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DEVELOPMENT OF INVERSE CAMBIA AND STRUCTURE 
OF SECONDARY XYLEM IN IPOMOEA TURBINATA 

(CONVOLVULACEAE)

Kishore S. Rajput

Abstract. Structural transformation of mechanical tissues during the shift from a freestanding to a climbing habit is a characteristic 
of lianas, which are increasingly abundant in tropical forests. The modification of mechanical tissue and the evolution of a new 
growth pattern serve to increase stem flexibility and conductive efficiency. In Ipomoea turbinata Lag. (Convolvulaceae), the stem 
thickens via the formation of two distinct types of successive cambia: functionally normal successive cambia (producing xylem 
centripetally and phloem centrifugally), and inverse cambia (producing xylem centrifugally and phloem centripetally). The former 
originates from pericyclic derivatives (parenchyma cells located outside the primary phloem), while the latter originates from 
the conjunctive parenchyma located on the inner margin of the secondary xylem formed from vascular cambium. The secondary 
xylem produced by normal cambia is significantly more abundant than the xylem formed by inverse cambia. During primary 
growth, intraxylary primary phloem differentiates concomitantly with the protoxylem at the periphery of the pith; additional 
intraxylary secondary phloem is added from adjacent parenchyma cells as the plant ages. During initiation of every successive 
cambium, middle cells in the meristem give rise to cambium, and cells on either side of it serve as sites for initiation of future 
cambia. The functional role of inverse cambia remains unknown and awaits further experimental studies.
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Introduction

The increase in the abundance of non-freestanding 
plants (lianas) in tropical forests is associated with 
their ability to adjust to ecoclimatic conditions. 
Their increasing abundance may be correlated 
with anthropogenic pressure on forest ecosys-
tems, their fragmentation, changes in land use 
patterns, increased atmospheric CO2 and evapo-
transpiration demand (Schnitzer & Bongers 2011). 
During the shift from a freestanding to a climbing 
habit, they undergo several modifications of their 
mechanical tissue and the patterns of secondary 
thickening. Among them, the formation of succes-
sive cambia is most prevalent in climbing species, 
a process rare in trees and reported in Avicennia 
marina (Forssk.) Vierh, Phytolacca dioca L., 
Salvadora persica L. and Gallesia integrifolia 
(Spreng.) Harms (Carlquist 2001; Robert et al. 
2011; Rajput et al. 2012a). The occurrence of suc-
cessive cambia, although reported in several 

species (Schenck 1893; Pfeiffer 1926; Chalk 
& Chattaway 1937; Metcalfe & Chalk 1950; 
Obaton 1960; Lowell & Leucasky 1986; Carlquist 
2001; Rajput et al. 2008, 2012a, 2013), is re-
stricted to a small group of dicotyledonous taxa 
(Carlquist 2001). Their formation in dicotyledons 
is said to be a derived character which represents 
a variant pathway of secondary tissue production, 
while normal cambium is ancestral (Carlquist 
2001). It provides tensile strength and protects 
the xylem from malfunction of conductive ele-
ments in response to injury (Rajput et al. 2012b). 
Each successive ring of secondary xylem acts 
as a subunit which allows conduction of water 
and mineral nutrients among all units even when 
some units are injured (Fisher & Ewers 1991; 
Rajput et al. 2012b).

The origin of successive cambia varies from 
species to species. They may develop from the 
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pericycle, endodermis or cortical parenchyma, 
or may form as a result of the irregular activity 
of normal cambium, such as the formation of in-
cluded phloem or grooved or irregularly shaped 
stems (Carlquist 2001; Rajput et al. 2012b; Te-
rrazas et al. 2011). Besides these types of origin, 
the notion of master cambium has been proposed 
(Carlquist 2007, 2013), according to which cessa-
tion of cell division activity in vascular cambium 
results in the appearance of master cambium out-
side the secondary phloem by tangential divisions 
in the cortical parenchyma (Carlquist 2004, 2007, 
2013). This newly initiated meristem is the master 
cambium that produces conjunctive tissue on the 
inner side and vascular cambium on the periphery 
of newly formed conjunctive tissue (Carlquist 
2007, 2013). The master cambium usually forms 
secondary xylem centripetally (towards the pith) 
and secondary phloem centrifugally (towards the 
periphery). In my present study, however, the suc-
cessive cambia not only differed in their origin 
but also deviated from the normal pattern of func-
tioning.

Most earlier studies on the Convolvulaceae 
have used dry wood samples or have focused 
on the typical and frequently observable ana-
tomical characteristics of the family (Schenck 
1893; Pfeiffer 1926; Chalk & Chattaway 1937; 
Metcalfe & Chalk 1950; Obaton 1960; Lowell 
& Leucansky 1986; Carlquist & Hanson 1991; Ra-
jput et al. 2008, 2013; Terrazas et al. 2011). There 
are few reports of the occurrence of functionally 
inverse cambia, and virtually no information in the 
literature on such a unique pattern of secondary 
growth. Earlier works have described the occur-
rence of successive cambia in the form of inter- 
and intraxylary phloem, a characteristic feature 
of the family Convolvulaceae. Initiation of small 
segments of inverse cambia has been reported 
in Dolichos lablab L. and in other species of Ipo-
moea L. (Rajput et al. 2006, 2008; Terrazas et al. 
2011). Patil et al. (2009) and Terrazas et al. (2011) 
observed the origin of internal cambium at the pith 
margin and the development of intraxylary phloem 
from the pith margin in other species of Ipomoea. 
The present paper also reports the formation of in-
verse cambia in Ipomoea turbinata Lag.

With a view toward advancing our knowledge 
of the anatomy and taxonomy of vines, I studied 
the development of functionally normal and in-
verse successive cambia, the formation of intraxy-
lary phloem, and the structure and development 
of secondary xylem from both cambial types 
in Ipomoea turbinata.

Materials and methods

Samples from main stems 8–25 mm thick and 
40–60 mm long were collected from ten plants 
of Ipomoea turbinata Lag. (Convolvulaceae) growing 
at Bhorkheda (21°18′27.40″N, 74°58′49.02″E) 
in Maharashtra State and at Bordevi, Girnar forest 
(21°28′47.38″N, 70°32′12.76″E), Gujarat State; 8–10 
segments from main stems were collected at various 
heights (ground level, 30 cm above ground, 2–3 m 
above ground, apex of plant). For primary growth, 
samples at various developmental stages (starting 
from the apical tip to 1 m away from it) were col-
lected and fixed immediately in formaldehyde-acetic 
acid-alcohol (FAA) (Berlyn & Miksche 1976). After 
fixation for 24 h, samples were transferred to 70% 
alcohol for further processing and storage. Samples 
for primary growth were trimmed to 1–2 mm pieces 
and dehydrated through a tertiary butyl alcohol (TBA) 
series and processed for paraffin embedding as de-
scribed by Johansen (1940). Thick stem samples were 
sectioned in various planes directly on a sliding mi-
crotome (Leica SM2010R), and paraffin blocks were 
cut with a rotary microtome (Leica RM 2035). Sec-
tions 15–20 µm thick were cut in transverse, radial 
and tangential longitudinal planes and stained with 
safranin fast green (Johansen 1940). Slides were dehy-
drated through an ethanol-xylene series and mounted 
in dibutyl phthalate xylene (DPX). Micrographs of im-
portant results were made with a Leica DME 2000 
trinocular photomicroscope fitted with a Canon S70D 
digital camera.

Dimensional details of the sieve tube elements were 
measured directly from the tangential longitudinal sec-
tions. Length and width of xylem fibres and wider and 
fibriform vessel elements were measured from macer-
ated xylem. For maceration, small pieces of xylem 
portions adjacent to the outermost cambial ring were 
sliced and treated with Jeffrey’s fluid (Berlyn & Mik-
sche 1976) at 55–60°C for 24–36 h and stained with 
1% aqueous solution of safranin. Means and standard 
deviations were calculated from 30 random measure-
ments. 
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Results

development of vascular cambium

At the 7th internode, the first ring of vascular cam-
bium is formed by fascicular segments of several 
conjoined collateral vascular bundles connected 
by interfascicular cambium. At this stage, dis-
crete strands of intraxylary phloem are observed 
as distinct clusters at the periphery of the pith. 
This first ring of vascular cambium functions as it 
does in other dicots, producing secondary xylem 
centripetally and secondary phloem centrifugally. 
The secondary phloem is composed of sieve tubes, 
companion cells, and axial and ray parenchyma 
cells. The secondary xylem consists of wider ves-
sels, fibriform vessels, fibre tracheids, tracheids 
and xylem parenchyma cells. At this stage the 
protoxylem remains unchanged, while the clus-
ters of intraxylary phloem increase in number due 
to differentiation of additional sieve tube elements 
from adjacent cells and development of internal 
cambium (Fig. 1). As in other members of the 
Convolvulaceae, the vascular cambium of I. turbi-
nata develops the next new ring of cambium after 
producing 3–5 mm of secondary xylem.

development of successive cambia

The first successive ring of cambium initiates 
after cessation of cell division in the vascular 
cambium. This newly formed ring of cambium 
initiates as several small segments from paren-
chymatous derivatives of the pericycle located 
outside the protophloem (Fig. 2A). Prior to ini-
tiation of new cambium, one or two cell layers 
of parenchyma cells undergo repeated periclinal 
divisions, resulting in the formation of a wide 
3–4-layer band of meristematic cells arranged 
in radial files (Fig. 2B, C). The cells in the middle 
of the meristematic band divide further and form 
a new segment of cambium, while the cells on ei-
ther side of the cambium serve as sites for the 
imminent development of new cambia (Fig. 2D). 
This newly formed cambium is functionally bi-
directional, producing secondary xylem centrip-
etally and phloem centrifugally (Fig. 2E). Each 
functionally normal successive cambium follows 

a similar pattern of initiation. The first two or three 
successive cambia form a continuous cylinder; 
thereafter, each new cambium initiates as several 
small segments (Fig. 2F) which later became in-
terconnected to form a complete ring. These newly 
formed cambial segments produce conducting ele-
ments of secondary xylem and phloem on either 
side. After a few xylem and phloem derivatives 
form, the cells between adjacent cambial segments 
become meristematic and differentiate exclusively 
into thin-walled parenchyma (conjunctive tissue) 
cells on the outer and inner sides.

origin of functionally inverse cambia

In thicker stems, when the third ring of cambium 
completes the formation of 15–20 xylem deriva-
tives, the parenchyma cells on the adaxial side 
of the xylem formed by the second cambial ring 
dedifferentiate, forming a 3–4-cell-wide band 
of radially arranged cells which redifferentiate into 
radially arranged meristematic cells (Fig. 2F). This 
newly originated cambium divides bidirectionally, 
producing xylem centrifugally and phloem cen-
tripetally (Fig. 3A, B). Before cell division ceases 
in the outermost cambial ring, functionally inverse 
cambium produces 20–25 xylem derivatives and 
8–10 phloem elements. The development of more 
inverse cambia follows a similar pattern of origin. 
As in functionally normal cambia, inverse cambia 

Fig. 1. Transverse view of thicker stem, showing increased 
number of intraxylary phloem cells (arrowheads). Scale bar 
= 500 µm.
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also originate as small segments (Fig. 3C–E). 
In these cambia, differentiation of the conducting 
elements of secondary xylem and phloem remains 
restricted to a small portion, while alternating seg-
ments exclusively produce thin-walled parenchyma 
cells (Fig. 3E). Thick stems studied in the present 
work show eight rings of cambia, five of which are 
functionally normal, producing secondary xylem 
centripetally and phloem centrifugally; the other 
three cambia form secondary xylem centrifugally 
and phloem centripetally (Fig. 4A–C). The fourth 
cambium is initiated on the inner margin of the 
secondary xylem of the outermost cambium ring.

structure of secondary xylem

The secondary xylem is diffuse-porous with in-
distinct growth rings, and composed of markedly 
wider and narrower fibriform vessels (Fig. 4A, B). 
In transverse view it is difficult to distinguish the 
narrower vessels; their narrow diameter makes 
them resemble fibres and axial parenchyma cells. 
No significant difference in secondary xylem struc-
ture between normal and inverse cambia was ob-
served, except that more secondary xylem was 
produced by functionally normal than by inverse 
cambia. Axial parenchyma cells are sparsely vasi-
centric and thick-walled; islands of thin-walled pa-
renchyma are randomly distributed. Thick-walled 
parenchyma cells are intermixed with fibres, and 
some of them form a sheath around vessels.

The vessels are 437–498 µm long and 134–
260 µm wide, mostly solitary, with a simple 
perforation plate on transverse-end walls. The 
alternate bordered pits on their lateral walls are 
oval to elliptic, oblong, and 7–10 µm in diam-
eter. The occurrence of tyloses in wider vessels 
is a common feature in all successive rings; 
the tyloses are mostly thin-walled. As in other 

Convolvulaceae, the fibriform vessel elements are 
fusiform cells which look like tracheids except 
for the presence of a small subterminal simple 
perforation plate near the end of the cells. They are 
478–518 µm long and 28–34 µm wide. The xylem 
rays are mostly uniseriate to biseriate; multiseriate 
rays occur infrequently. The conjunctive tissues are 
built of thin-walled, unlignified parenchyma cells 
which form a band of six or seven cells, serving 
as a site for the development of inverse cambium.

Discrete strands of intraxylary (internal) 
phloem are also observed on the periphery of the 
pith. Its development is synchronous with that 
of protophloem, and distinct strands are observed 
by the time secondary growth starts. Additional 
intraxylary (internal) phloem is added from ad-
jacent cells, which are larger than the pith cells.  
As secondary growth progresses, cambial action 
occurs on the pith margin. Nonconducting phloem 
degrades and accumulates on its inner margin. Like 
external phloem, intraxylary phloem is composed 
of sieve elements, companion cells, and axial and 
ray parenchyma cells.

Discussion

Cambial variants have been reported in several 
genera of different families of dicotyledons, de-
scribed in a number of extensive monographs 
(e.g., Schenk 1893; Metcalfe & Chalk 1950; 
Obaton 1960; Carlquist 2001); they pose prob-
lems in classification, in interpretation, and even 
in establishing their origin (Carlquist 2001). Nu-
merous classifications of these growth patterns 
have been proposed, most of them failing to en-
compass all variant types (e.g., Carlquist 2001). 
According to Carlquist (2001), the cambial vari-
ants reported so far may be grouped into three 
main classes: (i) successive cambia producing 

Fig. 2. Transverse view of young stem of Ipomoea turbinata Lag., showing various stages of initiation of successive cambia. 
A – Initiation of cell division and formation of wide band of meristematic cells (arrows) outside of crushed protophloem (ar-
rowhead). B – Enlarged view of A, showing wide band of radially arranged meristematic cells (arrowhead). Note the tangentially 
flattened endodermis (E) and crushed protophloem (arrow). C – Newly established cambial segment, showing radially arranged 
cells (arrowhead) and differentiating vessel (arrow). D – Cells on either side (arrowheads) of cambium, serving as sites for 
initiation of future cambium. Note the differentiating xylem derivatives and phloem elements opposite to it. E – Bidirectional 
differentiation of secondary xylem (X) and phloem element (arrowhead). V – vessel, F – newly initiating functionally inverse 
cambium (arrowhead). Scale bars: A & F = 300 µm; B–D = 50 µm; E = 200 µm.
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secondary xylem and phloem as alternate rings 
in which secondary xylem is produced internally 
and phloem is formed externally (i.e., concen-
tric type); (ii) a single cambial ring producing 
secondary phloem bidirectionally for a short pe-
riod (interxylary phloem) and recommencing its 
normal activity to form secondary xylem inter-
nally and phloem externally (foraminate type); 
and (iii) normal cambium initiating as a single 
ring and producing secondary xylem centripetally 
and secondary phloem centrifugally, and forming 
a stem conformation other than cylindrical. The 
formation of successive cambia in Ipomoea tur-
binata does not fit any of the classifications pro-
posed so far, because every alternate cambium 
produces xylem centrifugally and phloem centrip-
etally. The occurrence of successive cambia along 
with other variant types has long been reported 
in different species of the Convolvulaceae (Hal-
lier 1893; Pfeiffer 1926; Pant & Bhatnagar 1975; 
Lowell & Lucansky 1990; Carlquist & Hanson 
1991; Rajput et al. 2008, 2013; Patil et al. 2009; 
Terrazas et al. 2011), but for Ipomoea turbinata 
there is virtually no published information de-
tailing the pattern of secondary growth and stem 
thickening.

Successive cambia occur in 30 dicotyledonous 
families (Carlquist 2001), 15 of which have lianoid 
taxa (Carlquist 1991); successive cambia are much 
better represented in scandent dicotyledons than 
in other growth forms. These families are scat-
tered among the dicotyledons. The Convolvulaceae 
are one family in which the first ring of cambium 
remains actively functional for a definite period. 
Then it produces a new ring of cambium from 
the pericycle (Lowell & Lucansky 1990; Ra-
jput et al. 2008, 2014; Patil et al. 2009; Terrazas 
et al. 2011). The newly initiated cambium pro-
duces secondary xylem centripetally and phloem 

centrifugally. In I. hederifolia the first successive 
ring of cambium originates in a manner similar 
to that described here in I. turbinata. Pant and 
Bhatnagar (1975) reported similar development 
in other species of Ipomoea and Argyreia Lour. 
After initiation of the first successive cambium, 
subsequent cambia originate from thin-walled pa-
renchyma cells located outside the phloem pro-
duced by the newly initiated cambium (Rajput 
et al. 2008, 2014). I observed a similar pattern 
of successive cambia initiation. A concept pro-
posed by Carlquist (2001, 2004, 2007) posits that 
the first successive cambium is normal but there-
after the development of further successive cambia 
occurs by tangential divisions in cortical paren-
chyma cells (termed ‘lateral meristem’ in 2004 and 
‘master cambium’ in 2007). In I. turbinata, prior 
to the complete development of a new cambium, 
parenchyma cells located outside the secondary 
phloem divide tangentially and form a group 
of cells. From this, cells on the inner side differ-
entiate into conjunctive tissue while the outer cells 
become meristematic and behave as a cambium, 
differentiating secondary xylem and phloem. This 
process is in accord with the ‘master cambium’ 
concept proposed by Carlquist (2004, 2007), but 
this cambium forms as small segments and not 
as a continuous ring. Moreover, the cells from 
which the first successive cambium initiates are 
located inside the pericycle, and it does not form 
from cortical cells. The pericyclic origin of suc-
cessive cambia has been reported in other spe-
cies of Ipomoea (Pant & Bhatnagar 1975; Lowell 
& Lucansky 1986, 1990; Patil et al. 2009; Rajput 
et al. 2008, 2014; Terrazas et al. 2011).

Species with successive cambia are always 
 reported to produce secondary xylem centri-
petally and phloem centrifugally. An unexpected 
finding of the present study is the inverse action 

Fig. 3. Transverse view of secondary xylem of Ipomoea turbinata Lag., showing different stages of cambial initiation. A – Por-
tion of xylem between two successive rings of xylem, showing functionally normal (arrow) and inverse cambium (arrowhead); 
Ph – phloem. B – Initiation of functionally inverse cambium (arrowhead). Note the continuous ring of xylem. C – One of the 
xylem rings, showing small segment of cambium producing xylem centrifugally (arrow) and phloem centripetally (arrowhead). 
D – Outermost successive ring of xylem in mature stem, showing thick-walled xylem elements (arrow) separated by thin-walled 
parenchyma (arrowheads). Note the similar behaviour of inverse cambium on its inner margin. E – Enlarged view of D, showing 
inverse cambium initiating as small segments in which every alternate segment produces conducting elements of xylem and 
phloem alternating with thin-walled parenchyma cells (arrowheads). Scale bars: A–C = 300 µm; D & E = 500 µm.
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of the cambium, which differs from that of other 
dicotyledons. Similar inverse cambia in the form 
of small segments have been reported in I. hederi-
folia and I. pes-caprae (Rajput et al. 2008; 2014) 
and in I. arborescence (Terrazas et al. 2011). 

To my knowledge, the type of cambial variant 
noted in I. turbinata has been reported in no 
species except I. hederifolia and I. pes-caprae. 
The occurrence of such inverse cambia was re-
ported in Ericybe coccinea (F. M. Bailey) Hoog., 

Fig 4. Transverse view of mature stem of Ipomoea turbinata Lag., showing successive rings of xylem alternating with phloem. 
A – Innermost three successive rings of secondary xylem (XY) in mature stem (arrowhead indicates secondary phloem). B – Out-
ermost successive rings of secondary xylem (XY) in mature stem. Arrowhead indicates secondary phloem. C – Enlarged view 
of A (lower right corner), showing functionally normal (arrowhead) and inverse cambium (arrow); Ph = phloem. Scale bars: 
A & B = 300 µm; C = 100 µm.
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Operculina palmeri (Wats.) Howe and Stictocardia 
benaviensis (Vatke) H. Hall. (Carlquist & Hanson 
1991), but these reports were not based on an 
examination of fresh samples, and the initiation 
patterns were not examined. In all the above-men-
tioned species, cambial action is reported to pro-
duce only a few xylem derivatives centrifugally 
and extensive phloem centripetally. It is not clear 
if such a process is aimed at forming only sec-
ondary phloem, nor why only a few secondary 
xylem derivatives are formed. The initiation and 
development of inverse cambia follow a pattern 
of origin similar to that of functionally normal 
cambia, except for their inverse orientation.

The Convolvulaceae are also characterised 
by the presence of intraxylary phloem, and are 
one of the 19 families in which the occurrence 
of intraxylary phloem is reported (Carlquist 2001). 
Seven of these 19 families have climbing taxa 
(Carlquist & Hanson 1991). In the Convolvu-
laceae, cambium (termed ‘internal cambium’) 
initiates between the intraxylary phloem and 
primary xylem (Rajput et al. 2008, 2014; Ter-
razas et al. 2011; Carlquist et al. 2013). This 
internal cambium produces secondary phloem, 
often in large quantities, on its inner side. Ipomoea 
turbinata forms similar cambium which produces 
a quantifiable amount of intraxylary phloem. The 
formation of similar intraxylary phloem has also 
been reported in Acanthosicyos horridus Welw. 
(Carlquist 1992). As in Acanthosicyos, more in-
traxylary phloem than xylem derivatives forms 
in I. turbinata. In thicker stems a larger amount 
of xylem accumulates, with wider vessels and 
narrow vessels along with xylem fibres. 

Fewer xylem derivatives are produced by in-
verse cambia, but structurally the xylem produced 
from functionally normal and from inverse cambia 
is similar. It is composed of wider and fibriform 
vessels, fibres, and ray and axial parenchyma cells. 
The vessel dimorphism in I. turbinata is charac-
teristic of a climbing habit and is reported in other 
species of Convolvulaceae (Carlquist & Hanson 
1991; McDonald 1992; Carlquist 2001; Rajput 
et al. 2014). Vessel dimorphism is a term applied 
to the presence of both wide and narrow vessels 
(Carlquist 1981). Fibriform vessels are considered 

to be as effective as tracheids in protecting 
against air embolisms; far fewer embolisms form 
in narrow vessels than in wider ones (Woodworth 
1935; Ellmore & Ewers 1985). The occurrence 
of fibriform vessels in the Convolvulaceae and 
other lianas may furnish an additional conductive 
system similar to tracheids (Ayensu & Stern 1964; 
Carlquist 1991).

The occurrence of a thin-walled unlignified 
band of parenchyma (also termed ‘conjunctive 
tissue’) followed by each xylem ring in I. turbi-
nata may be associated with its scandent habit, 
providing stem flexibility and protection against 
stem twisting and bending. One potential benefit 
claimed for such a conformation is protection 
of vessels from damage during torsion in liana 
stems (Schenck 1893; Carlquist 1975; Fisher 
& Ewers 1989; Carlquist & Hanson 1991; Rowe 
et al. 2004). Protection from damage is a better 
strategy than repair of damage (Fisher & Ewers 
1989; Carlquist & Hanson 1991). Water storage 
is another potential function proposed for the 
presence of a large parenchyma zone in a liana 
stem (Carlquist et al. 2013). The presence 
of parenchymatous tissue in plants with successive 
cambia is correlated with removal of embolisms, 
since they store a massive amount of starch. Starch 
can be converted to sugars to remove an embolism 
(Carlquist et al. 2013).

In this study I found that in Ipomoea turbinata 
the first successive cambial ring initiates from 
pericyclic derivatives. Further cambia originate 
from parenchyma cells located outside the phloem 
formed by the previous cambium. These paren-
chyma cells may be undifferentiated derivatives 
of pericyclic cells located on the outer margin 
of the previous cambium. Conjunctive tissue be-
tween successive rings originates at the time a new 
cambium is initiated, and is not the product of the 
cambium. Functionally inverse cambia initiate 
from similar derivatives of the previous cambium, 
located on the inner margin of the secondary 
xylem. Vessel dimorphism is characteristic for 
the climbing habit. It ensures a sufficient amount 
of the water required by a large crown. The fibri-
form vessels may play a crucial role in providing 
protection against air embolisms. The structure 



96 POLISH BOTANICAL JOURNAL 62(1). 2017

of secondary xylem is the same in the xylem pro-
duced by both cambial types. The functional role 
of the inverse orientation remains unknown and 
needs further study.
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