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WOOD, BARK, AND STEM ANATOMY OF GNETALES: A SUMMARY 

SHERWIN CARLQl 1ST 

Santa Barbara Botanic Garden. 1212 Mission Canyon Road, Santa Barbara. California 93105 

Data from a series of eight papers, representing a survey of Gnetales at the species level, are summarized in order 
to develop concepts on the relationship between the anatomical data and ecology, phylogeny. and systematica. Most 
of the characters and character states newly reported have phylogenetic and ecological correlations for Gnetales as a 
whole rather than systematic significance within the genera. Wood features are sensitively related to habit, although 
strategies in lianoid species of Ephedra differ from those in lianoid Gnetum species. Data also bear close relationships 
to organography. Vessel details are given special attention because workers have questioned whether vessels originated 
in Gnetales independently of those in angiosperms. and thus whether or not \essd origin in the two groups is a 
synapomorphy. The evidence cited here favors origin of vessels in Gnetales independent of vessel origins in angio-
sperms. Hitherto unappreciated contrasis between vessels of Gnetales and those of angiosperms are detailed: the loriis-
margo structure of pus in Gnetales iboih Ephedra and Gnetum), and the aspiration ability of gnetalean pits represent 
modes of conduction and promotion of conductive safety different from those in angiosperms, and the shape difference 
(circular vs. scalariform). cited in data matrices of cladograms, is secondary to the different functional syndromes. The 
intercalation of circular bordered pits into helical secondary wall thickenings of primary wlem tracheal y elements of 
Ephedra and (lucrum (a feature found also in conifers and Ginkgo but not in angiosperms) is given new Functional 
interpretations. Ephedra and Gnettan contain both tracheids and tiber-tracheids that co-occur in a mode different from 
that in angiosperms which contain hoth cell t>pes together. Ray structure like that of Gnetales occurs widely within 
seed plants and likely offers little conclusive information about relationships. Wood data on Gnetales are compatible 
with the hypothesis that a wsselless -roup of gymnosperms, such as Pentoxylales or Bennettitales. is the closest sister 
group of angiosperms. Formation of successive camhia in Gnetum differs from that in Welwitschia: the latter has 
phellem but no other bark. Because Welwitschia has onlj phellem, there are more numerous hark features in common 
between Ephedra and Gnetum than one might have expected. The three genera appear monophyletic on the basis oi 
wood and bark. Infragenenc anatomical features of systematic importance are few. although the arboreal Gnetum 
i;nem(>n differs from the lianoid Gnetum species in significant ways. 

Introduction 

This article summarizes eight papers that attempt to 
survey wood, bark, and stem anatomy of Gnetales at 
the species level, and thereby concludes the series. 
With respect to anatomy of wood and bark, earlier lit­
erature (e.g.. Martens 1971) is based on study of a very 
small number of species. Therefore, a new survey, rep­
resenting many more species than had been studied 
before, was initiated. This point is made because ear­
lier conclusions about the nature of wood and bark of 
Gnetales are based on a small base of information, and 
many character states summarized here do not appear, 
therefore, in recent papers on relationships of Gnetales. 
The fact that much new information has been acquired 
requires integration of that information in various 
ways: (1) simple descriptions of features, (2) alterna­
tions of earlier descriptions, (3) integration of the new 
information into the patterns provided by earlier work­
ers, (4) analysis of the phylogenetic significance of the 
data now available, and (5) consideration of the eco­
logical implications of wood and bark data. The task 
at hand in analyzing these data sets, therefore, is much 
more than citation of how features of wood impinge 
on hypotheses of seed plant evolution. The organiza­
tion of this article cannot, therefore, be a linear ex­
amination of past hypotheses in terms of current evi-
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dence: the new wood and bark information must be 
analyzed and summarized in diverse contexts. 

The studies on wood and bark of Gnetales at the 
species level was begun with a study of the New 
World species of Ephedra (Carlquist 1989), the Old 
World species of Ephedra (Carlquist 1992). and the 
phenomenon of near-vessellessness in some high-al­
pine species of Ephedra (Carlquist 1988/?). The initi­
ation of the survey with study of the New World spe­
cies of Ephedra was related to the fact that material 
of those species was more readily available to me. Al­
though Welwitschia has been studied for many de­
cades, important new structural data proved worthy of 
reporting (Carlquist and Gowans 1995). One tree spe­
cies of Gnetum, Gnetum gnemon, is widespread 
(Markgraf 1930) and was considered in a separate pa­
per (Carlquist 1994) because this species differed so 
much from the lianoid species of the genus. Both Af­
rican lianoid species of Gnetum were available (Carl­
quist and Robinson 1995); all New World species ex­
cept a recently named one were studied (Carlquist 
1996/?). The series concluded with a study of Indoma-
lesian and Asiatic lianoid species (Carlquist 1996«). 
Representation at the species level was 92% in Ephed­
ra and 66% in Gnetum. Although less than optimal in 
coverage of the Indomalesian and Asiatic species of 
Gnetum, the survey provides a baseline to which in­
formation on species not included can readily be added 
as material becomes available. 

Previous studies on wood. bark, and axis anaiomy 
of Ephedra, Gnetum, and Welwitschia were summa­
rized by Pearson (1929) and Martens (1971). The de-
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scription-of G. gnemon wood by Greguss (1955) has 
not been cited widely. Information on wood anatomy 
was assembled on a floristic basis for Ephedra by Fahn 
et al. (1985) and for Gnetum by ter Welle and Detienne 
(1991). Muhammad and Sattler (1982) presented some 
observations on certain Gnetum vessels as a way of 
promoting particular phylogenetic concepts. 

By surveying Gnetales at the species level, much 
new information was uncovered. The following fea­
tures were newly reported for Gnetales as a whole: (1) 
helical thickenings in secondary xylem vessels and tra­
cheids of Ephedra (Carlquist 1989, 1992); (2) near-
vessellessness in Ephedra (Carlquist 1988/?); (3) pres­
ence and nature of fiber-tracheids as well as tracheids 
in wood, and distribution of these cell types with re­
lation to each other, in Ephedra (Carlquist 1989, 1992) 
and Gnetum (Carlquist 1994, 1996a, 19966); (4) pres­
ence and nature of axial parenchyma in Ephedra (Carl­
quist 1989, 1992), Gnetum (Carlquist 1994. 1996a, 
19966; Carlquist and Robinson 1995). and 
Welwitschia (Carlquist and Gowans 1995); (5) diver­
sity in axial parenchyma distribution types in Ephedra 
(Carlquist 1989, 1992) and Gnetum (Carlquist 1994, 
1996a, 19966; Carlquist and Robinson 1995); (6) mi­
nute calcium oxalate crystals lining intercellular spaces 
in Ephedra (Carlquist 1989, 1992) and Welwitschia 
(Carlquist and Gowans 1995); (7) tyloses in vessels of 
Gnetum (Carlquist 19966); (8) tyloses in laticifers of 
Gnetum (Carlquist 19966); (9) storied structure of 
wood in Ephedra (Carlquist 1989, 1992); (10) phel-
loderm origin of lateral meristem activity in Welwit­
schia (Carlquist and Gowans 1995); and (11) presence 
of various types of sclerenchyma and crystals in bark 
of Ephedra (Carlquist 1989, 1992) and Gnetum (Carl­
quist 1994, 1996a, 19966; Carlquist and Robinson 
1995). 

In addition, some features were newly reported for 
particular genera of Gnetales, although they were al­
ready reported for one or both genera not listed: (1) 
tori in pits of tracheary elements in Gnetum (Carlquist 
1996a. 19966; Carlquist and Robinson 1995); (2) 
wood plan as in other plants with secondary growth, 
rather than vascular strands organized on some other 
basis, in Welwitschia (Carlquist and Gowans 1995); 
(3) growth rings in Gnetum (Carlquist 1994); (4) pres­
ence of uniseriate as well as multiseriate rays in 
Ephedra (Carlquist 1989, 1992); (5) branching in la­
ticifers in Gnetum (Carlquist 19966); (6) secretory ca­
nals, in addition to laticifers, in Gnetum (Carlquist 
1996a); and (7) nature of phloem parenchyma, with 
respect to secondary xylem cells, in Gnetum (Carlquist 
1996a). 

Some of these features are of major importance phy-
logenetically. For example, the demonstration that lat­
eral meristem activity originates from cortex in Gne­
tum (La Riviere 1916; Carlquist 1994, 1996a, 19966; 
Carlquist and Robinson 1995) but from phelloderm in 
Welwitschia (Carlquist and Gowans 1995) means that 
lateral meristems have had different origins in the two 
genera and that the presence of successive cambia 

("anomalous secondary growth") in the two genera 
cannot be regarded as a synapomorphy but rather as 
two autapomorphies. On the contrary, the presence of 
minute intercellular calcium oxalate crystals in Ephed­
ra and Welwitschia (a feature otherwise not reported 
in vascular plants, to my knowledge), seems best in­
terpreted as a symplesiomorphy. Perhaps phyletically 
the most important new report is that of tori in pits of 
tracheary elements of Gnetum, because this feature 
represents a clearly gymnospermous feature rather 
than one transitional to angiosperms. These examples 
show that the new reports of structural features in Gne­
tales take on significance when integrated with our 
previous knowledge of wood, bark, and stems of Gne­
tales. Thus, before conclusions with regard to ecology 
and phylogeny are attempted below, a summary at the 
generic level of axial anatomy is presented. Infrage-
neric diversity is cited in terms of exceptions to com­
mon conditions within the genera. Although the salient 
features of wood and bark of Gnetales are summarized 
below, many details presented in the earlier papers of 
this series are not repeated here. Likewise, details on 
methods, techniques, material, and terminology are not 
repeated here. 

Wood anatomy 

EPHEDRA 

Stems and roots of Ephedra feature a single cam­
bium with secondary phloem formed externally and 
secondary xylem, internally. Rays, chiefly multiseriate, 
separate broad fascicular areas. Particular fascicular ar­
eas may experience addition of secondary xylem more 
rapidly than others; this lack of synchronization be­
comes evident in diagonal orientation of ray cells that 
interconnect equivalent portions of adjacent fascicular 
areas (Carlquist 1989, figs. 8, 12; Carlquist 1992, figs. 
36-38; Lev-Yadun and Aloni 1993, figs. 3, 4). In rath­
er old Ephedra stems (diameter depends on species) 
distortion in orientation of fascicular and ray portions 
can occur (Lev-Yadun and Aloni 1993). This phenom­
enon should not be equated with lateral meristem ac­
tivity leading to the production of successive cambia, 
features characteristic of Gnetum and Welwitschia. 

Vessels of Ephedra are essentially solitary; if con­
tacts between vessels occur, they appear attributable to 
random vessel placement in wood in which vessel den­
sity is great. There is no tendency toward vessel group­
ing as there is in dicotyledons that have fiber-tracheids 
or libriform fibers as the imperforate tracheary element 
type (Carlquist 1984a). Ephedra, like other Gnetales, 
exemplifies the hypothesis that when tracheids are 
present as the imperforate tracheary element type, 
grouping of vessels does not occur to any appreciable 
extent (Carlquist 1984a). The shrubby species of 
Ephedra show strongly marked growth rings. Not only 
are vessels larger in earlywood than in latewood but 
vessels may be absent in latewood in some species 
(Carlquist 1989, 1992). In a few species from high 
elevations, vessels are extremely few in number, re-
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suiting in a near-vesselless condition (Carlquist 
19886). The lack of vessels in latewood in dicotyle­
dons that have tracheids as an imperforate tracheary 
element type has been interpreted as representing max­
imal abundance of tracheids, which are more resistant 
to formation of air embolisms than are vessel elements 
(Carlquist 1988a). Woods are mostly ring porous. 

The vessel elements of Ephedra have perforation 
plates composed of foraminate (circular) perforations 
similar to the outlines of pit cavities of lateral wall pits 
on vessels on tracheid-to-vessel or tracheid-to-tracheid 
pits (figs. 1-4). There is little variation in these fora­
minate perforations (sometimes termed "ephedroid 
perforations"). The number of series of perforations 
ranges from one, in the most slender vessels, to two 
(fig. 1) or three (figs. 2-4), but rarely more than three, 
series. There are borders on perforations in some spe­
cies (fig. 1), but most borders are minimal (figs. 2-4). 
Both prominently bordered and minimally bordered 
perforations can characterize a single species (figs. 1, 
2), although perforations tend to be more prominently 
bordered in Ephedra americana Humb. & Bonpl. and 
Ephedra andina Poepp. ex Mey. (Carlquist 1989). No 
fusion of perforations is evident, although in a few 
species, such as Ephedra kokanica Regel. relatively 
large perforations placed closely tend to be somewhat 
polygonal in outline rather than circular (fig. 4). Pits 
on lateral walls of vessels, like tracheid-to-tracheid 
pits, are circular and fully bordered, and have promi­
nent tori connected to margo threads (fig. 9). Helical 
thickenings occur in inner surfaces of secondary xy-
lem vessels of the majority of New World species 
(Carlquist 1989) and some Old World species (Carl­
quist 1992); in species with helical sculpturing in ves­
sels, such sculpturing also occurs in tracheids. Imper­
forate tracheary elements in Ephedra are clearly 
differentiated into tracheids, with large bordered pits 
and without cellular contents, and fiber-tracheids, 
which have pits bordered on contacts with vessels or 
tracheids. but pits simple or quite vestigially bordered 
on contacts with other fiber-tracheids. Fiber-tracheids 
of Ephedra are nucleate but not septate. The reason 
why fiber-tracheids of Ephedra are not termed "axial 
parenchyma" is that they are not strands of cells sep­
arated by lignified walls; such strands do occur in a 
few species of Ephedra {Ephedra foliata Boiss., E. 
kokanica Regel; Carlquist 1992, fig. 31). By contrast, 
Gnetum characteristically has both fiber-tracheids and 
axial parenchyma. Other arguments for use of this ter­
minology, not used throughout Gnetales prior to the 
current series of papers, have been presented (Carl­
quist 1989, p. 421). Fiber-tracheids in Ephedra are ar­
ranged in diffuse or diffuse-in-aggregates fashion (the 

latter illustrated in Carlquist 1992, fig. 24); occasional 
large fiber-tracheid aggregations are present. 

Rays are mostly multiseriate, but uniseriates occur 
in a few species, in which they are much less common 
than multiseriates. Rays are composed of upright, 
square, and procumbent cells; upright cells predomi­
nate in rays of smaller-diameter samples, whereas pro­
cumbent cells increase in abundance as a stem increas­
es in diameter (Carlquist 1989). Starch grains are 
common in ray cells, as they are also in fiber-tracheids. 

Minute calcium oxalate crystals occur among tra­
cheary elements and ray cells. Although uncommon in 
a few species of Ephedra, these minute crystals are 
abundant in the vast majority of Ephedra woods. 

Storying has been reported in Ephedra coryi Reed 
var. viscida Cutler (Carlquist 1989), Ephedra equise-
tina Bunge, and E. foliata (Carlquist 1992). Storying 
is more common in dicotyledons with short fusiform 
cambial initials, so the occurrence of storying in 
Ephedra, which has shorter fusiform cambial initials 
than do other gymnosperms (with the exception of 
Welwitschia), is not surprising (Carlquist 1992). 

Wood of lianoid or scandent species of Ephedra has 
some distinctive features. Lianoid species include 
Ephedra pedunculata Engelmann ex Watson in the 
New World, and in the Old World, species of section 
Pseudobaccalae, tribe Scandentes: Ephedra altissima 
Desf., Ephedra aphylla Forssk., Ephedra campylopoda 
C. A. Mey., E. foliata. Ephedra fragilis Desf., and E. 
kokanica. Compared to nonlianoid species, these spe­
cies have a much greater density of vessels per mm' 
of transection, longer vessel elements, and greater per­
foration diameter (table 1), as well as less thick walls 
on imperforate tracheary elements. Differences be­
tween lianoid and nonlianoid Ephedra species with re­
spect to vessel diameter and in wall thickness of ves­
sels are negligible. 

WELWITSCHIA 

The axis of Welwitschia consists of a long taproot 
and a relatively short, wide stem. From investigations 
to date, there is every reason to believe that the same 
histology (except for organization of primary xylem) 
is found in both roots and stems. The vascular strands 
of stems are so contorted that secondary growth and 
histology in them cannot be readily demonstrated. 
Therefore, descriptions here are based primarily upon 
root material. In both stems and roots, there is a first 
cambium that produces a limited amount of secondary 
xylem and secondary phloem, not unlike the second­
ary growth in seedlings of various vascular plants with 
secondary growth. This stage has been illustrated by 
Bower (1881), Sykes (1910). Pearson (1929). and But-

Figs. 1-4 SEM photographs of perforation plates of Ephedra, from radial sections. Figs. 1. 2. Ephedra major Host. Stainton 18280. Fig. 
1. Perforation plate with clearly bordered perforations. Fig. 2, Perforation plates with minimal borders. Fig. 3. Ephedra intermedia Schrenk. 
Elias. July 21. 1983; perforations of nearly circular outline, minimally bordered. Fig. 4. E. kokaniea. Elias 9742; relatively large perforations 
somewhat polygonal in outline. Bars at upper left in each photomicrograph = 10 y.m. 


