
ORIGINAL PAPER

From tree to architecture: how functional morphology
of arborescence connects plant biology, evolution and physics
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Abstract
Trees are the fundamental element of forest ecosystems, made possible by their mechanical qualities and their highly sophisti-
cated conductive tissues. The evolution of trees, and thereby the evolution of forests, were ecologically transformative and
affected climate and biogeochemical cycles fundamentally. Trees also offer a substantial amount of ecological niches for other
organisms, such as epiphytes, creating a vast amount of habitats. During land plant evolution, a variety of different tree
constructions evolved and their constructional principles are a subject of ongoing research. Understanding the “natural construc-
tion” of trees benefits strongly from methods and approaches from physics and engineering. Plant water transport is a good
example for the ongoing demand for interdisciplinary efforts to unravel form-function relationships on vastly differing scales.
Identification of the unique mechanism of water long-distance transport requires a solid basis of interfacial physics and thermo-
dynamics. Studying tree functions by using theoretical approaches is, however, not a one-sided affair: The complex interrela-
tionships between traits, functionality, trade-offs and phylogeny inspire engineers, physicists and architects until today.
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Introduction

Functional morphology employs to a great deal physical prin-
ciples to analyse functional capacities of structures in relation to
environment and to evaluate the expected benefit for the organ-
ism. Methods and insights from engineering sciences, mathe-
matics and physics were used early on to study functional fea-
tures of plant traits (a comprehensive survey of literature can be
found in the review of Moulia 2013; for a survey of the history
of biomechanics see Geitmann et al. 2019). The ancient and
widely established use of wood or other lignified plant tissues

or organs, such as bamboo stems, rattan and many other for
buildings, boats, furniture and other products enhanced the per-
ceived connection between plant bodies and technical construc-
tions (Wegst et al. 2015). Besides material aspects of building
and construction, plant structures influenced also designers and
architects. Antique columns, for example, were often decorated
with floral ornaments. A famous and more recent case is plant-
based aesthetics in Art Nouveau and Art Deco where orna-
ments and patterns drew heavily from plant models (Fig. 1a).
Recent developments are attempts in architecture to combine
the natural aesthetics of wood and other plant material with
principles from functional morphology (Menges and Reichert
2015; Knippers et al. 2019).

Progress in functional morphology depends on progress in
methods derived from physics, mathematics and engineering
sciences. For example, the development of numerical methods
in applied mathematics and engineering sciences to analyse
mechanical behaviour of structures via finite elements contrib-
uted substantially to the study of plant stemmechanics (Niklas
1997; James et al. 2014). Ongoing progress in methods for
structure analysis and imaging, such as cryo scanning electron
microscopy, micro-CT or AFM (atomic force microscopy),
has considerably expanded the possibilities for plant structural
research during the last decades, leading to new discoveries
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and perspectives (Koch et al. 2004b; Pesacreta et al. 2005;
Brodersen et al. 2011; Gorb et al. 2013; Hesse et al. 2019;
Kaack et al. 2019). It is not surprising that plants are a rich
source of biological examples for the relationship between
form and function in biomimetics, an interdisciplinary field
of work which aims at identifying functional principles from
biology which are suitable for transfer into technical solutions
(Fratzl 2007). The interest of engineers and physicists in
plants is not limited to systems of mechanical stabilisation,
but comprises numerous other aspects, such as biofluid dy-
namics and surface effects.

In palaeobotany, plant functional morphology is essential
as the basis for reconstructing plant habit and life style.
Understanding land plant evolution requires information on
functional and environmental constraints which can only be
obtained indirectly, on the basis of physical and physiological
relationships. For example, approximating the height and sta-
bility of trees derived by physical principles applied to the
morphology and anatomy of fossil remains is of central im-
portance to reconstructing a forest system (Mosbrugger 1990).
In combination with ecophysiology, functional morphology

allows for evaluating productivity and viability of plants under
past climate conditions. An example here are the effects of
environmental conditions of the geological past, such as at-
mospheric composition, on the ecophysiology of fossil plants
which need to be studied by theoretical approaches
(DiMichele and Gastaldo 2008; Raven and Edwards 2014;
Raven 2017).

Trees are the largest multicellular organisms, and the evo-
lution of trees and forests was ecologically transformative on a
global scale (Morris et al. 2015). It is well established that
forestation of the continents during the Paleozoic altered the
earth system in terms of radiation budget, carbon budget and
water cycling. Trees and forests provide numerous habitats for
other organisms as can also be demonstrated for the distant
past (Rößler 2000; Spindler et al. 2018). Consequently,
deforestation—as is recently occurring due to anthropogenic
influence—affects climate and biochemical cycles. The sub-
stantial height of trees and their ability to carry massive
crowns are made possible by complex and fascinating tissues
serving stabilisation, supply with water and nutrients and the
connection between the crown and subterranean parts.

Fig. 1 Plant-derived inspirations in architecture. (a) “Canopy-like” dome
of the Secession Building, Vienna, Austria (image: jkb. Licence:
CreativeCommons by-sa-3.0-de. Link to Original file: https://commons.
wikimedia.org/wiki/Category:Secession_Hall_(Austria)?uselang=de#/

media/File:Kuppel_Wiener_Secession.jpg). (b) The impressive and
mechanically robust branching systems of trees (Fagus sylvatica)
inspired various artificial supporting structures in architecture, such as
the steel ‘tree’ columns which support roofs of the Stuttgart airport (c)
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Whereas modern forests are dominated by trees belonging to
conifers and dicots with their stems representing more or less
massive secondary wood columns, the diversity of tree stem
structures was considerable higher in the past. Due to their
complex and diverse functional aspects, trees are particularly
suitable for applying methods and concepts from engineering
and physics, as will be discussed in this contribution.

The tree—a multifunctional affair

The evolution of land plants, including mosses, liverworts and
the various groups of vascular plants, produced a vast diver-
sity of body plans, structures and ecological strategies for
occupying numerous niches. An important step was the evo-
lution of the tree growth form which appeared quite early
during land plant evolution, with fossil forests dating back to
the Middle Devonian (Stein et al. 2012; Stein et al. 2020). By
the end of the Devonian, all principal plant body plans were
established (Bateman et al. 1998) including the “modern” tree
stem, as represented byArchaeopteris, consisting of a massive
column of secondary wood (Meyer-Berthaud et al. 1999;
Meyer-Berthaud et al. 2010; Decombeix et al. 2011). One of
the first questions that come into mind when seeing a tall tree
is how this biological construction is mechanically stabilised.
Trees can be considered as upright columns which are fixed at
one end. The mechanical stability of such objects depends on
various parameters, such as length, diameter, cross-sectional
shape, tapering and mechanical loading. Also, the mechanical
qualities of a tree trunk depend on the material parameters of
the tissues making up the stem and on their distribution.
Supporting material should be particularly concentrated at
critical positions, i.e. the base and the stem periphery. Basics
of tree biomechanics as well as the various reasons and
mechanisms of mechanical failure of trees are described in
detail in Mosbrugger (1990) and Niklas (1992). From such
concepts, which are rooted in engineering sciences, a multi-
tude of different analyses considering habit and life style of
fossil plants is possible, such as, for example, the height of
fossil trees (Mosbrugger 1990), their growth form, i.e. to dis-
tinguish between lianas and self-supporting plants as well as
changes in mechanical qualities during ontogeny (Rowe and
Speck 2005).

The fossil record as well as extant vegetation show that
trees can be constructed in quite different ways (Mosbrugger
1990). The stabilising trunk of trees can be composed of a
massive column of secondary wood, as in conifers and dicot
trees, or can be represented by a hollow cylinder stabilised by
a peripheral layer of lignified tissue, such as in fossil arbores-
cent equisetopsidae (Cichan and Taylor 1983; Cichan 1986),
or, furthermore, can achieve stability on the basis of other
tissues. This is demonstrated by various plant groups such as
tree ferns, in which a mantle of aerial roots is involved in

mechanical support, or the stabilising role of leaf bases in
Medullosa, a pteridosperm. Each constructional tree type rep-
resents different biomechanical concepts (Niklas 1997).

Tree-like plants lacking secondary wood can employ quite
fascinating strategies for mechanical stabilisation. For exam-
ple, stabilisation in arborescent fossil seed plants was achieved
by special cortex layers, as exemplified by the pteridosperm
Lyginopteris oldhamia (Masselter et al. 2017). Similar struc-
tures within the bark for stabilisation can also be found in the
extant dicot species Carica papaya (Caricaceae), the papaya,
and Ochroma pyramidale (Malvaceae), known as the balsa
tree. For both taxa, wood plays a quite minor mechanical role
(in the case of C. papaya, secondary wood, according to the
botanical definition, is even lacking). Rather, the stem is
stabilised to a large degree by a fibre system within the sec-
ondary phloem (Fisher andMueller 1983; Kempe et al. 2014).
These special fibre systems, fossil and recent, probably oper-
ate in quite the same manner like a “trellis” system (Poppinga
and Speck 2019). There is ongoing progress in understanding
plant stem constructions, and evidencewas found recently that
bark can also substantially contribute to mechanical behaviour
in dicot trees (Clair et al. 2019).

An important element of tree architecture (and plant body
plans in general) is branching, with various different ramifica-
tion patterns that appeared during land plant evolution
(Kenrick and Crane 1997; Meyer-Berthaud et al. 2000; for a
recent review, see Chomicki et al. 2017). Since most plant
body plans include branching, including taxawith and without
secondary wood, the support of a branched system is an im-
portant mechanical problem for trees. Tree-like plants lacking
secondary wood can employ quite complex strategies for me-
chanical support of branches. The axis of the monocotyledon-
ous tree-likeDracaena reflexa (Asparagaceae) is composed of
partially lignified parenchyma which contains vascular bun-
dles, arranged in a spirally winding manner (Schwager et al.
2010). After injury, branching starts from dormant buds, often
with the die-back of the quite thin initial main stem shortly
above the ramification. These branches are mechanically sup-
ported by a special “flange-mounted” structure, built by newly
formed stem-clasping fibres (Schwager et al. 2010).

Branched columnar structures are also widespread in archi-
tecture, and various constructions were inspired by trees (Cui
et al. 2016) (Fig. 1b, 1c). Despite their often tree-like appear-
ance, the mechanical concept of ramified artificial construc-
tions mostly differs, however, markedly from that of trees. For
example, branches in gymnosperms and dicot trees are usually
deeply embedded in the main trunk, and adaptive secondary
growth optimizes the shape of the junction region (Müller
et al. 2006). Additionally, fibre arrangement and prestressing
are essential for the biomechanical qualities of a tree trunk
construction (Speck and Burgert 2011; Born et al. 2016).
Wood and other fibrous plant tissues have high tensile but a
low compressive strength which can be markedly improved

269Palaeobio Palaeoenv (2021) 101:267–284



by prestressing of peripheral fibres. Prestressing is generated
during cell differentiation due to interactions on the level of
macromolecules within the cell walls which lead to a shorten-
ing tendency of single cells. This is counteracted by adjacent
cells and leads to stress within the tissue, finally leading to
prestressing (Yamamoto et al. 2002). The diversity of strate-
gies and structures for mechanical stabilisation that can be
found in tree stems are an attractive resource for building
constructions and the analysis of the stability of trees, or of
other plant growth forms, is in fact a good example how both
engineering sciences and functional anatomy/morphology
benefitted in a mutual way from interdisciplinary cooperation.
For example, new concepts for fibre-reinforced composites
which include branched structures are developed inspired by
fibre support systems of plants (Speck et al. 2018).

The ultimate benefit of the tree habit is the exposure of a
leafy crown to as much light as possible (representing a
‘meadow on stilts’, Christian Körner, pers. comm.). The tree
stem allows its assimilating leafy parts to invade much more
space than would be possible for herbs. The spatial separation
between water and nutrient absorption from the soil by sub-
terranean roots and photosynthesis taking place in the canopy
demands an efficient long-distance transport system, which is
another crucial functional aspect of the tree habit. The tree
stem has to provide not only mechanical stability but also
contains long-distance transport pathways, represented by xy-
lem (water transport) and phloem (transport of sugars). In the
herbaceous state (and in leaves), both tissue types are integrat-
ed together into vascular bundles, but become separated dur-
ing secondary growth, with secondary wood being responsi-
ble for water conduction whereas the bark contains the sec-
ondary phloem. Despite this separation, transport in the xylem
and the phloem is connected via water exchange (Jensen et al.
2012; Konrad et al. 2018). In the interesting case of fossil
arborescent lycopsids, secondary wood was produced, but
secondary phloem was missing (Eggert and Kanemoto
1977). This absence of secondary phloem has raised questions
on the ecophysiology of lycopsids (Boyce and DiMichele
2016). There is, however, evidence for high productivity in
arborescent lycopsids (Cleal and Thomas 2005; Wilson et al.
2017)

The tree stem is therefore a “lifting system” as well as a
supply system which transports water and nutrients to the
assimilating leaves. Leaves—in the sense of megaphylls—
appeared in four plant lineages during the Paleozoic (Boyce
and Knoll 2002) and are probably derived from a lateral
branch system via various processes whose details are still
discussed (Beerling and Fleming 2007; Galtier 2010; Vasco
et al. 2016; Harrison and Morris Jennifer 2018). The third
component is the root system which provides anchorage and
absorbs water and nutrients from the soil (Ennos 2000). Roots
form subterranean systems which can attain impressive di-
mensions (as indicated by the title of a book dedicated to all

aspects of plant roots: “Roots – the hidden half” (Eshel and
Beeckman 2013)). Roots evolved during the Devonian and
represented a transformative element for both plant construc-
tion and the biogeochemical cycle (Morris et al. 2015).

Between earth and sky—the soil-plant-atmosphere
continuum

The largest part of the water transported in the xylem serves
the transpiration stream which is driven by evaporation of
water from stomata which have to be open to allow for CO2

uptake required for photosynthesis. The inevitable coupling of
water loss by transpiration and CO2 uptake means that tran-
spiration is the price that land plants have to pay for photo-
synthesis. The amount of transpired water depends on the total
leaf surface, the average leaf conductance (mostly dominated
by stomatal conductance) and the air humidity. Together with
the soil as the ultimate water source, uptake of water by roots,
xylem sap flow and transpiration form a transport catena
which finally ends in the atmosphere, receiving the evaporated
water. Besides conducting water to the transpiring leaves, the
transpiration stream also carries nutrients, making it difficult
to completely separate the “pure” water demand by assimilat-
ing leaves from the demand for nutrients which are also
transported in the transpiration stream (Tanner and Beevers
2001; Cramer et al. 2009).

This catena of pathways conducting water from the soil
to the atmosphere, with a phase change from the liquid
phase to the vapor phase taking place within intercellular
spaces of the leaf (Rockwell et al. 2014), is termed soil-
plant-atmosphere continuum (“SPAC”) (Fig. 2) (Passioura
1982; Sperry et al. 2003; Manzoni et al. 2013). The single
elements of this pathway contribute different hydraulic con-
ductivities and the transport through the entire catena can be
treated as a network of single resistances analogous to
treating a network of electrical resistances according to
Kirchhoff´s rules (Kramer 1983). The amount of water va-
por ejected by land plants, and particularly forests, are huge,
making them important elements of the water cycle
(Jasechko et al. 2013). Leaves represent “gas exchangers”,
absorbing CO2 from the atmosphere, while transpiring wa-
ter vapor (and emitting O2 and other gases). The capacity of
the leaf conducting system, the venation, for water transport
is therefore essential. Angiosperm leaves are particularly
efficient in water transport, and it was argued that the evo-
lution of angiosperm leaves represented a major event in the
hydrological cycle (Boyce et al. 2009; Boyce et al. 2010).
Additionally to water transport, the leaf venation serves
various other tasks (Roth-Nebelsick et al. 2001; Sack and
Scoffoni 2013) which are the object of ongoing research
(Sack et al. 2016; Blackman et al. 2018).
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Transpiration can be understood as cost of photosynthesis,
with the plants “paying” for carbon assimilation by water. The
water use efficiency (WUE), meaning the amount of water
that was transpired per unit of carbon assimilated, is an often
used indication of how “expensive” assimilation is. Water
vapor loss due to gas exchange depends not only on stomatal
conductance, but also on external humidity, or, to be more
precise, on the difference between leaf external air humidity
(vext) and leaf internal air humidity (vleaf) which is usually
close to saturation (vsat). Evaporation (E) from a leaf can there-
fore be described by

E ¼ gleaf vext−vleafð Þ ð1Þ

with gleaf = leaf conductance, which comprises stomatal con-
ductance as well as boundary layer conductance (Nobel
2005). Usually, gleaf is dominated by stomatal conductance,
but boundary layer conductance can become (co-)limiting un-
der certain circumstances (thick boundary layer due to large
leaf size and/or calm wind conditions, particularly when com-
bined with large stomatal conductance).

Transpiration rate under a given stomatal (or leaf) con-
ductance depends therefore on air humidity, meaning that it
is favourable for plants to maximize stomatal aperture under
moist air conditions. In fact, plants tend to open their sto-
mata precisely under those conditions, leading to a typical
diurnal profile with high stomatal conductance during the
morning (when temperature is low and air humidity there-
fore high) and lower stomatal conductance during the rest of
the day (when temperature is higher and air humidity

therefore lower) (Larcher 2003). In economic terms, plants
try to “buy” carbon when it is “cheaper” in terms of water
costs. These depend also on water availability in the soil,
and stomatal conductance also declines with decreasing soil
humidity (Larcher 2003). From these considerations, the
stomatal control can be described as optimising assimilation
(=CO2 uptake) against water loss (=transpiration), which is
achieved by continuously responding to fluctuating envi-
ronmental conditions.

Despite the stomatal control system, evaporation rates from
tree canopies are immense. Sufficient water supply to a crown
of transpiring leaves therefore requires an efficient transport
system. The driving force for water flow is transpiration at the
leaves, meaning that generally nometabolic energy is invested
in water transport (with some exceptions, such as root pressure
during spring in deciduous dicot trees and lianas). This “pas-
sive” water transport occurring upwards in high trees for
which the length of the transport path can be considerable,
reaching up to about 100 m in height, poses a special problem,
namely the threat of cavitation and blockage of the xylem
conduits by embolism. This topic has received much attention
also by physicists and engineers and will be considered in
some more detail in the following sections.

Water transport: the unbelievable tension pump
of plants

Flow in micro-tubes

The water stream inside a plant stem is carried by numerous
conduits, the tracheids or vessels (the more modern conduit
type) which are dead in the functional state, leaving only the
lignified cell walls as conduit walls (Fig. 3a). The living cell
content is removed at the end of maturity, to maximize con-
ductance for water. The diameter of the conduits is in the μm
range, with maximum sizes of several hundred μm. Hydraulic
conductance of the xylem is an important ecophysiological
parameter which varies with species, organs (roots, stem,
leaves) as well as with ontogenetic age. In the following, the
more specific parameter “hydraulic conductivity”will be used
which is the flow rate per pressure gradient whereas “hydrau-
lic conductance” means the flow rate per pressure difference,
meaning that “hydraulic conductivity” also includes the length
of the transport pathway (Tyree and Ewers 1991).

Measurements of hydraulic conductivity of wood are con-
ducted by letting water flow through a wood sample under a
defined pressure and recording the volume flow rate (Sperry
et al. 1988). This measurement is of course impossible for fossil
wood, and a theoretical approach is necessary. Hydraulic con-
ductivity of fossil xylem is obtained approximatively by
Hagen-Poiseuille’s law which describes flow through tubes

Fig. 2 Schematic representation of the soil-plant-atmosphere continuum
(SPAC), under conditions of daylight when stomata are open and assim-
ilation is running. Arrows indicate the flow of liquid water (black, through
soil and plant) and of water vapour (grey, from the leaf interior to the
atmosphere). For the soil, typical values for clay loam were provided
(Kramer and Boyer 1995) (drawing by Birgit Binder, Entringen)
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(Niklas 1985; Wilson et al. 2008) and which is applicable to
xylem conduits despite their narrow diameter (Leyton 1975).

The “standard” equation for the volume flow rate Q [m3/s]
through a tube (referring to a circular conduit cross-section
with radius r) reads, according to Hagen-Poiseuille’s law, as

Q ¼ πr4Δp=8μl ð2Þ

with μ = fluid viscosity [Pa s], l = length of the transport path
[m], Δp = pressure difference along transport path [Pa].

To account for cross-sectional shapes different from a cir-
cle, such as elliptic or rectangular, various correction factors or
adapted equations are available (Lewis and Boose 1995;
Beebe et al. 2002).

As obvious from eq. (2), conduit size has a profound influ-
ence on transport capability, because it increases with the
fourth power of radius. It is generally assumed that the evolu-
tion of vessels, which can become much wider than tracheids,
was generally driven by water transport demand, allowing for
much higher water transport rates with the same pressure gra-
dient (Sperry 2003; Lucas et al. 2013). Vessels are restricted to
angiosperms, with rare exceptions in extant (Gnetum
(Carlquist 2012)) and fossil plants (Gigantopteridales (Li
et al. 1996)) while conifers and spore bearing vascular plants
show only tracheids. Although vessels appear to be superior to
tracheids when water transport rates are considered, tracheids

very probably offer various niche-specific advantages
(Pittermann and Sperry 2006; Hacke et al. 2015).
Furthermore, crucial for water supply is the hydraulic conduc-
tivity of the entire wood cross-section, not that of a single
conduit which is only a very small part of the conducting
system. Lianas often feature large vessels, probably to com-
pensate for the relatively small cross-sectional area (Fig. 3a)
(Ewers et al. 1990).

The xylem consists of numerous single conduits and there-
fore represents a porous material, with the conduits as “very
long pores”. Flow through a porous material is described by
Darcy’s law, originally derived for flow through filter beds
(Leyton 1975):

Q ¼ AKΔp=l ð3Þ
with A = cross-sectional area [m2] of the material, K = specific
hydraulic conductivity [m2/Pa s].

Hydraulic conductivity of a porous material (= reciprocal
of hydraulic resistance) consisting of a number of small
tubes depends on the size distribution of the tubes. If a po-
rous material consists of tubes with identical size, its spe-
cific hydraulic conductivity can be easily derived from
Hagen-Poiseuille’s law (xylem consisting of conduits with
different size classes requires more complex approaches
(Cai and Tyree 2010)). Assume that the considered material

Fig. 3 Xylem conduits and pits. (a) Cross-section through the stem of the
liana Adenia lobata, featuring large-sized vessels. (b) Vessel pits of Acer
monspessulanum. The sample was prepared by longitudinal splitting. The
pits at the left show complete pit membranes. (c) Vestured pits in the

xylem of Faidherbia albida. (d) Bordered pits with tori in Pinus
wallichiana. The upper two pits show pit membranes with tori which
are aspirated, therefore sealing an embolized tracheid before sample
preparation
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consists of n tubes, all with an identical radius r. The total
flow rate through this material can then be calculated by
using eq. (2):

Q ¼ nπr4Δp=8μl ð4Þ

Comparison of eqs. (3) and (4) allows the conclusion

K ¼ nπr4=8μA ð5Þ

Hydraulic conductivity of wood obtained by Hagen-
Poiseuille’s law represents the maximum possible value and
is usually substantially higher comparedwithmeasured values
(Lösch 2003). The reasons for this are overestimation of con-
duit size, complex distribution of different conduit sizes, re-
sistance of end walls (meaning the resistance the transpiration
stream has to overcome when flowing from one conduit to the
other through pits) or dysfunctional conduits (due to, for ex-
ample, embolism). The presence of dysfunctional conduits
can be demonstrated by letting a dye flow through the sample,
and functional conduits will become marked by staining.
Calculating (potential) hydraulic conductivity of a dicot wood
is quite a laborious task because it requires careful counting of
vessels (Cai and Tyree 2010). Also, despite the smaller size of
tracheids when compared with vessels, coniferous wood
consisting of ‘tightly packed’ tracheids can achieve a similar
total hydraulic conductivity as dicot woodwhich usually com-
prises a lower number of large-size vessels per cross-sectional
area (Hacke et al. 2006), meaning that the low transport ca-
pacity of tracheids can be compensated by number. Also, co-
niferous torus-margo pits compensate to a certain degree for
the smaller conduit radius of tracheids, because they show a
lower pit resistance than dicot pits (Pittermann et al. 2005).

In early land plants, total xylem hydraulic conductivity
tended to be low, due to narrow conduits as well as a low
cross-sectional xylem area (although taxa with quite high hy-
draulic conductivity existed during the Early Devonian (Wilson
and Fischer 2011; Strullu-Derrien et al. 2014) and increased
during evolution (Niklas 1985). The wood of various taxa of
the Carboniferous showed hydraulic conductivity ranges simi-
lar to that of modern seed plants (Wilson et al. 2008; Wilson
and Knoll 2010; Wilson et al. 2017). Various specific method-
ologies are used to reconstruct xylem hydraulic conductivity
for entire cross-sections or single conduits (Strullu-Derrien
et al. 2014; Tanrattana et al. 2019), and the evaluation of water
transport capacity is of high palaeoecophysiological impor-
tance, because the total hydraulic conductivity of the xylem is
a crucial element for photosynthesis and productivity (Raven
2017). The reason for this connection is clear: high photosyn-
thesis rates require high rates of gas exchange (meaning high
stomatal conductance) and therefore high transpiration rates. In
fact, maximum photosynthesis rates are positively correlated
with xylem hydraulic conductivity in extant plants (Santiago
et al. 2004). Atmospheric CO2 levels, however, have varied

widely throughout the past, with consequences for plant gas
exchange. For a certain stomatal conductance, photosynthesis
depends on external CO2. For subambient to moderately ele-
vated CO2, assimilation rate will increase with increasing CO2,
and then become saturated with further increasing CO2

(Konrad et al. 2008; Franks et al. 2012). On the basis of the
biochemical profile of the photosynthesis machinery, photo-
synthesis in early land plants of the Early Devonian will be
saturated despite very low stomatal conductance (due to low
stomatal density) (Raven 1984; Roth-Nebelsick and Konrad
2003). However, these conclusions are based on the typical
biochemical profile of Rubisco (Ribulose-1,5-bisphosphate
carboxylase/oxygenase) in extant C3 plants.

With respect to water transport performance, there are also
other xylem traits to consider. When the water column inside
the conduits is under negative pressure, the conduit walls will
experience mechanical stress which may lead to implosion.
The mechanical stress will scale positively with increasing
negative pressure, and therefore, the amount of conduit wall
reinforcement is expected to correlate with the “negative
working pressure” which is typical for a taxon (Hacke et al.
2001). The required reinforcement for a certain negative pres-
sure is obtained via wall thickness and depends—among other
factors—on the (inner) diameter of the conduit: wider con-
duits needmore reinforcement than narrower conduits. In fact,
Hacke et al. (2001) showed that the ratio between conduit wall
thickness and inner diameter scales with cavitation resistance,
and therefore with the “typical mechanical load” exerted by
tensile water (see following chapter). This result indicates that
mechanical properties of xylem elements are related to a great
extent to water transport, at least for vessels in angiosperm
wood which are specialised for water transport, in contrast to
conifer tracheids which fulfil both tasks, mechanical
stabilisation of the tree as well as water transport.

Another important feature for water transport under nega-
tive pressure is the presence of pits (Fig. 3 b, c and d). These
are required to allow flow to occur from one conduit to anoth-
er, thereby creating a network of conduits offering a three-
dimensional transport matrix (Tyree and Zimmermann 2002;
Sperry et al. 2006). Pits represent non-lignified patches in the
conduit wall not covered by secondary wall material.
Furthermore, a pit membrane is present, consisting of the pri-
mary walls of both adjacent cells plus middle lamella. Inter-
conduit pits are bordered, meaning that the pit membrane is
overarched by the secondary wall which leaves a pit aperture
in the middle. The overarching secondary wall part is the pit
border, whereas the overarched space above the pit membrane
is the pit chamber. If the secondary wall is thick, the pit aper-
ture leads into a pit canal connecting conduit lumen and pit
chamber. Different kinds of bordered pits exist, with various
sizes, shapes and other traits, depending on plant group, taxon
and also ontogenetic state of the xylem. For example, “ves-
tured” pits feature outgrowths of the secondary wall region
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(Fig. 3c) (Jansen et al. 1998). Pits cause resistance to lateral
flow, also termed “end wall resistance”, which the water has to
overcome when passing from one conduit to another. There is
evidence that resistances of conduit lumen and end walls are
coordinated, each contributing about 50% to total hydraulic
resistance (Sperry et al. 2005). Hydraulic resistance (or con-
ductivity) of conduit walls depends on pit density and size
(Loepfe et al. 2007).

Conductive capacity of the xylem is therefore composed of
different kinds of hydraulic conductivity: mainly the conduit
lumen conductivity (the “tube conductivity” which can be
calculated by Hagen-Poiseuille’s law) and the conduit wall
conductivity, consisting of pit membrane conductivity and
the geometry, density and size of pits. There can be also some
other sources of flow resistance, such as those caused by per-
foration plates (Schulte and Castle 1993; Ennos 2000;
Lancashire and Ennos 2002; Christman and Sperry 2010).
The xylem represents a complex anisotropic and hierarchical-
ly organised porous material, comprising different kinds and
scales of porosity, with the pores of the pit membrane reaching
into the nanometer scale. This complexity is the basis for the
unique transport principle of tensile water realised in vascular
plants.

Tensile water and nano-valves

Water transport driven by leaf transpiration can be described
as a “suction pump”. This means that the pressure at the tran-
spiring leaves is lower than the water pressure at the tree base.
This raises a serious physical problem, because to overcome
gravity, a pressure gradient of 105 Pa (≈ 1 atm) is necessary for
each 10 m of height. Just to reach a distance of 10 m above
ground, the water pressure therefore has to arrive at zero.
When the various resistances of the transport path, such as
resistance within the soil or the root system, are taken into
account, the water pressure will even become negative.
From an engineering point of view, it is quite astounding that
plants rely on this water transport principle, because these
conditions are expected to be precarious, with the formation
and rapid expansion of gas bubbles leading to conduit block-
age by embolism as a major threat. The basic mechanism of
long-distance transport of water is formulated by the
cohesion-tension theory which has its origin already in the
19th century (Brown 2013). The core of the recent state of
this theory is the “internal” cohesion between water molecules
by hydrogen bonds and the adhesion of water molecules to the
conduit walls, also by hydrogen bonds. These bonds allow a
water body to be pulled like a rope and to develop—also like a
rope—the tensile state which manifests itself by negative wa-
ter pressure. This mechanism has fascinated engineers and
physicists for a long time, sparking many debates (Venturas
et al. 2017) and inspiring artificial constructions for water
transport on the basis of the tensile state (Hayward 1970;

Hayward 1971; Tötzke 2008; Wheeler and Stroock 2008).
Research on plant water transport has therefore a strong basis
in thermodynamics and interfacial physics (Pickard 1981;
Stroock et al. 2014; Konrad et al. 2018).

A major aspect of this transport mechanism is the metasta-
bility of tensile water, meaning the danger of embolism for-
mation (gas filling the conduit lumen) leading to blockage of
the conduits. There are two possibilities how gas can appear in
xylem conduits being under negative pressure. The first one is
cavitation, the expected formation of water vapor bubbles
when the water pressure reaches—or even falling below—
saturation vapor pressure. Such de novo bubbles are the result
of broken hydrogen bonds and the subsequent filling of the
voids by water vapor (“boiling at room temperature”). The
probability of such a spontaneous formation of gas bubbles
depends on the circumstances. It can be calculated and is not
to be expected to occur under conditions of plant water trans-
port (Oertli 1971; Pickard 1981; Konrad et al. 2018). In fact,
water can withstand quite substantially negative pressures be-
fore water vapor bubbles form spontaneously, as long as there
are no pre-existing gas bodies or impurities (which are filtered
out of the transpiration stream during the root passage)
(Konrad et al. 2018). The real threat of embolism formation
in xylem conduits is due to air bubbles, which somehow find
their way into the tensile water column (Tyree and
Zimmermann 2002). There are various sources of air which
may enter xylem conduits, such as leaf abscission, damages or
air being present at primary xylem sites (Choat et al. 2015).

The interconnectivity of conduits by pits is potentially fatal
in case of embolism, because the gas filling an embolized
conduit could spread unlimited over the entire xylem, making
it completely dysfunctional within short time. It is therefore
mandatory to contain embolism, preventing its easy spreading
to adjacent conduits. Coniferous pits are able to act as “pres-
sure valves” which seal a gas-filled tracheid. The typical co-
niferous pit membrane shows a peripheral part, termedmargo,
which is highly porous while its centre, termed torus, is sub-
stantially thickened. In case of an embolism event, tori are
drawn towards the pit aperture, thereby sealing an embolized
tracheid (Fig. 3d).

The sealing principle of other pit types is more complex. In
angiosperms, pit membranes are more or less homogenous but
much denser (Fig. 3b). In case of embolism, the pit membrane
separates a liquid (water in the functional conduit) from air
(filling the embolized neighbour). Inside each pit membrane
pore, an interface develops between water and air. The pres-
sure gradient between functional and dysfunctional conduit
acts as a pulling force, trying to draw gas through the pit
membrane pores, thereby stretching the menisci of these in-
terfaces. The menisci are able to withstand the pulling force to
a certain degree (the effect is an everyday experience when
you are washing a T-shirt, for example, and quite persistent air
pockets form when the textile is immersed in water).
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To draw water through a pore, the required pressure differ-
enceΔp rises with decreasing radius of the meniscus rp. This
phenomenon is described by the Young-Laplace equation
(with γ = surface tension, and assuming full wettability of
the pit membrane material):

Δp ¼ 2γ=rp ð6Þ

With water having a surface tension of γ ≈ 0.07275 N/m, a
pressure difference Δp ≈ 1 MPa is necessary to draw water
through the pore. This is, in fact, in the range of embolism
resistance values found for mesophytic trees (Venturas et al.
2017).

Pit membranes of the ‘non-margo’ type therefore represent
‘interface valves’ and their functionality is of vital importance
for plant water transport (Choat et al. 2003). The ability of pits
to control embolism is reflected by the so-called “embolism
resistance” or the maximum negative pressure a xylem can
withstand. During the last years, a lot of research efforts were
dedicated to this important aspect of xylem functionality
which is based to a large degree on principles of interfacial
physics. Accordingly, it is to be expected that pit structure
affects embolism resistance, as was also found in various stud-
ies (Choat et al. 2004; Lens et al. 2011; Lens et al. 2013;
Scholz et al. 2013; Li et al. 2016). Resistance to embolism is
species-specific (although varying between individuals and
ontogenetic states), depending on various factors. For exam-
ple, in ‘margo-torus’ pits of conifer tracheids, minute holes
can exist in the torus (Roth-Nebelsick et al. 2009), probably
the remains of plasmodesmata, which affect embolism resis-
tance (Jansen et al. 2012). Torus-like structures can also occur
in angiosperms (Ohtani and Ishida 1978; Jansen et al. 2004;
Dute et al. 2008; Dute et al. 2010a; Dute et al. 2010b), but only
the margo of conifer tracheids shows the appearance of wheel
spikes running from the pit margin to the torus. There is also
some evidence that additional substances, particularly
hydrogel-like ones, are involved, but this is under debate
(Zwieniecki et al. 2001; Klepsch et al. 2016). Nanostructure
of pit membranes as well as its chemical composition are of
high interest to elucidate the interfacial processes occurring at
pit membranes, but these are difficult to access and require
sophisticated methods such as atomic force microscopy
(Pesacreta et al. 2005; Lee et al. 2012).

Trees as ‘mini-biotopes’

Conditions in the crown

The elaborate long-distance transport structures and principles
described above are necessary to supply extensive canopy
systems high above the forest floor. With increasing distance
from the ground, air humidity decreases and wind velocity

increases, leading to substantial differences between condi-
tions close to the forest floor and those high up in the crown.
The flow profile around trees depends, however, not only on
tree height, but also on local conditions, such as regional to-
pology and climate, as well as density and profile of the veg-
etation, with partially complex interactions (Coutts and Grace
1995). The microclimate within a tree crown depends there-
fore not only on its own architecture, but also on numerous
other factors, including presence, height and structure of
neighbouring trees (Madigosky 2004). Within a tree crown,
the microclimate can vary considerably, with time as well as
with position in the forest canopy. Wind velocity plays an
important role, representing not only a formidable threat with
respect to mechanical loading, but also affecting boundary
layer conductance and leaf temperature along the canopy.
Leaves at sun-exposed canopy sites experience fundamentally
different conditions than leaves growing at more shaded po-
sitions, leading to the well-known phenomenon of “sun” and
“shade” leaves, with the latter type larger and thinner than the
first type (Lichtenthaler et al. 1981).

Leaf temperature and its dependence on environment are
important when studying correlations of leaf traits and cli-
mate. Firstly, leaf temperature affects photosynthesis, because
assimilation rate is highest under a certain optimum leaf tem-
perature. Secondly, when leaf temperature exceeds a certain
species-specific limit, thermal damage occurs. Thirdly, the
water content of the leaf-internal air increases with tempera-
ture (warmer air shows—at a given relative humidity—a
higher water content than cooler air), meaning that transpira-
tion rate increases with leaf temperature with all other condi-
tions being equal. Higher leaf temperature can therefore pro-
mote photosynthesis, but potentially rises water demand.

Larger objects which are heated will become warmer than
smaller objects under the same conditions, because the bound-
ary layer thickness rises with increasing object size. When
exposed to a wind current, a warm object loses heat by con-
vective cooling, and the rate of convective cooling rises with
decreasing boundary layer thickness. Smaller objects will
therefore show a higher heat removal than larger objects under
the same conditions. The smaller size of sun leaves is therefore
interpreted as strategy to limit the rise of leaf temperature and
therefore to curb evaporative water loss. With the same rea-
soning, the often observed small leaf size of taxa living in
habitats with low water availability is discussed as possible
adaptation against leaf overheating and high transpiration
rates. To estimate the effect of wind velocity and leaf size on
leaf temperature, empirical equations from engineering sci-
ences are used (Nobel 2005). To account for the size of the
object, the “characteristic” dimension—expressed in length
scale [m]—is applied. For example, for a rectangular plate,
the characteristic dimension is the length of the plate in flow
direction. However, these equations represent only rough ap-
proximations because they were derived with “ideal objects”,
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meaning flat and smooth plates with standard shapes, such as
discs and rectangles. Real leaves feature surface irregularities,
such as protruding veins and hairs and show often quite com-
plex shapes, leading to equivalently complex boundary layers
and flow profiles (Schuepp 1993).

While lower air humidity and higher wind velocity are
typical conditions experienced by forest canopies which easily
cause water stress conditions for the leaves, a tree crown can
also benefit from its height with respect to water supply “di-
rectly from the air”, by intercepting atmospheric water (fog,
mist, rain). The ecological importance of water absorption by
leaves has become increasingly acknowledged over the last
years and is considered to improve the water status particular-
ly in arid environments or during drought when precipitation
is low but fog or dew events are possible (Burgess and
Dawson 2004; Breshears et al. 2008; Ebner et al. 2011; Eller
et al. 2013; Binks et al. 2019). Fog and dew are two different
events, with fog consisting of minute water droplets with sink-
ing rates so low that they are floating in the wind whereas dew
represents water condensed out of air at plant surfaces. In
contrast to dew, fog consists of already condensed water drop-
lets (in the range of 1–100 μm)which are transported bywind.
Dew requires the plant surface to be cooler than the surround-
ing moist air so that the point of oversaturation is reached.

The potential harvest rate of fog water increases with wind
velocity and density and size of the fog droplets (Gandhidasan
et al. 2018). Plant parts exposed to higher wind currents can
therefore harvest potentially more fog water than plants closer
to the ground. Together with various other plant species, the
coniferous taxon Sequoia sempervirens, the coast redwood or
Californian redwood, belonging to the tallest tree species, de-
pends to a large degree on water supply by fog interception
and absorption of the fog water by its needle leaves and also
the bark (Burgess and Dawson 2004; Fischer et al. 2009;
Limm and Dawson 2010; Mason Earles et al. 2016). In fact,
the habitat of the Californian redwood is situated along the
Pacific coast of North America, where fog frequently occurs,
with the most northerly distribution in Oregon, and the most
southerly in the region of the Monterey County.

Fog collection is also a topic of interest with respect to
technical application (Klemm et al. 2012). Besides wind ve-
locity and fog water content of the oncoming air, the structure
of the intercepting objects is of importance. Interception rate
will decline with increasing boundary layer thickness and an
arrangement of small and narrow objects as fog-intercepting
structure is therefore advantageous for fog collection. The
density of the elements should be neither too high—which
would inhibit the throughflow of fog-laden wind currents—
nor too low—which would let a large amount air volume pass
through without being “combed out” (Rivera 2011). Trees
possessing small leaves and a spacious crown should therefore
be able to intercept quite large amounts of fog. These consid-
erations are also basic to optimal design of artificial fog

collectors which are usually large screens consisting of thin
filamentous elements or meshes mounted on a frame and
erected at wind-exposed sites (Park et al. 2013; Holmes
et al. 2015; Regalado and Ritter 2016).

Epiphytes—jewels in the crown

It is obvious that tree crowns represent special habitats of their
own, offering ecological niches particularly to epiphytes.
These “plants on plants” contribute substantially to species
diversity of a forest and influence also productivity and hy-
drological processes (Zotz 2016) Fig. 4 a and b shows, as an
example, the epiphyte-rich Atlantic rainforest of Southern
Brazil. In contrast to trees, epiphytes satisfy their water de-
mand from absorption of atmospheric water. Whereas this
seems to represent a quite precarious life style, there are also
various benefits. First and foremost, epiphytes are well sup-
plied with light for photosynthesis without the demand to
invest in tissues for mechanical stabilisation which is costly,
contrary to self-supporting plants (also lianas which climb
trees to reach the upper canopy require a large amount of stem
material (Putz and Mooney 1991; dos Santos Miranda 2013)).
On the other hand, conditions in the crown include quite high
vapor pressure deficit during the day (Miranda et al. 2020),
making efficient water uptake and storage essential for epi-
phytes to maintain a favourable water status. Special adapta-
tions for the uptake of atmospheric water are an outstanding
feature of many epiphytes, including both vascular and non-
vascular taxa. It should be noted that research on epiphytes in
their natural habitat requires often difficult working conditions
in forests and the canopy (Fig. 4c). In the following, some
brief examples for vascular epiphytes are presented.

Economic use of water is realised in many different ways.
For water uptake, a variety of special traits can be observed for
epiphytes. Leaves of tank bromeliads, for example, are ar-
ranged in a rosette-like manner in order to capture and store
as much water as possible during rain events (Fig. 5a).
Rhizomes of epiphytic ferns form a dense mesh to intercept
water from stem flow running along the bark (Fig. 5b).
Succulent leaves and pseudobulbs, such as shown in Fig. 5c,
allow for a high capacity of water storage and are common
features of epiphytic orchids. Furthermore, many epiphytes
use CAM or C4 assimilation to achieve a high water use effi-
ciency. Thick cuticles further reduce water loss by reducing
epidermal transpiration—just to name a few adaptations to
economic use of water.

Many epiphytes are able to exploit fog and dew as addi-
tional water sources. Dew formation occurs at plant surfaces
during nights with high air humidity, when heat in form of
infrared radiation is emitted, reducing the temperature of the
plant surface to the condensation point. Utilisation of dew was
observed for several plants living in arid environments (Hill
et al. 2015) but is also reported from rainforest bromeliads
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(Andrade 2003). As described in the preceding section, the
boundary layer thickness decreases with wind velocity and
increases with leaf size. Small (or narrow) leaves should there-
fore be particularly suitable for fog collection (Martorell and
Ezcurra 2007). Species of the genus Tillandsia often feature
long and narrow leaves (Fig. 6a). Since fog harvesting rate
also depends on wind velocity, the detailed location in the
crown is another essential factor: exposed plants should

collect more fog than plants which are shielded from wind
currents. To absorb atmospheric water swiftly, epiphytes
show special surface structures with remarkable properties.
In Bromeliads, and particularly in the genus Tillandsia, spe-
cial trichomes are essential for intercepting and absorbing at-
mospheric water (Mez 1904; Benzing 1976; Benzing et al.
1978) (Fig. 6b). These multicellular trichomes, termed absorp-
tive scales, respond to wetting by opening pores for water

Fig. 5 Epiphytes of the Southern Brazilian Mata Atlântica featuring
different strategies for water supply. (a) The tank bromeliad Aechmea
sp. with leaf rosettes forming a water reservoir to collect rain water. (b)

Densemesh of rhizomes ofMicrogramma sp., a fern, covering the bark of
its host tree to collect water from stemflow. (c) Water-storing
pseudobulbs of the orchid Gomesa concolor

Fig. 4 Epiphytes on trees in the Atlantic rainforest of Southern Brazil. (a) Forest structure and landscape. (b) Tree trunk colonised by epiphytes. (c)
Epiphyte monitoring
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absorption (Benzing 1976) and forming a capillary structure
with excellent ability for external water conduction (Herppich
et al. 2019). When the surface becomes dry again, the pore is
closed, preventing water loss by evaporation. The dry state is
indicated by a silvery appearance, due to total reflection of
light by the dead trichomes. In epiphytic orchids, a special
external layer around the aerial roots, the velamen radicum,
is responsible for water absorption (Zotz and Hietz 2001).

On the basis of all these special adaptations serving to
become independent from soil water, epiphytes are able to
colonise tree canopies. The rich diversity and biomass of epi-
phytes settling in tree crowns create habitats of their own,
providing environmental space for numerous other organisms,
such as the well-known use of filled bromeliad tanks by tree-
frogs (Alves-Silva and da Silva 2009; Romero et al. 2010).
Tree-crowns therefore represent “mini-biotopes” contributing
substantially to biodiversity and to ecological cycles by
adding environmental space above ground, made possible
by the mechanical qualities of tree stems. This is not only true
for tropical environments. In cooler climates, trees are also
colonised by epiphytic organisms, particularly mosses, and
represent important habitats for animals, by offering dwell-
ings, nesting possibilities and food sources.

Today, about 9% of all vascular land plant species are
epiphytes, with partially high radiation rates (Zotz 2016).
Epiphytes of the Atlantic Forest, for example, radiated recent-
ly in the Pliocene (Ramos et al. 2019). The fossil record of
vascular epiphytes is quite sparse, requiring sites with excep-
tional preservation, and available information on fossil mate-
rial indicates that early vascular epiphytes were usually repre-
sented by ferns (Poole and Page 2000; Psenicka and Oplustil
2013). Probably, the ability to develop considerable resilience

against drought was an important factor that enabled ferns to
evolve into the epiphytic niche (Pittermann et al. 2013;
Niinemets et al. 2018). Given the high ecological importance
of extant epiphytes, it appears desirable to obtain more knowl-
edge on fossil epiphytes and the evolution of the epiphytic life
style.

Conclusions

Functional analysis of the tree habit on the level of the under-
lying physical principles has proven to be outstandingly re-
warding. This topic is also rewarding for engineering sciences
and physics as it allows for exploring a rich constructional
space which includes a variety of structures and how these
structures are integrated into a larger multifunctional system.
Functional analysis of trees, their tissues and cell structures is
still a rich field of research with a high potential for solving
long-standing questions as well as for novel discoveries and
new concepts. For example, it is still under debate whether the
maximum height of trees is limited by mechanics or hydraulics
or possibly by other factors (Koch et al. 2004a; Niklas 2007;
Munné-Bosch 2018; Williams et al. 2019). The study of fossil
plants is exceptional in this respect, because the analysis has to
be based on already available knowledge on plant tissues and
their properties with measurements and experiments being im-
possible. Reconstructions of fossil plants can expand our in-
formation on the morphospace of possible biological construc-
tions, on the basis of characteristics of plant materials, tissues
and functional principles. With respect to fossil trees and their
evolution, ongoing research provides a steady accumulating
wealth of new results, unraveling the fossil record of the

Fig. 6 Epiphytic bromeliad Tillandsia geminiflora (a) showing leaves densely covered with absorptive scales (b)
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evolution of the tree habit to an ever finer and more detailed
picture (Meyer-Berthaud et al. 2010; Chomicki et al. 2017).

In this context, new results on tissue structure and con-
structional principles of extant trees are important to un-
derstand the functional background of tree evolution and
to obtain a comprehensive and integrative picture of the
life style of fossil trees and their productivity (Decombeix
et al. 2017; Wilson et al. 2017; Dambreville et al. 2018).
This includes also evolutionary processes resulting in the
tree habit. Phylogenetic analyses show that different
growth forms can evolve quite rapidly within lineages
(Isnard et al. 2012). Integrative approaches which com-
bine the fossil record and phylogenetic analyses with
studies on structure, function and ecology are fruitful in
understanding the evolution of the tree habit and other
growth forms and the underlying biotic and abiotic selec-
tive forces (Petit and Hampe 2006; Read and Stokes
2006; Isnard et al. 2012).

With respect to the function of water conduction, pit traits
have increasingly come into focus due to their importance for
resistance to embolism (Wheeler et al. 2005; Lens et al. 2013;
Mrad et al. 2018). Ongoing research on the relationships be-
tween xylem structure and susceptibility to embolism contrib-
utes essentially to the understanding of tree resilience to
drought which is highly important in a global context
(Skelton et al. 2015; Nardini et al. 2017). Such results are also
essential to evaluate the water economy of fossil trees and its
ecophysiological consequences (Wilson and Knoll 2010;
Wilson et al. 2017), with far-reaching implications for
Earth’s history.
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