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ABSTRACT

Quantitative and qualitative data are presented for wood of 42 collections of 23 species of Ephedra
from North and South America; data on bark anatomy are offered for most of these. For five collections,
root as well as stem wood is analyzed, and for two collections, anatomy of horizontal underground
stems is compared to that of upright stems. Vessel diameter, vessel element length, fiber-tracheid
length, and tracheid length increase with age. Vessels and tracheids bear helical thickenings in 10
North American species (first report); thickenings are absent in Mexican and South American species.
Mean total area of perforations per mm#? of transection is more reliable as an indicator of conductive
demands than mean vessel diameter or Vessel area per mm? of transection. Perforation area per mm?
is greatest in lianoid shrubs and treelike shrubs, less in large shrubs, and least in small shrubs. Plant
size is roughly proportional to ecology, and thus perforation area per mm? is indicative also of ecology.
Growth rings are not marked in lianoid or tropical or subtropical species. Latewood has few or no
vessels (and thus offers maximal conductive safety) in species from colder and drier habitats. The
ecology of the species range from dry to extremely dry habitats. Rays are mostly wide multiseriate,
but three tropical or subtropical species have uniseriate rays plus narrow multiseriate rays—possibly
a primitive condition. The fiber-tracheids (parenchyma of other authors) are nucleated, and are con-
sidered a result of tracheid dimorphism phylogenetically. Tracheids are vaguely storied in a few species.
Minute calcium oxalate crystals cover outer surfaces of wood ray cells, phloem ray cells, sieve cells,
and phloem parenchyma abundantly in most species; the crystals are slightly less abundant on vessel,
tracheid, and fiber-tracheid surfaces (first report of these crystals on these cell types). Crystals, tannins,
and five types of sclerenchyma in bark are considered types of herbivore deterrents. Bark of some
species is richer in these features; other spkcies are poor in sclerenchyma or tannins or both. Independent
evolution of vessels in Gnetales and angiosperms is briefly discussed.

Key words: Ecological wood anatomy, Ephedra, Ephedraceae, Gnetales, gymnosperms, wood anat-
omy, wood evolution.

INTRODUCTION

Because of the inherent phylogenetic and structural interest of Gnetales, one
might expect that wood and bark anatomy of Ephedra, Gnetum, and Welwitschia
had been extensively investigated. In fact, our present knowledge is based upon
study of only a few species of Ephedra and Gnetum; the secondary xylem of the
single species of Welwitschia is incompletely known. The account by Martens
(1971) summarizes what has been reported about wood anatomy in Ephedra—a
few features for a few species: E. californica (Jeffrey 1917), E. distachya L. and
E. monostachya L. (Thompson 1912); and E. trifurca (Chamberlain 1935). The
ambitious monograph on gymnosperm wood by Greguss (1955) has minimal
coverage of Gnetales: a description of E. distachya only, plates for that species
and for E. major Host. and E. viridis. Even at the generic level, much has remained
to be learned. The analysis by Martens (1971) of ontogenetic changes in rays
requires modification. The occurrence of numerous small calcium oxalate crystals
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on outer surfaces of wood cells and secondary phwoem cells is all but universal in
Ephedra, but this feature has not been hitherto' reported. A forerunner to the
present study explored near-vessellessness in the genus (Carlquist 1988).

The concept that all species of Ephedra are alii(e anatomically, implicit in the
work of such authors as Stapf (1889), proves not to be true with respect to wood
anatomy. The occurrence of helical thickenings in vessels and tracheids of 10
North American species is a case in point. This feature, easily seen with a light
microscope, has been previously unreported. Although less spectacular than he-
lical thickenings, nature of growth rings, nature of ray histology, and several
quantitative features of vessels and tracheids vary in significant ways at the species
level in Ephedra. The limited amount of material hitherto studied is a result of
the widespread nature of the genus: in dry areas on five continents, including
some alpine areas difficult of access. Because Ephedra can be called a shrub (albeit
with some treelike species), wood collections—which typically focus on arboreal
species—have small holdings in the genus. Thus, field work has been required to
obtain material of the North American species. Dr. Juan Hunziker of the Instituto
Darwinion was very helpful in providing material of the South American species;
some of these (E. boelckei) represented stem samples of large diameter.

The inherent phylogenetic interest of Gnetales is demonstrated in the recent
works of Hill and Crane (1982), Crane (1985), Doyle and Donoghue (1987), and
Crane and Upchurch (1987). In order to assess the origin of Gnetales, we need
the detailed information given below on wood anatomy of Ephedra. Similarities
between Gnetales and angiosperms have been stressed by such authors as Mu-
hammad and Sattler (1982), although Thompson (1918) reached an opposite
conclusion on much the same evidence. To what degree have the wood features
of Ephedra, Gnetum, and Welwitschia evolved in parallel to those of angiosperms,
to what extent are the features of these genera a syndrome related to the vessel-
bearing habit and the consequences of vessel presence on how other wood features
evolve?

Within Ephedra, some features by which species differ may be susceptible to
phylogenetic interpretation (e.g., rays of E. americana), but most of the features
by which species of Ephedra differ from each other are best interpreted in terms
of rapid and sensitive adaptation to ecology and Rabit. Ephedra is often regarded
as a shrub of extreme desert situations. However, Ephedra ranges in the New
World from the equator to at least 50°S and nearly an equal distance into North
America. Ephedra ranges from a little below sealevel (California) to over 4000
m (Andes of Argentina). Wood anatomy is comp?lred with climate in the present
study.

One North American species (E. pedunculata) and one South American species
(E. tweediana) qualify as climbing shrubs. One South American shrub (E. boelckei)
is a tree, although some Ephedra specimens from warmer North American deserts
(e.g., E. californica, E. trifurca) can develop stems of diameter comparable to
those of large trees. Some Ephedra species are small alpine subshrubs (E. rupestris).
Features of wood anatomy can be correlated with these various habits. In addition,
some species typically or frequently have horizontal stems that become buried in
sand (E. californica, E. trifurca). Wood of these underground stems is compared
in the present study with wood of upright stems. Wood of roots of Ephedra has

not been studied previously; it proves to be distinctive and like that of underground
stems.
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By considering recent papers as well as Stapf’s (1889) monograph, one can cite
about 47 valid species of Ephedra for the world. Half of these (24) are New World
species. All valid New World spécies are studied here, except for the poorly known
E. gracilis Phil. ex Stapf. Stapf’s (1889) scheme is given below, with addition of
species described subsequently, as recognized in the papers by Cutler (1939),
Hunziker (1949), and Roig (1984).

Section Alatae
Tribe Habrolepides: E. boelckei, E. multiflora, E. torreyana, E. trifurca.
Section Asarca
Tribe Asarca: E. aspera, E. californica, E. clokeyi, E. fasciculata, E. funerea.
Section Ephedra (Section Pseudobaccatae of Stapf 1889)
Tribe Antisyphiliticae: E. aJnericana, E. andina, E. antisyphilitica, E. breana,
E. coryi, E. gracilis, E. frustillata, E. nevadensis, E. ochreata, E. pedun-
culata, E. rupestris, E. triandra, E. tweediana, E. viridis.

Because my data, as well as other lines of evidence, suggest that Stapf’s classifi-
cation may need modification,!the New World species have been arranged al-
phabetically in Table 1.

Wood and bark samples of al} of the North American species of Ephedra have
been collected in liquid-preserved form. This material offers a greater degree of
precision in description of anatomical features than dried materials. For example,
presence of nuclei and starch in the cells termed fiber-tracheids here can only be
demonstrated in liquid-preserved material. Thus, an account of wood and bark
anatomy in the New World species of Ephedra provides a better introduction to
this topic than would the Old World species, for which my materials are mostly
in dried form.

The presence of small wood samples (most of these from herbarium specimens)
as well as large samples, mostly collected in the wild (Table 1, column 1) permits
analysis of how ray dimensions and histology change with ontogeny. The phe-
nomenon of angular ray cells in Ephedra, a characteristic of many of the species,
is explained in the present study in ontogenetic terms.

As the summary of Martens (1971) shows, there is very little accurate infor-
mation available on bark formation in Ephedra. Because most of the samples
studied in the present paper have bark attached, study of bark anatomy proves
convenient. Bark anatomy in Ephedra proves to be a matter of degree of presence
of tannins and of five kinds of sclerenchyma cells.

MATERIALS AND METHODS

Wood samples collected by me and by Dorado (see Table 1) were preserved in
50% aqueous ethyl alcohol. This proved entirely adequate for establishment of
presence of starch and nuclei in living cells. Most of the specimens available in
dried form represent portions of herbarium specimens, as their small diameter
(Table 1, column 1) suggests. However, some of these (E. compacta, E. frustillata,
E. rupestris) are close to diameter of basal stems in nature because of the dimin-
utive size of shrubs in some species. The samples available of E. boelckei are
from mature plants. The material of E. frustillata from the Copenhagen Botanical
Garden (provided by the late Dr. Rolf Dahlgren) was the only sample from
cultivated material; all other samples were from the wild. Portions of the dried
wood samples were boiled in water, then stored in aqueous 50% ethyl alcohol.
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Table 2. Wood anatomy of Ephedra with relation to habit.

Habit category Me|an vessel diameter, um Perforation area/mm?
Equatorial shrubs (2) 32 0.14
N. Temperate shrubs, stems (13) 32 0.10
Large N. Temperate shrubs, stems (6) 36 0.13
Lianoid shrubs (3) 37 0.36
Treelike shrubs (2) 45 0.27
High-alpine shrub (1) 21 0.00

Specimens in 50% ethyl alcohol were sectioned on a sliding microtome; no
softening techniques were required. Sections varied in thickness, but 1618 um
thickness proved optimal because thickness of such sections was not excessive
for photomicrography, yet one could observe reasonably broad areas of contacts
between cells in them.

Some sections were stained with safranin, and counterstained to varying degrees
with fast green. Fast green proved useful in demonstrating presence of nuclei and
in differentiating pit membranes of tracheids and fiber-tracheids (for example, pit
membranes in fiber-tracheid to fiber-tracheid pits are thickened like tori on tra-
cheid-to-tracheid pits).

For most species, unstained sections were retained and dried between slides.
These were used for SEM observation. SEM photographs were obtained with an
ISI WB-6 scanning electron microscope at the Ranicho Santa Ana Botanic Garden.

Macerations were prepared with Jeffrey’s fluid and stained in safranin. Macer-
ations were employed for determining length of vessel elements and tracheids, as
well as for counting number of perforations per perforation plate.

Provenance of the specimens studied is as follows: Ephedra americana, Carl-
quist 7040, Tarma, Peru; Davidson 3864, W of Epizana, Cochabamba, Bolivia. —
Ephedra andina, Carlquist 7165, Parque Nacional Campana de la Dormida,
Chile.— Ephedra antisyphilitica, Carlquist 15816, Sonora, Texas; Carlquist 15817,
Langley, Texas.—Ephedra aspera, Carlquist 1 58é8, Oatman, Arizona.— Ephedra
boelckei, Hunziker 11527, 11528, Mendoza Prov., Argentina. — Ephedra breana,
Bartlett 20555, Sierra de los Colorados, Iglesia] San Juan Prov., Argentina.—
Ephedra californica, Carlquist 15823, Kelbarker| Road, Kelso, California; Cari-
quist 15945, Whitewater (between Palm Sprinis and Cabazon), California.—
Ephedra clokeyi, Carlquist 15922, Joshua Tree National Monument, California;
Carlquist 15942, Cottonwood Springs, California; Carlquist 15944, N of Cotton-
wood Springs, California. — Ephedra compacta, Dorado 1654, between Teotongo
and Coixtahuaca, Oaxaca, Mexico; Rzedowski 25758, Tepelmema, Coixtahuaca,
Oaxaca, Mexico.— Ephedra coryi var. viscida, Cbrlquist 15831, Tuba City, Ari-
zona; Carlquist 15833, Kayenta, Arizona.—Epheﬁira Jasciculata, Carlquist 15859,
15862, Kelso, California. — Ephedra frustillata, cultivated in Copenhagen Botanic
Garden, Denmark (source of seeds not known); Hauman 294, Santa Cruz Prov.
(Patagonia), Argentina.— Ephedra funerea, Carlquist 15821, Newberry, Califor-
nia.— Ephedra multiflora, Cabrera 31822, Salta Prov., Argentina; Martin 503,
Antofagasta Prov., Chile.— Ephedra nevadensis, Carlquist 15844, Utah-Arizona
Line, Arizona; Carlquist 15849, Bishop, California.— Ephedra ochreata, Hicken
12, Mendoza Prov., Argentina; Soriano 4149, La Pampa Prov., Argentina.—
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Table 3. Wood anatomy of Ephedra with relation to organography.

Plant portion Mean vessel diameter, pm Perforation area/mm?*
Upright stems (2) 35 0.12
Underground stems (2) 48 0.23
Roots (5) 50 0.27

Ephedra pedunculata, Carlquist 15815, 15819, Sonora, Texas.— Ephedra rupes-
tris, Hunziker 10504, Jujuy Prov., Argentina. — Ephedra torreyana, Carlquist 15832,
Tuba City, Arizona; Carlquist 15835, Monument Valley, Arizona.—Ephedra
triandra, Bartlett 20654, San Rafael, Mendoza Prov., Argentina.— Ephedra tri-
furca, Carlquist 8036, E of H$ltville, California; MADw-11270, New Mexico;
Wolf 3123, Blythe, California.— Ephedra tweediana, Pastore s.n., Buenos Aires
Prov., Argentina.— Ephedra viridis, Carlquist 15846, Grand Junction, Colorado;
Carlquist 15846, Sherwin Summit (between Bishop and Lee Vining), California.
Specimens documenting North American collections are located at RSA (Rancho
Santa Ana Botanic Garden Herbarium). Specimens documenting South American
collections (other than Carlquist specimens, which are at RSA), are located at SI
(Instituto Darwinion, San Isidr?, Argentina). Taxonomy of the New World Ephe-
dra species follows that of Cutler (1939), Hunziker (1949), and Roig (1984). These
accounts supplant that of Stapf (1889) at the species level.

Nomenclature for wood ter}ns is in accord with the IAWA Committee on
Nomenclature (1964). Vessel diameter and perforation area per mm? are presented
in Tables 1-3. Vessel diameter is based on widest lumen diameter. Perforation
area per mm? is calculated: (mgan perforation radius)? X 3.14 X mean number
of perforations per perforation plate X mean number of vessels per mm?2. This
computation proves to be more accurate as an indicator of conductive charac-
teristic of Ephedra woods than vessel diameter. Perforation area per mm? is greater
than vessel area per mm? in Ephedra, which one would expect because a multi-
plicity of perforations on a perforation plate has a greater potential friction than
a single large perforation (as in a specialized dicotyledon) or a vessel lumen. Means
for features given in Tables 1—4 are based on 25 measurements (fewer if a structure
is infrequent on a section) except for vessel wall thickness and tracheid wall
thickness; for these two features, representative conditions were measured. Vessels
per mm? is based on vessels, not vessel groups. Tracheids are much like fiber-
tracheids in length, but an attempt was made to select tracheids only when mea-
suring tracheid length by means of pitting (large, bordered in tracheids) and by
means of helical thickenings (present in tracheids of ten species). Narrow vessels
in Ephedra are similar to wider tracheids as seen in transection; discrimination

Table 4. Wood anatomy of Ephedra with relation to sample diameter.

. Vessel element Height multiseriate ~ Width muitiseriate
Sample diameter length, pm Tracheid length, um rays, pm rays, cells
>20 mm (9) 763 821 2268 5.4
<6 mm (6) 526 602 901 3.7

All collections (42) 697 765 6.1
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was attempted on the basis of dimensions of vessel elements as seen in macera-
tions, where perforation plates could be seen. F

RESULTS
Growth Rings

Growth rings are illustrated in Figures 1-16 as well as in enlarged format to
show the role of tracheid and vessel diameter in Figures 17-20. The vessel features
by which latewood differs from earlywood are given in Table 1, column 2. There
are five main growth-ring types in Ephedra. Note should be taken, however, that
degrees of intermediacy exist, even within a single stem. The designations of Table
1, column 2, are those believed to characterize most growth rings of a specimen,
but variation can occur depending on severity of season. For example, E. aspera
is characterized as having no vessels in latewood, but a few vessels may be found
in latewood of a few growth rings.

1. Vessels only slightly narrower in latewood, but not noticeably fewer (“n” in
Table 1, column 2). This condition is shown for E. pedunculata in Figure 1 (also
enlarged, Fig. 17) and E. tweediana (Fig. 7). In this type, vessel diameter is constant
until a short distance before the terminus of the growth ring. Ephedra pedunculata
and E. tweediana are the two species in the New World that can be considered
scandent. In addition, this growth-ring type characterizes roots of E. californica,
E. clokeyi, and E. coryi var. viscida (Fig. 23, conipare to stem, Fig. 21).

2. Growth rings with vessels appreciably narrower in latewood (“N” in table
1, column 2) characterize many species; they are illustrated here in Figures 2-5.
Narrower vessels occur throughout the latter half of a growth ring in this type.
Species in which growth rings have such narrowér vessels include E. americana
(Fig. 3), E. boelckei (Fig. 2), E. breana, E. compacta (Fig. 4), E. frustillata (cult.
Bot. Gard. Copenhagen), E. ochreata, E. triandra, and E. trifurca (in part). Growth
rings in E. boelckei (Fig. 2) do not appear strongly dissimilar to those of E.
pedunculata (Fig. 2), but this resemblance is due to similarity in vessel diameter.
The vessels in E. americana (Fig. 3) and E. aspera (Fig. 4) are narrow and sparse
even in earlywood, but they are narrower yet in latewood. These two species,
therefore, are not referred to the same type found in E. pedunculata (Fig. 1).

3. In the latewood of growth rings, vessels may be fewer than in earlywood.
This condition tends to occur in combination with the presence of narrower vessels
in some growth rings. It may be seen in some growth rings in sections of E.
compacta (Fig. 4), E. multiflora (Fig. 9), E. triandra (Fig. 5), and E. viridis (Fig.
8). Other species in which this condition is repotted include E. boelckei and E.
breana (Table 1, column 2).

4. Latewood —at least the latter half of a growth ring—contains no vessels at
all in some species of Ephedra. This condition is i{lustrated for E. californica (Fig.
18, 25), E. fasciculata (Fig. 11), E. frustillata (Fig. 19), E. funerea (Fig. 12), and
E. torreyana (Fig. 6). Vessels may be restricted to the first quarter or less of the
growth ring (Fig. 11, 12) or may become fewer in the center portions of a growth
ring (Fig. 6). In some species, vessels are absent in latewood of some growth rings
although in others in the same specimens, narr}wer vessels may be found (E.
breana, E. compacta, E. ochreata). In other species, vessels are absent in some
growth rings of a specimen, but are fewer in number in others (stem of E. coryi
var. viscida, Fig. 21; E. viridis, Fig. 8).
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Fig. 1-4. Transections of Ephedra wood to show types of growth rings.— 1. E. pedunculata (Carl-
quist 15819); vessels very little diminished in diameter and abundance in latewood.—-2. E. boelckei
(Hunziker 11257), vessels little diminished in diameter and abundance in latewood; narrow growth
rings above.— 3. E. americana(Carlquist 7040), vessels narrower in latewood. —4. E. compacta(Dorado
1654); vessels much narrower and fewer in latewood. (Fig. 1-4, magnification scale above Fig. 1
[divisions = 10 um].)
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Fig. 5-8. Transections of wood of Ephedra, to show growth rings.—S5. E. triandra (Bartlett 10654),
growth rings are wide, vessels narrower in latewood.— 6. E. torreyana (Carlquist 15835); vessels absent
in latewood.—7. E. tweediana (Pastore s.n.); several growth rings in which vessels are only a little
narrower or fewer in latewood than in earlywood. — 8. E. viridis (Carlquist 15840), growth rings fluctuate
in histology; vessels are narrower and fewer than in earlywood. (Fig. 5-8, scale above Fig. 1.)






































































































