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Successive cambia revisited: ontogeny, histology, diversity, and
functional significance
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Successive cambia revisited: ontogeny, histology, diversity. and functional significance. J. Torrey Bot. Soc.
134: 301-332. 2007.—Plant anatomists are generally agreed on the histological products of successive
cambia: bands of secondary phloem and associated secondary xylem (“vascular increments’) embedded in
a background of conjunctive tissue (parenchyma, sometimes fibers). Interpretations have varied widely on
the ontogeny of this plan, Studies have usually involved one or a few species. The study of numerous taxa.
especially in centrospermoid families, leads to the conclusion that there is a common plan. although
variations on it are manifold. A master cambium produces secondary cortex externally and, internally, rays,
conjunctive tissue, vascular cambia, secondary phloem. and secondary xylem. Secondary phloem and
secondary xylem are formed from the vascular cambium in each vascular increment. Vascular cambia
function indefinitely, so that a master cambium and a series of vascular cambia (each in a vascular
increment) function indefinitely. The master cambium either remains active as long as an axis is actively
growing (although it may become quiescent following the initiation of each vascular increment and
associated conjunctive tissue), or. less commonly, may be reinvented in the secondary cortex. In order 1o
establish a framework for interpretations, the varied appearances of each of these tissues in genera that have
successive cambia is discussed. Themes that particular genera represent are then examined: diversification in
ray types and raylessness (Nyctaginaceae): diversification in conjunctive tissue (Aizoacaeae); rays as key
structural elements (Gnetaceae):; successive cambia as an apomorphy (Chrysanthemoides): protraction of
cambial activity (Menispermaceae); and cambial fracture and parenchyma proliferation (Bawhinia,
Mendoncia). In some taxa, such as Gnerum africanum and the large tropical lianas (Bawhinia.
Menispermaceae) a master cambium is absent: new vascular cambia arise by one or a few cell divisions in
cortical parenchyma. followed by rapid tangential widening of the wvascular cambium. Pervasive
ecophysiological themes in plants with successive cambia are examined: storage and retrieval: promotion
of mechanical strength and longevity of vascular tissues: and modes of lianoid structure. Because the
background tissue in plants with successive cambia is conjunctive tissue, not secondary xylem, the terms
“included phloem: and “interxylarv phloem™ are inapplicable. The term “'lateral meristem™ is abandoned in
favor of ““master cambium.”

Keyv words: anomalous secondary growth, cambial variants, Caryophyllales. Centrospermae, interxylary
phloem, lateral meristem, lianas, master cambium.

Successive cambia are familiar as the cause
of concentric rings in a beet. They also occur
in stems and roots of such familiar plants as
Amaranthus, Atriplex, Bougainvillea, Chenopo-
dium, Cycas, Mirabilis, Phytolacca, and Wel-
witschia. They occur in the flattened or
variously shaped forms of the giant lianoid
stems of Bawhinia, Gnetum, and numerous
Menispermaceae. Successive cambia occur in
bands or strands of secondary phloem and
secondary xylem (vascular increments), which
are embedded in a background of parenchyma
or fibers (conjunctive tissue). Schenck (1893)
and Pfeiffer (1926) used the term: the latter
accurately applied it to many of the genera
in which the phenomenon is known today.
Others have referred to successive cambia
under the vague terms “anomalous secondary
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thickening™ or “included phloem.” The sec-
ondary phloem of successive cambia is not
included within wood at all. a point made by
Stevenson and Popham (1973). Maintenance
of such terms may have been furthered by
those who are involved with wood identifica-
tion (IAWA Committee 1989) and who
therefore want simple terms. The distinctive
appearance of successive cambia and their
products can easily be learned by wood
anatomists, however. The desire to use such
a term as “included phloem™ probably in-
dicates a desire to consider the background
tissue of plants with successive cambia as
“wood,” but although often woody in texture,
this background tissue is not wood in the
ordinary sense. Wood anatomists who have
dealt in detail with plants with successive
cambia have used the term conjunctive tissue
for the background of fibers and/or parenchy-
ma in which vascular increments are embed-

ded.
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Terminology is only one symptom of the
problems involved in analysis of successive
cambia and their products. Although various
authors describe the histology of species
involved with reasonable accuracy, under-
standing of the ontogeny of successive cambia
has been troublesome. One cause is that soft
and hard tissues are intermixed in stems and
roots with successive cambia. Soft tissues and
stages in their development are frequently
damaged and uninterpretable when such axes
are sectioned untreated on a sliding micro-
tome. One solution to this problem is the use
of a softening agent followed by paraffin
embedding and sectioning on a sliding micro-
tome (Carlquist 1982). This is best applied to
liquid-preserved material. With material from
xylaria. the drying process has damaged soft
tissues prior to sectioning. Unfortunately,
xylaria have served as a primary basis for
materials studied by wood anatomists. How-
ever, once liquid-preserved materials have
been studied successfully, the appearances of
those materials based on dried specimens can
be interpreted successfully. All of the illustra-
tions in the present study are based on liquid-
preserved materials.

A third cause of misinterpretation can be
likened to the parable of the blind men and the
elephant. Most wood anatomists who have
looked at successive cambia have studied only
a single genus, sometimes only a single species.
Although | believe, as obviously did Pfeiffer
(1926), that a common plan underlies the
various cases, the differences in expression
when one looks at such extremes as Suyiwriu.
Gnetum africamtm, or Meiuloncia may offer
problems in interpretation. Over the past 25
years, | have attempted to analyze instances of
successive cambia in most clades in which they
occur. The value of comparative studies is, |
believe, considerable in providing necessary
insights.

The complexity of wood produced by
a single ("normal") cambium is daunting, so
neglect of successive cambia, which represent
an intricate series of histological phenomena,
has become commonplace. This is unfortu-
nate, because successive cambia occur in a wide
diversity of plants, and represent a fascinating
alternative pathway of secondary growth.
Successive cambia are known in 34 families
of dicotyledons (Carlquist 2001: number of
families varies with taxonomic practice). Al-
though the caryophyllalean families (especially
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the "eentrospermoid" families) form a promi-
nent nexus on the list, successive cambia must
have arisen in about 15 other clades. Wel-
witschia and all species of Gnetum (Carlquist
1996a) contain successive cambia. and they
have been reported in several species in each of
the cycad genera Cycas, Encephalartos, and
Macrozamia (Greguss 1968). The listing of
successive cambia genera represents a small
proportion of vascular plants at large, but it
poses an evolutionary question out of pro-
portion to numbers: why should this mode of
structure have been evolved repeatedly, and
what are its adaptive values? The picture of
how successive cambia arise evolutionarily and
how they are correlated with particular modes
of habit, ecology, and physiology has been
blocked by failure to understand the ontogeny
of these histological systems. Various ontoge-
netic interpretations have led to thickets of
terminology and controversy, which in turn
have led to marginalization and avoidance of
successive cambia in plant anatomical studies
and teaching.

In order to counter widespread neglect. | am
attempting to present a template for how-
successive cambia at large originate and
operate. A consistent terminology that can
be uniformly applied is offered. Interpreta-
tions together with the evidence for them are
offered. Those who wish more extensive
citations of literature on successive cambia
can consult Stevenson and Popham (1973).
Costea and DeMason (2001), and Carlquist
(2001).

The concept of successive cambia differs
from manifestations that are called ‘interxy-
lary phloem formed from a single cambium”
(Carlquist 2001). These instances occur in such
groups as Combretaceae (van Vliet 1979),
Onagraceae (Carlquist 1975a). and Srychos
and allied genera of Loganiaceae (Cockrell
1941. Mennega 1980). Interxylary phloem
strands or bands formed from a single cambi-
um do not form pairwise relationship to
strands or bands of vessels or vessel groups;
the vessels are distributed within secondary
xylem. In instances of successive cambia. the
strands or bands of secondary phloem occur
external to strands or bands of secondary
xylem, respectively. These strands or bands,
considered vascular increments here, are sep-
arated from each other by conjunctive tissue.
Because conjunctive tissue is not secondary

xylem. the term "'interxylary" is not permissi-



