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ABSTRACT
CERCIS (FABACEAE): EVOLUTION OF CAULIFLORY IN THE GENUS
By
Shirley Ann Owens
Cercis is a genus with a geographically disjunct
distribution in North America, southern Europe and eastern
Asia. The architecture of cauliflory (flowering from the
lower branch and trunk areas of woody plants) was examined
in ten taxa, including nine of the 11 recognized species in
the genus Cercis. 1In each taxon studied, cauliflory was
present and the architecture of cauliflory was similar,
regardless of geoygraphic distribution. Therefore,
cauliflory probably arose only once in Cercis, before the
genus radiated from its site of origin.
Stems of Cercis canadensis were pruned to three differently
aged segments at three different times during the summer of
1992 to determine the effects of treatment on bud fates
(vegetative or reproductive). The development of vegetative
and reproductive buds was also microscopically examined on
untreated stems. Some buds that would have normally
developed into reproductive shoots became vegetative shoots
after stems were pruned. Although a change in eventual bud
fate occurred in pruned stems, a reversion from the floral
to the vegetative state did not occur since all buds are
initiated with orthodisticous phyllotaxy and those buds that
become inflorescences changed phyllotaxy prior to floral bud

initiation. Intermediate shoots were produced on some



experimental stems developed four foliage leaves instead of
four bracteose leaves but the flowers on the inflorescence
appeared normal. Identification of fossil leaves as Cercis
has been questioned based upon the presence or absence of a
pulvinus at the base of the lamina (upper pulvinus). The
present study indicates that the upper pulvinus degrades at
a faster rate than the lamina or the petiole proper. Thus
the lack of an upper pulvinus in a fossil leaf that is
otherwise similar to Cercis should not constitute a reason
for reclassification. However, the pattern left by the
degraded cushion of pulvinus tissue or the separated
vascular strands at the base of the lamina could used in
conjunction with features that are preserved during

fossilization.
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CHAPTER I

LITERATURE REVIEW

GENERAL INTRODUCTION

This literature review reflects upon the topics
addressed in the dissertation and those topics that deserve
to be addressed in the future. The literature review is
divided into two sections. The first section will consider
the literature on the development, ecology and evolution of
cauliflory. This section will begin with some general
terminology and the use of cauliflory as a taxonomic
characteristic.

The second section will be an overview of the
systematics of the Fabaceae family. Relevant aspects of the
biogeography, paleobotany and relationship of the legumes to
the angiosperms as a whole is presented. Since this study
deals with relict taxa of the family, emphasis will be on

the subfamily Caesalpinioideae and especially on the early

genera, Cercis, Gleditsia and Ceratonia.

CAULIFLORY; DEVELOPMENT, ECOLOGY and EVOLUTION

Terminology: In most plants flowering occurs on young leafy

shoots but there are exceptions to this flowering position.

When these exceptions occur in woody plants, they are



2
referred to as cauliflory. Mildbraed (1922) defined
cauliflory as flowering on older leafless twigs, the boughs
and the trunks, rather than on young leafy twigs. He
recognized the condition in all growth forms of woody
plants; trees, shrubs and lianas. The condition considered
by Mildbraed to be the most primitive type of cauliflory is
ramiflory, in which flowering occurs on young stems to older
branches, but not on main trunks as in Turraeanthus zenkerij.
Mildbraed also described several other types of éauliflory.
Trunkiflory is the case where flowering occurs only on the
trunk (Ietrastemma dioicum, Piptostigma macranthum,
Macrolobium lamprophyllum, Cola chlamydantha and Diospyros
fragrans), with basiflorous plants flowering only at the
base of the trunk (T. sessiliflorum, C. fibrillosa and
Chytranthus carneus). Basiflory occurs in several Malaysian
species of Ficus (Corner, 1978). Simple cauliflory is the
flowering on all areas of the plant; young, middle-aged and
old stems and trunks (the Ficus group Fasciculatae, species
in the genera Angylocalyx, Drypetes, Diospyros and
omphalocarpum) .

In addition to these types, which produce either simple
flowers or an inflorescence (with a short axis) directly on
the parent organ, another type of cauliflory called
idiocladanthie involves the production of flowers on a
special stem (inflorescence axis) with scale leaves and long

internodes. These stems can grow upward above the branch
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(FE. mucuso), droop downward below the branch (Annonidium
Mannii), or grow predominantly from the trunk (Piptostigma
mulitnervium, P. preussii). This does not include a
condition called penduliflory in which inflorescences hang
down under the crown on thin stalks (Parkia pendula and
Coeupia longipendula).

Flagelliflory is the name Mildbraed gave to a special
type of idiocladanthie. The plant in this case produces its
long whip-like flowering branches with scale leaves and long
internodes on the lower part or base of the trunk. The
example used by Mildbraed (1922) was Paraphyadanthe
flagelliflora which produced long prostrate shoots with
scale leaves and long internodes. Most of the shoot was
buried beneath litter except near the tips where small white
staminate flowers are formed. These runners, which are up
to 11 m long, rarely produce roots. This case is similar to
the condition that Corner (1978) refers to as geocarpy.
Flagelliflory is used in a much broader sense today and
refers to the whip-like inflorescences produced on older
branches and trunks (Pijl, 1982, Prance and Mori, 1979)
rather than just the lower part or base of the trunks
(Mildbraed, 1922).

The categories proposed by Mildbraed should be used
with caution as there are cases of intermediate types and
plants that exhibit more than one type of cauliflory

(Richards, 1952). Prance and Mori (1979) also found that
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inflorescence position in some taxa of the Lecythidaceae is
variable and Pijl (1982) reported that in monoecious
Artocarpus heterophyllus (Jackfruit) only the female
inflorescences are positioned on the trunk.

In addition to the terminology associated with cauline
flowering positions (cauliflory, flagelliflory), Pijl (1982)
refers to terms which emphasize the resulting fruits
(caulicarpy, flagellicarpy). The terminology will be
discussed here as it has relevance to some parts of the
ecology section of this review. There are two types of
caulicarpy recognized by Pijl; functional caulicarpy when
seed dispersal in a plant is enhanced by fruit position (bat
dispersed A. heterophyllus) or nonfunctionally caulicarpic
when fruit drops before dispersal (Durio ziberthinus).

Fruit position can differ from flower position.

Arachis has flowers that are not geocarpic but the ovary
stalk pushes the fertilized ovary into the soil producing
geocarpic fruits. Herbaceous monocots without secondary
growth, such as those in the Zingerberaceae and some monocot
geophytes also have flowering that could be considered
analogous to cauliflory in dicots (Corner, 1949; Richards,
1952). Since the cases above involve the term geocarpy
applied to herbaceous plants, geocarpy should not be used as
a category of cauliflory. Pijl (1968) used the term
basicaulicarpy which better describes the condition for

woody plants. 1In the case of the Ficus species described by
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Corner (1978) that have long flowering stems that arise in
the base of the tree trunk, basiflagellicarpy might be a

term better describing the condition.

cauliflory as a Classification Characteristic; Cauliflory
has been used as a classification character in the taxonomic
literature. For instance, cauliflory was a characteristic
unique to the section Cauliflorae of the genus Clitoria
(Fabaceae) (Fantz, 1982). At the species level, cauliflory
was one of the main characteristics used to classify
Quarabea pumila (Bombacaceae) (Alverson, 1984) and Recchia
simlicifolia (Simaroubaceae) (Wendt and Lott, 1985).

Type of cauliflory has been used as a major
classification characteristic for some of the species in two
New World tribes of Bignoniaceae (Gentry, 1980). In the
Bignoniaceae, inflorescences can be terminal and/or
axillary, ramiflorous, flagelliflorous or cauliflorous.
Kigelia, a bat pollinated genus, exhibits spectacular
flagelliflory (Gentry, 1980). The inflorescence position is
constant enough in species of Amphitecna and Parmentiera of
the Crescentieae tribe to be used as an important taxonomic
character.

Cauliflory has also been used in the classification of
some species of actinomorphic flowered New World

Lecythidaceae (Prance and Mori, 1979). In this group,

cauliflory is common in Gustavia, Grias and Couroupita.
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Prance and Mori (1979) found that inflorescence trends in
this group changed from the cauline to the terminal
position, indicating that cauliflory is the more primitive

condition.

Development of Cauliflory

In 1878, Schimper thought that cauliflory was due
solely to dormant buds which formed on leaf bearing twigs
and rested for years on older branches and trunks areas
until they flowered (in Thompson, 1951). Thompson showed
that cauliflorous buds could be produced and develop in
other ways.

Cauliflorous buds can arise from an axillary or
adventitious position. An axillary bud is defined as a bud
which forms in the axil of a leaf. These buds on a segment
of stem would follow the normal phyllotaxy of the tree. An
adventitious bud arises from mature tissue in areas other
than those of the normal phyllotaxy or from callus tissue
anywhere on the plant (Stone and Stone,1943; Aaron, 1946;
Fink, 1983). Axillary buds can be formed in a linear series
when a bud forms directly below the preceding bud (Thompson,
1946, 1949, 1951) or in a semicircular series when a bud
forms in a position lateral to a principle bud (Lent, 1966).
Incidents of axillary cauliflory have been reported to occur
in Cercis siliquastrum, Pleiocarpa mutica (Thompson, 1946,
1949) and Theobroma gacao (Lent, 1966), while incidents of
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adventitious cauliflory were reported for Ceratonia siliqua
(Thompson, 1944), Couroupita giganensis (Thompson, 1952;

Fink, 1983), Ficus glomerat, F. pomifera (Pundir, 1972,
1975), Artocarpus integrifolia, and Swartzia shomburgkii
(Fink, 1983).

Cauliflorous buds can be of an endogenous (arising in
deep seated tissue), or an exogenous (arising in superficial
tissue) origin (Esau, 1977; Bell, 1991). They can in
addition remain dormant/suppressed or can be initiated anew
each flowering season. Eventually buds develop vascular
connections to the parent organ. Three methods of vascular
connection that can occur in the cauliflorous situation were
described by Lent (1966): 1) a direct connection of the
vascular tissue of the bud to that of the parent organ, 2) a
connection of bud vasculature to the vascular tissue of an
old abscised reproductive bud, 3) a connection to the
vascular tissue of an abscised vegetative shoot.
Confirmation of the axillary origin of buds has sometimes
been done using connections of the vascular tissue to the
pith. However, endogenous adventitious buds in Tilia
platyphvllos have vascular traces to the pith because
differentiating vascular strands of newly formed
adventitious buds attach to old adjacent axillary buds
(Fink, 1983). Therefore, vascular traces to the pith used
alone are not sufficient evidence for axillary origin.

Cauliflorous development can change as the plant ages.
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In young trees of Ficus glomerata, inflorescences develop
exogenously in the axillary position but as the tree
matures, inflorescences are produced endogenously in an
adventitious position (Pundir, 1972). Inflorescences of
Theobroma cacao mature first on the trunk and sequentially
mature in an acropetal manner up to the one-year-old stems
(Lent, 1966). In young trees of F., glomerata, synconia are
singlely produced on one to three-year-old stems but as the
tree matures flowering occurs only on stems that are greater
than 3 cm thick and the single syconium is replaced by a
cauliflorous shoot with many synconia. This is an example
of basipetal cauliflorous progression (Pundir, 1972).
Inflorescences mature in Cercis canadensis in a synchronous
manner on all parts of the tree (Owens and Ewers, 1990).

Wens, macroscopically visible raised and swollen areas
along the stem, caused by the cauliflorous condition were
described for Ceratonia siliqua and Pleiocarpa mutica
(Thompson 1944, 1946, 1949). These are the structures
formed by obligatory nodosity ( "... the spontaneous
congenital disposition appearing on the edges of main or
long shoots and side or short shoots of certain Angiospermae
lignosae to form nodular swellings with progressive
additions of buds."), a counterpart to obligatory
cauliflory, reported by Paclt (1985, p. 220) to occur in
species of Gleditsjia. Up to 40 buds, either vegetative or

reproductive, were found on the nodes of older G. horrida



9
trees. Other legumes with obligate nodosity are Tamarindus
indigo and some species of Caesalpinia (Paclt, 1985). This
condition was found in C. canadensis, where the wens
produced higher order (greater than second order)
reproductive buds and in many cases epicormic shoots (Owens
& Ewers, 1991). These shoots produced first order
reproductive buds on nodes with very short internodes and
were also in many cases subtended by a series of
reproductive buds. In C. canadensis there is no difference
in size, shape or organization of the shoot apex of a
vegetative shoot versus a reproductive shoot until

initiation of the floral apex (Worthington, 1968).

Development of Cauliflory in Cercis canadensis subsp
canadensis: A study on the development of cauliflory in C.
¢c. subsp canadensis produced the following results (Owens
and Ewers, 1991): The vegetative branching system in C. ¢.
subsp canadensis is sympodial with the distal lateral bud
replacing the terminal bud each year. Flowering occurred in
the spring before the appearance of leaves. Inflorescences
matured essentially in a simultaneous manner on the trunk
and on all ages of branches and stems. The youngest stem
segments to flower were one year old. The two or three
distal most lateral buds on the one-year-old stem segments
(classified as 0 on counts made the previous summer)

developed into vegetative shoots that gave rise to the
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leaves. Epicormic shoots also developed on some lower
branches and trunks. Most of the other nodes produced only
reproductive buds. The inflorescence axis abscised after
flowering.

To determine whether reproductive buds on older
branches (i.e., those without visible leaf scars) arose in
an axillary or an adventitious position, it became necessary
to determine the phyllotaxy of C. ¢c. subsp. canadensis. The
phyllotaxy was determined from the leaf primordia in the
vegetative bud and follows the orthodistichous pattern of
Rutishauser (1982), with alternating leaf primordium forming
at approximately 180 degrees from the leaf primordium
initiated one node below. Adnate to the leaf primordium
were large stipules and intrastipular trichomes. During the
early stages of vegetative bud elongation, buds began
forming in the axils of leaf primordia.

Two basic types of reproductive buds were found: first
order buds that arose exogenously from the leaf axil, and
higher order buds that formed, also exogenously, in the
axils of the lower most bud scales of the inflorescence
below the abscission zone of the inflorescence axis.

Removal of the leaf pulvinus revealed a linear series of up
to ten first order buds. This series continued to develop
basipetally until stem elongation terminated. The first-
formed buds grew in conjunction with stem elongation as

newer buds were formed in the axil. The buds most distal to



11

the pulvinus were the first to have bud scales surrounding
their apical dome. The distal buds were later the first to
mature into inflorescences. This is consistent with results
for C. siliquastrum and P. mutica (Thompson, 1946, 1949).
These first order buds remain in a dormant state before
maturing in a basipetal series over several years. Dormancy
is used here as the general term for all instances in which
a tissue predisposed to elongate (or grow in some other
manner) does not do so (Doorenbos, 1953; Romberger, 1963).

Bell (1991) uses the term suppressed rather than
dormant for cauliflorous buds. He states that adventitious
and preventitious buds "grow a short distance each year in
the manner of a short shoot" and therefore can not be
dormant. My objection to this in the case of C.c. subsp.
canadensis is that the lower buds in the linear series have
differentiated bud scales but the actual bud primordia does
not differentiate until the year the macroscopic
inflorescence bud or macroscopic vegetative bud forms. This
could take up to four years in the proximal most buds.

Second order reproductive buds arose from the axils of
basal bud scales of inflorescences below the abscission zone
of the inflorescence axis. At least in some cases, second
order buds could be seen before the inflorescence abscised.
Some of these second order buds became macroscopic the year
after the first order inflorescence had abscised. Based

upon red staining with safranin O and fast green, the old
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bud scales were lignified or suberized.

Floral bud scales had an apical appendage at the tip.
These appendages on the floral bud scales of second order
reproductive buds were orientated approximately
perpendicular to those of a first order reproductive bud.
The change in orientation of the shoot was clearly marked by
these appendages. However, no morphological difference was
found between first order and second order reproductive buds
once they were removed from the plant.

Second order reproductive buds also gave rise to buds
in the axils of bud scales. These could be called third
order buds, which can give rise to fourth order buds, and so
on. Various orders of buds were observed on the same floral
bud stump and some new buds were being formed at the same
time that a bud from the previous year showed full
development.

In the older branches and trunks, inflorescences arise
from wens, which are macroscopically visible raised and
swollen areas along the stem. Wens became quite distinct by
the time the stem segment was six years old, corresponding
with maturation of some of the higher order buds. The buds
grew in conjunction with the stem such that buds with active
meristems were never engulfed by secondary growth. New buds
originated each year in the axils of old bud scales and the
wen increased in surface area over time. The sympodial

series of inflorescences on a wen resulted over the years in



13
a complex network of vascular tissue between the buds, old
and new, on the wen.

The wens were in two ranks following the
orthodistichous pattern of phyllotaxy established in the
vegetative bud. Wens caused by the cauliflorous condition
were first described for Ceratonia siliqua and P. mutica (
Thompson 1944, 1946, 1949). In C. ¢. subsp canadensis, the
wens produced not only higher order reproductive buds but
also in many cases epicormic shoots. Since, there is no
difference in size, shape or organization of the shoot apex
of a vegetative shoot versus a reproductive shoot until
initiation of the floral apex in this species (Worthington,
1968), epicormic shoots could easily differentiate when the
appropriate physiological cue is given. These epicormic
shoots produced first order reproductive buds on nodes with
very short internodes and were also in many cases subtended
by a series of reproductive buds.

In Acer saccharum and L. styraciflua, many epicormic
and lateral branches are short lived and the dormant buds on
the bases of these shoots become engulfed in periderm
(Church and Godman, 1966; Kormanik and Brown, 1969). The
epicormic shoots in C. ¢. subsp canadensis, due either to
abscission or pruning, are also short lived. Although first
order basal buds from epicormic shoots were not found
embedded in periderm, they continued in their sequential

development and also produced second order reproductive buds
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in their bud scales. These buds, along with the telescoped
sympodial series of higher order reproductive buds,
perpetuate the cauliflorous condition throughout the life of
the plant.

Macroscopic bud counts done by Owens and Ewers (1991)
indicated that the microscopic first order reproductive buds
sequentially mature during a five-year period and that new
first order buds were not formed on those stem segments
after this time. Perpetuation of the cauliflorous condition
over the life of the plant came primarily from higher order
reproductive buds that formed in the axils of floral bud
scales. Second order buds matured anytime after the second
year.

Data from the entire shoot system indicated that first
order reproductive buds produced more of the total
inflorescences than did higher order buds. This could be
attributed to the high number of current (0) and one-year-
old stem segments. Seven- and eight-year-old stem segments
produced more reproductive buds per node than younger stem
segments. All of these buds were also higher order buds.

Based upon the high number of newly developing higher
order microscopic buds in the micrographs versus the
quantitative data for macroscopic higher order buds per
node, it appears that higher order buds can also go through
a period of dormancy. A similar situation was reported to

occur in vegetative collateral buds formed on epicormic
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shoots of Liguidambar styraciflua (Kormanik and Brown,
1969). These first order vegetative buds produced second
order vegetative buds in the axils of the bud scales. The
second order buds remained suppressed and were eventually

engulfed in periderm.

Development of Cauliflory in Other Caesalpinioidae: oOf

special interest is cauliflorous development in two other
legume species in the subfamily Caesalpinioidea; Gleditsia
triacanthos and Ceratonia siligqua. They are genera from two
of the three groups proposed to be archaic for the Fabaceae
(Polhill et al., 1981). The development of cauliflory in
species of these genera needs to be done as it would
establish cauliflory in each of the archaic groups of the
legumes; Ceratonia, Gleditsia and Cercis.

Cauliflorous development has been reported for (.
siligqua (Thompson, 1944, 1946). He found that a basipetal
progression of first order buds was formed exogenously in
distal branches. These buds formed inflorescences which
abscised after flowering was completed, leaving a stump that
may still have superficial buds. These stumps along with
the superficial buds became entirely engulfed in cortical
tissues. Within these cortical tissues, the first
endogenous inflorescences arose. The secondary growth along
with the stumps of the original inflorescences and those

that were produced later become "warty wens from which
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numerous endogenous inflorescences protrude in a chaotic
manner during any flowering season." (Thompson, 1944, p.
50).

The term cortical tissue was problematic as most
temperate trees such as Ceratonia, whose origin is reported
to be in the Mediterranean region, generally lose their
cortex after periderm formation. Labels on Thompson’s
drawings in his 1944 paper show cortex below the cambium and
inner cork. Arzee, Arbel and Cohen (1977) reported that C.
siliqua formed only a superficial phellogen with cortex
persisting beneath until a true periderm formed. The true
periderm did not form until the tree was at least 40 years
old. The condition produces a smooth bark and usually
occurs only in tropical trees. This along with other
typically tropical characteristics such as cauliflory,
flowering in the autumn and year around cambium activity
presents questions about the reported origin of this species
(Arzee et al., 1977). They also reported that the
superficial phellogen in C. siligua was at first
circumferentially discontinuous, forming first under
lenticels, and a complete cork cover took 4-6 years to form.
It would seem that Thompson’s cambium is actually the
superficial phellogen. Delayed development of the true
periderm and the longevity of the cortical tissue would
better enable endogenous buds to reach the outer surface

during growth. It may also protect newly forming buds from
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attacks by pathogens or insects.

In 1891 and 1898, Kerner reported the replacement of
senescent short shoots in Gleditsia caspica over a ten year
period forming swollen nodes which contain the remnants of
20 or more short shoots (in Paclt, 1984). Paclt (1984)
reported the presence of obligate cauliflory in Gleditsia
that results from obligate nodosity, the term given to the

node swelling condition above.

Ecology of Cauliflory

Mildbraed (1922) reported 278 cauliflorous species
from tropical Africa. World wide, there are about one
thousand cauliflorous species (Mildbraed, 1922; Richards,
1952; Walter, 1971, 1984). Cauliflory is common in
rainforest trees, shrubs and lianas. Most of the species
that are cauliflorous are found in the understory or shrub
layer with few examples found in the canopy layer (Richards,
1952).

The possible reasons for a plant to be cauliflorous are
interesting ecological questions. What is the possible
adaptive relevance for the plants that exhibit this
characteristic? Hypotheses that try to answer this question
have been proposed in the past. Four of these are present
in the literature; one based upon physiological resources,
one based upon mechanical support for large flowers and

fruits, a third based upon seed dispersal and predation and
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a fourth based upon attracting pollinators for cross-
pollination. Because there is such a fine line between seed
dispersal and seed predation, they will be combined in this
review. A fifth hypothesis will be added; one that
considers cauliflory as a means of increasing genetic
variability between modules. This hypothesis is based upon
meristem mutations (Klekowski, 1988, Tilney-Bassett, 1986)
and the concept of individual plants as genetic mosaics
(Grant, 1974, Gill, 1986). Since cauliflory is primarily a
tropical characteristic, literature on tropical plants and

animals was used whenever possible.

Physiological Resources: The most feasible physiological

hypothesis is that flowers growing on branches and trunks
could effectively compete with leaves for minerals and
assimilates. Assimilates are stored in the older branches
and trunks (in Richards, 1952). 1In tropical evergreen trees
that store enough nutrients for flowering only in their
lower branches and trunks, cauliflory could represent a more
economic means of transporting and storing nutrients. The
objection to this hypothesis has been that this would be
more advantageous for large trees whereas cauliflory occurs
more frequently in small trees (Mildbraed, 1922; Richards,

1952).

Mechanical Support of Reproductive Structures: The presumed
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adaptive significance of cauliflory for mechanical support
of reproductive structures is based upon parts of Corner’s
Durian theory. The theory states that large arillate
fruits, evolutionarily retained from pachycaulous (with
thick or massive primary construction) ancestors, could not
be mechanically supported on the more recently evolved
leptocaulous (with thin or slender primary stem) trees
(Corner, 1949, 1964, 1978). As examples Corner (1964) uses
species in the genus Artocarpus which produce large multiple
fruits including breadfruit and jackfruit. Pachycaulous
trees such as A. anisophyllus and A. incisus produce fruits
on stout twigs. As the leptocaulous tree form evolved in
Artocarpus, fruits were either reduced and retained on
slender twigs as in A. lanceifolius and A. fulvicortex or
fruits were produced on the larger parts of branches and
trunks of the trees as in A. heterophyllus (Corner, 1964).

Ramiflory and cauliflory thus evolved, producing
dormant reproductive buds that flower and fruit on branches
and trunks that provide the appropriate mechanical support.
Corner argues that although the species with massive flower
and fleshy arillate dehiscent fruits have been replaced in
many cases with smaller dry indehiscent fruit types, the
massive flowers/ inflorescences or physiological
requirements remain in many cases to enforce the
cauliflorous condition.

Corner’s model for the durian theory are the thirty
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species of the genus Durio most of which are cauliflorous.
Due to the large spiny fruits and the size of the seeds,
seed dispersal was possible only by large mammals. Eames
(1977), in his criticism of the durian theory, considered
cauliflory to be an adaptation to pollination or seed
dispersal by bats and birds and cites that early angiosperms
relied upon insects for these functions.

Cauliflory in the early legumes (or legume ancestors)
could have evolved to support heavy fruits having seeds with
large arils. Corner (1949) considered the primitive legume
fruit to be a large red fleshy many seeded (up to 50) pod
with black seeds covered with a red aril. If cauliflory
evolved early in the history of the legume family, the
original selective pressures for the condition may no longer
exist. Fruit size reductions and/or the loss of arils
probably occurred many times in this large family. This
will be discussed because mechanical support could have been
the original ecological adaptation for Ceratonia and
Gleditsia which produce relatively large fruits on many
flowered inflorescences.

Examples of large heavy legume fruits with arils were
used by Torner (1949, 1964, 1978) to support his Durian
thb%ry..,Sane taxa in this family produce arils that cover
-the.emtire seed.-Larner (1949) found two genera in the
subfamilies Papilionideae and the Mimosoideae and fourteen

genera in the Caesalpinioideae that have species with these



21
arils. In the genus Acacia, he found species that produce
seeds with arils, seeds without arils and many types of
seeds with arils that are intermediate to these forms. The
arillate condition was considered by Corner (1949, 1964,
1978) to be a relict of the early legume ancestors and the
function of attracting dispersal agents has been transferred
from the seed itself via intermediate forms to the pericarp
of the fruit.

Criticism of this argument came from Pijl (1982) who
criticized the loose interpretation of an aril which Corner
used in the ecological sense "..... for anything juicy near
the seed, using only incidentally (for placental appendages)
a morphological criterion. When meeting morphological
discrepancies, he (Corner) rather freely invokes a process
indicated by him as a ‘transfer of function’ defying
homology." (Pijl, 1982, p. 139). The juicy part near the
seed could be the sarcotseta (a fleshy outer integument), an
aril (an outgrowth of the funicle) an arilloid (a term used
by Pijl and Ridley (1930) for the intermediate forms between
a sarcotesta and an aril), or the pulpa (an outgrowth of the
endocarp). Corner and Pijl also disagreed on the origin of
the sarcotesta: Corner thought that it was derived from a
combination of the aril and seed and Pijl found it to be
fundamental, found in cycads and Ginkgo, criticizing Corner
for lack of consideration of the angiosperm connection to

the gymnosperms. Obviously Corner took the criticism
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seriously and by 1978 had reduced the number of listed
genera possessing arils in the Fabaceae.

The use of the term aril vs arilloid is still
controversial in the Fabaceae. Gunn (1981) suggested
limiting the use of the term aril until anatomists clearly
establish the origin of all legume arils.

Mechanical support is a plausible ecological adaptation
for cauliflory in some legumes. Gleditsia produces
indehiscent fruits with endocarp pulpa and Ceratonia
produces semifleshy indehiscent drupes (Pijl, 1982). These
structures could be transitions from the arils that Corner
(1949) proposed for the earliest legume fruits. 1In
addition, both genera produce fruits on many flowered
inflorescences so it is possible to have many of these
relatively heavy fruits on one inflorescence axis. This

would further increase the need for mechanical support.

Seed Dispersal: Another plausible hypothesis for the
adaptive relevance of cauliflory is seed dispersal. Fruits
that have been selected for by or have evolved to attract
seed dispersers (frugivores) can be divided into two
categories: 1.) fruits that are eaten by animals that feed
opportunistically and perform low-quality dispersal and 2.)
fruit adapted to relatively specialized frugivores that
perform high quality dispersal (McKey, 1975). Opportunistic

frugivores eat other things besides fruit and use fruits as
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a source of water and carbohydrates. They will choose
succulent sugar rich fruits with small (easy to pass through
the digestive system) seeds, obtaining protein and lipids
from other sources. Specialized frugivores are totally
dependent on fruit as an energy source and choose fats and
protein rich fruits (Snow, 1962, McKey, 1975). Fats and
proteins are generally associated with providing nutrients
for developing embryos in large often non-dormant seeds
which are harder for the frugivore to digest. Often the
nutrient material is digested away from the seeds and the
seed is regurgitated.

If frugivores, both opportunistic and specialized,
can not physically obtain fruits they do not get dispersed.
Therefore, another factor for successful dispersal is fruit
position including all types of cauliflory. If the
cauliflorous condition is primitive within a plant group, we
would expect seed dispersal to be done first by reptiles
(saurochory) (Takhtajan, 1964) and then by mammals. Early
basicaulicarpous buds may have been saurochorous (Pijl,
1982).

Bats are important seed dispersers in the tropics.
Pijl (1982) reported that fruit bats are nocturnal and color
blind, with a good sense of smell preferring musty, rancid
odors. They have blunt molars used for pressing the juice
out of fruits. The fruit and the seeds are then discarded.

This enables them to have the small, simple gut necessary to
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maintain a low body weight. Fruits that attract them are
drab in color, have a butyric acid smell and large juicy
seeds (Pijl, 1982).

0ld World fruit-bats with their weakly developed sonar-
apparatus have problems flying through dense foliage.
Caulicarpic and flagellicarpic species of Ficus, Lansjum and
Artocarpus are chiropterochous (seeds dispersed by bats) and
have fruits positioned away from the foliage (Pijl, 1982).
One interesting example reported by Pijl (1982) is Swartzia
prouacensis, a legume, which produces large black seeds with
white arilloids that are suspended on funicles that can be
up to three meters long. He calls this flagellispermy.
Tropical caulicarpic species that have seeds dispersed by
bats are found in the Palmae (caulicarpy is organizational),
Moraceae, Chrysolbalanaceae, Annonaceae, Sapotaceae,
Anacardiaceae and Fabaceae (Pijl, 1982).

Seed dispersal by birds (ornithochorous) is important
for plants in tropical areas. Although caulicarpy occurs in
many tropical understory trees, it is not considered to be a
part of the ornithochorous syndrome. Perhaps it has been
overlooked.

Morton (1973) reported that the majority of neotropical
adult birds are at least partially frugivorous. Nestlings
are usually fed insects which nutritionally produce faster
growth. This is a selective advantage in the tropics where

there is a high rate of nesting predation. 1In general,
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fruit is more abundant year around in the tropics than
insects which are widely dispersed or abundant only during
specific times of the year (Morton, 1973, McKey, 1975).
Frugivorous birds can be specialists or opportunistic fruit
eaters. Most birds that are specialized frugivores are
large while opportunistic birds are small. Morton (1973)
attributes this to the fact that the specialists eat fruits
with fewer but larger seeds that can not be digested by the
small birds.

Fruit position is probably as important for birds as
the size of the seed. If the fruit is not accessible, it
does not get eaten/dispersed. Tropical birds which are at
least partially frugivorous are specialists and
opportunistic feeders of variable sizes (Morton, 1973). 1In
order to obtain fruit, they usually have to either perch,
hover next to fruits, or else snatch fruit while in flight.
Large birds that perch to obtain fruit would need the
support of larger branches and hovering and fruit snatching
birds would find fruit to be more assessable without
obstructions such as small branches and leaves. Although
there have been few studies that consider position of the
fruit (flagellicarpy and caulicarpy) as a part of the
syndrome for seed dispersal by birds, this would seem to be
an important factor that has been overlooked. Ridley (1930)
reported many tropical plant species that are

ornithochorous. Finding out which of these species are also
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caulicarpic could become an interesting study for the

future.

Predation: It is hard to determine when seed dispersal
actually turns into seed predation (Janzen, 1971). 1In .
addition, adaptations that attract seed dispersers, also
attract predators. Seed predation is especially intense in
the tropics and is the selective factor behind the immediate
germination of the seeds of many primary forest species as
soon as they hit the ground (Sarukhan, 1980). Predator
satiation could be achieved by increases in fruit or seed
production. Woody plants with certain types of cauliflory,
such as simple cauliflory, produce relatively more fruits
and seeds than it would if it were not cauliflorous.

Cauliflory might be especially adaptive in the legume
family because of predation. Bruchid beetles (in the family
Bruchidae) are predators that feed mainly on the seeds of
species in the Fabaceae (Janzen, 1969, Johnson, 1981). They
feed only on seeds and are generally host specific.

Solbrig and Cantino (1975) studied seed production in
three species of Prosopis from the United States and
Argentina. They found that of the 220-240 flowers produced
per inflorescence for each species, at most two fruits
developed to maturity. Bruchid beetles laid eggs on the
developing fruit surface and hatched larvae penetrated the

seeds damaging up to 25% of the seeds while they are still
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on the tree. Reinfection of the seeds occurs after they
have fallen from the tree. Only those seeds that pass
through seed dispersers escape, and of those, only around
50% on the average germinated. Solbrig (1981) estimated
that it would take 100,000 flowers to produce one
germinating seed.

Studies done by Janzen (1969, 1976) compared species of
perennial woody legumes from Central America and found
similar differences between those that are hosts to bruchid
beetles and those that are not. He also reported (1969) an
unpublished study done by J.E. Mathwig on two northern
latitude species; Gleditsia triacanthos (honey locust) and
Gymnocadus dioca (Kentucky coffee tree). Thirty to 50% of
the 10,000 seeds produced by the honey locust tree were
destroyed by the first bruchid beetle generation. Fruits
were removed from the tree and the upper valves (not the
seeds) were eaten by fox squirrels. The uneaten parts of
the fruits were then thrown on the ground where other
bruchid generations ate 90-100% of the remaining seeds. The
Kentucky coffee tree of the same age and size produced 400
seeds which were not destroyed by bruchid beetles probably
due to a toxin in the seed.

Although this may be immaterial, a cost factor that
was not reported for this study was the dioecious condition

in Gymnocladus. Gleditsia triacanthos flowers are often

functionally unisexual but the species is not dioecious. A
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comparison between these two species should take into
account that it took at least part of a strictly pollen
donating tree to produce the 400 Gymnocladus dioca seeds.

Several strategies against predation by bruchid beetles
were favored by Janzen (1976). They include selection for
larger and fewer seeds with chemical deterrents. Flowering
sequences that are more than a year apart would also be
effective as the predators would not have a dependable food
source and plant resources would be greater when flowering
and fruiting does occur. Another strategy would be an
increase in the number of seeds for predator satiation.
Certain types of cauliflory would make this possible. An
increase in seed production was not a strategy favored by
Janzen (1976). He suggested that selection for an increase
in seed number would not necessarily decrease the percentage
of seed mortality but admitted that this hypothesis had not
been tested. His studies also indicate that the beetles are
host specific and able to produce only one generation per
year in the lowland deciduous forest of Guanacaste Province
on the Pacific Coast of Costa Rica.

An obvious argument to this reasoning is that even if
the percentage of seed mortality remains the same, there
should still be more seeds to take a percentage of with an
increase in seed production. Simple cauliflory would be a
strategy for increasing the number of seeds and there are

probably tropical cauliflorous legumes with and without seed
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predation by bruchid beetles that could be used to test the
hypothesis.

Those genera of beetles that are seed predators
associated with genera relevant to this study are the
following: Amblycerus, Bruchidius and Bruchus (Gleditsia):;
Bruchus, Caryedon, Mimosestes, and Pseudopachymerus
(Ceratonia): and Gibbobruchus (Cercis) (Johnson, 1981).

Pollination: Attraction to pollinators is another operative
hypothesis because cauliflory occurs mainly in the tropical
shrub layer where flowers can be easily hidden by vegetative
leaves. Spatial separation from the leaves make flowers not
only more conspicuous to a pollinator but also in many cases
more accessible. Animals, such as bats, birds, and insects
foraging for nectar and/or pollen, are the primary
pollinators in the tropics. An extension of the pollination
hypothesis was presented by Stebbins (1974) and is as
follows: the animal populations in the rain forest, like the
plant populations, are in horizontal layers. Competition
for pollinators is very high in the dense upper levels but
few plants grow in the dimly lit levels toward the ground.
This creates a need by ground level pollinators that can
easily be filled by cauliflorous species.

Bats are the pollinators that are most frequently
associated with cauliflorous tropical plants. Pollination

by bats is called chiropterophily. There are two suborders
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of the Chiroptera: the 0ld World Megachiroptera
(frugivorous) and the Microchiroptera (mainly insectivorous
but a few New World frugivorous species). Both suborders
have a few species that can pollinate flowers which they
feed on (Start and Marshall, 1976). Faegri and Pijl (1971)
reported that the most primitive group of Megachiroptera,
the Pteropinae, are fruit eaters and the more derived
Macroglossinae have adaptations for feeding on nectar and
pollen

Bats can be effective vectors for cross pollination.
Start and Marshall (1976), in a study of three species of
Malaysian bats, found that the bats probed rapidly for
nectar, visiting many inflorescences on the same or
different trees. Pollination occurred when pollen dusted
onto the bats was deposited onto receptive stigmas during
foraging.

Flower position is an important part of the
chiropterophily syndrome for bats such as those in the
Megachiroptera that have an inefficient sonar-system. Woody
plants that are flagelliflorous and penduliflorous position
their blossoms in open spaces. In some Mucuna species, the
stems bearing flowers are 10 m long and in many genera of
Mucuna and Kigelia cauliflory and flagelliflory occur
together (Faegri and Pijl, 1971). Faegri and Pijl (1971)
consider some members of the Cactaceae to be cauliflorous

and report that they along with Durio and night blooming
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flagelliflorous Marcgravia species are pollinated by bats.
Corner (1964) reported chiropterophily in Cereus
(Cactaceae), Kigelia and Durio.

Chiropterophily occurs in all three subfamilies of the
legumes but most (50%) occurs in the New World
Caesalpinioidae (Arroyo, 1981). An example used was Eperua
with flagelliflorous inflorescences (Arroyo, 1981) and
sticky, coarse, warty pollen grains (Graham, 1981).

Pollination by birds (Ornithophily) is another
consideration for cauliflorous species. Although pollination
is performed by sun-birds, nectar-eaters, honeycreepers,
hummingbirds, sugar-birds and even parrots (Arroyo, 1981),
the focus here will be on the hummingbirds. Hummingbirds
are not only important pollinators in the tropics but much
of the literature suggests that they would be attracted to
cauliflorous plants. For example, Snow and Snow (1972) in
their study of nine species of hummingbirds in the Arima
Valley, Trinidad, reported that the only plants that were
adaptive to hummingbird pollination were found in the
understory. In an unpublished study by F. G. Stiles,
California hummingbirds were found to forage from beneath a
plant rather than from the top (in Frankie, 1973). 1In
addition, hummingbirds are able to hover (Faegri and Pijl,
1971) enabling them to collect nectar and pollen from
flowers that arise on lower branches and trunks.

Grant and Grant (1968) found that a number of tropical
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American plant groups have bat flower and hummingbird flower
taxa in the same genus or in genera of the same family.
They suggest that the systematic distribution of the bat
pollinated flowers indicates that they were derived from
bird pollinated taxa. Taxa in these groups would be good
candidates for the study of cauliflory in relation to
ornithophily. Skutch (1952) in a study of the Costa Rican
Passiflora vitifolia found that the large red flowers of
this liana were pollinated by the hummingbird, Phoethornis
supercilious. Vegetative leaves are located as high in the
canopy as this liana grows but the flowers are borne on
special shoots produced near the ground.

Insects are other possible pollen vectors for
cauliflorous species. Pollination by bees has been reported
for some cauliflorous species of Couroupita (Prance and
Mori, 1979). Midges have been reported to be the
pollinators of Theobroma cacao (Faegri and Pijl, 1972).
Accidental pollination by ants was suggested by Mildebraed
(1922). Butterflies, hawkmoths and beetles are other
possible pollen vectors.

In conclusion, Bawa and Beach (1981) view "... the
ecological interactions among individuals that mate with
each other, as being the result of the coevolution between
sexual partners and also between flowers and pollinators.".
Cauliflory in some species is an integral part of this

coevolution. It alsp plays a role in seed dispersal which
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may ultimately result in the continuation of a plant

lineage.

c tic Variability Bet Modul ) t] cept of
genetic mosaics: Genetic variability between different
shoot units in a plant (particularly in woody plants) is the
last hypothesis considered as having adaptive relevance for
cauliflory. It is probable that the genetic diversity among
gametes formed on some cauliflorous plants would increase
since reproductive structures are formed at different times
and on different parts of a plant. The hypothesis is based
upon plants as a metapopulation of modules, upon
meristematic mutations in plants, and upon another
hypothesis, that of genetic mosaics. An introduction will be
provided to each of these topics and a discussion on how
this pertains to cauliflory will follow.

Plants as Metapopulations: Classical thought has been
that the underlying mechanism for evolutionary change is
natural selection with the individual organism as the
fundamental unit of this selection (Lewontin, 1970).
Although some change is possible directly through mutations,
the major evolutionary changes are thought to be brought
about by genetic recombination through sexual (meiosis or
conjugation) reproduction, resulting in high genetic
diversity upon which natural selection can act.

Evolutionary thought along these lines is based upon
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Weismann’s doctrine of developmental determinism of phyletic
distribution (Buss, 1983). Genetic recombination in plants,
according to this line of thought, implies cross pollination
(xenogamy) of individuals (Stebbins, 1974). Also implied is
the genetic uniformity of individual plants; the pollen and
ovary bearing individuals involved in cross pollination must
be independent. Any other method of sexual or asexual
reproduction in plants is often considered to be incapable
of producing progeny that are genetically diverse enough for
significant evolutionary change.

Evolutionary theory based upon these assumptions is
problematic for plants (and other organisms such as fungi
and many invertebrates). The major problem is in the
definition of an independent individual as the basic unit of
natural selection (White and the references therein, 1970,
Harper and White, 1974, Solbrig, 1980, Gill, 1986). Would a
tree with many orders of branches (modules) be considered to
be the basic unit of natural selection or would the
individual modules themselves be considered the basic units?

A system of architectural models based upon a secession
of modules was derived for trees (Halle et al., 1978,
Prevost, 1978). White defined a module as an axis whose
meristem creates all the differentiated structures of a
shoot from inception to flowering (1980) and proposed that a
plant should be considered as a metapopulation of individual

modules (1979).
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Modules have a demography, experiencing birth,
fecundity and death (White, 1970, Harper and White, 1974,
Solbrig, 1980). Maillette (1982) used this concept in a
study of the structural dynamics of Betula pendula, silver
birch. She considered the individual tree as a population
of repeated units (buds) suitable for a demographic study.
The buds could die or become long vegetative shoots, short
vegetative shoots or reproductive shoots all with different
levels of needs competing for limited amounts of resources.
Ultimately the fate of these buds determines the shape of
the tree (Fisher and Tomlinson, 1973).

Mutations in Plants: Stratified meristems (those with a
tunica-corpus organization) have independently evolved in
many plant groups (Romberg, 1963, Tilney-Bassett, 1986,
Klekowski, 1988). The tunica is defined as the peripheral
layer(s) of the shoot apical meristem distinguished by cells
that divide in the anticlinal plane (Esau, 1977). The
corpus, located beneath the tunica, is comprised of layers
of cells that divide periclinally and anticlinally. The
genetic consequences of stratified meristems is clearly
understood: because component meristems in such apices are
almost autonomous, somatic mutations often lead to the
development of periclinal mutations. (Klekowski, 1988).
Periclinal mutations are mutations that occur in entire
layers of the meristem. Unlike embryotyic animal growth in

which certain layers give rise to certain tissue, apical
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meristem initials are not predetermined. 1Initials from the
tunica give rise to epidermal layers and if multilayered,
can also add to tissue below the epidermis. The corpus can
give rise to provascular tissue and also to ground tissue.

Mutations can occur in any of the meristem layers. The
location of the mutation determines the phenotypic and
genotypic differences between modules. For a complete
review of meristem mutation types and the history and work
done with plant chimeras see Tilney-Bassett (1986). The
tunica-corpus can be divided into an LI (outer layer of the
tunica), LII, LIII, etc. as the layers progress into the
center of the corpus (Grant, 1974). These layers are going
through many anticlinal and/or periclinal divisions and
mutation in these cells get reproduced into subsequent L
layers. As leaf primordia, stem tissue and axillary buds
are formed from these layers, mutations are passed on and
also change depending on where the mutations was when organs
were initiated.

The mutation process is nicely illustrated in chimeras
with leaf variegation such as Mentha arvensis ’‘Variegata’
(in Klekowski 1988). At least one of the L layers in this
plant produces cells that are incapable of photosynthesis
(white cells formed). Other layers produce cells that do
photosynthesize and produce normal green cells. If the
white cells occur in the layers of the leaf where they are

not masked by the green cells, the area appears white.
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Ploidy level mutations have been discovered in the
shoot apex of a number of periclinal chimeras of Datura
stramonium, jimson weed (Avery et al., 1959). The chimeras
have diploid and polyploid meristem layers. These kinds of
mutations have also been induced with colchicine to produce
larger flowers or fruits (Grant, 1974, Tilney-Bassett,
1986). Since an increase in ploidy level produces an
increase in cell size, these mutations have been used to
determine the fate of the layers of the tunica and corpus in
fruits of thorn apple (Satina and Blakeslee, 1943; Satina,
1945; Dermen, 1947; Blaser and Einset, 1950)) and peach
(Dermen and Stewart, 1973). They determined that the germ
cells are formed in these species from subepidermal tissue
(usually LII layers). Pollen and embryo sac mother cells in
potato were also found to be derived from the LII layer
(Howard, 1970)

In woody plants, branching patterns are often
developmentally determined and thus have a genetic basis
(Klekowski, 1988). Branching also affects the distribution
of somatic mutations in the plant. Klekowski did some
mathematical modeling with branching systems and determined
that the most important characteristic for determining
mutation accumulation is the branching system (1988). The
branching system determines the biological age of apical
initials by the number of cell divisions that have occurred

since zygote formation. Plants with a lot of branching have
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apical initials that have undergone fewer cell divisions
from the zygote than a plant with similar biomass that has
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