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SUMMARY

The evolution of the stele was studied under the functional aspect of water transport problems by using a
numerical approach. The underlying mathematical model describes the behaviour of a fluid-filled porous
medium and is based on the coupling of Hooke’s law and Darcy’s law including a dynamic permeability
approach which leads to a self-organization of the considered structure according to the resulting fluid-
pressure field. Calculations dealing with two problems were performed. The essential demand of a water
conducting system for a plant was demonstrated quantitatively. As soon as the plant shows an upright habit,
the need for efficient water transport occurring through a highly porous apoplastic pathway becomes
evident. In a second approach, the evolution of the protostele was simulated using the concept of dynamic
permeability. The simulations of structures with self-regulating hydraulic conductivity yielded two strategies
according to the pressure—permeability relationship. Increasing hydraulic conductivity with increasing
negative fluid pressure results in peripheral layers of the conducting tissues, whereas the inverse pressure—
permeability relationship yields a central position of the conducting tissues. The latter arrangement
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corresponds to the protostelar construction of early vascular plants.

1. INTRODUCTION

The colonization of land by higher plants in the
Upper Silurian or even earlier (Edwards & Fanning
1985; Gray 1985) was one of the crucial steps in the
evolution of the planet earth and its ecosystems. For
the plants this step from the water onto the land
opened a new and large field of ecological licences but
confronted them with a totally different environment
and correspondingly with a series of new problems. In
a water environment there are no serious obstacles to
reproduction and fertilization and male and female
gametes can be released directly into the water. In a
terrestrial environment, however, sexual reproduction
is more difficult to accomplish and hence land plants
developed numerous adaptations of their life cycle
(e.g. seeds) to cope with this problem (cf. Bower 1908;
Stebbins & Hill 1980). Gravity is another serious
problem in terrestrial environments. Its relevance for
the evolution of higher land plants has been analysed
in various papers and it was demonstrated that
evolutionary changes in growth habits of land plants
were largely constrained by gravity (e.g. Niklas 1984;
Speck & Vogellehner 1988; Mosbrugger 1990).

A third problem of land plants relates to the water
budget. Land plants are surrounded by air which
generally has a negative water potential and hence acts
as a desiccating medium. Some smaller land plants such
as algae, lichens or mosses can resist desiccation or are
restricted to habitats with a high atmospheric moisture
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content and can take up water directly over their
surface. In contrast, higher land plants (tracheophytes)
have developed a complex set of adaptations to colonize
drier habitats and to maintain a balanced water budget
(Raven 1984). To compensate for the water loss due to
transpiration these homoiohydric plants take up water
from the soil and transport it to the sites of transpiration.
This transport occurs in a vascular bundle with dead
elongated cells (tracheids, vessels) and the transport
energy is provided by the water potential gradient
between the air and the soil. To minimize and regulate
the transpiration rate a cuticle and stomata are
developed.

Although we can understand the basic adaptations
of the various groups of land plants to solve this
problem of water loss and transpiration many
questions remain. For instance, the detailed mecha-
nisms of water uptake and water transport in the
various tissue types (e.g. xylem, parenchyma) are still
unclear (Molz & Ferrier 1982; Boyer 1985; Westgate
& Steudle 1985; Canny 1989). In addition, our
understanding of the evolution of the water transport
system is relatively poor: we know that in plant axes as
well as in leaves numerous different water transport
systems evolved and sometimes we can even trace the
evolutionary pathways (e.g. Zimmermann 1952) but
we do not really understand the reasons for the
observed evolution. In this and a series of other papers
we will approach some of the questions related to the
water transport in land plants. In particular we will
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analyse the efficiency of various water transport
systems in land plants and demonstrate that the
necessity for an efficient water transport constrained
the evolution of land plants in a similar way as did the
problems of gravity and reproduction/fertilization. In
this first study we will concentrate on the evolution of
a stele in the earliest tracheophytes.

2. THE PROBLEM: EVOLUTION OF THE
PROTOSTELE

The existence of a stele is the diagnostic character of
tracheophytes. The oldest plant remains which show a
vascular bundle with tracheids are from the Lower
Devonian and belong to Cooksonia pertonii (Edwards et
al. 1992) but possibly vascular bundles existed already
in similar plant axes (‘telomes’) which occur in the
Upper Silurian and which are also referred to
Cooksonia. Cooksonia pertonii as well as some other
early land plants (e.g. Rhynia) have their tracheids
arranged in a central strand or protostele which is
considered to be the most simple organization of a
stele. A similar central strand consisting of hydroids
can be found in some mosses (Proctor 1982).
According to Zimmermann (1959), the protostele can
be derived from central strengthening structures of the
land plants’ algal ancestors. Zimmermann assumed that
the water living predecessors of the tracheophytes had a
central strengthening tissue which stabilized them
mechanically against the forces occurring in the surf
zone and indeed, such a tissue exists in various modern
algae living in environments where considerable drag
forces occur (Koehl & Wainwright 1977). He pointed
out that the protostele of the earliest tracheophytes has
to be considered as a relict of the mechanical system of
algal ancestors (Zimmermann 1959). It is unlikely,
however, that such large algae represent the ancestors of
tracheophytes (Graham 1993). According to another
view the architecture of the protostele is more related to
photosynthesis. In a leafless plant axis or telome, as it
exists in the most primitive tracheophytes, a central
strand allows for a peripheral and exponated position of
the photosynthesizing tissues (Carlquist 1975). This
hypothesis, however, cannot explain why the earliest
tracheophytes have a protostele and not a siphonostele
or actinostele which are all central strands. In fact,
Speck & Vogellehner (1988) have shown that proto-
stele, siphonostele and actinostele do not differ
significantly with respect to their mechanical properties.
As a whole, up till now there is no theory or concept
which considers the stelar evolution in relation to
water transport. In this paper we try to understand
and explain the evolution of the protostele by
analysing the water budget and water transport
problems of the earliest land plants. Two different
questions are considered and analysed with a
computer modelling approach. First, we investigate
whether land plants do indeed need a water
conducting system and whether there is a maximum
height up to which a plant is able to live in a
desiccating terrestrial environment without a water
conducting system. As a second problem the evolution
of the protostele is simulated with a self-regulating
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system, which forms its internal hydraulic architecture
according to defined hydrodynamic parameters.
These problems are treated numerically using a
mathematical model, which was originally designed
to simulate fluid flow and mechanical reactions during
porous rock compaction (Grun et al. 1989).

3. THE MODELLING APPROACH:
NUMERICAL METHOD AND DEFINITION OF
THE MODEL STRUCTURES

The model used for the following analyses considers a
system, which is composed of two phases, porous
material and fluid. The model system is based on the
coupling of Hooke’s law (mechanical deformation is
reversible and proportional to mechanical stress) and
Darcy’s law (fluid flow is proportional to the fluid
pressure gradient). The two phases are coupled and
therefore react simultaneously to external forces and
fluid flows. A mechanical load acting on one side, for
example, will cause a fluid flow out of the region of
deformation. In this way, mechanical behaviour and
hydrodynamics of a given structure are connected.
The mathematical model system itself is briefly
discussed in the Appendix.

A coupled system of differential equations (for details
see Appendix) is solved with a Finite Element (rg)
approach. By using this method the structure (i.e. plant
axis), which is to be analysed, is split into elements with
defined geometrical properties. The elements are
defined by a set of nodes or discrete points (the term
‘node’ is used here in a mathematical sense as coordinate
point, whereas the botanical term ‘node’ denotes the
point of leaf insertion on the plant stem; the term ‘node’
is always used in this paper as a synonym for ‘discrete
point’). The integration of the differential equations is
performed numerically over the elements. As a result,
the entire domain is represented by the behaviour of its
subareas. For a detailed discussion of the Finite Element
method see, for example, Zienkiewicz & Taylor (1989).
The specific problem considered here and its solution is
described in detail by Wallner (1990). The correspond-
ing computer program NAPE (Wallner 1990) enables the
user to perform calculations on arbitrary axisymmetric
grids. An important feature of the algorithm is the
possibility of defining very complex boundary condi-
tions in order to obtain a realistic model structure. The
unknown variables are: (i) displacement of the nodes in
two directions, u, and u,; and (ii) the fluid pressure p at
the nodes. The fluid pressure p is calculated as difference
to the initial value of p (= 0) thus representing the excess
fluid pressure. In the following, p will be denoted simply
as fluid pressure or hydrostatic pressure, but p is always
the difference from the initial value. In addition, it
should be mentioned that p is not identical with the
water potential ¥ which describes the water status of a
plant tissue. Several quantities, including the hydro-
static pressure, contribute to ¥ (see, for example,
Slatyer 1967).

As the problems analysed are time dependent, a
discretization of time is necessary. The calculations
are performed in time steps by numerical integration
until the steady state condition (see below) is attained.
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i ﬁ
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(@) b) ()
Figure 1. The grids representing the different axes'which

were used for the homogeneous model. The proportions of
radius to length are: (a) (1:3); (b) (1:5); (¢) (1:10).

By each computation step u,, u, and p are calculated
for every single node point. Thus, solutions are given
for all nodes and for all time steps Z,.

This basic model has been adapted for the analysis
of the water transport efficiency in various plant axes

or telomes with and without a vascular bundle.

(@) The homogeneous model

To analyse whether simple land plants could
survive without a water transport system, water
transport in simple (leafless) telome structures
consisting entirely of parenchyma was modelled. For
this purpose axisymmetric structures with homoge-
neous material properties and constant hydraulic
conductivity were used. Different halfspaces, illu-
strated in figure 1 and summarized in table 1, were
considered in order to get quantitative information
about limitations of a purely parenchymatous water
transport. Effects of gravity were neglected in this
case. Note that the grids define axisymmetric half-
spaces with the axis of rotation at the left.

In addition, appropriate boundary conditions had to
be defined (for a mathematical description of the
boundary conditions, see Bear 1979). First, the
structures were fixed in space. This was achieved by
choosing the Dirichlet boundary conditions at the
bottom (X-axis) and along the axis of rotation (Y-
axis). Thus, the nodes at the bottom are allowed to
move parallel to the horizontal direction while the
nodes on the rotational axis may perform displace-
ments parallel to the vertical direction only. In
addition, a free water inflow from the bottom into
the structure was also modelled by the appropriate
Dirichlet boundary conditions: for all nodes at the
bottom the fluid pressure p was defined to be

p = 0 = constant. Thus, the bottom served as a free

boundary with respect to the fluid pressure. In this
way, water supply by absorbing underground organs
was substituted by a fluid reservoir below the bottom
of the axisymmetric structures. This simplification
seemed to be reasonable as the fluid uptake into the
plant should not be a limiting factor in our models
and because a detailed modelling of water uptake and
flow into the shoot was not intended. The transpira-
tion driving water from the roots to the surface was
simulated by a Cauchy boundary condition of a
constant water outflow at the surface of the structure.
The rate of transpiration was estimated from values

Table 1. The set of different halfspaces whick were used for the homogeneous model

(Each structure corresponds with a concrete calculation.)
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radius height hydraulic conductivity transpiration rate
proportion radius -
structure to height mm mm (mm?s~! kPa~1) (mm® mm~2571)
Al 1:3 0.25 0.75 106 1075
A2 1:3 0.5 1.5 106 10-°
A3 1:3 1.0 3.0 1078 105
A4 1:3 2.0 6.0 106 1075
Bl 1:5 0.25 1.25 106 105
B2 1:5 0.5 2.5 106 1075
B3 1:5 1.0 5.0 10-6 1073
B4 1:5 2.0 10.0 106 1075
Cl 1:10 0.25 2.5 10-6 1075
C2 1:10 0.5 5.0 108 1075
C3 1:10 1.0 10.0 10-6 1073
C3b 1:10 1.0 10.0 106 107
C3c 1:10 1.0 10.0 107 1075
C3d 1:10 1.0 10.0 107 107

Phil. Trans. R. Soc. Lond. B (1994)
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displacement in y
transpiration

X
displacement in x
p=0

Figure 2. Boundary conditions of the model axes. The nodes
at the axis of rotation (left axis) are allowed to move
vertically, whereas the nodes at the bottom (= dashed line)
may perform horizontal displacements. The fluid outflow
(= transpiration) occurs over the surface which is repre-
sented by a dotted line.

found in higher plants today (Altman & Dittmer
1973). The process of evaporation itself was not
included in the model simulations. The boundary
conditions are summarized in figure 2.

The mathematical model used here is based on the
assumption that the entire structure is linear elastic
and mechanically isotropic. In most cases, this is not
valid for biological materials (Vincent 1990). In
addition, the material parameters of biological tissues
are influenced by water content and number of cells
(Falk et al. 1985; Niklas 1988). Interactions of water
content and mechanical behaviour are complex
phenomena (Schulte 1992). However, isotropic and
linear elastic behaviour as well as constant material
parameters were supposed to represent acceptable
approximations in this case, because no additional
mechanical loads with corresponding effects on the
material matrix were used (the term material matrix
will be used as synonym for the solid phase). Even a
highly complex mechanical model, which could
describe the mechanical behaviour of a certain tissue
exactly, is expected to have little influence on the
results with respect to the water transport dynamics.

If available, parameters for parenchymatous tissues
were used in the homogeneous model. For a material
under mechanical load, the modulus of elasticity (E-
modulus or Young’s modulus) describes the ratio of the
applied stress and the resulting strain. For potato
parenchyma, Niklas (1988) found this value to be
between 5 x 103-1.9 x 10*kPa. For the apex of Pisum
sativum seedlings, an E-modulus of about 4 x 10* kPa
was measured (Burstrém et al. 1970). The value used in
this study was 5 x 10 kPa. The Poisson-ratio describes
the contraction of a material at a given strain in the case
of mechanical loading. Because of an often anisotropic
behaviour of biological material, an estimation of this
value is difficult. For apple flesh, Chappell & Hamann
(1968) measured values between 0.21-0.34. The
compressibility is defined as reciprocal value of the

Phil. Trans. R. Soc. Lond. B (1994)
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modulus of compression. The latter describes the change
of a structure’s volume in the case of an overall loading.
The compressibility of grain is related to the compo-
nents building up the material matrix, not to the matrix
itself. It is assumed for parenchyma, that the essential
component is the water which shows a compressibility
of 5x 1077kPa~!. However, as it is not the only
component, this value was rounded wup to
1 x 1076 kPal,

In general, apoplastic and symplastic pathways can
be used in parenchymatous water transport (Molz
1976; Molz & Ferrier 1982). It is likely, that both are
co-existing in many cases (Molz & Ferrier 1982; Boyer
1985; Canny 1989). Owing to the complex nature of
water transport in parenchyma, it is difficult to give
an exact value for the hydraulic conductivity of
parenchyma. Raven (1977, 1984) estimated the upper
limit to be 1 x 107 mm?s™*kPa~!. This value was
varied for some of our modelling experiments. In these
cases, the variations will be given explicitly for the
corresponding model structures. The parameter of
porosity, which is between 0 and 1, gives not the total
void space, but the portion of the fluid which can
move freely inside the material matrix (see, for
example, Bear 1972; deMarsily 1986). This quantity
is defined as: porosity = (free volume of fluid) x (total
volume)™!. In all living cells water is an essential
constituent. If it is lost totally, the cell will loose its
structure and properties. Therefore, a porosity of 0.3 is
assumed for parenchyma, that is, a fraction of 30% of
the water of the tissue can flow freely. Additionally,
the model assumes the structure to be saturated with
water. This means, in general, that a discontinuous
fluid phase is not considered.

In our model the fluid flow inside the model
structures considered are controlled by the mechanical
properties, the hydraulic conductivities and the gradient
of the fluid pressure. Thus, the plant tissue is represented
macroscopically by its mechanical and hydraulic
parameters and not by microscopic processes on the
cellular level. Basically, parenchyma is composed of two
porous continua. The cell walls can be described as a
porous matrix (Nobel 1983), whereas the behaviour of
the symplasm is determined by osmotic processes due to
the cell membranes. Osmotic potential and turgor
pressure define the ‘water status’ of a living cell. In the
computer model used here, microscopic interactions are
summarized to yield a macroscopic system, in which the
parenchyma is represented by a homogeneous structure
with defined permeability. The calculations yield the
differences of fluid pressure, which are necessary for a
given structure with the hydraulic conductivity of
parenchyma to establish a water transport from the
bottom (substrate) to the transpiring surfaces. Living
tissue would generate the required gradient by the water
potential. The material parameters used in the
calculations are summarized in table 2.

(b) Homogeneous model with dynamic permeability

With a second model group the evolution of the
protostele was analysed. Here, the same considera-
tions regarding the parameters and boundary condi-
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Table 2. The material parameters applied for the homogeneous model structures

(Hydraulic conductivity and transpiration rate were varied. These two values are given in table 1 together with

the corresponding model structures.)

parameter data references

E-modulus 5 x 10* kPa Burstréom et al. (1970), Niklas (1988)
Poisson-ratio 0.25 Chappell & Hamann (1968)
compressibility of grain (material) 1 x 107 kPa~! estimated

compressibility (fluid) 5x 107" kPa~! Weast & Astle (1983)

porosity 0.3 estimated

tions were valid but the hydraulic conductivity was
defined to be a function of the effective pressure (see
equation (10) in the Appendix). Effective pressure
means the difference between fluid pressure and
mechanical pressure acting in the material matrix
itself. In the case of our two model structures (A and
B, see below) the effective pressure depended only on
the fluid pressure. The hydraulic conductivity was
therefore a function of the fluid pressure p. As a result,
the model structures were able to adjust the hydraulic
conductivity locally according to changes in fluid
pressure. However, the hydraulic conductivity also
influenced the fluid pressure in a feedback, because, at
a given water outflow, the hydraulic conductivity
determines the fluid pressure, which itself influences
the hydraulic conductivity. Thus, a self-regulating
system results in which the pattern of hydraulic
conductivities was created by the feed-back of fluid
pressure and permeability. This (purely theoretical)
dynamical approach should reveal whether the
evolutionary development of water-conducting tis-
sues may be understood in terms of a self-regulating
system in which apoplasmic permeability increases
according to local pressure—flow relationships. The
evolution of water-conducting tissues is thus modelled
macroscopically as a process of self-organization
controlled by defined physical parameters.

To study the patterns resulting from various
relationships between hydraulic conductivity and

i A B

10‘7llll]llII|1II|[IIII]T!II|

2.5 0.0 -25 -5.0 -75 -10.0
p/kPa

Figure 3. Two functions of defined dependence of hydraulic
conductivity on fluid pressure. A, Increase of hydraulic
conductivity with increasing negative fluid pressure. B,
Decrease of hydraulic conductivity with increasing negative
fluid pressure. The two functions were applied in the
homogeneous model with dynamic permeability.

Phil. Trans. R. Soc. Lond. B (1994)

effective pressure, two functions with antagonistic
dependencies of permeability on pressure were chosen
(see figure 3). The results will be compared with real
architectures of conducting tissues afterwards.

Model A: Increase of hydraulic conductivity with
increasing negative fluid pressure This means, that
hydraulic conductivity increases with decreasing fluid
pressure.

Model B: Decrease of hydraulic conductivity with
increasing negative fluid pressure. This means, that

Table 3. The values of Ty, which were found for the
different halfspaces in the homogeneous model

time required to reach the

structure steady state condition/s
Al? 30

A2* 110

A3* 600

A4® 2.000
BI1* 100

B2 440

B3 1.800
B4 7.000
c1? 450

c2® 1.800
c3? 7.100
C3b 7.100
C3c 71.000
C3d 71.000

*Values used in figure 4.

10 000 —
2 1000 —
2 .
E
=
2
5]
@ 100 —

10 L L O L L T L LA L L LA
0.0 2.5 5.0 7.5 10.0

height of the structure / mm

Figure 4. Plot of the values of Ty, (= time span required
to reach the steady-state condition) against the height of
the structures A1-C3 (see table 1) in a semilogarithmic
representation.
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Figures 5-9. Structure C3 (radius = 1mm, height = 10mm, transpiration rate =1 X 107° mm
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> 0.5
0.0- 05
-05- 0.0
-1.0- -0.5
-1.5--1.0
2.0~ -1.5

< 20

8 mm 257,

hydraulic conductivity = 1 X 10" mm?s7! kPa_l); results obtained at discrete time values (s). The contour lines
are equidistant starting with the least negative pressure values. Figure 5, 4 = 1; figure 6, t, = 10; figure 7,
t3 = 100; figure 8, ¢4 = 1000; and figure 9, 45 = 7100 = T,,,. Represented are fluid velocities as vectors (lower
left), pressure field as contours plotted against spatial coordinates (above) and the longitudinal component of the

flow, v,, against spatial coordinates (lower right).

the hydraulic conductivity decreases with decreasing
fluid pressure.

The grid used for this model group is represented in
figure 15. Boundary conditions and all material para-
meters, with the exception of hydraulic conductivity and
transpiration rate were the same as in the homogeneous
model with constant hydraulic conductivity. A tran-
spiration rate of 5 x 107" mm® mm~25s~1 was chosen to
yield a temporally fast reaction of the structure.

Phil. Trans. R. Soc. Lond. B (1994)

5. RESULTS

(a) Homogeneous model with constant hydraulic
conductivity

First, model structures with varying dimensions but
with identical material parameters were considered
(structures A1-C3, see table 1). The structures differ
with respect to the time span of the non-steady state.
This is shown in table 3 and in figure 4. In this graph
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1.87x 105~
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6.25x 106 ~
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> 15
30--15

45— 30

| -6.0- -45
B 75— 60
B o075
Il < 9o

0.0

Figure 6. For description see figure 5.

the time span required by the different structures to
reach the steady state condition (7, ) is plotted
against the height of the axis. Obviously, T,
depends on the length of the path which defines the
maximum distance between the sites of in- and
outflow: the shorter the structure the faster station-
arity is reached at a given hydraulic conductivity.
The development of fluid velocities and fluid
pressure p are visualized in several graphs. For
structure C3 (radius = | mm, length = 10 mm) the
temporal development of these parameters is illu-
strated by showing the results at different time steps in
figures 5-9 (figure 5, {; = 1s; figure 6, £, = 105; figure
"7, t3 =100s; figure 8, {, = 1000s; and figure 9,

Phil. Trans. R. Soc. Lond. B (1994)

ts = Tga = 7100s). The results are presented as
fluid velocities, fluid pressure field, and longitudinal
component of the fluid velocity, v,. Fluid velocities are
summarized as vectors. Their length refers to the
highest velocity which is represented by the maximum
vector length. Fluid pressure p and v, are plotted
against spatial coordinates in a three-dimensional
graph and represented as contour plots.

The graphs for each time step illustrate that a
vertical water transport is slowly established. At ¢,
only lateral fluxes exist. This is due to the pressure
field which produces a gradient parallel to the X-axis.
The corresponding contours are arranged mainly
parallel to the longitudinal axis. Thus, the values of
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2 ¢

45x 105
3.0x 1075

1.5x 1075
0.0

flux y / (mm3
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>  -1.0
-16.0- -1.0

i -31.0--16.0
i -46.0--31.0
-61.0--46.0
-76.0 —-61.0

< -76.0

Figure 7. For description see figure 5.

vy are small. Higher values occur only at the bottom
and at the top. The pressure field changes during the
following time steps. Finally, the fluid pressure
gradient is parallel to the longitudinal axis leading
to vertical fluxes: in steady state, which is attained
after 7100s, an acropetal transport stream is estab-
lished with a fluid pressure of about —1000kPa
(= —1 MPa) near the top of the structure.

Figure 10 shows the pressure field of halfspace A3 in
steady state which is attained at Ty, = 600s. It is
qualitatively identical to that of C3, but the values
are less negative because of the reduced height of the
axis. To allow for a direct comparison of different
structures, the pressure values in steady state along the

Phil. Trans. R. Soc. Lond. B (1994)

longitudinal axis at X = 0.5 mm of halfspaces A3, B3
and C3 are plotted against the Y-coordinates given as
percent values of the total height of the entire grids
(figure 11). Transpiration rate and hydraulic con-
ductivity were varied for structure C3 (see table 1,
structures C3b—C3d). The results regarding the
temporal behaviour are listed in table 3 and illustrate
that the hydraulic conductivity effects Ty, in a linear
way. This effect is to be expected, because lower
hydraulic conductivity means a correspondingly
longer ‘reaction time’ of the system. This is due to
the fact that at lower hydraulic conductivity the
pressure gradient spreads more slowly. The transpira-
tion rate, however, does not have any influence on
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Figure 8. For description see figure 5.

Tyac- The equilibrium is therefore independent of the
total water loss per time. Transpiration rate,
hydraulic conductivity and pressure p show the
expected linear relationships. This is demonstrated
in figure 12.

The fluid pressure gradient in the model structure
can also be reduced by broadening the axis. For
instance, model structure B4, which is twice as thick as
model structure G3 (cf. table 1), shows a fluid pressure
gradient (figure 13) which is reduced by 50% as
compared with C3 (figure 9). A simple explanation
for this behaviour is that an increase of the radius
entails a quadratic enlargement of the bottom or
inflow area, but only a linear increase of the

Phil. Trans. R. Soc. Lond. B (1994)

transpiring surface. This strategy of reducing the
fluid pressure gradient in a parenchymatous plant by
increasing the radius would finally lead to the
development of a thallus.

At steady state, the system is in overall equilibrium.
This implies that inflow equals outflow. Initially,
however, the outflow exceeds the inflow until, at T,
both are in balance. The difference between in- and
outflow causes a net loss of fluid. The temporal
development of the inflow is represented in figure 14
for A3, B3 and C3; thereby inflow is expressed as
percent values of the outflow at each time so that at
Tyar, the inflow is 100% of the outflow. Obviously,
the highest structure (C3) loses much more water than
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> -150.0
-300.0 - -150.0
-450.0 — -300.0
-600.0 — -450.0
-750.0 — -600.0
-900.0 - -750.0

< -900.0

Figure 9. For description see figure 5.

the others (A3, B3). At ¢t = 1000s, only 70% of the
fluid lost by structure C3 was recovered by inflow
whereas A3 and B3 were already at steady state.

(b) Homogeneous model with dynamic permeability

Figure 15 and figure 16 show the distribution of
hydraulic conductivities of models A (hydraulic
conductivity is proportional to [negative] fluid
pressure, figure 15) and B (hydraulic conductivity is
inversely proportional to [negative] fluid pressure,
figure 16; see above). Both systems are in steady state.
In model A, the highest hydraulic conductivities
developed directly at the transpiring surfaces; towards

Phil. Trans. R. Soc. Lond. B (1994)

the inner regions of the axis hydraulic conductivities
decrease. A narrow, peripheral layer of high hydraulic
conductivity connects the surface directly with the
basal fluid reservoir.

Model B shows the inverse pattern. Here, the highest
hydraulic conductivities are located at the base of the
structure and in the inner regions. The hydraulic
conductivity decreases with height and distance from
the centre of the axis. This model partly resembles a
protostele but is more complex than a typical
protostele. As in a protostele, the layer with the
highest hydraulic conductivity is located at the centre
of the axis, but the conductivity decreases also with
height so that an inner cone-like structure results.


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

Water transport I: Earliest land plants  A. Roth and others 147

Ap / kPa

Figure 10. Structure A3 (radius = I mm, height = 3 mm, transpiration rate = 1 x 1075 mm

> -150
-30.0 - -15.0
-45.0- -30.0
-60.0 - -45.0

BEE 750- 600
Bl c00- -750
-

< -90.0

S mm2s7, hydraulic

conductivity = 1 x 1078 mm?s7! kPa_l): pressure field at ¢ = 600s= T,

7. DISCUSSION

The model calculations illustrate the limitations of
parenchymatous water transport and the necessity
for a more effective water transport system even in
very small land plants. For a parenchymatous plant
axis with a given hydraulic conductivity and
transpiration rate, the height and radius of the
structure determines hydrodynamic behaviour. In
fact, the duration of the non-steady state and the
magnitude of the fluid pressure gradient have to be
regarded as characteristics of the transport efficiency
because a rapid adaptation to changes of the
transpiration rate and a smaller fluid pressure
gradient reduce the stress on living tissue. The
duration of the non-steady state increases exponen-
tially with increasing height of the structure. For
model structure C3 (radius = 1 mm, height = 10 mm,

hydraulic  conductivity = 1 x 1078 mm?s~! kPa~!,
transpiration rate = 1 X 107> mm3mm=2s7!) a time
-10004 -
< - ’/"/
e i o
~ ,/
S =500 -~
< | e
4
- //
,/ .............
. S
B e
e
O rrTrrrr T | LA | L L
0 50 100

yin % of the height

Figure 11. Pressure profiles at the steady state of structures
A3 (solid line), B3 (dotted line) and C3 (dashed line) along
the longitudinal axis at X = 0.5mm. The Y-coordinates
are given as percentage values of the total height of
the structures in order to provide a direct comparison of
the values (transpiration rate =1 x 107 mm®mm=2s71,
hydraulic ~ conductivity = 1 x 108 mm?s~*kPa~1). A3,
3mm = 100%; B3, 5mm = 100%; C3, 10mm = 100%.

Phil. Trans. R. Soc. Lond. B (1994)

span of about 7000s is required to reach steady state
condition and a continuous net loss of water occurs
during this time period. Thereby the value of the
hydraulic conductivity used for structure C3 corre-
sponds to the upper limit for parenchymatous tissue
(Raven 1977) and a lower hydraulic conductivity
would result in a corresponding prolongation of the
non-steady state condition as was demonstrated by
varying the hydraulic conductivity (cf. table 1).

However, the duration of the non-steady state does
not depend on the transpiration rate. Correspond-
ingly, if the plant is optimally supplied with water (as
was simulated by the free boundary condition at the
bottom), control of the transpiration rate by stomata
does not influence the temporal behaviour of the
system but only the absolute loss of water and the fluid
pressure gradient: the higher the transpiration rate,
the higher the water loss and the fluid pressure
gradient will be.

At a given hydraulic conductivity and transpiration
rate the fluid pressure gradient also depends on the

106 —

102 LN N L N N N N R N ) B B B
0.0 2.5 5.0 7.5 10.0
height of the structure / mm

Figure 12. Pressure profiles along the longitudinal axis at
X = 0.5mm for the parametral variations of C3 (listed in
table 1); C3, solid line; C3b, dotted line; C3c, dashed line;
C3d, dot-dashed line.
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A p/kPa

o 0.0
ngure 13. Pressure field of structure B4 (radius = 2mm, height = 10mm, transpiration rate =1x 107
mm® mm~2s7}, hydraulic conductivity = 1 x 10"  mm?s™! kPa_l) at t = Tyae-

height of the axis. For halfspace C3 a gradient of
about 1 MPa is developed at steady state condition. In
more realistic cases, however, this gradient will be
even higher because even moist soil has a negative
water potential which has to be added to the fluid
pressure gradient so that a transport stream from the
soil to the transpiring surface can be established.
Thus, when an unsaturated soil and a more realistic
lower hydraulic conductivity of parenchyma is
considered, a structure with a height of only 10 mm
would develop a fluid pressure gradient well above
1 MPa.

Theoretically there exist three different ways to
reduce the high fluid pressure gradient. One possibi-
lity is to enlarge the radius of the axis thus increasing
the contact area between the water reservoir (soil)
and the plant. This strategy would lead to a flat
thalloid land plant as is observed, for instance, in some
liverworts and land-living algae. Another possibility
to reduce the fluid pressure gradient is to reduce the
transpiration rate. Such a low transpiration rate is
guaranteed in moist habitats and this is one of the
reasons why many non-tracheophyte land plants are

inflow in % of the transpiration

0 L LI 7 T 1
100 101 102 103 104
time / s
Figure 14. Temporal development of the inflow expressed as
percentage value of the outflow, represented for structures
A3 (solid line), B3 (dotted line) and C3 (dashed line). At
Tstars the inflow amounts 100% of the outflow.
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] > -100.0

-180.0 - -100.0

260.0 — -180.0
B 340.0- -260.0
B 4200 3400
BB 5000- 4200
[ ] < -500.0

restricted to permanently humid environments.
Anatomical structures such as a cuticle may also
reduce the transpiration rate, but in this case the
reduction in water loss is coupled with a reduction of
the gaseous exchange. Hence, green land plants with
a cuticle developed stomata for regulation of trans-
piration and gas exchange in order to achieve a
compromise regarding water loss and the exchange of
other gases.

A third possibility to reduce the fluid pressure
gradient is to increase hydraulic conductivity in at
least some parts of the plant axis and to establish a
water transport system which is more effective than
transport in parenchyma. In fact, our model results
illustrate that a water conducting tissue is already
essential for plants with a very small height. The
upright posture has certain advantages for land plants
because it exposes the photosynthesizing parts to sun
light and improves dispersal of diaspores (Niklas ¢t al.
1985). However, in a desiccating environment an
erect and slender growth habit with a height of more
than a few millimetres is only possible if a water
conducting tissue exists because otherwise the fluid
pressure gradient would become to large and the non-
steady state would last too long. Similarily, in leaves
the distance between vascular bundles is generally
below 1 mm (Wylie 1939).

Thus the computer simulations of the water
transport system in parenchymatous plant axes
explain the early appearance of a water conducting
system in land plants, because the demand for such a
transport system became essential as the first erect
land-dwelling plants evolved. This need for a water
transport system in erect land plants of a certain
height is further illustrated by many mosses which
take up water from the soil and develop an internal
conducting strand (if such a conducting strand is
missing, then other water transport devices are used,
such as capillary transport and water absorption by
the surface, see below). The fluid velocities in these
simple strands are comparable to those in woody
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Figure 15. Increasing hydraulic conductivity with increasing
negative fluid pressure.
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Figure 16. Decreasing hydraulic conductivity with increasing
negative fluid pressure.

Figures 15 and 16. Patterns of hydraulic conductivity, represented as contour fields inside the corresponding half-
space for the model structures with dynamic permeability. The functions describing the dependence of hydraulic
conductivity on fluid pressure are shown in figure 3. The values of the hydraulic conductivity are given in the

legends of the plots (dimension, mm?*s™' kPa™ ).

plants (Zacherl 1954). In fact, the general mechanism
of creating an effective water transport system is to
increase the hydraulic conductivity of the apoplastic
pathway by increasing its porosity. In nature, this is
achieved in several ways. The conduits of vascular
plants are provided by programmed cell death. In this
case, a highly porous material is produced in which
the lumina of the dead tracheary cells contribute to
the void spaces. Mosses also use highly porous
apoplastic pathways for water transport and these
pathways are internal (as a central strand) or
external. In the latter case a great variety of capillary
devices are formed.

Phil. Trans. R. Soc. Lond. B (1994)

The model calculations with dynamic hydraulic
conductivity describe the behaviour of structures with
self-regulating hydraulic conductivities. In the case of
increasing hydraulic conductivity with increasing
negative pressure, layers with increased conductivity
develop directly at the transpiring surface. This
means, that water absorbed at the bottom is
transported externally and can flow directly out of
the structure due to transpiration. Such a conducting
system 1s typical for plants with external water
conduction, like, for example, the ectohydric mosses.
Such organisms are usually restricted to moist habitats
or are only physiologically active in moist surround-


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

150 A. Roth and others

Figure 17. Schematic representation of the physical model
system, which is composed of two phases, porous material
matrix (hatched area) and fluid (white space).

ings. Another disadvantage of an external transport
system is that it can not readily be used for
distributing dissolved nutrients in the plants.

The inverse fluid pressure—permeability relation-
ship, where hydraulic conductivity decreases with
increasing negative fluid pressure, produces some kind
of a central cone-like stele: the inner layers show the
highest hydraulic conductivity which decreases with
increasing distance from the bottom and the central
axis. Along the free boundary at the bottom a layer
with high hydraulic conductivity is developed thus
providing an optimal utilization of the basal fluid
reservoir.

The cone-like field with increased hydraulic
conductivity resembles in a broad sense a protostele
which has the form of a slightly tapering cylinder. The
differences between a real protostele and the stele type
resulting from the calculations are largely due to the
mathematical model which allows for a linear and
gradual increase of the local hydraulic conductivity.
Hence, in the final stage of the mathematical model,
there is a continuous variation from low hydraulic
conductivity in the periphery to high hydraulic
conductivity in the centre. In a real plant axis,
however, a well-pronounced discontinuity exists
between the hydraulic conductivity of parenchyma
and xylem. Hence, in real plants, no continuous
variation of hydraulic conductivity of the conducting
elements exists.

Despite the limitations of our calculations with a
continuous variation of hydraulic conductivity, model
B clearly illustrates the tendency to form a protostele
according to the corresponding pressure—permeability
relationship. Therefore the protostele may be under-
stood in terms of a self-regulating system in which
hydraulic conductivity is a function of the fluid
pressure and tends to be high in regions with a less
negative water potential. This architecture is advan-
tageous in several respects. The conducting strand is
optimally isolated from the transpiring surface by
parenchymatous tissue; the photosynthetic tissue can
be located in the periphery and the water flow from

Phil. Trans. R. Soc. Lond. B (1994)
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the conducting strand through the parenchyma can
be used to distribute dissolved nutrients.

As a whole, our modelling approach shows that the
evolution of simple land plants was largely influenced
by problems of water transport. The calculations
demonstrate that there are several solutions to this
problem which are all realized in nature. Land plants
may try to reduce the distance of parenchymatous
water transport by remaining flat and thalloid (e.g.
liverworts). The evolution of a water transport system
by development of a highly porous and therefore
permeable apoplast provides another means to reduce
the distance of parenchymatous water transport. This
water transport system can be external (e.g. ecto-
hydric mosses) or internal (e.g. endohydric mosses,
tracheophytes). In general, an internal transport
system proves to be more advantageous for several
reasons (see above). Another —at least theoretical —
strategy for solving the water transport problem would
be to reduce the transpiration rate. A ‘pure’ version of
this strategy is not realized in nature, because
exchange of other gases would also be reduced. As a
temporary strategy, however, it is found in tracheo-
phytes during limited periods of drought leading to
stomatal closure. All the modelling results are
consistent with Nature and make it evident that the
problems of water transport in plants can indeed be
analysed theoretically by using a model system which
describes the fluid flow in a poroelastic medium.

APPENDIX: THE MATHEMATICAL MODEL

A system consisting of two phases is considered; the
two phases are a porous matrix and a fluid filling the
void spaces (figure 17). The behaviour of the entire
matrix-fluid structure is depending on the interactions
occurring between these two components. The
mathematical model describing the corresponding
processes is based on the coupling of Darcy’s law
and Hooke’s law. The fundamental approach is that
of Biot (1941) who formulated a theory of porous rock
compaction. Introducing the concept of dynamic
permeability approach Griin et al. (1989) developed
a system of nonlinear partial differential equations. It
will be discussed briefly below (for a more detailed
discussion of the theory of poroelastic media see, for
example, Terzaghi (1923); Biot (1941); Crochet &
Naghdi (1966); Griin et /. (1989); Wallner (1990)).

Certain assumptions for matrix and fluid are
predicted: (i) the stress—strain relations are revers-
ible; (ii) the elastic behaviour is linear; (iii) the fluid
moves through the matrix according to the law of
Darcy. The model contains the coupled equations of
material matrix and fluid.

(a) Material matrix

The equation describing the mechanical behaviour
of the material matrix is based on Hooke’s law in its
general form (the term ‘material matrix’ is used as
synonymous to the porous medium):

o'eﬁ‘=D(€"€p)’ (1)


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

Water transport 1: Earliest land plants

(in general, bold italic type denotes a vector and bold
upright type denotes a matrix).

The effective stress o.g is depending on the strain €
minus the hydrostatically caused strain €’ in a linear
way. D represents the matrix of elasticity, which
contains the material parameters Young’s modulus
and Poisson’s ratio. €’ causes a dilatation which is due
to the compressibility «, of the skeleton of the matrix.
Because of the isotropic character of this process, the
hydrostatic part of the extension can be described as
(m = Dirac-Vector):
€’ = —(k,/3) mp. (2)

As the structure is filled with fluid, which acts on
the material, it has to be stated that elastic and
hydrostatic (isotrop) components contribute to the
total stress:

6 =D(e— €’) —mp. (3)

Using equations (2) and (3) and by introducing
the coupling coefficient B yields (f=1— (x,/3)D,
I = identity matrix):

o =De + (D(x,/3) mp) — mp,
=De — (I - (x,/3) D) mp,
=De — B mp. (4)

The strain € can be expressed as displacement % of
the material matrix coupled to the strain operator L:

€e=Lu. (5)

According to the elastic behaviour of the matrix the
equilibrium between forces is true:

Vie+fy=0. (6)
The extern forces are represented by fg. Using
equations (4), (5) and (6), the behaviour of the matrix

can be described as follows (superscript T denotes
transpose of matrix):

L"DLu—-L"Bmp+f5 =0. (7)

(b) Fluid

For the fluid flow the equation of continuity is true
(@ = fluid accumulation, v = fluid velocity and
gg = flow rate per volume, superscript ' denotes time
derivative):

Vivtgs =@ (8)

The velocity of the flow, which is relative to the
matrix, is determined by the gradient of the
hydrostatic pressure, Vp and the hydraulic conduc-

tivity, k. The latter quantity is expressed as tensor of
permeability, k.

v=—-kVp. 9)
The permeability of a system may be a function of
the effective pressure p.g, that is the difference

between pressure acting inside the material matrix
and fluid pressure:

(10)

Dot = —0i — P,

with o, = 1/3 m7T a.
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In this case, the system of differential equations is
nonlinear. The fluid accumulation @ depends on
several processes, such as matrical deformations
provided by external forces and volumetric changes
due to hydrostatic pressure. These different factors
can be summarized as follows (k = compressibility of
the entire system):

Q=m"pé +xp. (11)

This means that @ is proportional to the time
derivatives of the deformation and the fluid pressure.
As described above, the hydraulic permeability can be
a function of the effective pressure, which is the
difference between pressure inside the matrix and
fluid pressure. The system of differential equations
will be nonlinear in this case. At least, using equations
(8), (9) and (10), the following term describing the
behaviour of the fluid phase is obtained:

V(& (per) Vp) + gx = m" BLad’ + (12)

Equations (7) and (12) represent a system of
coupled differential equations describing the beha-
viour of the entire structure composed of matrix and

fluid.
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