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Abstract

The expansion of the vascular cambium cylinder in the stem of woody plants has
been modeled many times, using different approaches and focusing on contribu-
tions of different cell events (cell divisions, intrusive cell growth and symplastic
cell growth). Although there are many case studies in the literature, a universal
model is still lacking. Therefore, the aim of this study is to estimate the quantita-
tive changes in the contribution of symplastic growth of a single cambial cell (a
sector of the cambial circumference) to the expansion of the vascular cambium
cylinder, as the stem increases in girth. The proposed calculations, using the number
m, and considering the actual dimensions of cambial cells, show (a) that the average
symplastic increase per one initial cell in the circumferential direction decreases
exponentially with the enlargement of cambial circumference, and (b) that the sig-
nificant difference in the magnitude of symplastic increment of a single initial in the
radial and circumferential directions increases proportionally to the increase in the
circumference of the cambial cylinder. The proposed mathematical formula helps to
understand the general rules that govern the gradual increase of the vascular cam-
bium cylinder during wood production and would further facilitate the description/
modeling of stem growth and formation of wood structural patterns.
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Introduction

The vascular cambium is a lateral meristem responsible for the production of second-
ary vascular tissues of woody plants, i.e., secondary xylem (wood) and secondary
phloem. Information on the development, structure and growth of this meristem has
been reviewed by many authors (e.g., Esau, 1965; Bannan, 1968; Murmanis, 1970;
Zimmermann & Brown, 1971; Catesson, 1974; Fahn, 1990; Larson, 1994; Igbal,
1990, 1994, 1995; Lachaud, 1999; Spicer & Groover, 2010; Tomescu & Groover,
2019; Shi et al., 2019; Miodek et al., 2021; Wilczek-Ponce et al., 2021). Within a
stem, the vascular cambium has the shape of a cylinder composed of cambial initials
that do not form a continuous layer but are rather arranged as an irregular network of
cells forming “the initial surface” (Wtoch & Potap, 1994; Wtoch et al., 2013). The
two types of the cambial initials, viz. fusiform initials and ray initials, may form two
general patterns in tangential view, i.e., storied (when fusiform initials occur in hori-
zontal tiers) or non-storied (when fusiform initials do not form horizontal tiers but
terminate at varied levels of height) (Igbal, 1990, 1994; Larson, 1994).

The cell events that occur in the vascular cambium are the periclinal and anticlinal
divisions, plus the symplastic growth and intrusive growth. While periclinal divisions
are tangent to the surface of cambium and often unequal (Barlow, 2005), anticlinal
divisions can be longitudinal (radial) (Krawczyszyn, 1977, Cumbie, 1984), oblique
(Bannan, 1968; Hejnowicz, 1968) and occasionally transverse (Hejnowicz, 1963).
Symplastic growth is a coordinated growth of cells in the cylinder that behaves as
a common framework, wherein the contiguous cells grow in unison and therefore
the existing intercellular contacts do not change (Priestley, 1930; Igbal, 1990; Lar-
son, 1994). In contrast, intrusive growth of cambial initials, normally confined to
cell apices, leads to change in mutual cell contacts and hence in cell rearrangement,
which is later reflected in the structure of deposited secondary vascular tissues as, for
instance, the spiral or interlocked wood grain (Harris, 1989; Wioch et al. 2002; Kojs
et al. 2004a, b).

Over the years, the expansion of a cambial cylinder has been modeled taking into
account a different concept of contribution of these cell events. Classic works, refer-
ring to the species with storied cambium, attributed the expansion in cambial cir-
cumference to increase in the number of cambial cells as a result of radial anticlinal
divisions (Butterfield, 1972; Cumbie, 1984) and increment of their circumferential
diameter (i.e., symplastic growth) (Butterfield, 1973). In contrast, the expansion of
the cambium in species with non-storied structure was considered to be associated
with increase in the number of cambial cells due to anticlinal division, an apical
intrusive growth of cells between radial walls of sister initials following the oblique
anticlinal divisions, and the complementary cell elimination (cell loss) from the layer
of initials, the latter two being considered as the two independent cambial events
(Bannan, 1950; Hejnowicz & Branski, 1966; Srivastava, 1973; Zagorska-Marek &
Little, 1986; Larson, 1994; Barlow et al., 2002). However, later Kojs et al. (2004b),
Jura et al. (2006) and Wilczek et al. (2011) have suggested that intrusive growth and
cell elimination are two faces of the same process, and elimination is not a separate
cambial event. Also, the findings, referring to the cambia of species like Laburnum
anagyroides, Lonchocarpus sericeus, Picea abies, Pinus sylvestris, Robinia pseudo-
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acacia, Tilia cordata and Wisteria floribunda, have produced structural and quan-
titative evidence to establish that the cambial initials grow intrusively between the
periclinal walls of the adjacent initial and its immediate derivative, and that merely
the symplastic growth of cambial cells is sufficient to attain the required increase in
the circumference of the cambial cylinder, irrespective of the cambium being storied
or non-storied (Wtoch and Potap 1994; Wioch et al. 2002, 2009, 2013; Kojs et al.
2004a, b; Jura et al. 2006; Karczewska et al. 2009; Wilczek et al. 2018; Miodek et al.
2021, 2022; Wilczek-Ponce et al. 2021).

Although there are many case studies available in the literature, there is a lack of
a universal model of growth of the cambial cylinder. Given this, the present study
aims at estimating the quantitative changes of symplastic cell growth that occur in
the vascular cambium cylinder, as the stem increases in girth. The proposed math-
ematical formula, together with the actual dimensions of the cambial cells, allows for
estimating the increase of the cambial cylinder at the level of a single cell (a sector of
the circumference) and helps to understand the general rules that govern the gradual
increase of the vascular cambium cylinder during wood production.

Materials and Methods
List of Mathematical Symbols

C — Circumference of cambial cylinder (C=2mr).

C/N — Circumferential dimension of initial cell (part of cambial circumference occu-
pied by one initial).

AC —Increase in cambial circumference by symplastic growth.

AC, —Increase in cambial circumference following the deposition of one layer of
cells (AC,=2nAr,)).

N — Number of cambial initial cells on the cambial circumference.

r — Radius of cambial cylinder.

Ar — Change in radius of cambial cylinder.

Ar; —Change in radius of cambial cylinder following the deposition of one layer of
cells.

Assumptions in Mathematical Calculations

The following assumptions have been taken into consideration regarding the actual
dimensions of cambial initials and the cambial growth:

(a) the vascular cambium is a uniseriate layer of initial cells (Schmid, 1976), able to
grow (symplastically and intrusively) and divide (anticlinally and periclinally);

(b) ray cells and fusiform cells have similar width in transverse section (Catesson,
1974, 1984);

(c) the average width of one initial cell is approximately 20 pm and thickness 10 pum
(Esau, 1965; Evert, 2006; Miodek et al., 2021; Wilczek-Ponce et al., 2021);
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(d) each cambial cell is a sector of a cambial cylinder circumference that increases
in a coordinated (symplastic) way (Miodek et al., 2021, Wilczek-Ponce et al.,
2021);

(e) in a cylinder-shaped cambium, the periclinal walls of the cell have to be curved
(convex), hence it is necessary to make use of  in the model of the growth of the
whole cambium cylinder as well as in a very small sector of the circle, equivalent
to the width of one radial row of cells;

(f) symplastic growth of cambial cell occurs largely in the radial direction, slightly
in the circumferential direction, and not at all in the axial direction (Wilczek et
al., 2018; Miodek et al., 2021);

(g) symplastic growth is calculated in the transverse plane of the vascular cambium
cylinder;

(h) the average increase in the length of radius of the vascular cambium cylinder
after deposition of one layer of cells on the xylem side (Ar) is 10 pm (Miodek et
al., 2021);

(1) the increase in cambial circumference (AC,) due to the deposition of one layer of
cells on xylem side is 62.8 um (AC,=2nAr,);

(j) cambial initials grow intrusively between periclinal walls and this growth is asso-
ciated only with cells readjustment, having no role in the increase of the cambial
circumference (Wilczek-Ponce et al., 2021; Miodek et al., 2021);

(k) radial growth of stem generates mechanical stresses on the vascular cambium,
which are relaxed by cambial cell readjustment, involving the additional anticli-
nal divisions and the intrusive growth of initials (Wtoch et al., 2013).

Terminology

Since the surface of the cambial cylinder is curved, and the tangent plane touches a
limited surface area of the cylinder and can be described only on a small anatomical
section (Fig. 1), the use of the term ‘tangential’ to describe the enlargement of the
curved (circumferential) surface of the vascular cambium cylinder is not appropriate.
It is better to replace the term ‘tangential’ with ‘circumferential’ while describing a
dimension that has been calculated using the number n for every row of the cambial
cells.

Results and Discussion
The General Rules of the Increase of Cambial Cylinder

In our model, the increase in the circumference of the cambium is linked to the coor-
dinated symplastic growth of all the initial cells present on the circumference of the
cambium. The growth of each initial cell is proportional to the increase of the circum-
ference (gradual growth; Table 1). It means that the initial cells adjust their width to
the change in length of the radius (Ar) of the vascular cambium cylinder, keeping the
average width of the initial cells commensurate to their number by additional anticli-
nal divisions. For instance, a 10 pm increase in the radius (Ar,), due to deposition of
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Fig. 1 Scheme of the vascular cambium cylinder (one initial thick) indicating directions, planes of its
sections, its circumferential surface and its radial dimension

one layer of cells on the inner side of the cambial cylinder, corresponds to 62.8 um
increase in its circumference (AC,=2nAr,). As the mean width of the cambial cells
is 20 um, the growth of circumference of the cambial cylinder is maintained by com-
plementary anticlinical divisions (limited divisions, Table 1). The total number of
anticlinal divisions taken place does not match with the magnitude of growth of the
cambium circumference. Usually the widest cells divide, but often the frequency of
anticlinal divisions is much higher than required by the growing cambial circumfer-
ence, as observed especially in the non-storied cambia (Hejnowicz & Branski, 1966;
Hejnowicz, 1968; Zagoérska-Marek & Little, 1986). This excess number of anticlinal
divisions and the intrusive growth of the sister cells produced are associated with
the rearrangement of the cambium cells which lose their status of being the initials
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Table 1 Contribution of different cell events in storied and non-storied type of cambium to the cell rear-
rangement and the expansion of cambium cylinder circumference

Cell events Nature of events Linkage Linkage References
Fre- Intensity ~ With cell with increase
quency of  of rearrangement  of cambial
divisions  growth circumference
STORIED Radial Limited Gradual  No Yes Butterfield
CAMBIUM anticlinal  divisions*  growth** (1972)
division+ Cumbie
symplastic (1984)
growth Kojs et al.
(2004a)
Radial Few Enormous Yes No Kojs et al.
anticlinal  divisions  and rapid (2004a)
divi-
sion+in-
trusive
growth
NON- Oblique Limited Gradual  No Yes Wtoch (un-
STORIED anticlinal  divisions  growth published
CAMBIUM division+ data)
symplastic
growth
Oblique Alot of Enormous Yes No Wrhoch et
anticlinal  excessive  and rapid al. (2002)
division +  divisions
intrusive
growth

*Limited divisions - occur in such number as to maintain a constant width of the initial cells during
symplastic growth of cambium circumference; **Gradual growth - the intensity of symplastic growth
directly proportional to the increase of cambium circumference (surface).

because of having been pushed out of the layer of initials, and hence no longer con-
tribute to the increase of surface of the cambium cylinder (Kojs et al. 2004a, b).
Wioch et al. (2013) have presented diagrams simulating the cross-sectional and tan-
gential views of cambial cells during the cell rearrangement. The basic differences in
contribution of cambial cell events to the overall form of the storied and non-storied
cambia are presented in Table 1.

Any increase in the radius of the cambial cylinder (Ar) is dependent on the fre-
quency of periclinal divisions of the cambial initials and their immediate xylem
mother cells that may produce a variable number of derivatives (Larson, 1994). The
ratio of radial increase (Ar, i.e., symplastic growth of derivative cells in radial direc-
tion) to circumferential increase (AC) of a vascular cambium is a constant value (that
is Ar/AC), regardless of whether Ar is equal to 10 pm (Ar; in our model, and in that
of Wilczek-Ponce et al., 2021), or 25 um (Miodek et al., 2021), or any other value.

Circumferential and Radial Symplastic Increase of a Single Cambial cell
Symplastic growth in circumferential direction calculated per one initial cell is insig-

nificant in comparison to its much greater extent in the radial direction (Table 2;
Fig. 2). The value of AC /N (increment in the circumference of a single initial cell)
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Table 2 Symplastic growth contribution of cambial initials to the increase of a cambial cylinder. Cal-
culations marked in bold refer to the works of Wilczek-Ponce et al. (2021) and Miodek et al. (2021),
respectively

C N r=C2n  AC/N’ Ar,/
(cm) (cm) (um) (AC/N)™
0.5 250 0.08 025120  39.81

1 500 0.16 0.12560  79.62
1.5 750 0.24 0.08373  119.43

2 1,000 0.32 0.06280  159.24
2.5 1,250 0.40 0.05024  199.04
3 1,500 0.48 0.04187  238.85
3.5 1,750 0.56 0.03589  278.66
4 2,000 0.64 0.03140 31847
45 2,250 0.72 0.02791 35828

5 2,500 0.80 0.02512  398.09
5.5 2,750 0.88 0.02284  437.90
6 3,000 0.96 0.02093  477.71
6.5 3,250 1.04 0.01932  517.52
7 3,500 111 0.01794  557.32
7.5 3,750 1.19 0.01675  597.13

8 4,000 1.27 0.01570  636.94
8.5 4,250 1.35 0.01478  676.75

9 4,500 1.43 0.01396  716.56
9.5 4,750 1.51 001322 756.37
10 5,000 1.59 0.01256  796.18
10.5 5,250 1.67 0.01196  835.99
11 5,500 1.75 0.01142  875.80
11.5 5,750 1.83 0.01092  915.61
12 6,000 1.91 0.01047  955.41
12.5 6,250 1.99 0.01005  995.22
13 6,500 2.07 0.00966  1,035.03
13.5 6,750 2.15 0.00930  1,074.84
14 7,000 2.23 0.00897  1,114.65
14.5 7,250 2.31 0.00866  1,154.46
15 7,500 2.39 0.00837  1,194.27
100 50,000  15.92 0.00126  7,961.78

*ACI/N symplastic growth in circumferential direction of a single initial cell within a vascular cambium
cylinder after deposition of one layer of cells on the xylem side. ““Ar;/(AC,/N) the ratio of radial to
circumferential symplastic increase of a cambium initial cell.

varies depending on the size of the cambium circumference (C), i.e., the number of
initial cells on the circumference (N), assuming that the width of the cells has a con-
stant value (here 20 pm). A difference in the magnitude of the symplastic increment
of a single initial in the radial and circumferential directions increases proportion-
ally to the increase in the circumference of the cambium cylinder Ar/(AC/N). For
instance, when the number of cells (N) in a cambial circumference (C) of 10 cm is
5,000, and Ar; =10 pm, then Ar,/(AC,;/N)=10/(62.8/5,000)=796.18, but for a cylin-
der of circumference of 1 m, and N=50,000, this ratio would be 7,961.78 (Table 2;
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Fig. 2 The chart of a the relationship between the size of the circumference of the cambium cylinder
(C) and the extent of symplastic growth of a single cambial initial in circumferential direction after
deposition of one layer of cells on the xylem side (AC,/N), and b the relationship between the increase
of cambium circumference (C) and the ratio of radial to circumferential increase of a cambial initial
cell by symplastic growth {Ar,/(AC,/N)}
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Fig. 2a). Thus, Ar/(AC/N) will keep increasing as the radius, and hence the circum-
ference of the cambium, and hence the total number of cells in the circumference
increases. In other words, as the cambial circumference grows bigger and bigger, the
ratio of symplastic cell growth in radial direction versus circumferential direction
correspondingly increases. To be more specific, the larger the cambial circumference
(number of cells, N), the smaller is the required extent of symplastic growth per one
initial cell in the circumferential direction, or the lesser is the required number of
anticlinal division of initials.

The Proposed Model Versus Previous Models of Cambium Increase

The classic models typically associated the increase of cambial circumference with
the number of anticlinal divisions (e.g., Butterfield, 1972, 1973), and also other cam-
bial events like the intrusive growth (Hejnowicz & Branski, 1966), depending on
the cambium type, storied or non-storied. Calculations of the expansion of cambial
circumference based on the number of anticlinal divisions referred only to storied
cambia. For instance, Butterfield (1972), indicated that the percentage of the fusi-
form cambial initials that need to divide anticlinally in order to fulfill the require-
ment of the expanding cambial circumference in storied cambium of Aeschynomene
hispida decreases per millimeter of radial growth. Later, Butterfield (1973) noticed
that apart from cambial cell number by radial anticlinal divisions, the diameter of
cells also increased, as the cambium expanded. In general, our model is in line with
the results of Butterfield, where the increase in the number of cambial cells refers to
the increase in circumference of the vascular cambium cylinder, and the sister cells
expand proportionally in circumferential direction. Taking into account the current
state of knowledge, the Buttefield’s approach could be applicable also to the non-
storied cambium.

Barlow et al. (2002) compared a disc-shaped thallus of alga Coleochaete orbicu-
laris, resembling the transverse section of the growing cambium, with the growth
of the non-storied cambium of hybrid aspen (Populus tremula x P. tremuloides).
Although such comparison is accurate, and in agreement with our model, especially
because the vascular cambium as a cylinder-shaped tissue does not grow in the axial
direction, and therefore its growth has to be described on the basis of transverse sec-
tions of the cambial cylinder, Barlow et al. (2002) described the increase of the cam-
bium circumference taking into account the supposed contribution of intrusive growth
of fusiform cells also. According to the current state of knowledge, the intrusive
growth contributes to the rearrangement of cambial cells, and not to the enlargement
of cambial cylinder (e.g., Wioch et al., 2013; Wilczek-Ponce et al., 2021). Barlow et
al. (2002) also suggested that the rate of growth of the enlarged initial cell needs not
to be the same in each direction, and recently Miodek et al. (2021) have calculated
that in a cambial cylinder of 1 m circumference, a cambial cell grows symplastically
nearly 8,000 times faster in the radial direction than in the circumferential direc-
tion. Our general assumptions for calculations regarding the contribution of cambial
events to the increase of the cambial cylinder are in line with the calculations of
symplastic growth of the cambial initials by Miodek et al. (2021) and Wilczek-Ponce
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et al. (2021). However, our model shows a general tendency of contribution of sym-
plastic cell growth calculated per one cambial initial in a cylinder of different radii.

The proposed model emphasizes upon the fact that symplastic growth of cambial
cells is sufficient to meet the requirement for the enlargement of a cambial cylinder
during the stem growth. On the other hand, the intrusive growth of the cambial cells
is associated with cell rearrangement, leading to the formation of the wood struc-
tural patterns such as the spiral, wavy or interlocked grains (e.g. Hejnowicz, 1971,
1990; Hejnowicz & Romberger, 1973; Hejnowicz & Zagorska-Marek, 1974; Harris,
1989; Wtoch et al., 2002). The intensity of intrusive growth does not depend on the
size of the cambial circumference and the speed of radial growth. It is usually enor-
mous and rapid (Table 1), both in storied and non-storied cambium type (Wtoch et
al. 2002; Kojs et al. 2004a). It only affects the rearrangement of cambial cells and,
consequently, the relaxation of mechanical shear stresses in the stem. These stresses
are generated by the internal and external (environmental) factors like wind or pre-
cipitation (Kojs & Rusin, 2011; Miodek et al., 2021). Recent research on spiral grain
of wood seem to be focused more on the mathematical description of such growth
patterns, considering them to result from the influence of external factors, thus ignor-
ing the significant role of the vascular cambium in this context (e.g., Ekevad, 2005;
Leelavanichkul & Cherkaev, 2004).

Conclusion

Knowledge about the functioning and development of the vascular cambium is
essential to understand the process of wood formation. The contribution of differ-
ent cell events (frequency of periclinal/anticlinal divisions and intensity of intrusive/
symplastic cell growth) to the growth of the vascular cambium cylinder has been
interpreted variously in different models of the cambial growth. Our simple math-
ematical model, where each initial cell is a small segment of the cambium circumfer-
ence, takes into account the current state of knowledge on the cambial events, and
predicts the contribution of symplastic growth of cambial initials to the increase of a
cambial cylinder with different diameter. The model is universal and clarifies the gen-
eral rules that govern the gradual increase of the vascular cambium cylinder during
wood production from a storied or non-storied cambium. A clear understanding of the
role of symplastic growth in the enlargement of the cambial cylinder, and of intrusive
growth solely in the readjustment of cells in the cambial surface may further facilitate
the descriptions/modeling of stem growth and wood structural patterns.
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