1986). Surprisingly, molecular
systematic studies placed Eupteleaceae in Ranunculales, at first in an unresolved position (Chase
etal., 1993; Drinnan et al., 1994) but then in a grade between Papaveraceae (at the base) and all
other Ranunculales (Hoot & Crane, 1995; Soltis et al., 2000). Eupteleaceae are characterized
by a special wind-pollination syndrome (Fig. 6A, B) (Endress, 1969), which is also known in
some Hamamelidaceae and related families. However, it is of interest that within Papaveraceae,
Bocconia and Macleaya have a similar floral (wind-pollination) syndrome, with reduced peri-
anth, long, hanging anthers, and relatively large stigma with long papillae (Fig. 6C, D). A
similar syndrome appears in some species of Thalictrum in Ranunculaceae. Thus, the floral
syndrome of Eupteleaceae is not unique in Ranunculales; rather, it apparently evolved several
times within this order. However, a striking difference that still remains is that Eupteleaceae
are sizable trees, whereas this trait is otherwise not known in Ranunculales.

Vochysiaceae were earlier included in Polygalales (close to Trigoniaceae and Malpighiaceae)
(Cronquist, 1981). Based on rbcL molecular studies by Conti et al. (1996, 1997) they came out
in Myrtales, as sister to Myrtaceae s.str. It was unexpected to find a family with highly elabo-
rated, strongly monosymmetric, or even asymmetric flowers that have a spur in Myrtales and,
even more, as sister to Myrtaceae s.str., which have relatively unelaborated, polysymmetric
flowers.

An especially surprising result was to find Balsaminaceae sister to Marcgraviaceae/Tetra-
meristaceae/Pellicieraceae (Soltis et al., 2000). Balsaminaceae had already come out in Ericales
(but not with these families) in Chase et al. (1993), Olmstead et al. (1993), and Soltis et al.
(1997). This position was not found in structural analyses. Floral morphology is very different,
again monosymmetric and elaborate versus polysymmetric and simpler (in the other families).
In addition, the flowers are delicate in Balsaminaceae but tough in Marcgraviaceae. This su-
perficial impression of unrelatedness is increased by the fact that the two best-known genera of
Marcgraviaceae, Marcgravia and Norantea, have muitistaminate flowers (Gilg & Werdermann,
1925), in contrast to Balsaminaceae and the other two families. Thus, a comparative morpho-
logical investigation would again be important.

Gunneraceae, formerly often placed with Haloragaceae and Myrtales, came out as sister of
Myrothamnaceae in a combined morphological and molecular analysis by Drinnan et al. (1994).
This too is supported by more recent data (Soltis et al., 2000; Savolainen et al., 2000). Mor-
phologically, the two families seem to be very different (Endress & Igersheim, 1999). How-
ever, the structure of Gunnera species with small growth forms has not been well studied
(Wilkinson, 2000), and these species may have more plesiomorphic features within the genus,
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Fig. 5. Four families that form a new clade within Dipsacales, based on rbcL (Savolainen et al.,
2000), but exhibit highly diverging floral structures (all from collections of the author). A. Paracryphia
alticola (Paracryphiaceae). B. Sphenostemon lobosporus (Sphenostemonaceae). C. Polyosma aff.
alangiacea (Polyosmaceae). D. Desfontainia spinosa (Desfontainiaceae).

which may then be more similar to those of Myrothamnus. In fact, Gunnera herteri, a small
annual herb, comes out basal in the genus in the study by Wanntorp et al. (2001).

B. ASTERIDS WITH MULTISTAMINATE AND/OR MULTICARPELLATE FLOWERS

We must become accustomed to the fact that clades are more diverse than we thought. We
were brought up with some preconceptions about the structure of some larger groups, such as
the structure of an asterid, of a member of Dipsacales, or of a member of Ericales. These ideas
are, of course, in general still valid. However, there may be strongly deviating exceptions from
the general picture in each group.

It is relatively unusual to have flowers with numerous stamens in asterids. This is probably
the reason why most such taxa that have turned out to be asterids in molecular studies, were
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Fig. 6. Two members of Ranunculales with a wind-pollination syndrome. A, B. Euptelea polyandra
(Eupteleaceae). A. Branch with inflorescences. B. Single flower. C, D. Macleaya cordata (Papaveraceae).
C. Part of an inflorescence. D. Single flower.

formerly classified in rosids or dilleniids. However, taxa with multistaminate flowers are not
randomly distributed among asterids. They are concentrated in the more basal orders, Cornales
and Ericales (for phylogeny, cf. Albach et al., 2001). Most of these families are not closely
related to each other. This is also reflected by the fact that they have different androecium
initiation patterns. Both systematic distribution and different patterns indicate that polyandry
in asterids has evolved a number of times and even more than once within some families.
Here I consider asterid flowers with more than ten stamens as multistaminate (if the corolla
is pentamerous). In Ericales, at least nine families have consistently or partly multistaminate
flowers: Theaceae (Fig. 7A), Lecythidaceae (Fig. 7B), Marcgraviaceae (Fig. 7C), Fouquieriaceae
(Fig. 7D), Actinidiaceae (Fig. 7E), Ebenaceae, Sarraceniaceae, Styracaceae, and Symplocaceae.
These families do not form a clade but appear rather scattered in the Ericales (Savolainen et al.,
2000; Albach et al., 2001). Thus multistaminate androecia seem to have evolved several times
within Ericales. This is also indicated by disparate patterns of androecium development.
Lecythidaceae and some Theaceae are characterized by a large number of stamens (hundreds,
in extreme cases) and a centrifugal stamen initiation pattern, combined with a ring primordium
(Lecythidaceae: Hirmer, 1918; Leins, 1972; Endress, 1994; Tsou, 1994; Theaceae: Vishenskaya,
1980a, 1980b; Erbar, 1986; Sugiyama, 1991; Tsou, 1998). In Symplocaceae (Caris et al., 2001)
and some Theaceae (Erbar, 1986; Tsou, 1998), five stamen fascicles are formed. In Actinidia
(Actinidiaceae), the stamens are initiated more or less simultaneously (van Heel, 1987). In
Ebenaceae, Fouquieriaceae, Marcgraviaceae, Sarraceniaceae, and Styracaceae, polyandry is
less pronounced, and early development has not been studied. In Fouquieriaceae (Henrickson,
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Fig. 7. Asterids with multistaminate flowers. A. Camellia sinensis (Theaceae, Ericales). B. Planchonia
careya (Lecythidaceae, Ericales). C. Schwartzia (Norantea) brasiliensis (Marcgraviaceae, Ericales).
D. Fouquieria splendens (Fouquieriaceae, Ericales). E. Actinidia arguta (Actinidiaceae, Ericales).
F. Tupidanthus calyptratus (Araliaceae, Apiales). G. Blumenbachia hieronymi (Loasaceae, Cornales).

H. Carpenteria californica (Hydrangeaceae, Cornales).
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1972) and Styracaceae (Dickison, 1993), stamens are in one series. In Marcgraviaceae, they
are in two series in Marcgravia (Endress, pers. obs.). The two multistaminate families of Cor-
nales, Loasaceae (Fig. 7G) and Hydrangeaceae (Fig. 7F), are sisters (Soltis et al., 2000; Moody
etal., 2001). In Loasaceae, the polyandrous genera do not form a monophyletic group (Moody
& Hufford, 2000; Moody et al., 2001). Polyandry was first described as centrifugal and cen-
tripetal (Leins & Winhard, 1973). However, Hufford (1990) found a unifying pattern in the
family. In Hydrangeaceae, too, the genera with multistaminate flowers (Kappeler, 1995; Hufford,
1997; Roels et al., 1997) do not seem to form a single clade (Hufford et al., 2001). Among
Apiales, Araliaceae (Fig. 7F) contain several genera with multistaminate flowers; in three gen-
era there are species with 100 or more stamens (Eyde & Tseng, 1971). Among Gentianales,
there are a few multistaminate genera in Rubiaceae. Dialypetalanthus has a tetramerous peri-
anth but 16-25 stamens; it is also unusual in that it has free petals (Piesschaert et al., 1997).
Originally the genus had been placed in Myrtales. However, Piesschaert et al. (1997) placed it
in Gentianales, preferably Rubiaceae, based on structural features, and an rbcL analysis sup-
ported a highly nested position in Rubiaceae (Fay et al., 2000). Theligonum and Coprosma
(both Anthospermeae, Rubiaceae) may have more than 10 stamens, and Theligonum to up to
30 (Rutishauser et al., 1998).

Still less common are asterids in which flowers are multicarpellate and thus have more than
the usual 2-5 carpels. Apart from Paracryphiaceae, other aspects of which were addressed
above, the position of these groups in asterids was never problematical. This may be because
an increase in carpel number in a syncarpous gynoecium has less effect on the general appear-
ance of flowers than does an increase in number of free stamens. Paracryphiaceae (Dipsacales;
cf. Savolainen et al., 2000) have 815 carpels (Fig. 8A) (Dickison & Baas, 1977). The parasitic
Lennoaceae (now in Boraginaceae; APG, 1998) have up to 17 carpels (Fig. 8B) (Suessenguth,
1927). Some Ericaceae (Ericales; also including Empetrum and some epacrids) (Cronquist,
1981) and Sapotaceae (Steyn et al., 1991) have up to 10 carpels. A number of genera in Araliaceae
(Apiales) are multicarpellate, the most extreme case being Tupidanthus, with up to more than
200 carpels (Fig. 8D) (Eyde & Tseng, 1971). That they are all more or less highly nested in
Araliaceae is supported by molecular studies (Plunkett et al., 1997; Wen et al., 2001). Among
Rubiaceae, in several tribes there are genera with more than 5 carpels. In Timonius there are
more than 20 (Robbrecht, 1988). However, it is not clear whether each uniovulate locule cor-
responds to a carpel. The same is true for the aberrant genus Nolana (earlier in Nolanaceae, but
now in Solanaceae; APG, 1998), in which the seemingly 10 or more carpels may have arisen
through subdivision of two original carpels (Fig. 8C) (Huber, 1980).

VIL Character Evolution, Unusual Evolutionary Directions, and
Evolutionary Lability

Once a solid phylogenetic framework is established in a group, it becomes possible to study
character evolution. This is an important new opportunity for morphological studies. The re-
sult of character-optimization analyses has to be interpreted in a biological context. It may also
help to find problems in the definition of character states, which, in turn, may lead to deeper
morphological studies from a new perspective. Such studies also show that evolution is less
unidirectional than was often believed in almost dogmatic assumptions.

The first case relates to ovary position. It was commonly believed that there is a general
evolutionary direction from superior to inferior, for two reasons: 1) the inferior condition is
more complicated than the superior, so it must be derived from the superior; and 2) most of the
commonly known basal angiosperms have superior ovaries, whereas several large, conspicu-
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Fig. 8. Asterids with multicarpellate flowers, transverse sections of ovaries. A. Paracryphia alticola
(Paracryphiaceae, Dipsacales) (from Dickison & Baas, 1977). B. Lennoa madreporoides (Boraginaceae,
Boraginales) (from Suessenguth, 1927). C. Nolana paradoxa (Solanaceae, Solanales) (from Huber, 1980).
D. Tupidanthus calyptratus (Araliaceae, Apiales) (from Eyde & Tseng, 1971).

ous, advanced families or orders, such as Orchidaceae, Asteraceae, Rubiaceae, Asterales,
Dipsacales, and Zingiberales, are characterized by inferior ovaries.

However, comparative morphological studies have long emphasized that the opposite evo-
lutionary direction also occurs: for instance, in superior genera that are nested in inferior fami-
lies. These interpretations have been supported by molecular systematic studies in the families
in which such studies were conducted. Examples include Tetraplasandra (Araliaceae) (Eyde
& Tseng, 1969), supported by molecular studies (Costello & Motley, 2001; Plunkett & Lowry,
2001), and Gynotroches {(Rhizophoraceae) (semi-inferior to superior) (Juncosa, 1988), sup-
ported by molecular studies (Schwarzbach & Rickleffs, 2000). Moreover, numerous genera of
Rubiaceae (Pagamea, Coryphothamnus, Tresanthera, Canthiopsis, Mastixiodendron, Synap-
tantha, Lucya, Leptomischus, Pleiocraterium, Arcytophyllum, Oldenlandia spp., Astiella spp.,
and Mitrasacmopsis) have half-inferior or almost superior ovaries (Robbrecht, 1988: 88). In
Gaertnera the ovary is inferior at anthesis but superior in fruit (Igersheim et al., 1994); mo-
lecular systematic studies have dealt with, for instance, Gaertnera (Bremer & Manen, 2000)
as well as Oldenlandia (Bremer et al., 1995) and have supported the evolutionary direction of
inferior to superior. Among Haemodoraceae, Wachendorfia, Barberetta, Schiekia, and Pyrro-
rhiza have secondarily superior ovaries (Simpson, 1994, 1998).

It is also striking that flowers with inferior ovaries occurred as early as in the Lower Creta-
ceous, as evident from Hedyosmum-like fossil flowers (Friis et al., 1994; Crane et al., 1995).
They are well supported because the fossils also contain the unique pollen type of Hedyosmum.
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Gustafsson and Albert (1999) showed evolutionary direction in ovary position for various
groups above the genus level. The basal state in Asterales is inferior. But superior ovaries have
evolved in taxa of at least six families: Pittosporaceae, Escalloniaceae, Menyanthaceae,
Goodeniaceae, Phellinaceae, and Campanulaceae.

A second case of “unorthodox” evolutionary direction is the evolution of apocarpous gyno-
ecia from syncarpous ancestors. This is obvious, for example, in Rutaceae, Simaroubaceae,
Sterculieae-Malvaceae, and Apocynaceae s.1. However, in these cases the tips of the free car-
pels become postgenitally united before anthesis, and this united part apparently maintains a
compitum. In this way a functional disadvantage caused by the loss of syncarpy is circum-
vented. The bond is usually only transient, so that the gynoecium is completely apocarpous
before and after anthesis. This unusual evolutionary direction has been discussed by Endress et
al. (1983), and it was later supported by the phylogenetic topology of these families resulting
from molecular studies (e.g., Soltis et al., 2000).

A third case is the evolution of polysymmetric flowers from monosymmetric ancestors,
which seems to be more common than previously believed (Ree & Donoghue, 1999). Differ-
ent mechanisms may be involved in this evolutionary direction. It is effected simply by reduc-
tion of the number of the perianth parts; for example, in Plantago and Callitriche (Veronicaceac)
(Donoghue et al., 1998; Endress, 1998, 1999; Reeves & Olmstead, 1998) and in Bersama
(Melianthaceae) (Ronse Decraene et al., 2001). In Sibthorpia (Veronicaceae) the flowers are
simplified without organ number reduction but organ number (sepals, petals, and stamens) has
become unstable (Endress, 1998). The most often discussed case is peloriae, in which elements
of the monosymmetric ancestral flowers are often used for a derived polysymmetric construc-
tion (e.g., Coen, 1996; Cubas et al., 1999; Moller et al., 1999; Endress, 2001a).

Another problem is evolutionary lability, in which evolutionary changes back and forth
may easily take place. This is the case, for example, in ovary position, the first trait discussed
in this section. Within some families or even genera, ovary position may be highly labile. Such
evolutionary lability has often not been explored enough. If there is incongruity of the grid of
sampling of taxa with the speed of evolutionary change, this may lead to wrong results in
character evolution. In only a very few examples were labile characters traced and discussed
within genera at species level. Such evolutionary lability was shown in studies at the species
level for two genera in Saxifragaceae, Lithophragma (Kuzoff et al., 1999, 2001) and Chryso-
splenium (Soltis et al., 2001). These studies show how a more superior position evolved sev-
eral times from more inferior positions within one genus. Saxifragaceae seem to be especially
plastic in the position of the ovary. This is also the case in other families of Saxifragales, such
as Hamamelidaceae (Corylopsis; Morley & Chao, 1977, Endress, 1989b; Parrotia; Endress,
pers. obs.), Paeoniaceae and Crassulaceae (Gustafsson & Albert, 1999). Evolutionary lability
in the degree of fusion of petals and stamens was shown in detail for the Gentianella-Swertia-
Halenia clade (von Hagen & Kadereit, 2002).

VIIL Organ Evolution, Evo-Devo

There are some unsolved fundamental problems in flower evolution, such as the origin of
the floral organs: perianth parts, stamens, and carpels. It may be expected that the study of
fossils and the application of Evo-Devo, which is still in its infancy in botany, will bring new
results. I will address here two questions in the interpretation of perianth organs.

In the core eudicots the perianth is differentiated into calyx and corolla. Delimitation is
commonly not problematic, because calyx and corolla both occur in an isomerous whorl or
series of sepals and petals. However, in basal angiosperms there are two major problems.
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One problem is that sepals and petals are not clearly differentiated, and the perianth organs
are referred to as tepals, even if the inner ones are different from the outer ones and petaloid.
But then, what differentiates these perianth organs from real sepals and petals? In contrast to
stamens and carpels, which are strictly defined by their sexual functions, strict definition by
function is not possible for sepals and petals or for tepals. A combination of anatomical and
histological features loosely characterizes these organ categories. One of the most interesting
features is a developmental one. Typical petals in basal eudicots and in basal core eudicots,
though initiated in the normal acropetal sequence, are conspicuously retarded and lag behind
sepals and stamens for some time during bud development (Fig. 9C, D). The inner perianth
organs of basal angiosperms do not show this retardation, even if they are petaloid. But there
are exceptions: in Cabomba (Nymphaeales) (Fig. 9A, B) (Hiepko, 1965; Tucker & Douglas,
1996; Endress, 2001b) and Saruma (Piperales) (Leins & Erbar, 1995) the inner perianth or-
gans are retarded. Conversely, it seems that petal retardation is no longer present in core asterids
with sympetalous flowers (Endress, 1994).

The other problem is that perianth organs often occur in more than two series, and, to-
ward the periphery, they may gradually merge into more bract-like organs. This is especially
pronounced when the floral organs are spirally arranged and the number is not fixed (Fig.
10A, B) (e.g., Amborella, Austrobaileya, Trimenia, and Chimonanthus) (Endress, 1980;
Endress & Sampson, 1983; Endress & Igersheim, 2000). So where does the flower begin?
Are the lowest organs of the floral axis floral organs or bracts? This problem is also present
in some more basal eudicots, such as Ranunculales (Endress, 1995), Trochodendraceae
(Endress, 1986), Buxaceae (von Balthazar & Endress, 2002), and Myrothamnaceae (Jager-
Ziirn, 1966).

Larger-scale, comparative studies are certainly required in the new perspective of current
knowledge. It is also to be hoped that molecular developmental genetic studies with an evolu-
tionary focus as initiated in the past few years will shed light on these questions (Irish &
Kramer, 1998; Baum & Whitlock, 1999; Kramer & Irish, 1999, 2000). The recently initiated
Floral Genome Project (Soltis et al., 2002) hopefully will contribute substantially to answering
these questions. The better phylogenetic relationships are supported by molecular and com-
bined studies, the more it will be possible to study the evolution of structural and biological
traits. This will then be an eye-opener for evolutionary potentials in structure. It will support
many of the earlier assumptions, but it will also show how some of the earlier, almost dogmatic
assumptions in evolutionary morphology were wrong. Finally, the tough question of how flowers
originated should also be tackled in a multifaceted effort (Hollingsworth et al., 1999; Donoghue
& Doyle, 2000; Frohlich & Parker, 2000; Cronk et al., 2002).

IX. Conclusions: New Opportunities and Goals of Morphology in
Plant Systematics and Evolutionary Biology

Today, comparative morphology has new and more opportunities and goals than ever be-
fore. This is due primarily to the presence of molecular methods and techniques, which can be
used as a tool and which—and this is especially significant—have brought considerable advance-
ment in our phylogenetic understanding of the organisms. Increasing finds of well-preserved
fossils and improved possibilities for collecting plants in the field in various parts of the world
also contribute to the new opportunities in morphology.

The first opportunity is phylogenetic analysis, based on combined molecular and morpho-
logical data. Analyses of broad data sets are the most promising way to reach well-supported
results in phylogenetic reconstruction.
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Fig. 9. Retardation of “petals” in floral buds in a representative of basal angiosperms and in one of
core eudicots. A, B. Cabomba furcata (Cabombaceae, Nymphaeales). A. Flowers at anthesis. B. Floral
bud (arrowheads point to retarded “petals”). C, D. Geranium robertianum (Geraniaceae, Geraniales).
C. Flower at anthesis. D. Floral bud (arrowheads point to extremely retarded petals).

Second is evolutionary analysis of morphology, based on molecular (or combined molecu-
lar and morphological) phylogeny. As a first step, character-optimization programs can be
used as a guideline for further evaluation of character evolution.

Third is refined analysis of morphological features, stimulated by inconsistencies in previ-
ous phylogenetic and evolutionary interpretations. At this stage, it becomes especially obvious
how difficult and demanding morphological analysis really is.

Fourth is character optimization and judgment of morphological character evolution in a
wider biological context. Character optimization using existing software gives only a initial
framework for evolutionary interpretations. Even in well-supported cladograms, support for
particular evolutionary character-state changes is often weak. Therefore, apparent evolution-
ary directions should be discussed in an omnispective biological evaluation.

Fifth is increased potential for including fossils in morphological analyses because of in-
creased numbers and quality of fossil recoveries. Independently from newly available molecu-
lar techniques, paleobotany has made conspicuous progress. The many new fossils are
indispensable tools for studying character evolution and approximating dates of branching
points in clades at all levels.
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Fig. 10. Flowers that are preceded by bract-like organs so that delimitation of the flower toward the
outside is problematic. A, B. dustrobaileya scandens (Austrobaileyaceae, ANITA grade). A. Floral dia-
gram (from Endress, 1980). B. Flower from below. C, D. Floral diagrams of two representatives of
Ranunculales (from Endress, 1995). C. Sciadotenia paraensis (Menispermaceae). D. Nandina domestica
(Berberidaceae).

Sixth is exploration of the evolution of morphological traits through integration of com-
parative structural and molecular developmental genetic aspects (Evo-Devo). This field is still
in its infancy in botany. Its advancement is one of the major goals of evolutionary botany for
the future.
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