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e Background and Aims Unlike the dispersal mechanisms of many desert plants, the whole dead skeleton of
Anastatica hierochuntica is involved in seed dispersal and preservation. This process depends on the hygrochastic
nature of the lignified conducting tissue that bends when dry and straightens under wet conditions. An anatomical
interpretation of this mechanical movement was investigated.

e Methods An anatomical study of the stem was conducted on the juvenile plants raised under different water
treatments and on the branch-orders of adult A. hierochuntica size-classes.

e Key Results In the juvenile stem of A. hierochuntica, the area of cortex, conducting tissue and pith increased with
water availability. However, the hydraulic conductance decreased, resulting in a better withdrawal of water in water-
stressed plants. The anatomical investigation of the hygrochastic mechanism revealed an asymmetric distribution of
the cortical tissues, with the conducting tissues of the stem of juvenile and adult plants being larger in the lower side.
The hydraulic conductance was better in the basal and middle branch-orders than the terminal ones, permitting better
conductance of water to the subsequent branch-orders.

e Conclusions The lignified conducting tissue of the whole stem, having a hygrochastic nature, controls the
movement of the branches. The greater amount of conducting tissue associated with a higher density of wide
xylem vessels was observed in the lower side of the stem as compared with the upper side. Consequently, the
conducting tissue in the lower side of the stem was suggested to be more effective in the opening process of the
curled dry branches through better and more rapid conductance of water. Alternatively, due to the few narrow xylem
vessels in the upper side of the stem, it was likely that the conducting tissue in the upper side is more effective in the
closing process by providing more rapid drying. The mechanical rise of water and the related hygrochastic efficiency

were maximized in the basal and middle branch-orders that are mostly involved in the mechanical movement.

Key words: Anatomy, hygrochasy, seed dispersal, hydraulic conductance, Anastatica hierochuntica.

INTRODUCTION

The hygrochastic and seed dispersal ecology of desert plants
reveals part of the mystery associated with their persistence
in arid desert environments. This subject has been
investigated by several authors, e.g. Murbeck (1919,
1943), Zohary (1937), Fahn (1947), Gutterman et al.
(1967), Witztum et al. (1969), Fahn and Werker (1972),
Gutterman (1990, 1993b, 1994), Van Rooyen et al.
(1990) and Gutterman and Shem-Tov (1997). As a desert
environment becomes more extreme, many plant species
relate seed dispersal to rain events (ombrohydrochory),
so as to ensure successful germination and establishment
in the proper space and time (Gutterman, 1993a).
Hygrochasy is one of the most efficient dispersal ombro-
hydrochoric mechanisms restricting seed dispersal to rain
events. Van Oudtshoorn and Van Rooyen (1999) summar-
ized the advantages of hygrochasy for desert species,
including protection from predators, spreading the risk
of dispersal and germination over several years, regulating
the timing of germination and deposition of seeds in a
suitable place.

The plant organ responsible for the hygrochastic
movement is usually lignified and varies among annual
and perennial desert plant species that disperse seeds
hygrochastically. The hygrochastic organ may be a capsule
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enclosing seeds, e.g. Mesembryanthemum species and
Aizoon hispanicum (Aizoaceae; Gutterman, 1980/81, 1990)
and Aptosimum spinescens (Scrophulariaceae; Giinster,
1992); the woody hygrochastic involucre of the capitula
in Asteriscus pygmaeus (Asteraceae; Gutterman and Ginott,
1994); the hygrochastic peduncles of the inflorescence of
Plantago coronopus (Plantaginaceae; Fahn and Werker,
1972); the pedicels and sepals in Salvia harmonium and
Salvia viridis (Lamiaceae; Fahn and Werker, 1972); and
the hygrochastic umbel rays in Ammi visnaga (Abiaceae;
Gutterman, 1990). For Anastatica hierochuntica, the seed
remains on the dry skeletons protected by the curled
branches of dead plants around the infructescences (fruiting
branches). Seed dispersal is performed by the hygrochastic
uncurling of the dead branches, then by the force of rain
causing the opening of the fruit valves and the release of
seeds (Friedman et al., 1978). Obviously, the hygrochastic
stem branches are involved in the dispersal process.

The aim of the present work was to: (a) investigate the
anatomical mechanism of the hygrochastic movement of the
stem by studying the anatomical peculiarities of the stem
and their relationship to the hygrochastic efficiency and the
mechanical rise of water; (b) test whether the distribution
of the different types of tissues (thin walled and mechan-
ical tissues) is an inherent character, i.e. manifested from
the juvenile stage before the stem branches or whether a
redistribution of these tissues occurs at an older stage; and
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FiG. 1. Anastatica hierochuntica green plant (A), dry curled skeleton (B), and hydrated uncurled skeleton (C).

(c) study the anatomical features of the response of A.
hierochuntica to variable rainfall treatments.

MATERIALS AND METHODS
Study species

Anastatica hierochuntica is a desert annual (Fig. 1A)
characterized by a highly efficient mechanism of seed dis-
persal (Friedman et al., 1978; Danin, 1983; Van Oudtshoorn
and Van Rooyen, 1999). This mechanism depends on the
hygrochastic nature of the dead skeletons. After senescence,
the dry lignified stem branches are curled around the
enclosed fruits (Fig. 1B). These branches uncurl hygro-
chastically when wetted by dew interception and rainfall
(Fig. 1C). Seeds are released by the force of rain drops on
the fruit valves and by repeated curling and uncurling of the
stem branches.

Plant material

Seeds obtained from dry A. hierochuntica skeletons
collected from Wadi Hagoul (Cairo—Suez desert road)
were raised to the juvenile stage (expansion of the first
two foliage leaves) under four different water treatments.
Each treatment was represented by five pots filled with soil
collected near field-grown A. hierochuntica populations.
The water treatments were equivalent to 100, 200, 500
and 1000 mm annual rainfall, which amounts to 5, 10, 15
and 20 mm rainfall at the juvenile stage. Plant materials
were collected and fixed in formalin—acetic acid—alcohol
(9:5:5) mixture. The materials were transferred later
to 50 % ethanol and then processed for the anatomical
investigation.

For adult plants, the anatomical study was conducted
on the different branch-orders of living individual
A. hierochuntica plants growing naturally in the field.
The number of a size-class indicates the number of branch-
orders present, i.e. an individual belonging to size-class IV
consists of four branch-orders, the first branch-order cor-
responding to the basal segment and the fourth branch-order
to the terminal segment of the stem (Fig. 2).

The anatomical features of the stem, in the case of juven-
ile plants and size-classes, were chosen for study because

Fic. 2. Ramification of A. hierochuntica plant belonging to size-class IV,

showing branching orders (a, first; b, second; c, third; d, fourth). Light dots

on the main branching position represent the bases of infructescences. Short

branches at the ramification positions are degenerated branches that turned
to the ground (after Friedman et al., 1978).

the stem is the organ responsible for the hygrochastic move-
ment resulting in seed dispersal. The lower side of the stem
in the text indicates the outer or abaxial side, while the upper
side of the stem indicates the inner or adaxial side.

Measurements and data analysis

The anatomical features of the stem were performed
using a light microscope equipped with an ocular micro-
meter. Anatomical parameters describing the thin-walled
cells (epidermis and cortex) and lignified cells (conducting
tissue) were measured for juvenile plants raised under dif-
ferent water treatments and for the different branch-orders
of the adult plants.

The parameters investigated were the dimensions of
epidermal cells on the lower and upper sides of the stem,
thickness of the cortical layer and density (number of cells
mm ™ 2) of the cortical cells in the lower and upper sides of
the stem, the thickness of the conducting tissue layer, and
the density and diameter of xylem vessels in the lower and
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upper sides of the stem. The ratios of the lower to upper
values of these parameters were calculated. Ratios between
parameters were used as an estimate of the degree of dif-
ference between the lower and upper sides of the stem.
Analysis of variance was used to test the significance of
differences between means of stem parameters and ratios
for water-treated juvenile plants.

Because water flux through the conducting tissue is an
important factor in hygrochastic movement, the ratio of the
conducting tissue area to the total area occupied by the
cortex and pith tissues and the total area of the conducting
tissue in stem transverse sections were considered an
indirect measure of the hygrochastic efficiency of the
stem. Moreover, the theoretical hydraulic conductance
was considered to be a direct estimate of the efficiency
of the mechanical rise of water through the xylem conduits,
assuming they are not closed by air bubbles. The theoretical
hydraulic conductance (K}) was estimated from anatomical
measurements using the Hagen—Poiseuille law (Gibson,
1984; Fahmy, 1997):

Ky =m) d}/128n

where d is the diameter (m) of the ith vessel in cross-section
and n is the viscosity of water (MPa).

RESULTS

The crown of Anastatica hierochuntica consists of repeated
ramifications of four main branches at the base of the crown.
In transverse sections (Fig. 3), the stem at any order of
branching is characterized by asymmetric distribution of
cortex and conducting tissues. The cortical layer in the
lower (abaxial) side of the stem is generally wider than
that in the upper (adaxial) side. Similarly, the conducting
tissue layer is thicker in the lower side of the stem and
frequently narrower in the upper side or towards the right
and left sides of the stem (Fig. 4). After senescence, com-
plete decortication of the stem occurs, where the outer
tissues (phloem, cortex and epidermis) are shed leaving
the stem consisting of the conducting tissue surrounding
the pith.

Thin-walled cell tissues

The epidermis and cortex are formed of thin-walled cells.
The stem of A. hierochuntica juvenile plants increased
in diameter with the increased amounts of water supplied.
Significant differences were observed between the
1000-mm rainfall treatment and the treatments with equi-
valently lower amounts of rain, with an approx. 0-5-mm
increase in stem diameter of the juvenile plants (Table 1).

The ratios of the lower to upper length of epidermal cells
were lower than unity, while the cell width ratios were
greater than unity (Fig. 5A). The ratio of lower to upper
thickness of cortex (Fig. 5B), is greater than 1-5 for all water
treatments. This ratio attained a maximum of 2-6 under the
100-mm rainfall treatment and then decreased as the
amounts of water increased, the lower water treatments

Lower (abaxial) side of the stem

Conducting tissue Cortex

Upper (adaxial) side of the stem

Fi1G. 3. Transverse section of A. hierochuntica juvenile stem showing dis-
tribution of cortex and conducting tissue layers in the lower and upper sides
of the stem.

attaining significantly higher ratios than the 500- and
1000-mm rainfall treatments. The ratio of lower to upper
density of cortical cells (Fig. 5C) was more or less the same
for all water treatments and ranged between 0-57 and 0-70.
This low ratio (less than unity) denotes a smaller size of
cells in the upper side than in the lower side of the stem
under all treatments.

Examination of the outer to inner anatomical ratios
of different orders in the size-classes of the adult
A. hierochuntica individuals studied revealed that dimen-
sions of the epidermal cells in the lower side of the stem are
generally shorter and wider than those in the upper side
(Fig. 6A and B). In most of the branch-orders, the ratio
of lower to upper length of epidermal cells is lower than
unity, while the ratio of outer to inner width is greater than
unity. The dimensions of the epidermal cells in the first size-
class attained the greatest length and shortest width among
all classes.

Similarly, the cortical layer in the lower side of the stem
was thicker and had larger cells than that in the upper side of
the stem (Fig. 6C and D). This is drawn from the ratio of
lower to upper thickness of the cortical layer (greater than
unity) and that of the density of cortical cells (lower
than unity).

Lignified cell tissues

The total area of the lignified conducting tissues seen
in a cross-section of a stem significantly increased with
increasing water treatment, reaching 0-62 mm? under the
1000-mm rainfall treatment (Table 1). The increase in
the total area of conducting tissues is associated with a
progressive decrease in the ratio of conducting tissue
area to the total cortex and pith areas, attaining a minimum
of 0-39mm? under the 1000-mm rainfall treatment
(Table 1). Furthermore, the ratio of the lower to upper layers
of conducting tissues was greater than 1-5 (Fig. 5B) for all
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Fi1G. 4. Transverse section of A. hierochuntica adult stem showing the conducting tissue layer in the lower (A) and upper (B) sides of the stem.

TABLE 1. Measured and calculated conducting tissue anatomical parameters of Anastatica hierochuntica juvenile plants raised
under different water treatments

Treatment (mm rainfall)

Parameter 200 500 1000

Diameter of stem (mm) 128 = 0-16* 136 = 0-20° 145 = 0-04* 1-80 + 0-08°
Total conducting tissue area (mm?) 0-42 = 0-01* 0-44 *+ 0-02° 0-55 = 0-02¢ 0-62 = 0-02¢
Ratio of conducting tissue area to total cortex and pith areas 0-53 + 0-01° 0-51 + 0-02° 0-44 + 0-04° 039 + 0-01°

Total number of xylem vessels per stem
Hydraulic conductance (m4 MPa ! s !x 10’10)

386:3 = 15-18"
1277 = 27-37*

4563 + 24.70°
98-24 + 19.94"

556:6 + 57-74°
76-37 = 18-96°

600-0 = 70-00°
40-53 + 10-53¢

Values followed by different superscript letters are significantly different within the same row at P < 0-05.

rainfall treatments, reflecting a greater amount of conduct-
ing tissue in the lower side of the stem.

The ratio of lower to upper density of xylem vessels
(Fig. 5D) seems not to be affected by water treatments.
The total number of xylem vessels increased significantly
with increasing amounts of water, ranging between 386-3
vessels under the 100-mm rainfall treatment and 600 vessels
under the 1000-mm rainfall treatment (Table 1). The dia-
meter of xylem vessels was larger in the lower side than in
the upper side of the stem (ratios of outer- to upper-side
values greater than unity) for all water treatments (Fig. 5D).
This ratio decreased with the increase in amounts of water
where a significant difference occurred between the
100-mm (5-96) and 1000-mm (1-17) water treatments.

The mechanical rise of water as manifested by the
theoretical calculation of hydraulic conductance, attained
a significant decrease with the increase in amount of water
supplied (Table 1). A value of 127-7m* MPa 's™' x 10~'°
was estimated for the 100-mm rainfall treatment that
decreased to 40-53m*MPa's~! x 107'% in the 1000-mm
rainfall treatment.

As the stem diameter decreased from the basal to the
terminal branch-orders in the size-classes of the adult
A. hierochuntica individuals studied, the total conducting
tissue area and the total number of xylem vessels decreased
(Table 2). The ratio of the conducting tissue area to the total
areas of the cortex and pith (Fig. 7A) is generally greater
than unity in the basal branch-orders as compared with other
orders of the same class. Alternatively, the ratio of lower to
upper thickness of conducting tissue is generally greater at
the terminal branches (Fig. 7B). It is noteworthy that this

ratio is greater than unity (i.e. thicker in the lower side of
the stem) for most branch-orders, and attained 3-78 in the
fourth branch-order of the fifth size-class.

The diameter and density of xylem vessels (Fig. 7C
and D) are generally twice as high in the lower as in the
upper sides of the stem in the same branching order, reflect-
ing a greater water supply to the lower side of the stem.
Within the same size-class, the hydraulic conductance of the
xylem vessels (Table 2) decreased from the basal branch-
orders towards the terminal orders, indicating better con-
ductance in the basal ones. The highest value of hydraulic
conductance (243 766 m*MPa's™! x 10710) was recorded
for the basal branch-order of the sixth size-class. It was
noticed that the values of the hydraulic conductance in
the terminal branch-orders are minute as compared with
those in the basal ones. This can be explained by the big
differences found in the total area of the xylem conduits in
these branch orders.

DISCUSSION

The study species, Anastatica hierochuntica, differs from
resurrection plants in that the curling and uncurling pro-
cesses of its skeletons are purely mechanical and do not
involve desiccation tolerance of cellular constituents in the
dry state then recovery of vital processes upon dehydration.
After senescence, the dry skeletons of A. hierochuntica
undergo shedding of leaves and decortication. Con-
sequently, these dry skeletons cannot resume life again in
the same way as resurrection plants. The dry skeletons may
be considered as seed reservoirs with a seed-dispersal
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FiG. 5. Comparison of ratios of lower to upper sides of the juvenile stem of Anastatica hierochuntica raised under different water treatments.

function (Friedman et al., 1978; Danin, 1983; Van
Oudtshoorn and Van Rooyen, 1999; Kabiel, 2005).

The hygrochastic movement of fruit parts and/or associ-
ated plant organs has been investigated (Zohary and Fahn,
1941; Fahn, 1947; Fahn and Werker, 1972). Two mechan-
isms were proposed, which may either work separately or in
combination. The first mechanism, ‘cohesion mechanism’,
depends on the ability of specialized thin-walled cells to
absorb and accumulate water in their lumen, which results
in these cells swelling (shrinkage of these cells occurs upon
losing water). The act of opening and closing of the
dispersal apparatus or plant organ is caused by alternating
swelling and shrinkage of these cells. In the case of
A. hierochuntica, thin-walled cells are represented by the
epidermal and cortical cells. The asymmetric distribution of
the epidermis (thinner and more stretched cells in the upper
side of the stem) and cortex (thinner layer with smaller cells
in the upper side of the stem) in the lower and upper sides of
the stem seems to have no role in the process of repeated
curling and uncurling of the hygrochastic branches, because
of the complete decortication of the branches after senes-
cence. This asymmetric distribution may facilitate the
first closure of the branches where the resistance of the
cortex to curvature is minimized by the presence of a
thin cortex layer in the upper side. It is noteworthy that

all of the infructescences (fruiting branches) are borne on
the upper side of the branches and this feature may be a
reason for a less well-developed cortical layer on this side of
the stem.

The second mechanism, ‘imbibition mechanism’, is
based on the water content of the thick lignified cell
walls causing swelling and shrinkage of cells in a direction
perpendicular to that of the cellulosic microfibrils (Zohary
and Fahn, 1941; Fahn, 1947; Fahn and Werker, 1972).
Another type of tissue, ‘resistant lignified cells’, which
makes little contribution to the hygrochastic movement,
was reported by Fahn (1947). These cells have cellulosic
microfibrils in a direction parallel to the direction of
movement and are present in combination in the active
tissue. The active and resistant tissues involved in the
hygrochastic movement were reported to be present in dif-
ferent hygrochastic organs, e.g. bracts of inflorescences
(Anvillea gracini), pedicels (Ziziphora capitata) and the
lignified cells of the central cylinder in the case of Teucrium
lamiifolium and Salvia harmonium (Fahn, 1947).

Hygrochastic mechanism

The imbibition of water by the lignified conducting tissue
of A. hierochuntica explains the hygrochastic movement
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FiG. 6. The ratios of lower to upper epidermal and cortical anatomical parameters of adult stems for different orders (columns) of Anastatica
hierochuntica size-classes.

of the dry branches. Effectively, the thickness of the con-
ducting tissue in the lower side of the stem is generally
greater than that in the upper side in all branch-orders of
the skeletons. Moreover, the conducting tissue in the lower
side of the stem has wider xylem vessels with a higher
density than that in the upper side of the stem, where values
in the lower side of the stem are generally more than double
the corresponding values in the upper side. Remarkably,
in the upper side of the stem, xylem vessels are generally
concentrated towards the pith leaving a wide area for the
conducting tissue, which consists of lignified cells, some-
times with widely separated narrow vessels.

Considering all these anatomical facts, it seems that two
mechanisms work in combination for the hygrochastic
movement of A. hierochuntica branches. The conducting
tissue in the lower side of the stem seems to be more effect-
ive in the opening process than the conducting tissue in
the upper side. This view is supported by the fact that
numerous xylem vessels with a larger diameter conduct
larger amounts of water in the upward direction to the
lower side of the stem, and then water diffuses through
lateral pits to hydrate the lignified cells in the upper side
of the stem. This suggestion is supported by the observa-
tions of Friedman ez al. (1978), in which the maximum

opening of A. hierochuntica skeletons resulting from root
emersion in water was 11% of that obtained from
shoot emersion and required a period of 3h compared
with 2h in the case of shoot emersion. In the case of
shoot emersion the lignified cells in the outer and upper
sides of the stem contribute equally and simultaneously
to the opening process, resulting in a faster opening of
the skeletons. On the other hand, the conducting tissue in
the upper side of the stem, having fewer vessels with smaller
diameters that are generally restricted to the parts adjacent
to the pith, leaving a mass of lignified cells towards the
upper side of the stem, is more apt to dehydrate faster
than that in the lower side and, hence, may be considered
to be more effective in the closing movement. This asym-
metric system is apparently responsible for the hygrochastic
movement.

The asymmetric distribution of cortex and conducting
tissue in the lower and upper sides of the stem (greater
in the lower side) seems to be an inherent character,
which is manifested from the juvenile stage even before
the branching of the main stem. As the plant grows, new
tissues are added following the same trend. Obviously, the
amount of water supplied did not affect this general trend at
the juvenile stage.
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TABLE 2. Measured and calculated conducting tissue anatomical parameters of stem branches of adult individuals of
Anastatica hierochuntica

Diameter of Total conductin; Total number of Hydraulic conductance

Size-class Branch-order stem (mm) tissue area (mm®) xylem vessels (m*MPa~'s7!'x 10719

I Ist 1-43 = 0-07 0-62 = 0-02 288-0 = 13-75 151-1 = 353

)i Ist 201 = 0-07 0-98 + 0-03 303-3 = 1528 403-1 = 1582
2nd 1-70 = 0-04 0-78 = 0-03 270-0 £ 20-00 2137 £ 13-64

1 Ist 218 £ 0-16 235 £ 0-15 2683 = 7-64 2153 = 460
2nd 1-86 = 0-07 0-73 £ 0-02 181-6 = 10-15 043 = 0-15
3rd 097 = 0-05 0-09 = 0-01 1410 = 7-64 0-35 = 0-07

v Ist 2:36 = 0-13 4.02 = 023 240-0 = 5568 30-62 = 9-89
2nd 1.93 £ 0-17 1-18 £ 0-12 229-0 = 4.58 6-64 + 2-89
3rd 1-42 = 0-11 0-35 = 0-05 180-3 = 5.51 0-92 = 0-29
4th 092 £ 0-15 0-09 = 0-01 101-0 = 656 0-04 = 0-01

A% 1st 3.74 = 0-34 692 = 0-38 856-6 * 40-41 69877 = 8436-8
2nd 3.28 £ 0-19 3.88 = 0-13 603-3 = 1528 14580 = 22656
3rd 3.00 = 0-07 1-45 £ 0-05 440-0 = 45-83 966-18 + 245.7
4th 1-96 = 0-15 0-68 = 0-03 226-6 = 25-17 23.35 £ 7-26
Sth 139 = 0-08 0-28 = 0-03 189-6 = 9-50 17-06 £ 534

VI Ist 4-14 = 0-12 7-67 £ 0-21 1000 = 50-00 243766 *+ 33281-9
2nd 3.26 = 0-18 6-10 = 0-36 690-0 = 36-06 31151 = 39288
3rd 3.02 = 0-07 283 £ 0-15 5733 £ 1528 8432 = 1329
4th 1-83 £ 0-12 0-55 = 0-05 306-6 + 40-41 17.56 = 5-87
Sth 1-63 = 0-04 0-41 = 0-04 229-0 = 854 773 = 10-40
6th 1.08 = 0-05 0-17 = 0-03 1573 = 7:51 075 = 034

VII Ist 5-57 £ 0-083 975 £ 0-13 1030 = 60-83 57360 = 14340
2nd 4.73 £ 0-51 6-80 = 0-26 1016 = 50-00 23700 = 13747
3rd 3.85 = 041 5-10 = 0-10 906-6 = 4041 28242 *+ 3259
4th 263 = 0-44 287 £ 0-15 653-3 £ 55-08 8196 = 1715
Sth 2-51 = 0-07 2-30 = 0-20 386-6 * 70-95 708-6 = 172-1
6th 1-80 = 0-23 091 = 0-04 381-6 = 1041 6144 + 21.25
7th 1-43 = 0-08 0-68 = 0-03 226-6 *= 20-82 978 = 3-13

Mechanical rise of water and hygrochastic efficiency

The mechanical rise of water through xylem vessels is
of great importance to the upward conductance of water to
the hygrochastic branches of A. hierochuntica. Capillary
forces, together with hydraulic conductance, provide
the potential to refill the empty xylem conduits, until
the whole skeleton is hydrated. It is noteworthy that the
Hagen—Poiseuille law of hydraulic conductance is not
restricted to use in the soil-plant—atmosphere system, but
is also valid for the dead skeletons of A. hierochuntica and
even in the study of the flow of water or fluids through rock
pores (Bernabe et al., 1982). The efficiency of the mech-
anical rise of water is represented here by the hydraulic
conductance of the stem that relates xylem structure (dia-
meter and number of vessels) to function (conductance),
which is positively correlated (Zimmermann, 1971;
Gibson et al., 1984). The hydraulic conductance of the
stem decreases in the direction from the basal to the terminal
branch-orders in each size-class. This indicates a maximum
capacity in the mechanical rise of water in the basal
branches, which is needed for an efficient rise of water
to the subsequent branch-orders.

The hydraulic conductance of the stem of
A. hierochuntica juvenile plants increases with water stress.
Despite the significant decrease of conducting tissue area
with the decreased amounts of water, the increase in the
hydraulic conductance is mainly caused by a significant
increase in the diameter of xylem vessels in the lower

side of the stem. This may permit a more efficient rise of
water for water-stressed plants at the juvenile stage. The
presence of wider xylem vessels was sometimes reported for
water-stressed plants and species, from environments where
water is available only episodically, to maximize water
uptake when water is available, by reducing the resistance
associated with the smaller xylem vessels (Castro-Diez
et al., 1998; Nicotra et al., 2002).

The hygrochastic nature of the lignified cells of the
conducting tissue is responsible for the movement of
A. hierochuntica branches. Therefore, in addition to the
role of the hydraulic conductance, better hygrochastic effi-
ciency is indicated by the greater total area of the conduct-
ing tissue in cross-section and the higher ratio of conducting
tissue area to the total areas of cortex and pith. In essence,
the hygrochastic efficiency decreased from the basal
branch-orders to the terminal ones for all size-classes.
The maximum hygrochastic efficiency in basal branch-
orders permits appreciable and rapid opening and closing
of the whole structure, helped by the high hygrochastic
efficiency of the middle branch-orders.

An increase in hygrochastic efficiency, as represented by
the increase in the area of conducting tissue, was observed
with the increase in water supply. This is coupled with an
increase in cortex and pith areas as a direct response to the
increased growth associated with increasing amounts of
water, resulting in a smaller ratio of conducting tissue
area to the total areas of cortex and pith. Nicotra et al.
(2002) reported a smaller area of root conducting tissues
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stems (B-D) for different orders (columns) of Anastatica hierochuntica size-classes.

in seedling of species of low-rainfall environments relative
to species of high-rainfall environments.

CONCLUSIONS

The hygrochastic anatomy of A. hierochuntica stems
showed an asymmetric distribution of the cortex and
conducting tissue. The lower side of the stem is endowed
with a greater proportion of the cortex and conducting tissue
layers than the upper side. The thinner cortical layer in the
upper side of the stem plays a limited role in decreasing the
resistance of the first skeleton curling after senescence but
for repeated curling and uncurling over years, such a role is
lost due to decortication. The thick layer of conducting
tissue in the lower side of the stem, associated with the
high density of wide xylem vessels, is more effective in
the opening process (uncurling) of skeletons by permitting
rapid movement of water, which diffuses thereafter through
lateral pits to the conducting tissues in the upper side of the
stem. The thin layer of conducting tissue in the upper side
of the stem is more effective in the closing process (curling)
of skeletons, where xylem vessels are few, narrow and

restricted to the periphery of the conducting tissue towards
the pith.

The refilling of the xylem vessels relies on capillary
forces and hydraulic conductance, although the hydration
effect of the dry skeletons, resulting from a possible direct
exposure of the hygrochastic branches to water, contributes
most to the hygrochastic movement. For a definite size-
class, the hydraulic conductance attains maximum values
in the basal branch-orders and decreases towards the ter-
minal ones, ensuring an efficient upward mechanical rise of
water. The anatomy of A. hierochuntica juvenile plants
showed an increased hydraulic conductance with decreased
amounts of water, an adaptation to maximize the uptake
of water in dry environments.

The hygrochastic efficiency, as estimated by the total area
of the stem cross-section occupied by conducting tissue, and
the ratio of the conducting tissue area to the total cortex and
pith areas, followed the same trend as the hydraulic con-
ductance, being highest at the basal branch-orders, permit-
ting effective movement of the branches. Juvenile plants
showed a greater area of conducting tissue with increased
water supply. The ratio of the conducting tissue area to the
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cortex and pith areas, in the juvenile plants, showed no
consistent difference with the amount of water supplied.
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