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Trees, shrubs, lianas and herbs have widely different mechanical architectures, which
can also vary phenotypically with the environment. This review investigates how
environmental effects, particularly mechanical perturbation, can influence biomechanical development in self-supporting and climbing growth forms. The bifacial
vascular cambium is discussed in terms of its significance to growth form variation,
ecology and evolution among extant plants, and during its appearance and early
evolution. A key aspect of this developmental innovation concerned its potential for
architectural and mechanical variation in response to environmental effects as well
as optimizing hydraulic supply before the appearance of laminate leaves. Growth
form diversity and its importance to past and present ecosystems are discussed
in relation to both evolutionary constraints and ecological factors such as climatic
change and atmospheric CO2 concentrations. We discuss how widely ranging
growth forms such as climbers show a large range of developmental and phenotypic
variation that has much to offer in understanding how the environment can modify
plant development, particularly in terms of the bifacial vascular cambium. The broad
approach we propose would benefit a wide range of studies from research into
wood development to long-term ecological censuses of today’s potentially changing
ecosystems.
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Introduction
Some of the main aims of recent evolutionary developmental
research have been to discover the genetic and functional
organization of the stem, leaf, root and reproductive organs of
plants. While increasing efforts are made to understand the
development of these organs in model organisms and now
a greater variety of plants, few studies have focused on their
ecological development and fewer still on how the entire growth
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form of plants might be altered by the genome and modified by
the environment. The extension of evolutionary developmental
studies to include the effects of ecology on developmental
variation is nowhere more applicable than for understanding
growth form diversity of plants.
In this review we discuss how ecology and environment can
modify the overall growth forms of plants with particular
reference to the mechanical constraints of stems and branches
during development and growth. We discuss the main differences
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between self-supporting plants and climbers, how such
forms vary with the environment and how phylogenetic
constraints can influence different developmental patterns.
We briefly summarize recent hypotheses on the evolution of
some major innovations in plants – secondary growth and
the appearance of leaves – and broadly discuss how these
were affected by environmental change and, indeed, how they
themselves changed the environment. We argue that growth
form diversity is an obvious but possibly understudied aspect
at opposite extremes of biological research, from censoring
natural habitats to choice of model organisms in molecular
research. We argue here that growth form eco-devo and
evolution is, however, a major factor underpinning ecosystem
structure and diversity.

Growth Form Variation: Ecological and
Evolutionary Contexts
What ecological conditions favour the tree habit and how do
trees vary in different conditions? How do climbing plants
differ from trees or shrubs? Can some species grow as shrubs
or trees as well as climbers? What ecological effects might
mediate these changes? How, and to what extent, is plasticity
of growth form governed by phylogenetic constraints? When
and how did the vascular cambium evolve and why did it
become a key innovation for seed plants and their putative
ancestors? The evolution of growth forms since the early terrestrial
radiations is a complex history of innovation, complexification,
simplification, conservatism, radiation and extinction. Trees,
shrubs, climbers and herbs have different ecological preferences
and different mechanical attributes. Are certain types of growth
form highly constrained and immovable in evolutionary terms?
Are some plant groups more ‘flexible’ in their capacity to evolve
widely differing growth forms and is this capacity related to
the evolutionary age or complexity of the group? What are
the evolutionary developmental processes (e.g. heterochrony,
heterotopy and homeosis) and what are the ecological factors
that coerce to either canalise or facilitate growth form variation
and evolution?
Mechanical architectures of growth forms
Size, height, and the stiffness or flexibility of plant stems are
all determined by anatomical development and mechanical
properties of their tissues. Trees, shrubs, herbs, vines, lianas,
root climbers, epiphytes and hemiepiphytes all have contrasting
developmental patterns of the stem and overall mechanical
architectures. Biomechanical analyses can determine the stiffness
or flexibility of a plant from its base to its apex and from
older to younger stages of growth. Mechanical properties can
then be correlated with anatomical development and used to
pinpoint the developmental processes providing stiffness or
flexibility over the plant body. Observations of these changes
provide potent tools for determining: (1) phenotypic variation
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of species during ontogeny and responses to ecological factors
such as light or wind; (2) variations between widely or closely
related plants and the developmental traits between putative
ancestral and descendant states. In 1999 we provided a synthesis
of how this approach is applied to growth forms from trees
and shrubs to climbing forms (Speck & Rowe, 1999).
Self-supporting growth forms
All growth forms are essentially ‘ecological’ in design. There is
a wide range of adaptive constraints influencing the mechanical
architectures of growth forms but in this review we focus our
attention on self-supporting and climbing growth forms. A
self-supporting organization must physically support its own
static weight and resist higher forces and dynamic loadings
from a range of natural factors, particularly high winds. Older,
basal parts of the plant body are relatively stiff whereas
younger apical axes, as well as leaves and petioles are often more
compliant and bend and twist in high winds, reducing drag and
potentially destructive loading by wind. From a developmental
point of view, this adaptive strategy is complex. Single species
show ranges of variation during ontogeny and under different
ecological conditions. Recent studies have shown such mechanical
variation for mosses (Biehle et al., 1998; Ross et al., 1998),
pteridophytes (Niklas, 1990), gymnosperm (Brüchert et al.,
2000) and angiosperm trees (Speck & Rowe, 1999) and herbs
(Crook & Ennos, 1996).
The notion of ‘safety factors’ plays a role in many biological
systems (Wainwright et al., 1976; Niklas, 1998), particularly
in terms of self-supporting plants. Trees and shrubs can vary
in overall size, branching and mechanical properties with
respect to the wind. Low safety factors with slender, tall stems
are observed in sheltered conditions. The same species growing
in open conditions exposed to the wind will have a shorter,
stouter morphology. Changes in geometry and mechanical
properties also occur during ontogeny; young individuals can
show relatively low safety factors and mature or aged individuals
high ones.
From a mechanical perspective, wind is a critical factor in
constraining size, shape and retaining an upright growth form
(Ennos, 1997). Responses to physical perturbation are known
as thigmomorphogenetic reactions and overall morphological
responses have been known for many years (Jaffe, 1973;
Telewski & Jaffe, 1986). Responses to mechanical perturbation
are now known to at least partly involve TCH (touch) genes
(Braam & Davis, 1990; Braam, 1992). Recent experiments
on ethylene-insensitive mutants of Arabidopsis suggest that
the phytohormone ethylene is not necessarily required for
responses to mechanical stimulation; interestingly, at least
one touch gene, TCH4 is initiated by a range of ecologically
important stimuli, including mechanical perturbation, darkness, heat and cold shock (Iliev et al., 2002). While increasing
studies are concentrating on thigmomorphogenesis in Arabidopsis (Pigliucci, 2002) as well as trees (Pruyn et al., 2000), the
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signalling and transduction pathways remain incompletely
understood (Johnson et al., 1998; Jaffe et al., 2002).
Plants have probably been buffeted by wind since the
earliest radiations of land plants, an influence that increased as
plants evolved higher growth forms. As an ecological factor it
must have shaped the underlying genetic and developmental
trajectories formed during this period when the major clades
were accumulating genetic, physiological and structural
innovations (Bateman et al., 1998). The view that early plant
evolution was marked by strong selective pressure for increasing height, light capture and efficient propagule dispersal,
should take into account the effect of wind into the equation
(Niklas & Speck, 2001).
Self-supporting architectures are mechanically optimized
from the base to the apex of the plant (Niklas, 1999; Speck &
Rowe, 1999); they can also show geometric and mechanical
changes in exceptionally sheltered conditions. In understory
niches of tropical forests, young trees and saplings often reach
a point of instability and lean against surrounding trees. A
simple interpretation is that competition for light is so fierce
that self-supporting architectures are pushed to the upper
limits and sometimes beyond their critical buckling length in
the need to reach light. Such examples are seen commonly
where clearing has removed neighbouring trees and exposed
formerly sheltered plants to wind (Fig. 1a). Simply put, many
plants, if they are not mechanically perturbed will produce
less sturdy mechanical architectures and sometimes growth
forms that are no longer self-supporting. This can apply to
both large woody growth forms (trees) and to herbs, which
can show extreme ecophenotypic variation between sheltered
and mechanically perturbed sites.
Climbers
Many dicotyledonous woody lianas show entirely different
mechanical architectures compared with self-supporting plants
(Fig. 1b). The mature or aged liana can have utterly different
mechanical properties from that of a self-supporting plant,
reflecting profound differences in ecological function (Gartner,
1991b; Putz & Holbrook, 1991; Speck & Rowe, 1999). These
differences have been studied increasingly at an ecological
level over recent years (for a general review see Schnitzer &
Bongers, 2002). In many lianas, young, distal parts of the plant
are composed of relatively stiff tissues and act as ‘searchers’
spanning gaps between host supports (Rowe & Speck, 1996;
Speck & Rowe, 1999). A great many different lianoid species
also show a juvenile phase of growth where the young plant is
self-supporting before locating a host support (Caballé, 1998).
In tropical rainforest understory vegetation, such stems
are difficult to distinguish from young self-supporting species.
This early growth can represent a ‘waiting phase’ before
appropriate environmental cues, such as light availability
or proximity to a support, after which the self-supporting
architecture can drastically change. Alternatively when lianoid
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species grow in open conditions, some species do not develop
a climbing phase (Hegarty, 1991; Gallenmüller et al., 2004)
and may die back after a given time; others will, nevertheless,
begin to climb and scramble on themselves or anything
nearby.
The transition to a climbing mechanical architecture can
show profound and abrupt changes in secondary cambial
development, particularly among twining lianas. The wellknown lianoid species of Bauhinia (monkey ladder) can show
a well-developed self-supporting phase (Fig. 1c) with a cylinder
of dense, stiff wood (Fig. 1d) and heights of up to 2–3 m
(Speck & Rowe, 1999; Hoffman et al., 2002). At the onset of
climbing, cambial growth is highly modified (Fig. 1e) producing
a ribbon-like stem with highly compliant wood. Plants
climb via tendrils and woody, hook-like leaf bases. Later
development can involve further anomalous cambial activity
and huge flexible ‘trunks’ which can literally swing freely from
the canopy of their self-supporting hosts (Fig. 2a). Can the
lianoid species Bauhinia guyanensis produce a large-bodied
tree under certain ecological conditions? The answer is no.
Whatever the internal developmental constraints during the
ontogenetic trajectory, the self-supporting phase is confined to
the ‘juvenile phase’, which may be expressed for a considerable
time before attachment to a support.
Other species of Bauhinia do grow as trees. We have
observed at least one species in south-east Asia that, having
reached a tree-sized self-supporting morphology, will extend
branches into the surrounding canopy, which are supported
on branches of self-supporting neighbours (Fig. 2b). While
not showing the same ribbon-like form, the response to
neighbouring support is not consistent with the ‘crown
shyness’ (Putz et al., 1984) commonly seen in mature trees,
which often maintain discrete gaps around the branches
and canopies of neighbouring dominant trees (Fig. 2c). In
Bauhinia and possibly many other clades of plants there is
an underlying tendency to produce non-self-supporting traits
that goes beyond the kind of thigmomorphogenetic reaction
shown in Fig. 1a. Are the reactions controlling ‘safety factors’,
the type of thigmomorphogenetic reaction described above,
and this tendency or ‘prepatterning’ in many groups of
angiosperms towards lianescence somehow linked?
Shrubs and climbers in the same species
The most detailed study to date of self-supporting and lianoid
growth in a single species, by Barbara Gartner, indicated that
Toxicodendron diversilobum (western poison oak) can grow to
maturity as shrubs in the absence of supports and as largebodied climbers (Gartner, 1991a,b). The plant can grow as
modest-sized shrubs (up to 3.8–4 m high, usually up to 2 m,
15–20 cm in diameter) or as climbers (up to over 30 m high,
usually 3–10 m high and up to 15 cm diameter). Supported
stems show marginally lower values of material stiffness than
unsupported stems and do not produce the highly compliant
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Fig. 2 (a) Bauhinia guianensis, mature lianoid form suspended from the host canopy. This mechanical architecture is completely different from
the tree nearby – although the trunk diameters are comparable – and differs completely from the juvenile self-supporting phase (Fig. 1c).
(b) Unidentified ‘tree’ species of Bauhinia, Yunnan Province, South China. The self-supporting trunk on the left (arrow) produces long slender
branches, which straddle the branches of neighbouring trees (arrows left). (c) Many self-supporting trees maintain discrete gaps between their
neighbours. This general tendency is fundamentally different from the situation seen in (b) and the overall strategy of climbers (arrows, note
invasion by a climber).

Fig. 1 (a) Cleared margin of tropical rain forest, French Guyana, South America. Young trees in centre are unstable and not fully self-supporting
after removal of surrounding vegetation. (b) Complete mechanical failure of host tree and survival of the liana summarizes the extreme
mechanical and ecological differences between trees and specialized climbers. Although approximately two-thirds of the liana has parted (white
arrow), about one-third of the stem is intact (black arrow) maintaining renewed growth further along the stem. (c–e) The liana Bauhinia
guianensis. (c) Self-supporting phase in understorey vegetation; many lianas adopt this growth form during a juvenile phase and resemble young
stages of self-supporting species. It can correspond to a ‘waiting’ phase and can be interrupted by a range of environmental cues including light
and the proximity of mechanical supports. (d) Cross-section of stem showing shift from dense stiff wood (left) to localized development of highly
compliant wood. (e) Cross-section of ribbon-like cambial activity with large diameter vessels and less dense fibres providing high compliancy
and high hydraulic conductance.
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secondary growth of many woody lianas. The difference in
material stiffness between shrub and climber could be
accounted for by relatively modest changes in wood-fibre wall
thickness (Gartner, 1991b). The overall mechanical difference
between shrub and climber concerned the wider diameters of
stems in self-supporting forms.
These growth forms are not as widely different – in terms
of mechanical properties – as between a tree and highly
compliant liana (Speck & Rowe, 1999). Interestingly, both show
decreasing material stiffness during ontogeny from small
diameter to larger diameter stems (Gartner, 1991b), suggesting that the underlying developmental plan is possibly more
that of a ‘climber’ than ‘self-supporter’. In the case of poison
oak and perhaps other plants like it, ecological conditions,
namely the occurrence of substantial host supports, can
markedly influence the type of growth form. In the examples
above, cambial activity and its response to the environment
play a key role in adjusting size and mechanical properties of
different growth forms. In the following sections we discuss
the evolutionary appearance and ecological implications of
this innovation.

The Appearance and Consequences of the
Cambium
The size and overall growth form of a species represents a
critical interface with the environment and selection. This
is largely confirmed by the observation that survival of
potentially lethal environmental perturbation or climatic
change can depend on body size (McKinney, 2001); at the risk
of over generalization – big organisms die, small organisms
live. We argue elsewhere (Rowe, 2000; Rowe & Speck,
2003) that the bifacial vascular cambium represented a key
innovation in lignophytes and established a developmental
template for plants to modify hydraulic and mechanical
attributes as well as size and range of growth form. We also
proposed that the combination of both secondary xylem
and phloem was more adaptable than the almost entirely
unifacial meristems in stems of extinct tree-sized lycopsids
and sphenopsids and some other groups in the fossil record.
Furthermore we suggested that the ability to change size and
shape of the growth form via cambial activity offered better
chances for later seed plant clades to survive periods of
ecological perturbation.
Recent biomechanical models of phylogenetically basal
lignophytes with a bifacial cambium from the Middle Devonian (c. 360 million years ago (Myr)) indicate that relatively
young stages of growth were self-supporting, but that oldest
stages were not optimized for a self-supporting growth habit
(Rowe & Speck, 2003; Speck & Rowe, 2003), principally
because of the wide thickness of soft bark-like secondary tissue
around the outside of the wood cylinder. Thus, the oldest
stages of growth were relatively flexible and would not have
supported the weight of tall, branched stems. However, this
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architectural constraint is not inconsistent with a perennial,
and larger-bodied procumbent stem system, which would
have, hydraulically and mechanically supported younger
upright axes. This mechanical strategy is observed among
woody plants growing in unstable ecological conditions (Isnard
et al., 2003). It favours survival in disturbed sites, producing
upright shoots over a wide area and avoiding or traversing
inhospitable microhabitats. The biomechanical models of
early lignophytes (Rowe & Speck, 2003; Speck & Rowe,
2003) therefore suggest that the initial advantage of the
bifacial vascular cambium was more probably one of potential
plasticity of growth variation, above that provided by a
mechanical architecture, constrained by primary growth
and dominated by the outer fibrous hypodermis alone. Such
growth forms could have occupied space without the physiological cost of an extensive self-supporting structure. Overall,
the evidence suggests that the appearance of the bifacial
vascular cambium did not initially confer the ability to produce
large-bodied plants with high self-supporting stems. Greater
height and size would have required the addition of further
novelties with a mechanically optimized ratio of wood to
compliant periderm, the presence of leaves and a more
indeterminate growth pattern. The appearance of the bifacial
cambium in earliest lignophytes can be viewed as a ‘nascent
innovation’ that, after accommodating further added
novelties, represented a key innovation, which permitted wide
morphological and architectural diversifications. Later
evolutionary patterns involving the cambium in lignophytes
are a complex history of complexification (e.g. appearance of
vessels and libriform fibres in angiosperms) as well as reduction (e.g. loss of the vascular cambium in monocotyledons).
These had far-reaching effects on subsequent growth form
plasticity and ecological preference within different clades: the
paucity of growth form diversity in extant gymnosperms
(with the exception of the Gnetales) and extreme growth form
diversity in angiosperms.
Profound alterations in growth form such as transitions to
climbers or herbs can canalise subsequent evolution, setting
different limits on growth-form plasticity in different clades
and species. A pine tree cannot grow as a highly compliant
liana whatever the ecological circumstances; the poison oak
can grow as fairly modest-sized shrubs and up to 30-m high
climbers – albeit not highly compliant specialized ones; a
lianoid species of Bauhinia can grow as an upright sapling in
sapling-dominated forest understory but eventually swings
freely from the canopy as an adult. From a mechanical perspective these constraints result principally from phylogenetic
constraints centred on wood development.
Phylogenetic studies exploring growth form evolution in
plants are few and far between both at the macro and micro
evolutionary scale (Funk, 1982; Bateman et al., 1992; Bateman,
1994; Böhle et al., 1996; Civeyrel & Rowe, 2001; Speck et al.,
2003). Recent studies suggest a complex evolution of growth
forms within the Aristolochiaceae (Speck et al., 2003);
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the basal taxa, Asarum and Saruma are herbs, whereas the
genus Thottea, which is sister to Aristolochia s.l., is a smallbodied shrub. Most species of Aristolochia s.l. are lianoid with
herbs appearing in the mostly lianoid Aristolochia s.st. and
Howardia. Three rare, woody shrub-like species, as well as
lianas, occur in Isotrema, which, interestingly is sister group to
another occurrence of a diminutive herb. While woody shrublike forms are rare in the group, the prevalence of lianas and
herbs suggest an underlying development constraint, which
does not readily accommodate self-supporting woody architectures. In the young searcher phases of the climbers tested,
stiffness is imparted via an outer ring of thick-walled hypodermal tissue (Fig. 3d), possibly reflecting that of putative ancestral herbs (Speck et al., 2003). The wood produced is of a
single highly compliant type: once secondary growth has
ruptured the outer wall of stiff material (Fig. 3e), the stiffness
of the stem is irreversibly reduced. This does have ecological
implications on the physical distance and longevity of the
‘searching’ phase and quite possibly constrains the ‘type’ of
climbing behaviour.
In other groups, such as the trees, shrubs and lianas of
Strychnos (Loganiaceae), the architecture is predominantly
woody. Climbers show an initial stiff searcher phase, which
can extend from one host plant to another over a matter of
metres (Fig. 3a) and is characterized by a cylinder of dense,
stiff wood (Fig. 3b). When a support is secured via the woody
hooks on apical branches, a second type of compliant wood is
produced (Fig. 3c). This development can vary the amount
and degree of dense or compliant wood, probably related to
the degree of support from neighbouring plants. The type of
mechanical architecture might also be coupled with different
modes of attachment to the host vegetation such as by anchoring wide-angled branches or placing hooks, as in Strychnos,
into the surrounding vegetation. Different lianoid species can
therefore inherit different types of mechanical architecture,
which can directly influence the ecology and thus plasticity
of their climbing strategy and overall growth form.

Wood, Leaves and Atmosphere: Functional Links
and Ecological Feedback Loops
Plants can respond to lower atmospheric ρCO2 by phenotypically increasing stomatal densities of leaves and thus increasing
net diffusion of CO2 into the leaf. Recent studies have documented this general tendency from: (1) experimental studies
of living plants growing under differing CO2 levels; (2) analyses
of historic herbarium material and sub-fossil leaf material that
can be correlated with anthropogenic/industrial aged changes
in atmospheric CO2 recorded from ice cores (Woodward,
1987), and analyses of fossil stomatal densities from older
geological sediments in Mesozoic and Palaeozoic plants,
which can be compared with estimates of ancient atmospheric
CO2 content based on geochemical analyses and computer
modelling of global carbon cycling (McElwain, 1998; McElwain
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et al., 1999). A number of difficulties are centred on the
interpretation and significance of these changes particularly
when applied to stomatal changes in deep time (Royer, 2001).
They include the type of stomatal parameter quantified for
fossil leaves combined with the effect of local fluctuations
of CO2-levels, the variation of stomatal numbers on sun
and shade leaves of the same organism (Poole & Kürschner,
1999), the sensitivity of stomatal density (number of stomata
per mm2 on the leaf surface) as opposed to stomatal index (the
number of stomata in reference to the number of leaf
epidermal cells), the relative sensitivity of stomatal parameters
with other environmental effects such as light intensity,
temperature and humidity, and the relative sensitivity and
variation observed between changes in stomatal parameters
by different phenotypes and genotypes (Royer, 2001; Beerling
& Royer, 2002; Woodward et al., 2002).
Despite the uncertainties surrounding the actual cause,
effect and variation underlying stomatal parameters, early
land plants in the Silurian to Middle Devonian lack laminate
foliage and recent studies indicate that these have low stomatal densities, coinciding with relatively high atmospheric
CO2 concentrations. Laminate leaves are generally perceived
to have appeared rather ‘late’ in plant evolution and recent
observers have linked their appearance with lowered atmospheric ρCO2 towards the Late Devonian c. 360 Myr (Beerling
et al., 2001; Osborne et al., 2003). These authors propose
that archaic land plants were constrained from developing
laminate leaves in the early Devonian because high ρCO2
precluded high stomatal densities and sufficient cooling via
transpiration to dissipate heat from solar radiation and avoid
lethal overheating of the laminate leaf (Beerling et al., 2001).
By the late Devonian and Early Carboniferous, ρCO2 had
dropped by 90%, and planate leaves were a more common
though by no means exclusive component of terrestrial plants.
The authors suggest that lower ρCO2 elicited a response to
higher stomatal densities, permitting the evolution of laminate
foliage after enhancing stomatal conductance and cooling.
If true, this scenario is an interesting case where phenotypic
plasticity in relation to a specific environmental factor –
stomatal densities in relation to ρCO2 – could have played
a role in unlocking a developmental constraint for a major
innovation.
The ‘delay’ in laminate leaf evolution could have also
resulted from the fact that requisite hydraulic traits are highly
integrated with many other aspects of the plant’s physiology and
morphology: from water uptake in the root, water storage,
water conduction and safety factors in terms of hydraulic
stress/failure and trade-offs with mechanical functioning
(Rowe & Speck, 2003). This is contrary to the view that the
evolution of the leaf lamina might have been ‘developmentally
simple’ (Kenrick, 2001; Osborne et al., 2003). Increasing
hydraulic conductance would have been a requisite upgrade
in complexity to accommodate lamina evolution and would
have required significant alteration of the hydraulic and
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Fig. 3 (a) Searcher morphology of the woody liana Strychnos, young branches can extend 3–4 m to locate new supports; attachment is
provided by tendril-like hooks from modified axillary shoots. (b–d) The type of climbing architecture and its ecological variation can depend on
the ancestral development and mechanical architecture. (b) Lianas of the predominantly woody genus Strychnos comprise a juvenile phase with
dense juvenile wood. (c) A second, less dense and more compliant wood is produced during the adult climbing phase (arrows). Basal members
of the Aristolochiaceae are small-bodied perennial herbs (Asarum, Saruma), which are self-supporting or procumbent. Herbaceous traits
potentially constrained subsequent shrub-like and lianoid mechanical architectures. (d) In young ‘searchers’ of Aristolochia brasiliensis, a ring
of outer lignified fibres provides stiffness and the early formed wood cylinder is highly compliant. (e) Further development of the cambium
ruptures the outer fibre ring and the transition from relative high stiffness to compliance is irreversible.
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mechanical architecture of possibly the entire plant body. The
most important innovation, which succeeded in doing this, in
addition to enlarging primary xylem conduit diameter, was
probably the appearance of wood – which brings us back to
the cambium and growth forms.
Secondary growth of xylem occurred in at least five lineages
by the end of the Devonian during the crucial period leading
to the establishment of laminate foliage. In the lignophyte
lineage, the appearance of the cambium in the middle Devonian
before the appearance of laminate leaves in the group represents an important preaptation for the appearance of leaves
and large self-supporting trees of all other gymnosperms and
angiosperms. Whatever the exact combination of ecological
factors linking the evolution of secondary growth and
leaves, the two innovations marked major turning points in
how plants would be able to respond to the environment and
indeed change it. Observers, in reference to evolutionary
innovations (Cronk et al., 2002) as well as palaeontologists
(Algeo & Scheckler, 1998) have remarked on the importance
these have had in actually changing the ecology of the planet:
turning the land green, forming soils, fixing carbon, sequestering carbon, increasing clastic weathering, and altering
atmospheric ρCO2. Interestingly, some of these effects
initiated by increasing growth form size towards the middle
Devonian, reduced atmospheric ρCO2, and might actually
have actually initiated the appearance of leaves. A two phase
feedback loop whereby: (1) increasing growth form size and
complexity in the lower to Middle Devonian led to increased
sequestering of carbon, soil formation, clastic erosion
and lowered atmospheric ρCO2: (2) lowered ρCO2 possibly
released a phenotypic constraint from low to high stomatal
densities, thus providing the requisite preaptation for
lamina-cooling and leaf evolution. In the seed plant lineage,
the bifacial cambium was already in place for potentially
modulating the mechanics and hydraulics necessary for leafy
growth forms.

Growth Forms, Ecosystems and Responses to
Environmental Change
Climbers can show markedly increased rates of photosynthesis
(Greaves & Buwalda, 1996) and higher biomass (Granados &
Korner, 2002) when grown in elevated atmospheric ρCO2.
Recent studies based on long-term censused tropical forest
sites report an increase in abundance and dominance of lianas,
especially in the neotropics (Phillips et al., 2002; Wright et al.,
2004; but see Caballé & Martin, 2001) for the paleotropics of
West Africa. Increases in liana abundance have been discussed
with reference to the fact that climbers respond particularly
quickly to elevated CO2 levels as well as forest disturbance.
Either or both of these factors could explain increases in liana
abundance. What is of great interest is whether the increase of
lianas does either locally or more generally raise atmospheric
ρCO2 either by increased turnover – sequestering more biomass
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into leaves relative to wood – or by slowing wood growth
and increasing mortality rates of self-supporting plants. Of
further interest is whether this causes a positive feedback loop
(Phillips et al., 2002) where increased lianoid growth would
elevate atmospheric ρCO2 and thus further increase lianoid
growth to the detriment of trees. Whatever the reality in this
complex issue – most commentators state that more information
is required – changes in ecological composition in tropical
forests do appear to affect varying growth responses to the
environment. A key factor being different environmental
effects on different growth forms.
Growth form diversity has been, until relatively recently,
an arguably understudied aspect of land plant biodiversity
and evolution. Especially so compared with recent emphasis
on systematic diversity via nucleotides of genes that are not
implicated in growth form development and differentiation.
However, phylogenetic studies are essential for placing
patterns of growth form in an evolutionary context. Genomic
studies on the secondary vascular cambium have been relatively
slow to develop compared with those based on primary
meristems, leaves and floral development for a variety of reasons
(Chaffey, 2002). While studies on model organisms such as
Arabidopsis are providing a way forward for how growth forms
might respond differently to the environment, much of the
development crucial for growth form variation arguably
concerns the vascular cambium. Although Arabidopsis can
produce a limited amount of wood in the hypocotyl (Chaffey
et al., 2001), and may be useful for some aspects of wood
development (Bhalerao et al., 2003), it is limited for exploring
changes in cambial activity of large-bodied woody plants with
long life trajectories and wide ranges of wood development
variation (Cseke & Podila, 2004). Genomic studies on woody
plants are now providing more insight on developmental
variations during wood formation (Hertzberg et al., 2001)
and comparative genomics of wood-forming tissues in pine
and Arabidopsis (Kirst et al., 2003). The latter suggests a high
similarity of long-chain sequences related to wood development
between Populus and Arabidopsis, suggesting long-term conservation of coding sequences since the estimated last common
ancestor of c. 300 Myr. The plant fossil record can go some
way to substantiate such inferences, if not by molecular evidence,
then by exquisitely preserved cellular preservation of tissue
development. Figure 4a illustrates the detailed organization of
the cambial tissue preserved in a c. 340 Myr old seed plant
with many of the cell types and differentiating zones present
in gymnosperms and angiosperms today.
Observers of evolutionary developmental approaches have
encouraged more research into phylogentically distanced
organisms in order to understand key evolutionary processes
and innovations (Cronk, 2001). A similar suggestion can be
voiced for genomic investigations of widely ranging growth
forms, particularly the differing wood types between young
and old development. Such changes are implicit to many
self-supporting and climbing woody plants.
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Fig. 4 (a) A 340-million-yr-old fossil of the
bifacial vascular cambium of an early seed plant
showing developmental features involving
at least eight tissue types, with stages of
differentiation. From above to below: Secondary
phloem rays, secondary phloem sieve cells,
secondary phloem fibres, differentiating
secondary phloem, cambial initials,
differentiating tracheids, wood rays, fully
differentiated tracheids. Such material, while
not offering molecular comparisons with
genomic research does offer a substantial
chance to date and compare detailed
developmental trajectories at the cellular level.
(b,c) Young (b) and older stage (c) of the
leafy, self-supporting, tree of the early seed
plant Pitus dayi see (Speck & Rowe, 1994);
the transition from a compliant early stage
(little wood, attached leaf bases and much
primary cortex) is followed by a mechanically
stiffer stem of wood and periderm. The primary
key innovation, the bifacial vascular cambium
has been augmented by further adaptive
novelties including laminate foliage, leaf
abscission, entire periderm development
and indeterminate growth, establishing the
developmental template in seed plants for
ecological and morphological flexibility,
survival and dominance.

The genomic and environmental controls of these transitions
are of great interest for both ecology and evolution. Heterochronic mechanisms are increasingly being seen as important
for evolutionary change in plants (Kellogg, 2002). We suspect
that evolutionary transitions involving heterochronic modification of the developmental plan can have a significant effect
on the resulting mechanical architecture. Lianas can range
from saplings to highly flexible, suspended trunks. Retention
of juvenile characteristics (stiff juvenile wood) into maturity
could result in a self-supporting plant, whereas rapid expression
of adult characters (compliant wood) would result in high
flexibility from an early age with little or no self-supporting
phase and possibly an entirely different growth form. Such
scenarios are at least partly consistent with recent discussions
on saltational evolutionary change in plants through mutations of key developmental genes (Bateman & DiMichele,
1994, 2002; Bateman, 1994). Some growth forms can show
profound morphological changes during the growth trajectory, which could be viewed as a type of age or ontogenyrelated phenotypic plasticity. Environmental effects play an
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important role in modifying these changes. We propose that
this kind of phenotypic and evolutionary flexibility centred
on the growth form and, in particular, the vascular cambium,
at least partly explains the survival of the lignophyte clade
across periods of perturbation and extinction, leading to their
dominance today.

Acknowledgements
We thank the Alexander von Humboldt Foundation, Bonn,
for financial support to N.R. and B. Gartner for discussion on
western poison oak. We also thank Chen Jin for hosting a
research programme funded by the Agence Universitaire de la
Francophonie (France) at the Xishuangbanna Tropical Botanical
Garden, Yunnan Province, China.

References
Algeo TJ, Scheckler SE. 1998. Terrestrial–marine teleconnections in the
Devonian: links between the evolution of land plants, weathering

www.newphytologist.org © New Phytologist (2005)

Research review
processes, and marine anoxic events. Philosophical Transactions of the Royal
Society Series B 353: 113 –130.
Bateman RM. 1994. Evolutionary-developmental change in the growth
architecture of fossil rhizomorphic lycopsids: scenarios constructed on
cladistic foundations. Biological Reviews 69: 527–597.
Bateman RM, DiMichele WA. 1994. Saltational evolution of form in
vascular plants: a neoGoldschmidtian synthesis. In: Ingram DS, Hudson A,
eds. Shape and form in plants and fungi. London, UK: Academic Press,
63–102.
Bateman RM, DiMichele WA. 2002. Generating and filtering major
phenotypic novelties: neoGoldschmidtian saltation revisited. In:
Cronk QCB, Bateman RM, Hawkins JA, eds. Developmental genetics
and plant evolution. London, UK: Taylor & Francis, 109 –159.
Bateman RM, DiMichele WA, Willard DA. 1992. Experimental cladistic
analysis of anatomically preserved arborescent lycopsids from the
Carboniferous of Euramerica: an essay on paleobotanical phylogenetics.
Annals of the Missouri Botanical Garden 79: 500 –559.
Bateman RM, Crane PR, DiMichele WA, Kenrick P, Rowe NP, Speck T,
Stein WE. 1998. Early evolution of land plants: phylogeny, physiology
and ecology of the primary terrestrial radiation. Annual Review of Ecology
and Systematics 29: 263 –292.
Beerling DJ, Osborne CP, Chaloner WG. 2001. Evolution of leaf-form in
land plants linked to atmospheric CO2 decline in the Late Palaeozoic era.
Nature 410: 352–354.
Beerling DJ, Royer DL. 2002. Reading a CO2 signal from fossil stomata.
New Phytologist 153: 387–397.
Bhalerao R, Nilsson P, Sandberg G. 2003. Out of the woods: forest
biotechnology enters the genomic era. Current Opinion in Biotechnology
14: 206–213.
Biehle G, Speck T, Spatz HC-H. 1998. Hydrodynamics and biomechanics
of the submerged water moss Fontinalis antipyretica: a comparison of specimens
from habitats with different flow velocities. Botanica Acta 111: 42–50.
Böhle U-R, Hilger HH, Martin WF. 1996. Island colonisation and
evolution of the insular woody habit in Echium L. (Boraginaceae).
Proceedings of the National Academy of Sciences, USA 93: 11740–11745.
Braam J. 1992. Regulated expression of the calmodulin-related TCH genes
in cultured Arabidopsis cells: induction by calcium and heat shock.
Proceedings of the National Academy of Sciences, USA 89: 3213 –3216.
Braam J, Davis RW. 1990. Rain-, wind-, and touch-induced expression of
calmodulin-related genes in Arabidopsis. Cell 60: 357– 364.
Brüchert F, Becker G, Speck T. 2000. The mechanics of Norway spruce
[Picea abies (L.) Karst]: mechanical properties of standing trees from
different thinning regimes. Forest Ecology and Management 135: 45–62.
Caballé G. 1998. Le port autoportant des lianes tropicales: une synthèse des
stratégies de croissance. Canadian Journal of Botany 76: 1703 –1716.
Caballé G, Martin A. 2001. Thirteen years of change in trees and lianas in a
Gabonese rainforest. Plant Ecology 152: 167–173.
Chaffey N. 2002. Why is there so little research into the cell biology of the
secondary vascular system of trees? New Phytologist 153: 213 –223.
Chaffey N, Cholewa E, Regan S, Sundberg B. 2001. Secondary xylem
development in Arabidopsis : a model for wood formation. Physiologia
Plantarum 114: 594 – 600.
Civeyrel L, Rowe NP. 2001. Phylogenetic relationships of Secamonoideae
based on the plastid gene matK, morphology and biomechanics. Annals of
the Missouri Botanical Garden 88: 583 – 602.
Cronk QCB. 2001. Plant evolution and development in a post-genomic
context. Nature Reviews Genetics 2: 607– 619.
Cronk QCB, Bateman RM, Hawkins JA, eds. 2002. Developmental genetics
and plant evolution. London, UK: Taylor & Francis.
Crook MJ, Ennos AR. 1996. Mechanical differences between free-standing
and supported wheat plants, Triticum aestivum L. Annals of Botany 77:
197–202.
Cseke LJ, Podila GK. 2004. MADS-box genes in dioecious aspen II: a review
of MADS-box genes from trees and their potential in forest biotechnology.
Physiology and Molecular Biology of Plants 10: 7–28.

© New Phytologist (2005) www.newphytologist.org

Review

Ennos AR. 1997. Wind as an ecological factor. Trends in Ecology and
Evolution 12: 108–111.
Funk VA. 1982. Systematics of Montanoa (Asteraceae: Helianthae). Memoirs
of the New York Botanical Garden 36: 1–135.
Gallenmüller F, Rowe NP, Speck T. 2004. Development and growth form
of the neotropical liana Croton nuntians: the effect of light and mode of
attachment on the biomechanics of the stem. Journal of Plant Growth
Regulation. (in press.)
Gartner BL. 1991a. Is the climbing habit of poison oak ecotypic? Functional
Ecology 5: 696–704.
Gartner BL. 1991b. Structural stability and architecture of vines vs. shrubs
of poison oak, Toxicodendron diversilobum. Ecology 72: 2005–2015.
Granados J, Korner C. 2002. In deep shade, elevated CO2 increases the
vigour of tropical climbing plants. Global Change Biology 8: 1109–1117.
Greaves AJ, Buwalda JG. 1996. Observations of diurnal decline of
photosynthetic gas exchange in kiwifruit and the effect of external CO2
concentration. New Zealand Journal of Crop and Horticultural Science 24:
361–369.
Hegarty EE. 1991. Vine–host interactions. In: Putz FE, Mooney HA, eds.
The biology of vines. Cambridge, UK: Cambridge University Press, 73–97.
Hertzberg M, Aspeborg H, Schrader J, Andersson A, Erlandsson R,
Blomqvist K, Bhalerao R, Uhlén M, Teeri TT, Lundeberg J, Sundberg B,
Nilsson P, Sandberg G. 2001. A transcriptional roadmap to wood
formation. Proceedings of the National Academy of Sciences, USA 98:
14732–14737.
Hoffman B, Chabbert B, Monties B, Speck T. 2002. Mechanical, chemical
and X-ray analysis of wood in the two tropical lianas Bauhinia guianensis
and Condylocarpon guianense: variations during ontogeny. Planta 217:
32–40.
Iliev EA, Xu W, Polisensky DH, Oh M-H, Torisky RS, Clouse SD, Braam J.
2002. Transcriptional and posttranscriptional regulation of Arabidopsis
TCH4 expression by diverse stimuli. Roles of cis regions and
brassinosteroids. Plant Physiology 130: 770–783.
Isnard S, Rowe NP, Speck T. 2003. Growth habit and mechanical
architecture of the sand dune-adapted climber Clematis flammula var.
maritima L. Annals of Botany 91: 407–417.
Jaffe MJ. 1973. Thigmomorphogenesis: the response of plant growth and
development to mechanical stress. Planta 114: 143–157.
Jaffe MD, Leopold AC, Staples RC. 2002. Thigmo responses in plants and
fungi. American Journal of Botany 89: 375–382.
Johnson KA, Sistrunk ML, Polisensky DH, Braam J. 1998. Arabidopsis
thaliana responses to mechanical stimulation do not require ETR1 or
EIN2. Plant Physiology 116: 643–649.
Kellog EA. 2002. Are macroevolution and microevolution qualitatively
different? Evidence from Poaceae and other families. In: Cronk QCB,
Bateman RM, Hawkins JA, eds. Developmental genetics and plant evolution.
London, UK: Taylor and Francis, 70–84.
Kenrick P. 2001. Turning over a new leaf. Nature 410: 309–310.
Kirst M, Johnson AF, Baucom C, Ulrich E, Hubbard K, Staggs R, Paule C,
Retzel E, Whetten R, Sederoff R. 2003. Apparent homology of expressed
genes from wood-forming tissues of loblolly pine (Pinus taeda L.) with
Arabidopsis thaliana. Proceedings of the National Academy of Sciences, USA
100: 7383–7388.
McElwain JC. 1998. Do fossil plants signal palaeoatmospheric CO2
concentration in the geological past. Philosophical Transactions of the Royal
Society Series B 353: 83–96.
McElwain JC, Beerling DJ, Woodward FI. 1999. Fossil plants and global
warming at the Triassic–Jurassic boundary. Science 285: 1386–1390.
McKinney ML. 2001. Selectivity during extinction. In: Briggs DEG,
Crowther PR, eds. Palaeobiology II. Oxford, UK: Blackwell Science,
198–202.
Niklas KJ. 1990. Biomechanics of Psilotum nudum and some early Palaeozoic
sporophytes. American Journal of Botany 77: 590–606.
Niklas KJ. 1998. A statistical approach to biological factors of safety: bending
and shearing in Psilotum axes. Annals of Botany 82: 177–187.

New Phytologist (2005) 166: 61– 72

71

72 Review

Research review

Niklas KJ. 1999. The mechanical stability of vertical stems. In: Kurmann MH,
Hemsley AR, eds. The evolution of plant architecture. Kew, UK: Royal
Botanic Gardens, 377–397.
Niklas KJ, Speck T. 2001. Evolutionary trends in safety factors against windinduced stem failure. American Journal of Botany 88: 1266 –1278.
Osborne CP, Chaloner WG, Beerling DJ. 2003. Falling atmospheric CO2
– the key to megaphyll leaf origins. In: Poole I, Hemsley AR, eds. The
evolution of plant physiology. Kew, UK: Elsevier Academic Press, 197–215.
Phillips OL, Martínez RV, Arroyo L, Baker TR, Killeen T, Lewis SL, Malhi Y,
Mendoza AM, Neill D, Vargas PN, Alexiades M, Cerón C, DiFiore AE,
Rwin T, Jardim A, Palacios W, Saldias M, Vinceti B. 2002. Increasing
dominance of large lianas in Amazonian forests. Nature 418: 770–774.
Pigliucci M. 2002. Touchy and bushy: phenotypic plasticity and integration
in response to wind stimulation in Arabidopsis thaliana. International
Journal of Plant Science 163: 399 – 408.
Poole I, Kürschner WM. 1999. Stomatal density and index: the practice. In:
Jones TP, Rowe NP, eds. Fossil plants and spores: modern techniques.
London, UK: Geological Society, 257– 260.
Pruyn ML, Ewers FW, Telewski FW. 2000. Thigmomorphogenesis:
changes in the morphology and mechanical properties of two Populus
hybrids in response to mechanical perturbation. Tree Physiology 20:
535–540.
Putz FE, Holbrook NM. 1991. Biomechanical studies of vines. In: Putz FE,
Mooney HA, eds. The biology of vines. Cambridge, UK: Cambridge
University Press, 73–97.
Putz FE, Parker GG, Archibald RM. 1984. Mechanical abrasion and
intercrown spacing. The American Midland Naturalist 112: 24 –28.
Ross SE, Callaghan TV, Ennos AR, Sheffield E. 1998. Mechanics and growth
form of the moss Hylocomium splendens. Annals of Botany 82: 787–793.
Rowe NP. 2000. The insides and outsides of plants: the long and chequered
evolution of secondary growth. In: Spatz H-C, Speck T, eds. Plant
biomechanics 2000, proceedings of the 3rd Plant Biomechanics Conference.
Freiburg-Badenweiler, Germany: Georg Thieme Verlag, 129 –140.
Rowe NP, Speck T. 1996. Biomechanical characteristics of the ontogeny and
growth habit of the tropical liana Condylocarpon guianense (Apocynaceae).
International Journal of Plant Science 157: 406 – 417.

Rowe NP, Speck T. 2003. Hydraulics and mechanics of plants: novelty,
innovation and evolution. In: Poole I, Hemsley AR, eds. The evolution of
plant physiology. Kew, UK: Elsevier Academic Press, 297–325.
Royer DL. 2001. Stomatal density and stomatal index as indicators of
palaeoatmospheric CO2 concentration. Review of Palaeobotany and
Palynology 114: 1–28.
Schnitzer SA, Bongers F. 2002. The ecology of lianas and their role in
forests. Trends in Ecology and Evolution 17: 223–230.
Speck T, Rowe NP. 1994. Biomechanical analysis of Pitus dayi: Early seed
plant vegetative morphology and its implications on growth habit. Journal
of Plant Research 107: 443–460.
Speck T, Rowe NP. 1999. A quantitative approach for analytically defining
growth form and habit in living and fossil plants. In: Kurmann MH,
Hemsley AR, eds. The evolution of plant architecture. Kew, UK: Royal
Botanic Gardens, 447–479.
Speck T, Rowe NP. 2003. Modelling primary and secondary growth
processes in plants: a summary of the methodology and new data on an
early lignophyte. Philosophical Transactions of the Royal Society of London,
Series B – Biology 358: 1473–1485.
Speck T, Rowe NP, Civeyrel L, Classen-Bockhoff R, Neinhuis C, Spatz H-C.
2003. The potential of plant biomechanics in functional biology and
systematics. In: Stuessy TF, Mayer V, Hörandl E, eds. Deep morphology:
toward a renaissance of morphology in plant systematics. Königstein,
Germany: Koeltz, 241–271.
Telewski FW, Jaffe MD. 1986. Thigmomorphogenesis: the role of ethylene
in the response of Pinus taeda and Abies fraseri to mechanical perturbation.
Physiologia Plantarum 66: 227–233.
Wainwright SA, Biggs WD, Currey JD, Gosline JM. 1976. Mechanical
design in organisms. New York, NY, USA: John Wiley.
Woodward FI. 1987. Stomatal numbers are sensitive to increases in CO2
from pre-industrial levels. Nature 327: 616–617.
Woodward FI, Lake JA, Quick WP. 2002. Stomatal development and CO2:
ecological consequences. New Phytologist 153: 477–484.
Wright SJ, Calderón O, Hernandéz A, Paton S. 2004. Are lianas increasing
in importance in tropical forests? a 17 year record from Panama. Ecology
85: 484–489.

About New Phytologist
• New Phytologist is owned by a non-profit-making charitable trust dedicated to the promotion of plant science, facilitating projects
from symposia to open access for our Tansley reviews. Complete information is available at www.newphytologist.org.
• Regular papers, Letters, Research reviews, Rapid reports and Methods papers are encouraged. We are committed to rapid
processing, from online submission through to publication ‘as-ready’ via OnlineEarly – the 2003 average submission to decision time
was just 35 days. Online-only colour is free, and essential print colour costs will be met if necessary. We also provide 25 offprints
as well as a PDF for each article.
• For online summaries and ToC alerts, go to the website and click on ‘Journal online’. You can take out a personal subscription to
the journal for a fraction of the institutional price. Rates start at £109 in Europe/$202 in the USA & Canada for the online edition
(click on ‘Subscribe’ at the website).
• If you have any questions, do get in touch with Central Office (newphytol@lancaster.ac.uk; tel +44 1524 592918) or, for a local
contact in North America, the USA Office (newphytol@ornl.gov; tel 865 576 5261).

New Phytologist (2005) 166: 61– 72

www.newphytologist.org © New Phytologist (2005)

