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Bordered pits in ray cells and axial parenchyma:
the histology of conduction, storage, and strength in
living wood cells
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Bordered pits occur in walls of living ray cells of numerous species of woody dicotyledons. The occurrence of this fea-
ture has been minimally reported because the pits are relatively small and not easily observed in face view. Bordered
pits are illustrated in sectional view with light microscopy and with scanning electron microscopy in face view for
dicotyledonous and gnetalean woods. Bordered pits are more numerous and often have prominent borders on tan-
gential walls of procumbent ray cells, but also occur on radial walls; they are approximately equally abundant on tan-
gential and horizontal walls of upright cells, suggesting parallels to cell shape in flow pathway design. Axial
parenchyma typically has secondary walls thinner than those of ray cells, but bordered pits or large simple pit areas
occur on some cross walls of parenchyma strands. There is no apparent correlation between the phylogenetic position
of species and the presence of borders in ray cells or axial parenchyma. Bordered pits represent a compromise
between maximal mechanical strength and maximal conductive capability. High rates of flow of sugar solutions may
occur if starch in ray cells or axial parenchyma is mobilized for sudden osmotic enhancement of the conductive
stream or for rapid development of foliage, flowers, or fruits. Measurement of the secondary wall thickness of ray
cells may offer simple inferential information about the role that rays play in the mechanical strength of woods.
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INTRODUCTION 1997, 1999, 2000, 2001, 2002, 2005) as well as in Gne-
tales (Carlquist, 1989b, 1992b). Bordered pits on ray
cells where a ray cell contacts a vessel were figured by
Frost (1931) for Sassafras. Microcasting is a technique
that offers an excellent potential for demonstrating
borders on pits of parenchyma. Indeed, one can find
borders among ray cells illustrated with this tech-
nique by Fujii (1993) for Fagus and Quercus and by
Peter Kitin (pers. comm.) for Cercidiphyllum and
Kalopanax. These authors also illustrated a curious
allied phenomenon in ray cells: borders on blind pits
that terminate in intercellular spaces. The interest in
microcasting has thus far concentrated almost wholly
on tracheary elements, and descriptions of ray cell fea-
tures are few in such studies. Instances can be found
in wood anatomical literature in which borders are
illustrated but not noticed or even designated as sim-
ple pits, as in a clear transmission electron micro-
*E-mail: s.carlquist@verizon.net graph of Citrus ray cell walls (Fahn, 1990: 40). The

The occurrence of bordered pits between adjacent ray
cells or in cross walls of axial parenchyma strands rep-
resents a phenomenon that has not been widely
reported. Pit borders in secondary walls of wood cells
are usually observed most frequently in face view by
means of light microscopy. The wall thickness of
parenchyma cells in wood, the presence of starch in
ray cells, and the small diameter of bordered pits in
ray cells make borders difficult to observe in this man-
ner. Borders between ray cells are more readily
observed by light microscopy in sectional view in
radial sections of woods and have been reported and
illustrated for a wide range of dicotyledon families
(Carlquist, 1981, 1988a, b, 1989a, 1991, 1992a, 1996,
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definition rigorously followed in the present paper is
that given by the IAWA Committee on Nomenclature
(1964) for a pit border: 'the overarching part of the
secondary cell wall'. This is a universally accepted
definition.

In the present paper, scanning electron microscope
(SEM) illustrations of bordered pits as seen on tan-
gential walls of radial cells from tangential wood sec-
tions are presented. Both light microscope and SEM
photographs have been offered here for Ephedra
(Ephedraceae) and Buddiga (Buddlejaceae,
Asteridae). These two genera are illustrated more
thoroughly by way of showing a wide range of aspects
preferably seen with both types of microscopy. Hope-
fully, these appearances may be used as a guide to
locating bordered pits in ray cells more readily. In
some species, phenolic compounds or other dark-
staining materials may fill bordered pits and aid in
seeing pit contours. Detailed drawings of ray cells
by such authors as Braun (1970) and Greguss (1959)
illustrate only simple pits and are probably not
reliable: their drawings of pitsin ray cells may reflect
the conventional notion that pits among ray cells are
nonbordered rather than pit-by-pit analysis. Core,
Cote & Day (1979) offered a table that lists genera
that show vessel-ray pitting ranging from 'simple' to
‘bordered’. That table, however, does not indicate
whether the 'bordered’ instances represent pitting
between vessels and rays that is composed of half-
bordered pit pairs or fully bordered pit pairs.

Living ray cells that have bordered pits are not to be
confused with ray tracheids. Ray tracheids have only
been reported in conifers (Record, 1934). Ray trache-
ids are dead at maturity, and have bordered pits like
those of coniferous tracheids (but smaller); they often
occur at ray cell tips, but may occur in other configu-
rations within rays as well iPinus). Ray tracheids have

been reported in Cupressaceae (Chamaecyparis  noot-
katensis Spach, Cupressus whitleyana Carr., Thuja
plicata D. Don, Sequoia sempervirens (Lamb.) Endl.
and in many Pinaceae (all species of Larix, Picea,
Pinus, and Tsuga; Abies lasiocarpa Nutt., A. lowiana
A. Murr., and most species of Cedrus, and Pseudot-

suga; Greguss, 1955; Core et al., 1979).

The phenomenon of perforated ray cells is excluded
from consideration in the present paper. Perforated
ray cells are derived from ray initials, but have the
characteristics of vessel elements and represent path-
ways of vessels that traverse rays.

Vascular tissue embedded in ray tissue is likewise
not included in the present paper. Boureau (1957)
reported this phenomenon in Aeschynomene (vessels
embedded in massive rays), Cytisus (fibre-tracheids
with helical thickenings in rays), and Monopteryx
(fibre strands in rays). These are all genera of
Fabaceae. Radially orientated libriform fibres occur in

rays of Cecropia of the Moraceae (Carlquist, 1988a).
There are also numerous instances of wide rays, in
various stages of fragmentation that contain vascular
tissue that represents a remnant of vascular continu-
ity between a stem and a lateral branch. In all
instances cited in this paragraph, the vascular tissue
in rays is dead at maturity, and thus can be differen-
tiated from the living ray cells, which are the focus of
this paper. By 'living' ray and axial parenchyma cell, |
intend a contrast with cells dead at maturity: trache-
ary elements, ray tracheids, perforated ray cells, and
allied phenomena mentioned above. The precise lon-
gevity of any given parenchyma cell is not implied
here. The presence of starch and other photosynthates
in ray and axial parenchyma cells suggests prolonged
longevity, as in Acer, in which these cells function in
the renewal of the conductive system at the end of
winter (Sauter, Iten & Zimmermann, 1973).

The phenomenon of nucleated ray cells with bor-
dered pits needs consideration in ways other than
descriptive. On the basis of the observations made in
preparation for the present paper, bordered pits are
present in ray cells of numerous dicotyledons repre-
senting the major clades, as well as in Ephedra and
Gnetum. This circumstance suggests that living ray
cells with bordered pits should be examined in terms
of physiology and mechanical strength. Living ray
cells contain enormous quantities of photosynthates,
the ingress and egress of which in the form of sugars
should be considered in relation to pitting. Pit fields in
ray cells with only primary walls represent broad thin
areas that could accommodate photosynthate transfer
among ray cells. However, ray cells of many species
have secondary walls that represent a significant dep-
osition of wall material in the form of cellulose and
other components. This investment in strength-pro-
ducing wall structure must represent an enhancement
of mechanical strength for the wood. Bordered pits
offer an ideal compromise between optimal mechani-
cal strength and optimal flow: retention of maximal
pit membrane areas that favour conduction combined
with minimal interruption of wall strength by virtue
of the relative narrowness of pit apertures (Carlquist,
1988a). Greater pit density on tangential walls (as
compared with radial walls) of ray cells, figured in
many instances by Braun (1970), is one way of
expanding the conductive surface, and the bordered
nature of pits on these walls is another. The consider-
ation of ray histology needs to take into account both
mechanical strength and peak flow between cells, pre-
sumably when starch is hydrolysed into sugars that
serve various functions. The mechanical strength of
rays has been subsumed as a part of the strength fea-
tures of wood, presumably because analysing the rel-
ative contributions of rays and of 'fibrous tissue' to
mechanical strength is impractical where types of
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