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VESSEL GROUPING IN DICOTYLEDON WOOD: 
SIGNIFICANCE AND RELATIONSHIP TO 
IMPERFORATE TRACHEARY ELEMENTS 

Sherwin Carlquist 

Abstract.—A hitherto unappreciated correlation exists between nature of 
vessel grouping and nature of imperforate tracheary elements in wood of 
dicotyledons at large: families and genera with true tracheids (large fully 
bordered pits common on both radial and tangential walls) have solitary 
vessels. Presence of true tracheids as a subsidiary conductive system is hy
pothesized to render vessel grouping a superfluous adaptation. Vessel group
ing does occur to various degrees in taxa with fiber-tracheids or libriform 
fibers; the degree of grouping is related to likelihood or seriousness of vessel 
failure by air embolisms because of either drought or frost. Grouping of 
vessels is regarded as a way of providing alternate conduits whereby water 
can be carried in the same pathways in case one or several vessels in a group 
are incapacitated by air embolisms. Presence of vascular tracheids, if suffi
ciently abundant, is held to be correlated with smaller degree of vessel 
grouping because vascular tracheids can form a subsidiary conductive sys
tem; small numbers of vascular tracheids do not affect vessel grouping pat
terns. Species which possess vasicentric tracheids possess a subsidiary con
ductive system ideally located around vessels and have solitary vessels or 
else (if vasicentric tracheids are less common) a low degree of vessel grouping. 
Species with very large vessels at the beginning of growth rings tend to have 
little grouping in the earlywood vessels but more grouping in latewood ves
sels; this dimorphism is held to relate to enhanced safety of latewood vessels, 
since earlywood vessels have little safety and the latewood is thereby the 
wood portion where safety mechanisms are concentrated. Fiber-tracheids 
do not have sufficient conductive capabilities to form a subsidiary conductive 
system; borders on pits of fiber-tracheids are rapidly lost during evolution, 
and such loss generally precedes appearance of septate or nucleated condi
tions or is simultaneous with it. Relative selective value of the various vessel 
grouping types (clusters, radial multiples, diagonal bands, tangential bands) 
as well as of larger aggregations remains a topic for more investigation, as 
does significance of grouping of primary xylem vessels. 

INTRODUCTION 

Transections of some dicotyledon woods reveal vessels distributed in scat
tered fashion, few in contact with each other. In other woods, groups of 
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vessels ("group" is defined here as vessels in contact, not merely close) are 
characteristically present. Little attention has been devoted to reasons for 
this diversity, and for why there should be various types of vessel groupings. 
Vessels may be grouped in clusters (groups about as wide radially as tan-
gentially), radial multiples, or in tangential bands. Vessel groups, in turn, 
may appear to form larger patterns (termed aggregations here) which extend 
across rays and even growth rings (where present); in these larger aggrega
tions, not all vessels are actually in contact with each other. 

Questions corresponding to the above patterns need to be answered. (1) 
Why are vessels characteristically grouped in some families of dicotyledons 
but not at all in other families or genera? This question will be addressed 
on the basis of comparative studies and morphological data, and is the prime 
focus of the present study. (2) In those families in which vessel grouping 
occurs, what governs the degree of vessel grouping? The answer to this 
question proves to be related to the answer to the first question. However, 
in terms of selective factors the number of vessels per group in these families 
is highest in driest areas, lowest in the most mesic areas (Carlquist 1966). 
This can also be expressed in terms of more vessels per group in temperate 
areas than in tropical zones (Carlquist 1966; Baas 1973; Baas et al. 1983). 
(3) Why are vessels grouped in more than one way (clusters, radial multiples, 
diagonal bands, tangential bands)? While the data of the present study do 
not apply directly to the solution of this question, some preliminary com
ments are in order. (4) Why are vessels large in diameter more likely to be 
solitary than smaller vessels? (5) Do larger aggregations of vessels bear any 
relationship to smaller groups? If so, what explanations can be offered for 
this phenomenon? 

In dealing with these questions, the present study examines the role of 
imperforate tracheary elements. The term "imperforate trachearv element" 
in this paper includes tracheids, fiber-tracheids, and libriform fibers. I realize 
that the apparently nonconductive nature of libriform fibers would lead some 
workers to prefer that libriform fibers not be included under the concept of 
imperforate tracheary elements. At the outset of this discussion, I must stress 
that the nature of imperforate tracheary elements in particular taxa is the 
basis for interpretations of occurrence or nonoccurrence of vessel grouping. 
The central hypothesis of the present paper is that imperforate tracheary 
elements, if well adapted for conduction (true tracheids, vasicentric tracheids, 
vascular tracheids) offer great safety to the conductive process. If a vessel in 
a tracheid-bearing wood is disabled, the conductive process can be trans
ferred to nearby tracheids. This transfer cannot occur in woods in which 
fiber-tracheids and libriform fibers have been evolved as a mechanical system 
and no tracheids are present. In these more specialized woods, grouping of 
vessels offers another kind of safety, one in which disabling of any vessel is 
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rendered less serious because the conductive process can be transferred to 
an adjacent vessel. 

MATERIALS AND METHODS 

The genesis of this paper lies in study of wood of numerous dicotyledon 
families, some of which show vessel grouping whereas others do not. Integral 
to this survey is the wood slide collection at the Rancho Santa Ana Botanic 
Garden, a collection which incorporates a general survey of dicotyledons as 
well as slides developed for particular monographs. However, any hypothesis 
concerned with dicotyledons as a whole must draw data not from selected 
families but from all families. The data of Metcalfe and Chalk (1950) have 
been used as a starting point. Metcalfe and Chalk often do not use the term 
"tracheid"; they prefer "fibre" qualified with a description of size of pits, 
whether they are bordered or not, whether they are on all faces, and whether 
they are dense or sparse. Metcalfe and Chalk, despite the enormity of data 
contained in that compendium, does not offer information on wood of all 
families. Papers subsequent to Metcalfe and Chalk (1950) have been utilized. 
These include Ayensu and Stern (1964), Baas (1973), Baas and Zweypfenning 
(1979), Bailey and Smith (1942), Bailey and Swamy (1949), Baretta-Kuipers 
(1976), Carlquist (1960, 1966, 1969, 1975, 1976a, 1976b, 1976c, 1977a, 
1977b, 1978a, 1978b, 1980a, 1981a, 1981b, 1981c, 1981d, 1981e, 1982a, 
1982b, 1982c, 1983a, 1984a, 1984b, 1984c, Carlquist and DeBuhr (1977), 
Carlquist and Eckhart (1984), Carlquist et al. (1983, 1984), Carpenter and 
Dickison (1976), Dickison (1967, 1977, 1980, 1981), Dickison and Baas 
(1977), Dickison et al. (1978), Gibson (1973), Giebel and Dickison (1976), 
Gottwald (1983), Koek-Noorman and Puff( 1983), Koek-Noorman and Rijk-
vorsel (1983), Outer and Vennendaal (1980, 1983), Parameswaran and Con
rad (1982), Quirk (1980), Richter (1981), Stern et al. (1969), Styer and Stern 
(1979), Vlietetal . (1981). 

New data on vessel grouping and on imperforate tracheary element type 
were needed for some families not covered by the above sources. Using the 
wood slide collection at the Rancho Santa Ana Botanic Garden, I made 
original observations on the following families: Aextoxicaceae, Aitoniaceae, 
Crassulaceae, Frankeniaceae, Gentianaceae, Greyiaceae, Gyrostemonaceae, 
Loasaceae, Malvaceae, Marcgraviaceae, Martyniaceae, Misodendraceae, 
Montiniaceae, Myricaceae, Pedaliaceae, Sarcolaenaceae, Scyphostegiaceae, 
Sphenostemonaceae, Stackhousiaceae, Stegnospermataceae, and Tovari-
aceae. The family names used in the present paper do not correspond to 
those used in any particular phylogenetic system, nor do they signify that 
segregate families should be recognized. Segregate families are used merely 
as a way of giving data on a larger number of taxa. 

My data on some families differed somewhat from those of Metcalfe and 
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Chalk (1950). I found woods of Marcgravia rectiflora Triana & Planchon 
and Norantea guianensis Aublet (Marcgraviaceae) to have libriform fibers 
(with unusual pit shape, to be sure) rather than fiber-tracheids. In Myricaceae, 
Gale hartwegii Chevgl and G. palustris Cheval proved to have small bordered 
pits on radial walls of fiber-tracheids rather than simple pits on imperforate 
tracheary elements as reported for G. palustris (as Myrica gale L.) by Metcalfe 
and Chalk. Bordered pits are reported here for imperforate tracheary ele
ments of Malvaceae (Hibiscus, Lavatera); Webber (1934) had claimed bor
dered pits on tracheary elements (which should thereby be termed fiber-
tracheids) in Pavonia and Wercklea, and doubtless other genera of Malvaceae 
will prove to have small borders on pits of fiber-tracheids. Although I re
ported tracheids in Gyrostemonaceae earlier (1978a), I now feel that these 
cells should be termed fiber-tracheids because pits are small and sparse 
compared with those of tracheids of families in the first list below. Baas 
(1973) is correct in saying that fiber-tracheids occur in Ilex, in my opinion; 
his criteria also include pit diameter and sparseness. 

The term "tracheid" here connotes only "true tracheids," and vascular 
tracheids and vasicentric tracheids are not included in that category. Metcalfe 
and Chalk typically do not recognize the term tracheid; they often refer to 
"fibres" with abundant bordered pits. I am using the term tracheid for 
imperforate cells in which pits approach lateral wall pitting of vessels in pit 
density, pit diameter, and degree of border presence. Stages transitional 
between tracheids and fiber-tracheids are difficult to define, and the listings 
below (aside from errors they may contain) would not be exactly the same 
as those compiled by others. 

Vessel grouping can be calculated in various fashions. Although various 
authors have used the percentage of vessels which are solitary, the number 
of vessels per group is preferred here, if only because it can express sensitively 
various degrees of grouping in a family in which vessels are mostly grouped. 
Number of vessels per group, for example, can markedly differentiate among 
species of Olearia (Fig. 14-16). No matter which measure is utilized, di
morphism in vessel grouping (e.g., solitary vessels in earlywood versus group
ing in latewood, as in Ulmus americana L., Fig. 13) should be mentioned. 
In my papers, a solitary vessel counts as " 1 , " a pair of vessels as " 2 , " etc., 
and these figures are averaged. A wood in which solitary vessels and pairs 
of vessels are equal in number as seen in transection would thus have a 
mean figure of 1.5 for number of vessels per group. 

Collections cited in legends of plates are located in the herbarium of the 
Rancho Santa Ana Botanic Garden unless otherwise indicated. 

DATA SUMMATION 

LIST 1. Families in which vessels are solitary (in pairs only by chance, 
most apparent pairs actually are overlapping ends of vessel elements as seen 


