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Chapter

The Impact of Changing Climate
on the Cambial Activity during
Radial Growth in Some Citrus
Species
Moin Ahmad Khan and M. Badruzzaman Siddiqui

Abstract

This study on radial growth in the stem of Citrus was carried out with an aim to
notice the behavior of vascular cambium with respect to climatic and age effects.
The fusiform initials vary in length from 137 to 363 μm in C. limon, 100 to 463 μm
in C. paradisi, 137 to 413 μm in C. reticulata var. kinnow, and 137 to 375 μm in
C. sinensis. The length rises with age, followed by decline and then again increase in
C. limon. In C. paradisi, there is increase up to maximum and after decline is soon
followed by constancy. In C. reticulata var. kinnow, increase in length from top to
base in C. sinensis, increase up to maximum followed by a decline. Swelling of
cambial cells occurs in the third week of March in C. limon, last week of March in
C. paradisi, third week of April in C. reticulata var. kinnow, and second week of April
inC. sinensis. The cambium turns dormant in early October inC. limon, late December
in C. paradisi, early December in C. reticulata var. kinnow, and early November in
C. sinensis. Thus, the cambium remains active for about 6 months in C. limon and
C. sinensis, 9 months in C. paradisi, and 7 months in C. reticulata var. kinnow.

Keywords: cambium, radial growth, fusiform initials, ray initials

1. Introduction

In most dicotyledons and gymnosperms, a layer of procambial cells between the
primary phloem and primary xylem matures into fascicular cambium, while the
cells of pith or medullary rays which lie in between the edges of the fascicular
cambium divide accordingly to form a new layer of cambium across the medullary
rays, known as interfascicular cambium, resulting in the formation of a complete
ring of cambium. In this way, a new lateral meristem, the vascular cambium, which
is responsible for the “growth in thickness by the formation of secondary vascular
tissues (radial growth),” is formed and adds secondary phloem toward the outer
side and secondary xylem toward the inner side.

2. Cambium

In three-dimensional view, the cambium is a continuous cylindrical sheath about
the xylem. In most of the plants, the vascular cambium is reported to exhibit
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successive active and dormant phases during a calendar year. This behavior of
cambium is believed to be regulated by several internal and external factors that
include heredity constitution, physiological phenomenon, and environmental
conditions of the habitat [1]. Therefore, there is further need to investigate the
influence of different physical and climatic factors on cambial makeup and its
activity and then to suggest measures for the maintenance of desirable growth
pattern to ensure a vigorous production of derivative tissues and their content,
although in the past, several workers have conducted such type of studies in
different species growing in tropical and subtropical regions [2–12].

Butterfield [13] defines cambium as a “multiseriate zone of periclinally dividing
cells lying between the differentiating secondary xylem and phloem, with distinct
initials capable of both periclinal and anticlinal divisions lying somewhere within
each radial file of cells.” The same terminology has been adopted for describing
cambium in the present study.

In spite of the fact that Indian subcontinent is one of the richest tropical tree
flora on earth, the studies on the radial growth of these trees, that is, the activity of
cambium, its structure, and behavior are still meager. Much, therefore, remains to
be known about the growth phenomenon of Indian tropical trees, particularly the
vascular cambium and its derivative tissues, xylem, and phloem, their cellular
organization with age and varying climatic conditions.

The tropical trees in general exhibit a continuous growth unlike temperate ones
where the growth phenomenon is sharply rhythmic. A majority of tropical trees
grow in multiple flushes or in an intermittent manner due to the prolonged favor-
able climatic conditions that prevail in the tropical belt. Keeping in view the afore-
said fact, the present anatomical studies are an attempt to elaborate the structure
and behavior of vascular cambium and its derivative tissues in some Rutaceae
members in relation to various seasonal conditions of the study site and age of the
trees. My study includes the following aspects:

1.Structure and activity of vascular cambium.

2.The effect of climate on the activity and structure of vascular cambium.

3.The effect of age on the activity and structure of vascular cambium.

In fact, no information is available with regard to the cambial activity and
formation of its derivative tissues in Citrus species of Rutaceae family. It is note-
worthy that Citrus is of immense medicinal importance as well as economic value.

2.1 Citrus

A genus of evergreen, usually armed, aromatic shrubs or small trees distributed
in the Indo-Malayan region, South-east Asia, and China but cultivated throughout
the tropical and temperate regions for fruits. Currently, Citrus is commercially
grown primarily between the latitudes 40°N to 40°S.

Four species of genus Citrus, available in and around district Aligarh, Uttar
Pradesh, India, have been selected for a comparative anatomical study on the
aspects as described earlier.

1.Citrus limon (Linn.) Burm.f.

Classification [14]
Class: Dicotyledons
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Series: Lignosae
Order: Rutales
Family: Rutaceae
Genus: Citrus
Species: limon
Hindi: Baranibu, Jambira, Paharikaghzi, Paharinimbu, Kinnanibu

2.Citrus paradisi Macf.

Classification [14]
Class: Dicotyledons
Series: Lignosae
Order: Rutales
Family: Rutaceae
Genus: Citrus
Species: paradisi
Hindi: Chakotra

3.Citrus reticulata var. kinnow

Classification [14]
Class: Dicotyledons
Series: Lignosae
Order: Rutales
Family: Rutaceae
Genus: Citrus
Species: reticulata var. kinnow
Hindi: Kinnow

4.Citrus sinensis (Linn.) Osbeck

Classification [14]
Class: Dicotyledons
Series: Lignosae
Order: Rutales
Family: Rutaceae
Genus: Citrus
Species: sinensis
Hindi: Mosammi, Malta

3. The vascular cambium: structure

The term cambium was coined by Grew [15] who presented the classification of
plant tissues. In the year 1863, Sanio [16] recognized vascular cambium, its origin
and function as a lateral meristem. The vascular cambium in all the species investi-
gated forms a continuous cylinder between the xylem and phloem. Vascular cam-
bium as a rule is made up of exclusively mononucleate elongated spindle-shaped
elements with long tapering end walls, the fusiform initials, and almost isodiametric
or rectangular ray initials [17]. In the presently investigated species, the arrange-
ment of end walls of the adjacent cambial initials overlaps to a considerable extent
depicting a clear non-storied (non-stratified) structure in all species investigated
(Figure 1(i)).
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After measuring cambial initials of a wide variety of tropical as well as temperate
trees Bailey [18] concluded that the fusiform initials vary in length from 460 to
4400 μm showing non-stratified cambium. The observations regarding this aspect
indicate that in the presently investigated species, the length of fusiform initials
ranges from 137 to 363 μm in Citrus limon, 100 to 463 μm in C. paradisi, 137 to
413 μm in C. reticulata var. kinnow, and 137 to 375 μm in C. sinensis, which is
contrary to the findings of Bailey [18]. But the present findings are in agreement
with the results of some earlier workers like Ghouse and Iqbal [19] in some arid
zone species of Acacia and Prosopis, Kojs [20] in selected woody species, Khan [10]
in Jacaranda mimosifolia, Pterospermum acerifolium, and Terminalia arjuna who
have found fusiform initial length to fall shorter than Bailey’s [18] reported limit for
non-storied cambium.

Among the species investigated in this study, C. reticulata var. kinnow has been
found to possess comparatively short fusiform initials while C. limon having the
longest with the other two species falling in between these. If the size of fusiform
initials is taken as a criterion for phylogenetic advancement, then obviously C.
reticulata var. kinnow appears to be the most evolved form among the presently
investigated species.

Figure 1.
(i) C. sinensis T.L.S. through dormant cambium showing arrangement of various components of cambium,
(ii) C. limon T.S. showing dormant cambial zone, (iii) C. paradisi T.L.S. through active cambium showing
pseudotransverse wall in dividing fusiform initial, (iv) C. sinensis T.L.S. through active cambium showing
two-celled newly formed ray, terminally cut ray cell and lateral fusion of rays, (v) C. sinensis T.L.S. through
active cambium showing terminal and lateral fusion of rays and transverse septation of fusiform initial, (vi) C.
paradisi T.L.S. through active cambium showing laterally cut ray cell.
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The walls of the fusiform initials bear primary pit fields and have distinct
plasmodesmata connections with the contiguous elements, especially with the ray
initials. The radial walls of fusiform initials have been observed to be usually thicker
than tangential walls in the present study in all the species investigated. Especially
during dormancy, the primary pit fields appear deeply depressed in tangential
longitudinal view giving a beaded look to the radial walls. Similar situation has been
noticed by Iqbal [21], Khan et al. [22], and Khan and Siddiqui [12].

The cambial initials have been reported to undergo anticlinal and periclinal
divisions periodically [23]. Anticlinal division which is also known as multiplicative
division increases the cambial population, whereas the periclinal or additive divi-
sion increases the number of cambial derivatives emanating new phloem and xylem
elements [24]. The anticlinal division in the cambial initials has been noted to be
pseudotransverse wall formation takes place running askew intersecting the two
radial walls at two different levels [12, 22, 23, 25, 26].

The pseudotransverse wall formation observed in this study varies in the length
from short to long in all the species investigated. Sometimes, the dividing wall
almost extending from one end of the cell to the other, as it has been reported
earlier by Khan and Siddiqui [12] in Alstonia species.

The ray initials may arise primarily as a single cell, which is cut at the ends of
fusiform initials as terminal segments [27] or as lateral segments [20, 27] or they
may arise by transverse segmentation of fusiform initials [20, 27]. In the presently
investigated species, the first and last types of ray development are found to be
more frequent than the lateral segments. Once the ray initials get established, they
continue to undergo multiplication resulting in expansion of rays in height and
width [27]. The rays also increase in height and width by fusion of two or more
vertically and radially aligned rays. These fusions result due to the transverse
segmentation of the intervening fusiform initials or by multiplication of already
existing ray initials of the adjacent panel of rays [20, 27]. Apart from the above fact,
some long and broad rays get split into smaller units by intrusion of adjacent
fusiform initials in all the species investigated as has already been reported by
[20, 27–29].

The ray initials form an integral part of the cambial cylinder in all the species
investigated. The relative proportion of ray initials to that of fusiform initials has
been found to vary from species to species. A maximum of 23% has been observed
in C. paradisi and C. reticulata var. kinnow and minimum of 18% in C. limon,
whereas in C. sinensis, the ray initials constitute about 22% of tangential area of
cambial cylinder in adult trees [30–34].

4. The vascular cambium: developmental changes in the structure

In transverse sections of the young shoots, the cambial zone consists of three to
five layers of cells in all the species, whereas the number of cell layers in the cambial
zone of adult trees varies from three to nine (Figure 1(ii)). It is evident that the
fusiform cambial initial experience considerable length variation as the tree grows
in thickness in all the species investigated in the present research. Average length of
fusiform initials has been noticed to vary from 158.78 to 259.71 μm in C. limon,
228.53 to 257.59 μm in C. paradisi, 118.00 to 246.70 μm in C. reticulata var. kinnow,
and 156.00 to 232.43 μm in C. sinensis in different age group samples (Table 1). On
close observations, it is seen that the average length rises with age from 158.78 to
232.46 μm that is followed by a decline to 220.31 μm and then again increase in the
old stem to 259.71 μm in case of C. limon which coincides with the findings of
Cumbie [35] and Ajmal et al. [36]. In C. paradisi, there is a gradual increase up to
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Circumference of axis in mm Length (μm) C. limon Circumference of axis in mm Length (μm) C. paradisi

Range Mean � SE SD CV% Range Mean � SE SD CV%

20 200–325 158.78 � 1.81 36.25 22.83 20 137–325 228.53 � 2.43 48.63 21.27

40 225–363 184.21 � 1.94 38.85 21.09 40 137–338 234.68 � 2.68 53.61 22.84

65 250–400 210.28 � 2.02 40.46 19.24 65 112–350 249.65 � 2.85 57.04 22.84

95 275–400 232.46 � 1.80 36.19 15.56 95 175–375 257.59 � 2.17 43.50 16.89

150 262–400 220.31 � 1.79 35.91 16.29 164 175–363 238.56 � 2.51 50.35 21.10

195 250–363 259.71 � 1.80 36.01 13.86 204 125–363 239.00 � 2.79 55.83 23.35

LSD at 5% = 44.60 LSD at 5% = 73.33

LSD at 1% = 59.73 LSD at 1% = 98.19

Circumference of axis in mm Length (μm) C. reticulata var. kinnow Circumference of axis in mm Length (μm) C. sinensis

Range Mean � SE SD CV% Range Mean � SE SD CV%

20 50–200 118.00 � 2.00 40.14 34.01 20 100–213 156.00 � 1.79 35.94 23.03

45 75–263 124.18 � 2.04 40.94 32.96 45 87–250 178.15 � 2.03 40.60 22.78

67 100–250 129.50 � 1.95 39.19 30.26 67 137–288 204.81 � 1.92 38.45 18.77

96 112–263 132.62 � 1.96 39.26 29.60 96 150–313 232.43 � 1.96 39.36 16.93

147 187–338 235.54 � 2.01 40.25 17.08 143 150–288 219.57 � 1.88 37.64 17.14

199 125–400 246.70 � 3.59 71.92 29.15 198 137–263 205.12 � 1.84 36.94 18.00

LSD at 5% = 68.48 LSD at 5% = 73.33

LSD at 1% = 91.70 LSD at 1% = 98.19

Table 1.
Changes in the length size of fusiform initials (as observed in tangential longitudinal section) of cambial zone along tree axis of varying girth.
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maximum from 228.53 to 257.59 μm and after slight decline to 238.56 μm is soon
followed by constancy in the adult region which coincides with the report of Evert
[37, 38] and Ghouse and Yunus [39]. In C. reticulata var. kinnow, a significant
impact of age is seen on the vascular cambium as the fusiform initials increase in
length from top to base, that is, from 118.00 to 246.70 μm with an increase in girth
of the axis, which coincides with the report of Khan [40], Khan [10], and Mahmood
[11]. Whereas in C. sinensis, there is an initial increase up to maximum from 156.00
to 232.43 μm with the advancing age of stem axis which is followed by a decline
toward the basal region which goes in agreement with the results of Ghouse and
Iqbal [41], Khan et al. [42], Ajmal [43], and Mahmood [11].

In general, fusiform initials are found longer and broader in stouter axes than in
the slender ones. The rate of increase happens to be high in young shoots and low in
older ones. It appears, therefore, that the ability of newly formed initials to elongate
in size depends on the age of the meristem. The younger is the cambium, greater is
the ability of the initials to elongate, and conversely, the older is the meristem, the
lesser is the ability of the initials to undergo expansion. A similar comparative
analysis of the data obtained on the width of the fusiform initials has revealed that
they do not show any significant change with the increase in the circumference of
the stem axes.

A similar analysis of the ray initials of the investigated species (Table 2) shows a
slight initial increase from 12.44/9.86 to 15.98/13.80 μm which is followed by con-
stancy in anticlinal and periclinal diameters of C. limon as has already been reported
by Khan [10] in Terminalia arjuna and slight increase from 8.97/7.82 to 11.96/
10.13 μm with the increasing diameter of axis in C. reticulata var. kinnow which
coincides with the findings of Khan [10] in Jacaranda mimosifolia, whereas a slight
initial increase followed by a decrease in the basal region is seen in anticlinal
diameter of C. sinensis as has been reported by Khan [10] in Pterospermum
acerifolium. The ray initials do not show any appreciable change in their dimension
in relation to age of the axis in C. paradisi as has been reported by earlier researchers
like Ajmal [43]. However, they undergo multiplication to become multiseriate in
older axis [11, 41]. As a consequence of various developmental changes in cambial
zone, relative proportion of fusiform and ray initials also varies with age of stem
axis. The ray initials occupy a relatively greater area in the cambial cylinder in the
old axis as compared to younger ones. The ray initials occupy 14–17% in C. limon, 7–
25% in C. paradisi, 14–23% in C. reticulata var. kinnow, and 12–18% in C. sinensis of
the total tangential area of the cambial cylinder.

With the growing girth of the axis, the cambial cylinder also expands by adding
more cells. The fusiform initials undergo pseudotransverse divisions and give rise to
sister initials (Figure 1(iii)). Similarly, the ray initials also divide and give rise to
new ray initials (Figure 1(iv)). All this happens in order to cope with the expansion
of the axis. The new ray initials are also produced by the fusiform initials and this
happens either by the transverse septation of the fusiform cells (Figure 1(v)) or by
the formation of new initials as terminal (Figure 1(vi)) or lateral segments
(Figure 1(vi)). Occasionally, the rays are seen fusing with one another to form tall
and wide bodies (Figure 1(v)). This is brought about by the conversion of the
intervening fusiform initials into a group of ray initials, which forms the bridge
between the two already existing groups of ray initials. The newly produced rays
having a limited height in the beginning grow into tall structures by the divisions of
the existing initials. At times, the fusiform initials are found to intrude into a panel
of ray initials, resulting in the division of a broad or tall ray into a number of smaller
entities (Figure 2(i)).

Vascular cambium, therefore, constantly undergoes changes in its composition,
as an accommodative measure to meet the increasing circumference of the vascular
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Circumference of axis in

mm

Anticlinal diameter (μm) Periclinal diameter (μm)

Range Mean � SE SD CV% Range Mean � SE SD CV%

In Citrus limon

20 6–17 12.44 � 0.11 2.31 18.56 6–14 9.86 � 0.10 2.17 22.00

40 10–17 14.41 � 0.12 2.50 17.34 10–17 13.12 � 0.12 2.45 18.67

65 10–21 15.30 � 0.17 3.48 22.74 10–17 13.60 � 0.11 2.35 17.27

95 10–21 15.98 � 0.18 3.74 23.40 10–17 13.80 � 0.11 2.29 16.59

150 10–17 13.46 � 0.11 2.35 17.45 10–17 11.49 � 0.08 1.78 15.49

195 10–21 14.75 � 0.16 3.30 22.37 10–17 12.17 � 0.09 1.81 14.87

LSD at 5% = 4.46 = 3.10

LSD at 1% = 5.97 = 4.15

In Citrus paradisi

20 6–14 8.63 � 0.12 2.47 28.62 6–14 7.95 � 0.11 2.21 27.79

40 6–17 10.47 � 0.13 2.62 25.02 6–14 8.50 � 0.11 2.38 28.00

65 6–14 10.60 � 0.12 2.42 22.83 6–14 8.84 � 0.12 2.54 28.73

95 6–14 10.20 � 0.14 2.80 27.45 6–14 8.36 � 0.91 1.82 21.77

164 6–14 9.92 � 0.11 2.24 22.58 6–14 9.18 � 0.09 1.95 21.24

204 6–14 9.72 � 0.11 2.25 23.14 6–14 8.97 � 0.13 2.61 29.09

LSD at 5% = 3.55 = 3.04

LSD at 1% = 4.75 = 4.07

In Citrus reticulata var. kinnow

20 6–14 8.97 � 0.13 2.70 30.10 6–14 7.82 � 0.10 2.17 27.74

40 6–14 9.52 � 0.10 2.04 21.42 6–14 7.68 � 0.09 1.90 24.73

67 6–17 9.99 � 0.10 2.08 20.82 6–14 8.43 � 0.11 2.38 28.23

96 6–14 10.54 � 0.11 2.38 22.58 6–14 8.77 � 0.13 2.64 30.10

147 6–14 10.33 � 0.12 2.45 23.71 6–14 8.29 � 0.09 1.82 21.95

199 6–17 11.96 � 0.18 3.68 30.76 6–14 10.13 � 0.13 2.76 27.24

LSD at 5% = 3.73 = 3.32

LSD at 1% = 4.99 = 4.45

In Citrus sinensis

20 10–17 12.92 � 0.12 2.54 19.65 6–14 8.84 � 0.13 2.72 30.76

45 10–21 14.96 � 0.17 3.47 23.19 6–14 9.65 � 0.11 2.29 23.73

67 10–21 14.82 � 0.16 3.38 22.80 6–14 10.88 � 0.12 2.54 23.34

96 10–17 14.28 � 0.12 2.54 17.78 6–14 11.22 � 0.10 2.17 19.34

143 10–17 13.26 � 0.11 2.38 17.94 6–14 10.20 � 0.14 2.80 27.45

198 6–17 11.83 � 0.18 3.74 31.61 6–14 9.79 � 0.09 1.88 19.20

LSD at 5% = 4.23 = 3.42

LSD at 1% = 5.67 = 4.58

Table 2.
Changes in the cell size of ray initials (as observed in tangential longitudinal section) of cambial zone along tree
axis of varying girth.
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cylinder. This usually resulted in a considerable change in the corresponding vol-
ume of the different initials. Thus, in the young shoots, the fusiform initials have
been found to occupy 86% of the total area of the cambial cylinder in C. limon, 93%
in C. paradisi, 86% in C. reticulata var. kinnow, and 88% in C. sinensis, while the
corresponding area of fusiform initials in the cambial cylinder gets reduced toward
the mature stem.

5. The vascular cambium: seasonal changes in the structure

As far as the impact of seasonal changes on the dimensions of fusiform initials is
concerned, it has been noted that length, width, and tapering ends averages of
fusiform initials as well as magnitude of ray initials vary to some extent depending
on the time of development of new cambial initials and the period of their growth.
Analysis of the data obtained during three consecutive years has revealed that both
the structure and the contents of the cambial initials vary from season to season.
Short fusiform initials with narrow width and comparatively tapering ends coin-
cided with the activity of the cambium in all the species investigated [44]. Also, the
size of ray initials show smaller diameter during the height of cambial activity as has

Figure 2.
(i) C. reticulata var. kinnow T.L.S. through active cambium showing transverse septation of fusiform initial
and splitting of ray, (ii) C. paradisi T.L.S. through dormant cambium showing beaded radial walls, (iii) C.
limon T.S. showing swelling of cambial zone, (iv) C. paradisi T.S. showing swelling of cambial zone, (v) C.
reticulata var. kinnow T.S. showing swelling of cambial zone, (vi) C. sinensis T.S. showing swelling of
cambial zone.
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earlier been reported by Catesson [3], Kitin et al. [8], Espinosa et al. [45], Gricar
et al. [46], and Begum et al. [47].

In C. limon, the averages of length and width of fusiform initials varies from
233.72 to 278.00 and 17.47 to 21.28 μm, respectively, while the average size of their
tapering ends ranges from 76.75 to 90.75 μm. Comparatively shorter fusiform ini-
tials occur in May to August and then rest of the months (Table 3). The size of ray
initials also shows minor variation in different seasons. The mean value of the
anticlinal and periclinal diameters ranges from 12.64/11.22 to 16.18/14.82 μm during
a calendar year (Table 4). In C. paradisi, the averages of length and width of
fusiform initials range from 217.74 to 284.00 and 16.38 to 21.48 μm, respectively
and the end walls range from 72.75 to 91.50 μm. Comparatively shorter fusiform
initials are found from June to November (Table 5). Similarly, anticlinal and
periclinal diameters of ray initials range from 8.63/8.43 to 15.50/14.96 μm in differ-
ent seasons (Table 6). In C. reticulata var. kinnow, the averages of length and width
of fusiform initials range from 211.64 to 256.03 and 16.25 to 18.97 μm, respectively.
The size of their tapering ends varies from 72.25 to 82.25 μm. Comparatively, shorter
fusiform initials are found from June to October (Table 7). The mean value of
anticlinal and periclinal diameters of ray initials varies from 10.47/9.24 to 15.23/
13.32 μm (Table 8). In C. sinensis, the averages of length and width of fusiform
initials range from 205.36 to 270.50 and 15.98 to 19.51 μm, respectively. The size of
their tapering ends varies from 71.25 to 84.25 μm. Comparatively, shorter fusiform
initials occur from May to September (Table 9). The mean value of anticlinal and
periclinal diameters of ray initials varies from 11.76/10.67 to 15.16/12.44 μm
(Table 10).

The frequency of ray types, when studied in fortnightly collections has revealed
that the size as well as the formation of their development happens to be highly
influenced by the seasonal conditions. The short and medium sized rays are more
frequent during the activity of the cambium in all the species investigated [44]. The
distribution of uniseriate to multiseriate rays is found to be influenced by the
weather conditions. Frequency of uniseriate and short cambial rays has been found
higher in active period than in the inactive phase of the cambium in the species
investigated presently. In C. limon, the multiseriate rays are dominant in number
and constitute 45–65% of the cambial zone in different months lowest being in June
and highest in January. Following this, the uniseriate rays generally vary from 23 to
34% and biseriate rays generally vary from 12 to 21% of the total rays of the cambial
zone. In C. paradisi, multiseriate and uniseriate rays occur more frequently than the
biseriate ones. The uniseriate rays are more frequent, that is, 22–30%, whereas the
biseriate ones are from 16 to 28%. The highest number of multiseriate rays noticed
is 62% (February) and lowest is 42% (June). In C. reticulata var. kinnow, uniseriate
rays vary from 4 to 14%, whereas the biseriate ones are from 13 to 23%. Multiseriate
rays are very common in this species and occur frequently within the range of 63–
83% minimum being found in May and maximum in February. In C. sinensis,
uniseriate rays vary from 22 to 30%, biseriate from 16 to 28% and multiseriate from
42 to 62% maximum in the month of March and minimum in June. Earlier workers
have also reported such changes both in size and magnitude of different types of
cambial initials in tropical trees [48–53].

The amount of ray and fusiform initials shows some minor fluctuations in
different months of a calendar year. In C. limon, the percentage area occupied by
ray initials varies from 14 to 22%, the maximum being in November, while the
minimum occurring in May. In C. paradisi, it is found to vary from 18 to 27% with
lowest being in May and highest in January. In C. reticulata var. kinnow, 19 to 28%
with minimum in June and maximum in December and in C. sinensis from 18 to 31%
with highest value occurring in January and lowest in July. Thus, C. sinensis shows
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Months Length (μm) Width (μm) Tapering ends (μm)

Range Mean � SE SD CV% Range Mean � SE SD CV% Range Mean � SE SD CV%

January 200–313 265.29 � 1.81 36.22 13.65 17–21 18.63 � 0.08 1.70 9.12 75–88 81.00 � 0.31 6.25 7.71

February 200–338 264.00 � 1.78 35.65 13.50 17–24 19.65 � 0.11 2.28 11.60 75–100 84.75 � 0.42 8.41 9.92

March 200–350 269.67 � 2.01 40.35 14.96 17–24 20.06 � 0.12 2.47 12.31 75–100 86.25 � 0.45 9.11 10.56

April 212–325 264.55 � 1.65 33.07 12.50 17–24 18.97 � 0.09 1.81 9.54 75–100 82.25 � 0.33 6.66 8.09

May 175–300 238.32 � 1.63 32.67 13.70 13–21 17.74 � 0.10 2.07 11.66 62–88 77.75 � 0.38 7.62 9.80

June 137–313 233.72 � 2.02 40.58 17.36 13–21 17.47 � 0.12 2.45 14.02 62–88 76.75 � 0.45 9.02 11.75

July 150–313 241.40 � 1.93 38.66 16.01 13–21 17.88 � 0.11 2.23 12.47 62–88 78.25 � 0.41 8.22 10.50

August 150–325 247.00 � 1.85 37.09 15.01 13–24 18.36 � 0.10 2.15 11.71 62–100 80.00 � 0.39 7.91 9.88

September 187–338 263.44 � 1.79 35.92 13.63 13–24 18.70 � 0.10 2.07 11.06 62–100 81.25 � 0.38 7.61 9.36

October 200–338 269.34 � 1.89 37.87 14.06 17–24 19.44 � 0.11 2.26 11.62 75–100 84.00 � 0.41 8.31 9.89

November 250–263 274.84 � 1.79 35.97 13.08 17–24 21.28 � 0.11 2.23 10.47 75–100 90.75 � 0.41 8.22 9.05

December 225–350 278.00 � 1.66 33.39 12.01 17–24 20.40 � 0.11 2.25 11.02 75–100 87.50 � 0.41 8.30 9.48

LSD at 5% = 50.48 = 3.03 = 11.14

LSD at 1% = 67.60 = 4.05 = 14.92

Table 3.
Changes in the cell size of fusiform initials (as observed in tangential longitudinal section) of cambial zone during various months of a calendar year in Citrus limon.
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maximum fluctuation as compared to others [44]. The ray initials multiply consid-
erably to become multiseriate in older axis in all the investigated species as has been
reported by earlier workers [10, 11, 52].

6. Periodicity of the vascular cambium

The activity of vascular cambium is not uniform but shows great variation
depending on the genetic constitution of plants and difference in the internal and
external environment [1]. There are plants whose cambium is active throughout the
entire life of the plant, that is, the cells of cambium divide continuously and the
resulting cells undergo gradual differentiation to form xylem and phloem. Such
type of activity usually occurs in plants growing in tropical regions [54]. However,
not all tropical trees exhibit continuous cambial activity [55–58].

In the present study, it has been observed that the vascular cambium of all three
species shows a periodic activity rather than a continuous growth as reported in
other tropical species of Indian subcontinent [10, 11, 52, 57–61]. During the dor-
mant stage, the cambial zone is represented by a narrow zone of tangentially
flattened cells constituting of three to seven layers in C. limon, seven to nine layers
in C. paradisi, four to six layers in C. reticulata var. kinnow, and five to seven layers
in C. sinensis (Figure 1(ii)). The radial walls of cambial cells during dormant stage
are found comparatively thicker than what they are during the active phase. In
tangential view, the radial walls are found prominently beaded during the resting
period (Figure 2(ii)) due to the alternatively thickened areas and the deeply
depressed primary pit fields, through which they communicate by plasmodesmata
connections with the contiguous elements. The fusiform cambial cells during their
active phase possess relatively thin and almost smooth radial walls due to the
absence of thickened areas, alternating with the primary pit fields (Figure 1(v)).

Months Anticlinal diameter (μm) Periclinal diameter (μm)

Range Mean � SE SD CV% Range Mean � SE SD CV%

January 10–21 15.23 � 0.17 3.42 22.45 10–21 14.62 � 0.16 3.21 21.95

February 10–21 15.16 � 0.16 3.35 22.09 10–17 12.78 � 0.12 2.41 18.85

March 10–21 15.43 � 0.17 3.55 23.00 10–21 14.82 � 0.16 3.38 22.80

April 10–21 13.46 � 0.13 2.63 19.53 10–14 11.22 � 0.07 1.56 13.90

May 10–17 12.64 � 0.10 2.15 17.00 10–14 11.35 � 0.08 1.61 14.18

June 10–17 12.85 � 0.12 2.48 19.29 6–14 11.69 � 0.09 1.82 15.56

July 10–17 12.92 � 0.12 2.54 19.65 10–17 12.10 � 0.10 2.17 17.93

August 10–17 14.48 � 0.12 2.43 16.78 10–17 12.30 � 0.10 2.03 16.50

September 10–17 13.46 � 0.11 2.35 17.45 10–17 12.17 � 0.09 1.81 14.87

October 10–21 15.57 � 0.16 3.34 21.45 10–17 13.60 � 0.11 2.35 17.27

November 10–21 16.18 � 0.19 3.82 23.60 10–17 14.55 � 0.11 2.36 16.21

December 10–21 15.84 � 0.18 3.64 22.97 10–21 13.94 � 0.16 3.21 23.02

LSD at 5% = 4.34 = 3.38

LSD at 1% = 5.81 = 4.53

Table 4.
Changes in the cell size of ray initials (as observed in tangential longitudinal section) of cambial zone during
various months of a calendar year in Citrus limon.
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Months Length (μm) Width (μm) Tapering ends (μm)

Range Mean � SE SD CV% Range Mean � SE SD CV% Range Mean � SE SD CV%

January 187–438 284.00 � 3.18 63.72 22.43 13–28 20.12 � 0.16 3.25 16.15 62–113 86.50 � 0.59 11.96 13.82

February 187–463 281.35 � 3.12 62.53 22.22 13–31 21.48 � 0.18 3.63 16.89 62–125 91.50 � 0.66 13.34 14.57

March 125–450 272.87 � 3.15 63.18 23.15 10–31 19.65 � 0.18 3.74 19.03 50–125 84.75 � 0.68 13.77 16.24

April 237–343 270.73 � 1.76 35.35 13.05 17–24 20.53 � 0.12 2.45 11.93 75–100 88.00 � 0.45 9.01 10.23

May 137–400 266.37 � 2.90 58.17 21.83 13–24 19.38 � 0.15 3.13 16.15 62–100 83.75 � 0.57 11.53 13.76

June 100–425 217.74 � 2.98 59.65 27.39 10–28 16.38 � 0.15 3.02 18.43 50–113 72.75 � 0.55 11.10 15.25

July 125–313 220.32 � 2.26 45.28 20.55 10–21 16.86 � 0.13 2.72 16.13 50–88 74.50 � 0.50 10.00 13.42

August 150–375 227.06 � 2.31 46.32 20.39 13–24 16.86 � 0.12 2.45 14.53 62–100 74.50 � 0.45 9.01 12.09

September 125–363 239.00 � 2.79 55.83 23.35 10–24 17.61 � 0.16 3.31 18.79 50–100 77.25 � 0.60 12.18 15.76

October 125–363 243.58 � 2.70 54.08 22.20 10–24 17.74 � 0.16 3.28 18.48 50–100 77.75 � 0.60 12.08 15.53

November 137–338 244.09 � 2.56 51.35 21.03 13–24 18.36 � 0.14 2.96 16.12 62–100 80.00 � 0.54 10.91 13.63

December 150–450 267.41 � 3.19 63.95 23.91 13–28 19.24 � 0.18 3.64 18.91 62–113 83.25 � 0.66 13.38 16.07

LSD at 5% = 81.05 = 4.61 = 16.95

LSD at 1% = 108.53 = 6.17 = 22.70

Table 5.
Changes in the cell size of fusiform initials (as observed in tangential longitudinal section) of cambial zone during various months of a calendar year in Citrus paradisi.
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The beaded nature of radial walls, if at all present during the active period, is not as
prominent as in the dormant period. The cambial zone as a whole during the active
phase takes light stain due to the absence of colored contents and loss of chroma-
ticity of protoplasm (Figure 1(v)).

The vascular cambium in all the species appears to undergo activation once in a
year, after undergoing a definite period of rest. The first sign of activity appears in
April in C. limon and C. paradisi and in May in C. reticulata var. kinnow and C.
sinensis. The cells in the cambial zone undergo radial expansion in the third week of
March in C. limon (Figure 2(iii)) and in the last week of March in C. paradisi
(Figure 2(iv)), in the third week of April in C. reticulata var. kinnow (Figure 2(v)),
and in the second week of April in C. sinensis (Figure 2(vi)). As a result of this
enlargement, the cambial zone swells up from 32 to 40 μm in C. limon, 51 to 79 μm
in C. paradisi, 17 to 64 μm in C. reticulata var. kinnow, and 34 to 40 μm in C. sinensis.
Several criteria have been employed in the past to judge the initiation and the
duration of cambial activity in tropical as well as in the different temperate species.
Firstly, Priestly et al. [62] demonstrated the case with which the bark separate itself
from wood of a tree trunk during the active period, a phenomenon what they
named as “slippage of the bark.” Subsequent workers later employed several other
criteria to recognize the reactivation of cambium after its winter dormancy. The
important finding in this connection is Frankenstein et al. [63]. In the present study,
however, a number of criteria have been used in combination while studying
periodicity of cambium. The initiation of cambial reactivation has been taken from
the time of radial expansion of cambial initials, but the activity of cambium has
been counted from the actual cell division and not from the date of histochemical
changes or physical expansion of initials. The ceassation of activity has been taken
by stopping of cell division which normally proceeds to the histochemical change in
the initials.

Months Anticlinal diameter (μm) Periclinal diameter (μm)

Range Mean � SE SD CV% Range Mean � SE SD CV%

January 10–21 15.36 � 0.16 3.35 21.80 10–21 14.96 � 0.16 3.33 22.25

February 10–17 14.14 � 0.12 2.48 17.53 6–14 10.13 � 0.13 2.76 27.24

March 10–21 14.55 � 0.12 2.55 17.52 10–17 12.85 � 0.12 2.48 19.29

April 10–17 14.21 � 0.12 2.42 17.03 10–17 12.51 � 0.10 2.19 17.50

May 6–17 10.54 � 0.14 2.90 27.51 6–14 9.45 � 0.10 2.18 23.06

June 6–14 9.72 � 0.11 2.25 23.14 6–14 8.97 � 0.13 2.61 29.09

July 6–14 8.63 � 0.12 2.47 28.62 6–14 8.43 � 0.09 1.83 21.70

August 6–14 8.77 � 0.13 2.64 30.10 6–14 8.56 � 0.11 2.38 27.80

September 10–17 13.46 � 0.12 2.45 18.20 6–14 10.33 � 0.11 2.25 21.78

October 10–21 15.43 � 0.16 3.35 21.71 10–17 14.55 � 0.12 2.45 16.83

November 10–17 14.34 � 0.12 2.48 17.29 10–21 13.87 � 0.15 3.18 22.92

December 10–21 15.50 � 0.17 3.48 22.45 10–21 14.82 � 0.16 3.31 22.33

LSD at 5% = 3.77 = 3.77

LSD at 1% = 5.05 = 5.06

Table 6.
Changes in the cell size of ray initials (as observed in tangential longitudinal section) of cambial zone during
various months of a calendar year in Citrus paradisi.
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Months Length (μm) Width (μm) Tapering ends (μm)

Range Mean � SE SD CV% Range Mean � SE SD CV% Range Mean � SE SD CV%

January 162–325 252.51 � 2.02 40.43 16.01 13–21 18.42 � 0.10 2.05 11.12 62–88 80.25 � 0.37 7.54 9.39

February 150–325 251.13 � 1.68 33.61 13.38 17–24 18.56 � 0.09 1.82 9.80 75–100 80.75 � 0.33 6.72 8.32

March 150–300 248.00 � 1.97 39.57 15.95 13–21 17.88 � 0.11 2.33 13.03 62–88 78.25 � 0.43 8.60 10.99

April 137–400 246.61 � 3.60 72.00 29.19 13–28 18.36 � 0.19 3.97 21.62 62–113 80.00 � 0.72 14.59 18.23

May 200–325 242.00 � 1.66 33.29 13.75 17–24 18.97 � 0.09 1.81 9.54 75–100 82.25 � 0.33 6.66 8.09

June 150–288 230.42 � 1.88 37.60 16.31 13–21 17.40 � 0.11 2.32 13.33 62–88 76.50 � 0.42 8.54 11.16

July 150–413 226.38 � 2.08 41.67 18.40 13–28 17.06 � 0.12 2.59 15.18 62–113 75.25 � 0.47 9.52 12.65

August 137–338 211.64 � 1.88 37.73 17.82 13–24 16.25 � 0.11 2.28 14.03 62–100 72.25 � 0.42 8.41 11.64

September 137–275 216.52 � 1.95 39.11 18.06 13–21 16.59 � 0.12 2.42 14.58 62–88 73.50 � 0.44 8.89 12.09

October 175–300 237.00 � 1.69 33.85 14.28 13–21 17.68 � 0.11 2.25 12.72 62–88 77.50 � 0.41 8.30 10.70

November 175–300 245.69 � 1.62 32.56 13.25 13–21 18.22 � 0.94 1.89 10.37 62–88 79.50 � 0.34 6.97 8.76

December 150–338 256.03 � 2.01 40.33 15.75 13–24 18.83 � 0.10 2.06 10.93 62–100 81.75 � 0.37 7.59 9.28

LSD at 5% = 58.27 = 3.37 = 12.40

LSD at 1% = 78.03 = 4.51 = 16.61

Table 7.
Changes in the cell size of fusiform initials (as observed in tangential longitudinal section) of cambial zone during various months of a calendar year in Citrus reticulata var. kinnow.
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In all the species investigated, the reactivation of vascular cambium has been
indicated by radial expansion of cambial initials which has been described as
“swelling” of cambial cell by earlier workers [52, 60, 64]. This phenomenon has
been observed in the present study to occur a few days before the cells start dividing
to produce new derivatives in all the species presently investigated. The present
study shows swelling of the cambial zone in March in C. limon and C. paradisi and
in April in C. reticulata var. kinnow and C. sinensis. However, the extent of radial
expansion was found varying in different species.

After swelling, the cell divisions start within a week or two in the cambial zone
which in turn is followed by a number of histochemical changes in the initials. A
decrease in the density of cell protoplast coupled with the loss of chromaticity and
the leaning of cell wall as a result of reduction in wall thickening and in the size of
beads of radial walls. More or less similar changes in the nature and structure of
cambial initials have been described by Oribe et al. [65–67]. The initiation of cell
division during hot weather conditions shows that this phenomenon depends upon
high temperature and low humidity as has been reported earlier by Mellerowicz
et al. [68] in Abies balsamea, Barnett and Miller [69] in Picea sitchensis, Oribe and
Kubo [70] in Conifers, and Espinosa et al. [45] in 83 tropical trees.

In C. limon, the cells start dividing in the first week of April which causes an
increase in the layers of cells up to nine layers. In C. paradisi, cambial cell division
begins from the second week of April, increasing the number of cambial layers up to
12. Similarly, in C. reticulata var. kinnow and in C. sinensis, the cells start dividing in
the first week of May, causing an increase in the layers of cambium up to 10 in both
the species. The newly produced derivatives differentiate first into xylary elements
in all the species investigated as a result of which new xylem is being added in C.
limon and C. paradisi in the month of April, in C. reticulata var. kinnow and C.
sinensis in May. The phloem production, out of the newly produced cambial deriv-
atives, is observed in two flushes first in May, June, and then again in September in

Months Anticlinal diameter (μm) Periclinal diameter (μm)

Range Mean � SE SD CV% Range Mean � SE SD CV%

January 10–21 15.23 � 0.17 3.48 22.84 10–17 13.32 � 0.12 2.53 18.99

February 10–21 14.68 � 0.12 2.58 17.57 10–17 13.26 � 0.11 2.38 17.94

March 10–17 12.44 � 0.10 2.11 16.96 6–14 10.94 � 0.12 2.48 22.66

April 10–21 13.53 � 0.12 2.59 19.14 6–17 11.56 � 0.15 3.12 26.98

May 10–17 13.73 � 0.12 2.45 17.84 10–14 11.28 � 0.07 1.58 14.00

June 6–14 10.47 � 0.11 2.34 22.34 6–14 9.38 � 0.11 2.21 23.56

July 6–17 11.69 � 0.14 2.98 25.49 6–14 9.45 � 0.09 1.96 20.74

August 6–17 10.74 � 0.14 2.83 26.35 6–14 9.24 � 0.10 2.04 22.07

September 6–17 11.96 � 0.18 3.68 30.76 6–14 10.13 � 0.13 2.76 27.24

October 10–17 13.80 � 0.12 2.49 18.04 10–14 11.15 � 0.07 1.52 13.63

November 10–21 14.75 � 0.16 3.23 21.89 10–17 11.76 � 0.09 1.95 16.58

December 10–17 13.94 � 0.11 2.38 17.07 10–17 12.51 � 0.11 2.30 18.38

LSD at 5% = 3.91 = 3.26

LSD at 1% = 5.24 = 4.36

Table 8.
Changes in the cell size of ray initials (as observed in tangential longitudinal section) of cambial zone during
various months of a calendar year in Citrus reticulata var. kinnow.
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Months Length (μm) Width (μm) Tapering ends (μm)

Range Mean � SE SD CV% Range Mean � SE SD CV% Range Mean � SE SD CV%

January 175–325 264.75 � 1.95 39.06 14.75 13–24 18.08 � 0.11 2.30 12.72 62–100 79.00 � 0.42 8.46 10.70

February 137–300 261.00 � 2.02 40.53 15.52 13–21 17.40 � 0.12 2.42 13.90 62–88 76.50 � 0.44 8.89 11.62

March 200–338 263.63 � 1.72 34.45 13.06 17–24 19.04 � 0.09 1.92 10.08 75–100 82.50 � 0.35 7.07 8.56

April 150–363 260.39 � 2.18 43.79 16.81 13–24 18.83 � 0.12 2.47 13.11 62–100 81.75 � 0.45 9.09 11.11

May 175–350 235.33 � 2.04 40.84 17.35 13–24 17.54 � 0.12 2.48 14.13 62–100 77.00 � 0.45 9.14 11.87

June 137–275 215.45 � 1.93 38.74 17.98 13–21 16.52 � 0.12 2.45 14.83 62–88 73.25 � 0.45 9.02 12.31

July 137–300 205.36 � 1.84 36.96 17.99 13–21 15.98 � 0.10 2.17 13.57 62–88 71.25 � 0.40 8.01 11.24

August 137–300 227.04 � 2.10 42.07 18.52 13–21 17.27 � 0.12 2.43 14.07 62–88 76.00 � 0.44 8.96 11.78

September 162–325 238.58 � 1.68 33.75 14.14 13–21 17.81 � 0.10 2.10 11.79 62–88 78.00 � 0.38 7.73 9.91

October 187–325 256.00 � 1.88 37.73 14.73 13–24 18.70 � 0.09 1.95 10.42 62–100 81.25 � 0.35 7.18 8.83

November 150–325 262.66 � 2.07 41.40 15.76 13–24 18.02 � 0.11 2.38 13.20 62–100 78.75 � 0.43 8.76 11.12

December 200–375 270.50 � 2.05 41.04 15.17 17–24 19.51 � 0.11 2.33 11.94 75–100 84.25 � 0.43 8.60 10.20

LSD at 5% = 56.77 = 3.24 = 11.91

LSD at 1% = 76.03 = 4.34 = 15.95

Table 9.
Changes in the cell size of fusiform initials (as observed in tangential longitudinal section) of cambial zone during various months of a calendar year in Citrus sinensis.
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C. limon. In C. paradisi, new phloem is added in the last week of October followed
by another addition of new phloem in November and December. In C. reticulata
var. kinnow, new phloem is added in October and November. In C. sinensis, first
flush of new phloem is added in June and July. The second flush of phloem differ-
entiates in October.

The cessation of cambial activity occurs in early October in C. limon, early
November in C. sinensis, early December in C. reticulata var. kinnow, and late
December in C. paradisi. Thus, it appears that in the investigated species, extreme
fall in temperature brings down the dormancy as reported earlier by Paliwal and
Paliwal [71] in Rhododendron arboreum, Khan [10] in Jacaranda mimosifolia,
Pterospermum acerifolium,Terminalia arjuna, and Mahmood [11] in Alstonia
scholaris, Emblica officinalis, Putranjiva roxburghii.

Thus, in the presently investigated species, the cambium remains active for
about 6 months in C. limon and C. sinensis, 9 months in C. paradisi, and 7 months in
C. reticulata var. kinnow. More or less similar prolonged tends of duration of 5–
9 months of radial growth has been reported earlier by Fahn [72], Zhang et al. [57],
Rao and Rajput [60], Khan [10], and Mahmood [11].

Months Anticlinal diameter (μm) Periclinal diameter (μm)

Range Mean � SE SD CV% Range Mean � SE SD CV%

January 10–17 14.14 � 0.12 2.48 17.53 10–17 12.30 � 0.11 2.24 18.21

February 10–17 12.85 � 0.12 2.48 19.29 10–14 11.15 � 0.07 1.52 13.63

March 10–17 13.32 � 0.11 2.34 17.56 10–14 11.56 � 0.08 1.66 14.35

April 10–17 13.19 � 0.10 2.11 15.99 10–17 12.24 � 0.11 2.25 18.38

May 10–17 12.78 � 0.09 1.87 14.63 6–14 10.88 � 0.12 2.54 23.34

June 6–17 11.76 � 0.16 3.20 27.21 6–17 10.67 � 0.15 3.04 28.49

July 10–14 12.58 � 0.07 1.56 12.40 6–14 10.74 � 0.09 1.84 17.13

August 10–17 12.64 � 0.10 2.15 17.00 6–14 10.94 � 0.11 2.28 20.84

September 10–17 13.26 � 0.11 2.38 17.94 6–14 11.22 � 0.10 2.17 19.34

October 6–21 13.53 � 0.19 3.88 28.67 6–14 11.90 � 0.11 2.28 19.15

November 10–17 14.34 � 0.12 2.48 17.29 10–14 11.49 � 0.08 1.65 14.36

December 10–21 15.16 � 0.16 3.28 21.63 10–17 12.44 � 0.12 2.41 19.37

LSD at 5% = 3.77 = 3.16

LSD at 1% = 5.05 = 4.24

Table 10.
Changes in the cell size of ray initials (as observed in tangential longitudinal section) of cambial zone during
various months of a calendar year in Citrus sinensis.

18

Plant Stress Physiology



Author details

Moin Ahmad Khan1* and M. Badruzzaman Siddiqui2

1 Department of Biology, Ballsbridge University, Dominica, West Indies

2 Department of Botany, Aligarh Muslim University, Aligarh, India

*Address all correspondence to: moin_a_khan11@yahoo.co.in

© 2020TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

19

The Impact of Changing Climate on the Cambial Activity during Radial Growth in Some…
DOI: http://dx.doi.org/10.5772/intechopen.93202



References

[1] Philipson WR, Ward JM,
Butterfield BG. The Vascular Cambium,
Its Development and Activity. London:
Chapmen & Hall; 1971. ISBN:
0412104008

[2] Iqbal M, Ghouse AKM. Cambial
concept and organization. In: Iqbal M,
editor. The Vascular Cambium. Tauton,
New York; Tauton, Somerset, England:
John Wiley & Sons Inc; Research
Studies Press Ltd.; 1990. pp. 1–36. ISBN:
0-86380-095-5

[3] Catesson AM. Cambial ultrastructure
and biochemistry: changes in relation to
vascular tissue differentiation and the
seasonal cycle. International Journal of
Plant Sciences. 1994;155:251–261. DOI:
10.1086/297165

[4] Larson PR. The Vascular Cambium.
Development and Structure. Berlin:
Springer-Verlag; 1994. eBook ISBN
978-3-642-78466-8. DOI: 10.1007/
978-3-642-78466-8

[5] Rao KS, Rajput KS, Srinivas T.
Comparative structure of vascular
cambium and its derivatives in some
species of Sterculia. IAWA Journal.
1996;17:311–318. DOI: 10.1163/
22941932-90001581

[6] Chaffey NJ. Cambium: old challenges
—New opportunities. Trees. 1999;13:
138–151. DOI: 10.1007/PL00009745

[7] Lachaund S, Catesson AM,
Bonnemain JL. Structure and functions
of the vascular cambium. Comptes
Rendus de l’ Academie des Sciences.
Sciences de la Vie (Life Sciences). 1999;
322:633–650. DOI: 10.1016/s0764-4469
(99)80103-6

[8] Kitin P, Funada R, Sano Y,
Beeckman H, Ohtani J. Variations in the
lengths of fusiform cambial cells and
vessel elements in Kalopanax pictus.
Annals of Botany. 1999;84:621–632.
DOI: 10.1006/anbo.1999.0957

[9] Kitin P, Funada R, Sano Y, Ohtani J.
Analysis by confocal microscopy of the
structure of cambium in the hardwood
Kalopanax pictus. Annals of Botany.
2000;86:1109–1117. DOI: 10.1006/
anbo.2000.1281

[10] Khan HA. Studies on the seasonal
variation of phloem and xylem
production in some tropical trees
[thesis]. Aligarh Muslim University;
2001

[11]Mahmood A. Studies on growth
activities of some tropical trees [thesis].
Aligarh Muslim University; 2001

[12] Khan MA, Siddiqui MB. Size
variations in the vascular cambium and
its derivatives in two Alstonia species.
Acta Botânica Brasílica. 2007;21(3):
531–538. DOI: 10.1590/
S0102-33062007000300003

[13] Butterfield BG. Terminology used
for describing the cambium. IAWA
Bulletin. 1975;1:13–14. Available from:
https://agris.fao.org/agris-search/search
.do?recordID=US201303005043

[14]Hutchinson J. Families of flowering
plants. In: 1 Dicotyledons: 1-510; 2
Monocotyledons: 511-792. 2nd ed.
Oxford: Clarendon press; 1959

[15]Grew N. The Anatomy of Plants.
London: W. Rawlings; 1682. Available
from: http://hdl.loc.gov/loc.rbc/Genera
l.06649.1

[16] Sanio C. Vergleichede
untersuchungen uber die
zusammensetzung. Des Holzkörper
Botany. 1863;21:357-363, 369-375,
377-385, 389-399, 401-412

[17] Kitin P, Sano Y, Funada R. Fusiform
cells in the cambium of Kalopanax
pictus are exclusively mononucleate.
Journal of Experimental Botany. 2002;

20

Plant Stress Physiology



53:483–488. DOI: 10.1093/jexbot/
53.368.483

[18] Bailey IW. The cambium and its
derivative tissues: II. Size variation of
cambial initials in gymnosperms and
angiosperms. American Journal of
Botany. 1920;7:355–367. DOI: 10.1002/
j.1537-2197.1920.tb05590.x

[19]Ghouse AKM, Iqbal M. A
comparative study on the cambial
structure of some arid zone species of
Acacia and Prosopis. Botaniska Notiser.
1975;128:327–331

[20] Kojs P. The mechanisms of cell
rearrangement in storied cambium of
selected woody species (in Polish)
[thesis]. Katowice: Silesian University;
2000

[21] Iqbal M. The Vascular Cambium.
Taunton, Somerset, England: Research
Studies Press ltd; 1990. ISBN: 0-86380-
095-5

[22] Khan MA, Siddiqui MB, Bhat S,
Shahab D. Pollution effects on the
cambial structure of Citrus reticulata
var. tangelos. International Journal of
Botany. 2007;3(4):342–350. DOI:
10.3923/ijb.2007.342.350

[23] Esau K. Anatomy of Seed Plants.
2nd ed. Singapore: John Wiley & Sons
(Asia) Pvt. Ltd.; 2002. ISBN: 978-0-
471-24520-9

[24] Bannan MW. A survey of cell length
and frequency of multiplicative
divisions in the cambium of conifers.
Canadian Journal of Botany. 1970;48:
1585–1589. DOI: 10.1139/b70-234

[25]Han KS, Woong YS. Developmental
changes of cambial initials and their
derivative cell in the trunk of Diospyrus
khaki Thumb and Firmiana simplex W.
F. Wight in relation to girth increase.
Korean Journal of Botany. 1991;34:
191–199

[26] Iqbal M. Structural and operational
specializations of the vascular cambium
of seed plants. In: Iqbal M, editor.
Growth Patterns in Vascular Plants.
Portland, OR; Oregon, USA: Dioscorides
Press; 1994. pp. 211–271. ISBN:
0-931146-26-7

[27] Khan MA, Siddiqui MB.
Development of rays in some Citrus
species. Vegetos. 2007;20(2):9–11.
Available from: http://vegetosindia.org/
journal/Vegetos-20(2)2007/Developme
nt-of-Rays-in-Some-Citrus-Species.
html

[28]Wloch W, Polap E. The intrusive
growth of initial cells in re-arrangement
of cells in cambium of Tilia cordata Mill.
Acta Societatis Botanicorum Poloniae.
1994;63:109–116. Available from:
https://rebus.us.edu.pl/bitstream/
20.500.12128/7079/1/Wloch_The_
intrusive_growth_of_initial_cells.pdf

[29] Jura J, Kojs P, Iqbal M,
Szymanowska-Pulka J, WlochW. Apical
intrusive growth of cambial fusiform
initials along the tangential walls of
adjacent fusiform initials: Evidence for a
new concept. Australian Journal of
Botany. 2006;54:493–504. DOI:
10.1071/BT05130

[30] Khan MA, Siddiqui MB. Ratio of
fusiform and ray initials in Citrus
sinensis. Indian Journal of Applied and
Pure Biology. 2007;22(1):161–164

[31] Khan MA, Siddiqui MB. Ratio of
fusiform and ray initials in Citrus limon
(Linn.) Burm.f. Indian Journal of
Applied and Pure Biology. 2007;22(1):
175–178

[32] Khan MA, Siddiqui MB. Ratio of
fusiform and ray initials in Citrus
reticulata var. tangelos. Indian Journal of
Applied and Pure Biology. 2007;22(2):
275–278

[33] Khan MA, Siddiqui MB. Ratio of
fusiform and ray initials in Citrus

21

The Impact of Changing Climate on the Cambial Activity during Radial Growth in Some…
DOI: http://dx.doi.org/10.5772/intechopen.93202



paradisi. Indian Journal of Applied and
Pure Biology. 2007;22(2):287–290

[34] Khan MA, Khan MIH, Siddiqui MB,
Bhat S. Ratio of ray and fusiform initals
in some Citrus species. Vegetos. 2005;18
(1&2):99–103

[35] Cumbie BG. Development changes
in the vascular cambium of Leitneria
floridana. American Journal of Botany.
1967;54:414–424. DOI: 10.2307/
2440830

[36] Ajmal S, Khan R, Iqbal M. Cambial
structure of Holoptelea integrifolia
Planch. in relation to age. Flora. 1986;
178:197–202. DOI: 10.1016/S0367-2530
(17)31492-5

[37] Evert RF. Some aspects of cambial
development in Pyrus communis.
American Journal of Botany. 1961;48:
479–488. DOI: 10.1002/j.1537-2197.1961.
tb11672.x

[38] Evert RF. The cambium and
seasonal development of phloem in
Pyrus malus. American Journal of
Botany. 1963;50:149–159. DOI: 10.1002/
j.1537-2197.1963.tb07190.x

[39] Ghouse AKM, Yunus M. Some
aspects of cambial development in the
shoots of Dalbergia sissoo Roxb. Flora.
1973;162:549–558. DOI: 10.1016/
S0367-2530(17)31736-X

[40] Khan S. Studies on seasonal
activity of vascular cambium and
secondary phloem in some Myrtaceae
[thesis]. Aligarh Muslim University;
1980

[41] Ghouse AKM, Iqbal M. Variation
trends in the cambial structure of
Prosopis spicigera L. in relation to the
girth of the tree axis. Bulletin of the
Torrery Botanical Club. 1977;104(3):
197–201. DOI: 10.2307/2484298

[42] Khan MIH, Siddiqui TO, Khan S.
Ontogenetic changes in the cambial

structure of Citrus sinensis L. Flora. 1983;
173:151–158. DOI: 10.1016/S0367-2530
(17)31994-1

[43] Ajmal S. Studies on vascular
cambium and its derivatives in some
arborescent Moraceae [thesis]. Aligarh
Muslim University; 1985

[44] Khan MA. Anatomical studies on
the activity of vascular cambium and
production of vascular tissues in some
tropical trees [thesis]. Aligarh Muslim
University; 2009

[45] Espinosa LY, Terrazas T, Lopez-
Mata L. Integrated analysis of tropical
trees growth: A multivariate approach.
Annals of Botany. 2006;98:637–645.
DOI: 10.1093/aob/mcl142

[46]Gričar J, Zupančič M, Čufar K,
Koch G, Schmitt U, Oven P. Effect of
local heating and cooling on cambial
activity and cell differentiation in the
stem of Norway spruce (Picea abies).
Annals of Botany. 2006;97:943–951.
DOI: 10.1093/aob/mcl050

[47] Begum S, Nakaba S, Oribe Y,
Kubo T, Funada R. Induction of cambial
reactivation by localized heating in a
deciduous hardwood hybrid Popular
(Populus sieboldii X P. grandidentata).
Annals of Botany. 2007;100:439–447.
DOI: 10.1093/aob/mcm130

[48] Creber GT, Chaloner WG.
Environmental influences on cambial
activity. In: Iqbal M, editor. The
Vascular Cambium. Tauton, Somerset,
U.K.: Research Studies Press; 1990.
pp. 159–199. ISBN: 0-86380-095-5

[49] Fahn A, Werker E. Seasonal cambial
activity. In: Iqbal M, editor. The
Vascular Cambium. Vol. 1990. Taunton
Somerset. England: Research Studies
Press; 1990. pp. 139–158. ISBN:
0-86380-095-5

[50] Blanche CA, Jr L, Sommers RA,
Hodges JD, Nebeker TE. Seasonal

22

Plant Stress Physiology



cambial growth and development of
loblolly pine: Xylem formation, inner
bark chemistry, resin ducts and resin
flow. Forest Ecology and Management.
1992;49:151–165. DOI: 10.1016/
0378-1127(92)90167-8

[51] Rao KS, Srinivas T, Rajput KS.
Seasonal anatomy of vascular cambium
in young branches of Bombax ceiba
Brum. Acta Botanica Indica. 1996;24(1):
17–20

[52] Rajput KS. Seasonal cambial activity
and wood development in some timber
trees growing in different forest region
of Gujarat state [thesis]. M.S. University
of Baroda; 1997

[53] Borchert R. Climatic periodicity,
phenology and cambium activity in
tropical dry forest trees. IAWA Journal.
1999;20:239–247. DOI: 10.1163/
22941932-90000687

[54] Fahn A. Plant Anatomy. 3rd
ed. Oxford: Pergamon press; 1982. DOI:
10.1111/j.1756-1051.1983.tb01458.x

[55] Lu CY, Chiang SHT. Seasonal
activity of the cambium in the young
branch of Liquidambar formosana
Hance. Taiwania. 1975;20:32–47

[56] Fahn A, Burley J, Longman KA,
Mariaux A, Tomlinson PB. Possible
contributions of wood anatomy to the
determination of the age of tropical
trees. In: Bormann FH, Berlyn GP,
editors. Age and Growth of Tropical
Trees. School of Forestry and
Environmental Studies. Vol. 94. New
Haven, USA: Bull|Yale University; 1981.
pp. 31–54. Available from: https://elisch
olar.library.yale.edu/yale_fes_bulletin/6

[57] Zhang ZJ, Lin J, Chen Z, Zhang YT.
Periodicity of cambial activity and
seasonal changes of the secondary
phloem in 4 tannic plants. Acta Botanica
Yunnanica. 1997;19(3):271–274.
Available from: http://europepmc.org/a
rticle/CBA/305492

[58] Priya PB, Bhat KM. Influence of
rainfall, irrigation and age on the
growth, periodicity and wood structure
in teak (Tectona grandis). IAWA
Journal. 1999;20(2):181–192.
Available from: https://brill.com/d
ownloadpdf/journals/iawa/20/2/article-
p181_9.pdf

[59] Eshete G, Stahl G. Tree rings as
indicators of growth periodicity of
acacias in the Rift Valley of Ethiopia.
Forest Ecology and Management. 1999;
116:107–117. DOI: 10.1016/s0378-1127
(98)00442-3

[60] Rao KS, Rajput KS. Seasonal
behavior of vascular cambium in teak
(Tectona grandis) growing in moist
deciduous and dry deciduous forests.
IAWA Journal. 1999;20:85–93. Avaialble
from: https://agris.fao.org/agris-search/
search.do?recordID=US201900438848

[61] Rao KS, Rajput KS. Relationship
between seasonal cambial activity,
development of xylem and phenology in
Azadirachta indica growing in different
forests of Gujarat state. Annals of
Forests Science. 2001;58:691–698. DOI:
10.1051/forest:2001156

[62] Priestley JH, Scott LT, Mellins NE. A
new method of studying cambial
activity. Proceedings of the Leeds
Philosophical and Literary Society. 1933;
2:365–374

[63] Frankenstein C, Eckstein D,
Schmitt U. The onset of cambium
activity—A matter of agreement?
Dendrochronologia. 2005;23:57–62.
DOI: 10.1016/j.dendro.2005.07.007

[64] Fujita M. Three dimensional
analyses of cambial activity and xylem
differentiation. In: 15th International
Botanical Congress, Yokohama, Japan,
28 August 3 September, 1993.
Abstracts; 1993. p. 88

[65]Oribe Y, Funada R, Shibagaki M,
Kubo T. Cambial reactivation in locally

23

The Impact of Changing Climate on the Cambial Activity during Radial Growth in Some…
DOI: http://dx.doi.org/10.5772/intechopen.93202



heated stems of the evergreen conifer
Abies sachalinensis (Schmidt) Masters.
Planta. 2001;212:684–691. DOI:
10.1007/s004250000430

[66]Oribe Y, Funada R, Kubo T.
Relationships between cambial activity,
cell differentiation and the localization
of starch in storage tissues around the
cambium in locally heated stems of
Abies sachalinensis (Schmidt) Masters.
Trees. 2003;17:185–192. DOI: 10.1007/
s00468-002-0231-1

[67]Oribe Y, Funada R, Kubo T. Cambial
activity in locally heated stems of
evergreen and deciduous conifers
during winter cambial dormancy. In:
Baas P, Barnett JR, Carcaillet C, et al.,
editors. Proceedings of the International
Symposium on Wood Science
Organized by IAWA. Montpelier,
France: IAWS and CIRAD; 2004. p. 47

[68]Mellerowicz EJ, Coleman WK,
Riding RT, Little CHA. Periodicity of
cambial activity in Abies balsamea L.
Effects of temperature and photoperiod
on cambial dormancy and frost
hardiness. Physiologia Plantarum. 1992;
85:515–525. DOI: 10.1111/
j.1399-3054.1992.tb05820.x

[69] Barnett JR, Miller H. The effect of
applied heat on graft union formation in
dormant Picea sitchensis (Bong.) Carr.
Journal of Experimental Botany. 1994;
45:135–143. Available from: https://
www.jstor.org/stable/23694726

[70]Oribe Y, Kubo T. Effect of heat on
cambial reactivation during winter
dormancy in evergreen and deciduous
conifers. Tree Physiology. 1997;17:81–
87. DOI: 10.1093/treephys/17.2.81

[71] Paliwal SP, Paliwal GS. Influence of
climatic variations on seasonal
behaviour of vascular cambium in some
Himalayan trees. III. Rhododendron
arboreum Smith. Phytomorphology.
1992;40(3–4):257–271

[72] Fahn A. Plant Anatomy. 2nd ed.
Oxford: Pargamon Press; 1974. ISBN 10:
0080119433 ISBN 13: 9780080119434

24

Plant Stress Physiology


