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Abstract: More than 60% of tree phytomass is concentrated in stem wood, which is the result of
periodic activity of the cambium. Nevertheless, there are few attempts to quantitatively describe
cambium dynamics. In this study, we develop a state-of-the-art band model of cambium development,
based on the kinetic heterogeneity of the cambial zone and the connectivity of the cell structure. The
model describes seasonal cambium development based on an exponential function under climate
forcing which can be effectively used to estimate the seasonal cell production for individual trees.
It was shown that the model is able to simulate different cell production for fast-, middle- and
slow-growing trees under the same climate forcing. Based on actual measurements of cell production
for two contrasted trees, the model effectively reconstructed long-term cell production variability
(up to 75% of explained variance) of both tree-ring characteristics over the period 1937−2012. The
new model significantly simplifies the assessment of seasonal cell production for individual trees
of a studied forest stand and allows the entire range of individual absolute variability in the ring
formation of any tree in the stand to be quantified, which can lead to a better understanding of the
anatomy of xylem formation, a key component of the carbon cycle.

Keywords: cambium activity; cambium band; cell production; common climate signal; simulation;
tree-ring width; individual tree

1. Introduction

More than 60% of tree phytomass is concentrated in stem wood, which is the result
of periodic activity of the lateral meristem, that is, the cambium [1,2]. Cambium, as a self-
sustaining system in the trunks of tree species, can exist over hundreds and even thousands
of years, annually producing layers of phloem and xylem [3–5]. The term cambium is
commonly used to refer to multiple cell rows that persist even during the dormancy stage.
In the active phase of growth, not only does the number of cambial cells increase; there
exist both initial cells and their derivatives in the cambial zone, namely the mother cells of
phloem and xylem. In this stage of growth, the cambial zone is the target of and responds
to both internal (e.g., hormones, peptides) and external (e.g., climate, competition) factors,
including stress-related factors [6,7].

Despite advances in both histological and genetic studies of meristems, the mech-
anisms that coordinate cambium functioning as the main lateral meristem have not yet
been clarified. Presumably, the balance of auxins (hormones descending from the eapical
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meristem) and cytokinins (hormones ascending from the root meristems) participate in the
regulation of cambium activity [8–13]. It is also assumed that some limited synthesis of
these compounds is possible in the cambial zone cells themselves [14]. The cambial zone is
subject to gradients of auxin concentration, principal substrates (sugars), and a number of
enzymes [10,15–17]. Similar gradients have been identified for several cyclins, namely the
hormones involved in the regulation of the individual cell cycle [18–21]. Such gradients
are believed to be linked to the differential expression of genes, which regulates the cell di-
vision process as well as wall-thickening, maturation, and the transition of cambial mother
cells to an enlargement zone. They also trigger the process of apoptosis and the formation
of xylem cells as a basic component of water-conducting system of a tree stem [22,23].

For conifer species the lateral meristem is simply structured. The water-conducting
system (xylem) consists of radial rows of tracheids (90%–95% of the total number of cells in
the xylem), and each individual row is a production of the respective cambial zone region,
numbering several cells. The long-term debate regarding the number of initials [2] appears
to have been solved by recent experimental confirmation, with the presence of the single
initial cell in the cambium having been established using sectoral genetic analysis [24]. It
is very difficult to identify the precise spatial position of the initial, taking into account
that the production of the mother cells in the xylem direction significantly exceeds (up to
10 times) their production in the phloem direction [2]. Nevertheless, it can be assumed that
the number of xylem mother cells significantly exceeds the number of phloem mother cells.

Despite the importance of understanding the regulation of cambium activity, there have
still been relatively few attempts to quantitatively describe cambium dynamics [23,25–28].
Significant limitations of those approaches have been shown, particularly with regards to
estimating the processes that determines when cells transition from the cambial zone to the
enlargement zone [23]. New quantitative approaches to the modelling of the cambial zone are
also needed, in order to take into account a rapidly growing body of literature, observations,
experimentation, and theory on xylogenesis measurements and the contributions of internal
and external factors in influencing the production of new xylem cells [28–36].

Based on data on the outcomes of plant meristem activity [27], we assumed that the
growth rate of cells within the cambial zone is heterogeneous and increases towards the
outer border of the cambial zone. This hypothesis was used as a basis for the Vaganov-
Shashkin process-based tree-ring model (VS-model) developed for conifer species [27].
Cell production during the growing season is simulated in accordance with nonlinear
responses of tree-ring growth rate to climate forcings (temperature, soil moisture, and solar
irradiation) [27,37–43]. However, even using multidimensional and multicriteria parame-
terization of the model [35,39,44–46], the cambial block (kinetic model of cambium) is still
very complex to use and a challenge to interpret directly. This submodel is based on the ki-
netic process of complex cambium functioning, i.e., position control of cambial mother cells
relative to initial, and their rates of division [27,39,43]. Moreover, the 12 submodel cambial
parameters cannot be readily tested using experimental or direct measurements [43]. As
a result, it was not possible to characterize the entire spectrum of cambium production
variability, which can be specific to different years of tree growth, to individual trees with
different growth energy, or across various conifer species and habitats [40]. Moreover, the
simulated cambial activity of the VS-model is for a mean (“typical” or “average”) tree
experiencing environmental conditions at a site, and the cell production of such a tree is
transformed into relative tree-growth indices associated with tree-ring chronology [27]. The
potential for abrupt changes in cambial activity (cell production) as a natural response to
extreme biotic and abiotic disturbance such as insect outbreaks, geomorphological events,
forest fires, etc., were not considered in the model. Based on these limitations as well as
more than two decades of experience applying the VS-model to a range of species, habitats,
and climate conditions in Northern Hemisphere, we recognize it is necessary to expand
the capabilities of the model’s cambial block to simulate the growth response of individual
trees with different patterns of cell production and allow estimation of the absolute values
of tree-ring increment in a wide range of growing trees in the forest stand.
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From a simple description of the cellular process of xylem formation, it might be
expected at first that cells in each row can develop independently from those adjacent,
i.e. that a row of cells could enlarge with a specific growth rate which could be different
from that of the adjacent rows. However, it has been shown that such independent growth
is impossible due to the bordered pits between adjacent tracheids [47]. These pits could
be considered analogous to “nails” that hold the adjacent rows together and limit their
independent activity.

We considered xylem formation (xylogenesis) as sequentially interconnected processes:
cambium cell production, cell enlargement, cell-wall thickening and cell lignification [48].
It was shown that seasonal cell production is closely connected with a width of formed
rings, i.e., the greater the production, the wider the rings [27,36,38–40,43,44].

In this study, we concentrated on the cambial activity process and cell production.
The purpose of this work is to develop a new simulated approach to cell production as a
result of cambium activity for the entire range of tree-ring variability, even for individual
trees We develop a novel, but still tractable model of the active cambial zone, using the
hypothesis of the dependence of growth between adjacent rows of cells as an additional
constraint [2,47]. This hypothesis within the meristem, therefore, leads to the assumption
that the adjacent rows of cells should have the same specific growth rate. It was shown
among different mathematical functions (i.e., linear, Gompertz, von Bertalanffy, logistic,
Verhulst, etc.) that the enlargement of adjacent cell rows can be described by the exponential
law (unpublished results). The exponent function guarantees that the specific rate is a
constant along the meristem (unpublished results). We do not claim that an exponential
form is the only function; however, so far only this confirms the next fundamental result:
the strong correlation between the growth of adjacent rows of cells due to the bordered pits
between adjacent tracheids, taking into account our own computer experiments with other
biologically interpreted functions. Moreover, it was also shown earlier that the growth rate
in meristem should change exponentially based on the relationship between the mitotic
index and the duration of a cambial cell cycle [27] (pp. 81–89).

The hypothesis described above leads to the following modifications of the existing
paradigm underlying the VS-model (see Supplementary Material, Table S1):

1. The cambial zone is considered as an “elastic band” within which there is non-
uniformity in the rate of its radial enlargement, i.e., the wider the cambial zone, the
higher the production rate per time unit in the enlargement zone;

2. The growth and division of individual cells in the meristem are not considered;
3. The specific incremental production within the cambial zone is determined at the

outer border with the xylem, and the cell production (absolute linear increment of
cell tissue as µm in the enlargement zone per time unit) is characterized by the kinetic
parameters of the zone as a whole.

2. Materials and Methods
2.1. Brief Description of the VS-Model

The main external factors affecting the growth rate of cambial cells are daily temper-
ature, precipitation, and solar irradiation or day length (Figure 1, Environmental block).
The relationship between the integral growth rate of tree-rings Vext(t) and external factors
in the time unit t are described by the equation [27,40,42]:

Vext (t) = VI(t)min(VT(t), VW(t)) (1)

where VI(t), VT(t), VW(t) are partial growth rates dependent on solar radiation (day length)
(I), temperature (T), and soil moisture (W), respectively (Figure 1, Environmental block).
The input data for the model are daily records of mean temperature, total precipitation,
and latitude of the dendrochronological site to estimate day length.
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Figure 1. Flowchart of the VS-model algorithm consisting of environmental block, where Vext—
integral growth rate and VI(t), VT(t), VW(t)—partial growth rates dependent on the solar irradiance
(or day length) I, temperature T and soil moisture W, respectively; cambial block and model outputs.

In the standard version of the VS-model, Vext(t) is used to evaluate seasonal cell
production using a complex kinetic model of cambial activity with 12 parameters (Figure 1,
Cambial block) based on a position control of cambial mother cells relative to initial
and their rates of division [27,39,43]. The cambial block simplification is a target of the
developing band model of cambium development.

The VS-modeling results (Figure 1, Outputs) allow us to estimate start of growing sea-
son (SoS), end of growing season (EoS) and therefore duration of growing season (or period
of cambium activity over the long-term interval of daily climate observations) [35,43–45]
(see Supplementary Material (SM), Section S1).

The Vext(t), SoS and EoS will be used as input parameters in the band model.

2.2. The Band Model of Cambium Development

The new model block now ignores the kinetics of growth and division of individual
cambial cells and instead considers the cambium zone as a whole, or as a stretching elastic
band or variable width zone (Figure 2). The model target is a simulation of cell production
as a result of cambium activity for the entire range of tree-ring variability for individual
trees.

The width of the band or cambial zone grows with an average rate of Vint (2) by the
constant increment ∆S (usually in units of µm, green segment, Figure 2) which is equal to
the square area under the exponential curve, per unit time (blue area, Figure 2).

Vint = αeβL (2)
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Figure 2. Conceptual description of a new model block: cambium zone consisting of several adjacent
rows of cambial cells (gradient blue color–faster growth in this case associated with the more saturated
color), and the enlargement zone with an increment ∆L per unit time (green color) (Upper panel);
width of cambial zone (gradient blue color) increased by ∆L (green color) with an exponential rate
Vint, which characterizes the individual growth rate of the woody tissue (Low panel).

The parameters of the exponential function have the following kinetic meaning: α is
the cell cycle of the initial (stem cell) (i.e., α−1 is a duration of cell cycle of the initial), and β
is the specific growth rate of the cambial zone. The average rate Vint characterizes the rate
of cell production in the enlargement zone. The Vint can be determined for any individual
tree of the studied stand, which varies from α (minimal growth rate) to 1(maximal growth
rate), i.e., from most unfavorable growth conditions to optimal growth conditions when
growth is not limited by external factors. The Vint cannot exceed Vext, therefore if the Vint(t)
is greater the Vext (t) then we set Vint to Vext, i.e., Vint(t) = Vext(t).

Since a number of studies show a strong correlation between cell production and num-
ber of cells in the cambial zone [49,50], the band model has a third important parameter: the
width of the cambial zone (L). The value of L changes throughout the growing season and
depends on forcing of the growth-limiting abiotic (climatic) factors at time t. The influence
of these can be estimated through the integral growth rate Vext of the environmental block
in the VS-model [27,40] by the next equation:

L(t) = (ln(Vext(t)) − ln(α))/β (3)

where t is a time unit which is bounded by the limits of growing season, i.e., between the
start of growing season (SoS) and its end (EoS). The absolute increment of the cambial zone
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(∆S) in µm per time unit t is the area under the exponential curve calculated by the definite
integral of the Equation (2) with parameters α, β over interval [0; L(t)]:

∆S(t) =
∫ L(t)

0
αeβLdL. (4)

The ∆S is a key to estimate a seasonal cell production. We propose that a new cell
appears in the enlargement zone if the cumulative ∆S has reached a certain critical size
(e.g., 7–10 µm in cold climate conditions [27]). In this work we propose that the critical size
was 10 µm (e.g., each 10 µm of the absolute cambium increment means a new cell in the
enlargement zone).

Thus, the integral growth rate Vext describes, on the one hand, the variability of the
“cambial band”, and on the other hand is an input parameter for calculating the growth
increment (∆S) dependent on the estimated value of this rate at time t [37–40].

The parameter α can be species- or site-specific and can change in different habitats.
In the work we considered α as a constant based on a 5 year xylogenesis experiment in
the study region. The parameter β was chosen by the two-step procedure of estimation
described below.

It follows that we can use the seasonal cell production for an estimate of the absolute
tree-ring increment TRW in the growing season (y) due to the strong but presumably
non-linear relationship between both characteristics [27,40]:

TRW(y) = F
(∫ EoS(y)

SoS(y)
L(t)dt

)
= F

(
∑EoS(y)

SoS(y) ∆S(t)
)

(5)

where SoS and EoS are the start and end of the growing season y, respectively and F is a
non-linear regression between observed TRW and seasonal cell production.

The developed PYTHON code of the band model of cambium activity and supported
files (ReadMe, Example of Input and Output files used) are available at the GitHub link
(https://github.com/SkailOver/The-band-model-of-cambium-development, access on 15
September 2021) (See Supplementary Material Section S2).

2.3. Two-Step Estimation Procedure of β

Simulated cell production in the cell enlargement zone is based on the assumption
that the width of the cambial zone L for fast-growing trees is a larger than for slow-growing
trees. In this case, the specific growth rate β is negatively correlated to the length L, i.e., the
β for fast-growing trees is less than for slow-growing trees.

To allow us to know the “ideal” (theoretical) annual β values, the parameter was cho-
sen by minimizing the root-mean-square error (RMSE) between the observed cumulative
seasonal cell production and its simulation obtained by the one-dimensional golden-section
search approach. This was the first step towards β estimation (βideal) which provided the
best fitting of simulated to observed seasonal cell production. We note that βideal cannot
be used directly in further forecasting or reconstruction of cell production, but can be an
extrapolation target of further β estimation through known external (climatic) and internal
(age-dependent) factors.

For the second step we used the well-known linear regression technique [51] with
respective calibration–verification procedure where common climate signal expressed by
the normalized Vext(y) [45] and aged-dependent trend in cell production TrendCP(y) of
individual tree are considered as independent variables of regression to estimate β(y), i.e.,

β(y) = a0 + a1Vext(y) + a2TrendCP(y) + ε (6)

where y is the growing season (year), a0, a1, a2 are regression parameters, and ε is the
random error. We testified the multiple regressions using a cross-validation procedure
used in dendrochronology and dendroclimatology [51].

https://github.com/SkailOver/The-band-model-of-cambium-development
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These estimates of β values were used to simulate a seasonal cell production of
individual tree.

2.4. Data Description

We tested the new model using tree-ring data obtained from 194 Scots pine (Pi-
nus sylvestris) trees growing in homogeneous cold semi-arid conditions in the Khakassia
region of Southern Siberia (see the dendrochronological analysis in detail [45,52,53]). The
cores of living pine trees were taken from four sites at a distance of up to 25 km from the
meteorological station “Minusinsk” 53◦41′ N, 91◦40′ E, 250 m.a.s.l.): “Malaya Minusa”
(310 m.a.s.l.), “Taraska” (360 m.a.s.l.), “Malaya Nichka” (370 m.a.s.l.), and “Zeleniy Shum”
(Z, 310 m.a.s.l.) (Figure 3). The tree-ring growth of trees for a study area is well synchro-
nized (Table 1). The four local chronologies are characterized by a common response to
climatic factors [54,55], so we combined them into a single regional chronology.

Figure 3. Location of the study sites (red circles) and the climatic station (black rectangle) in southern
Siberia (Khakassia).

Table 1. Statistical characteristics of individual trees in the study region.

Characteristic Value

Duration of chronology, years 167
Number of trees 194

Sensitivity coefficient 0.23
Expressed population signal, EPS 0.99

Average inter-series correlation coefficient, R-bar 0.41

The collection, processing, and analysis of the tree-ring samples were carried out
according to the standard procedures in dendrochronology [51]. The tree-ring width (TRW)
measurements were made on a LINTAB 5 measuring device using the TSAP Win software
(Version 4.xx, Rinntech, Heidelberg, Germany). The crossdating of the samples was verified
using the COFECHA program. The standardization of individual series of TRW was carried
out in two stages using the ARSTAN program [56]. At the first stage, the age trend was
removed using negative exponential curve fitting [56].

In the second stage, the autocorrelation component was removed. Finally, the individ-
ual index series were averaged using the weighted average method, as a result of which a
residual regional chronology was obtained [51].

2.5. Parameterization of VS-Model for the Simulation of External Rates

The simulation of the TRW indices using the visual tool of the VS-model
parameterization—VS-Oscilloscope [35,41,45,57] was carried out on climatic data for the
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interval 1937−2013. To obtain optimal values of the model parameters (the best fit of the
simulated values of tree growth with direct measurements of the TRW), the time interval
1937−2013 was divided into two independent sub-periods: the period of model param-
eters estimation–calibration (1970−2013), and the period of model testing–verification
(1937−1969) (see SM, Figure S1). The accuracy of the model was established based on the
following criteria: (a) the root-mean-square error (RMSE) between the simulated results
and the direct measurements was minimized; (b) Pearson’s correlation was significant (at
least p < 0.05); (c) Gleichläufigkeit (GLK), that is, synchronicity coefficient, was not less
than 70% [58]. At the same time, the values of the model parameters should not contradict
the nature of the known physical and biological processes associated with the growth of
trees for a given region [45].

3. Results
3.1. Estimation of the Integral Growth Rate Vext

Parameterization of the VS-model based on the VS-Oscilloscope provided the best
fit between direct measurements and simulated TRW indices (see SM, Tables S2 and S3).
For the calibration period (1970−2013), the Pearson correlation coefficient was R = 0.82
(p < 0.0001; n = 44), synchronicity coefficient GLK = 90%, Root Mean Squared Error RMSE
= 0.14 and Mean Squared Error MSE = 0.022 (see SM, Table S1 and Figure S1). For the
verification period, the following statistics were obtained: R = 0.68 (p < 0.0001; n = 33),
GLK = 72%, RMSE = 0.14 and MSE = 0.023 (see SM, Table S2 and Figure S1). Based on the
VS-parameterization, the daily values of the integral growth rate Vext as well as SoS and
EoS were obtained for each growing season (see SM, Figures S2 and S3) and then used in
the band model of cambium.

3.2. Analysis of Cambium Activity Simulations for Synthetic Trees

We analyzed slow-growing, medium-growing, and fast-growing “synthetic” trees that
are characterized by the same duration of the initial cell cycle, but different specific growth
rate of the cambial band. The duration of the initial cell cycle is equal to 20 days (which
then corresponds to α = 20−1 = 0.05) for all trees, but the specific growth rate β is different:
0.075 for the slow; 0.040 for the medium and 0.025 for the fast-growing trees.

Figure 4A shows examples of variability in the internal growth rate of the cambial
band for three types of synthetic trees under ideal growth conditions when there is no
growth limitation by external factors, i.e., Vext = Vint = 1 (optimal growing conditions). The
values L of the cambial band are 40, 75, and 120 µm, respectively, with a maximum external
growth rate Vext = 1.0. The dependence of the specific growth rate β on the duration of the
initial cell cycle α (with a linear decrease of α from 0.02 to 0.1 with a step of 0.01) under
optimal (or “ideal”) growth conditions (Vext = 1.0) is non-linear (Figure 4B).

These observations indicate that in order to maintain the production of cells with
different growth rates (slow-, medium- and fast-growing), the rate of cell division decreases
the specific rate of cambial enlargement (Figure 4B). That is, the faster the initial cell divides,
the slower divisions of the mother cells in the cambial zone will be in order to provide
the same production. Formally, this can be attributed to the compensatory mechanism for
regulating the growth of cambial tape.

Let us consider how the abiotic (climatic) limitations, which can be estimated by the
environmental (external) block of the VS-model, affect the increment of the cambial tape.
Table 2 shows simulations of increment ∆L for the three types of synthetic trees discussed
above, but with different levels of external growth rate, Vext With decreasing external
growth rates, ∆L decreases nonlinearly for all types of trees, i.e., for Vext = 0.5 it decreases
more than two times relative to the optimal growth conditions (Vext = 1), but in the case of
Vext = 0.1 ∆L drops sharply, by 20 times.
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Figure 4. Dependence of the rate Vint on the length of the cambial zone L for slow- (β = 0.075; blue
curve), medium- (β = 0.040; yellow curve), and fast-growing- (β = 0.025; red curve) annual rings at
the same α = 0.05 in optimal growing conditions (i.e., Vext = Vint = 1) (A); Dependence of β on α for
slow- (blue curve), medium- (yellow curve) and fast-growing- (red curve) trees in optimal growing
conditions (B). All equations used are indicated in corresponded colors.

Table 2. Estimated values of the increment ∆L of the cambial tape per time unit for different values
of the external growth rate Vext, obtained for a slow-, medium- and fast-growing synthetic trees.

∆L (µm)
Vext (Relative Units)

1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1

slow 12.68 11.35 10.01 8.68 7.34 6.01 4.67 3.34 2.00 0.67
medium 23.78 21.28 18.78 16.27 13.77 11.27 8.76 6.26 3.76 1.25

fast 38.05 34.05 30.04 26.04 22.03 18.03 14.02 10.01 6.01 2.00

By setting the size and then calculating the growth dependent on the external growth
rate using the cambial band, with a certain degree of confidence it is possible to estimate the
number of cells that appeared in the enlargement zone during the growing season. Thus,
assuming that cells in the cambial zone divide and double in size (i.e., the critical size of a



Forests 2021, 12, 1361 10 of 20

cambial cell in mitosis phase is 10 µm on average [27]), it can be estimated that the number
of cells in the cambial zone for the three types (i.e., slow-, medium- and fast-growing trees)
are 4 (40 µm of cambial width), 7.5 (75 µm), and 12 (120 µm), respectively. Likewise, it is
possible to estimate the production of slow-, medium- and fast-growing rings per time
unit in the cells in the enlargement zone. For example, with an external growth rate of 0.6,
production per unit of time is 0.7, 1.4 and 2.2 cells for slow-, medium- and fast-growing
rings, respectively (Table 2, column 5).

3.3. Model Testing in Cold Semi-Arid Southern Siberia

Figure 5 shows the smoothed integral growth rates Vext(t) (see SM, Figure S2) for two
years (1965 and 1986) which differ significantly due to moisture conditions for the study
area. The total amount of seasonal precipitation in 1986 was greater than in 1965, resulting
in higher growth rates in moist 1986 than in dry 1965.

Figure 5. The 11-day moving average Vext growth rates for 1965 (blue curve) and 1986 (red curve).

The simulations of seasonal cell production are obtained by the three day time unit
for calculating ∆L and 3three day average Vext as a threshold for Vint, which were conse-
quently applied over the growing seasons of the selected years (from respective SoS to EoS,
Figure S3).

Based on the actual tree-ring measurements of the 194 trees in the study area, slow-,
medium- and fast-growing trees produced on average 9 (24), 17 (46), and 28 (71) cells, or 93
(244), 169 (459), and 279 (709) µm in absolute values of radial increment, for the years 1965
(1986), respectively. Estimated SoS was 129 and 138 days, respectively, for1965 and 1986,
while respective EoS was 271 and 278 (see SM, Figure S3).

The three day interval was taken as the time unit based on a computational experiment
to minimize the discrepancies between the model cumulative production and observed
linear production for the growing season obtained for the three groups of trees.

The results of estimating the production of cambium per season (in linear dimensions
∆L) for slow-, medium-, and fast-growing trees are shown in Figure 6. It becomes obvious
that seasonal absolute increments differ for both the three types of rings (trees) as well as
for the years. Following the assumption that the radial size of new cells in the enlargement
zone is on average 10 µm [27], for slow-growing rings the cumulative increment will
be 90 and 240 µm, or 9 and 24 cells for 1965 and 1986, respectively; 17 and 45 cells for
medium-growing; and 27 and 72 cells for fast-growing trees (Figure 6A,B), which is very
close to the observed production of average trees for each group and selected years. It
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is therefore possible to make a simple transformation from relative to absolute values of
tree-ring production.

Figure 6. Schemes follow the same formatting. Simulated cumulative production of cambium (or
TRW) obtained for slow- (blue bar), medium- (yellow bar) and fast-growing (red bar) trees over the
growing seasons of dry 1965 (A) and moist 1986 (B).

An example of such a transformation is shown in Figure 7. The simulated relative
tree-ring growth is calculated over 1937−2012 based on the integral seasonal growth rates
by VS-oscilloscope (Figure 7A).

Figure 7B shows the estimates of the cumulative absolute increments in the enlarge-
ment zone for slow-, medium- and fast-growing trees over the years 1960 to 1990, with the
assumptions that: (1) The trees are identical to the mean “site” tree but differ by in internal
growth vigor; and (2) There is a strong relationship between tree-ring width and seasonal
cell production [27,40].

3.4. Long-Term Estimation of Cell Production and Respective Tree-Ring Width for Individual Trees

Two pine trees, Ma10 (1925−2012) and Ma13 (1930−2012), have a similar cambial age
but significantly different levels of annual absolute growth for both tree-ring width (TRW)
(Figure 8A) and cumulative (or seasonal) cell production (CP) (Figure 8B). After 40 years,
both trees reached almost constant growth rates, but the two-fold size difference remains
throughout 1970−2012, i.e., average TRW is 2.24 mm and mean number of formed cells -
63.3 for a medium-growing tree such as Ma13, and 1.01 mm and 28.6 for a slow-growing
tree such as Ma10.
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Figure 7. Initial tree-ring width indices (red curve) and simulated tree growth (blue curve) over
1960−1990 (A); simulated absolute values of cumulative linear increments for slow- (blue curve),
medium- (yellow curve) and fast-growing trees (red curve) using the cambial band model for the
years 1960−1990 (B).
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Figure 8. Variations of tree-ring width (TRW) for the trees Ma10 (blue curve) and Ma13 (red curve), 1925−2012. (A);
variations of cumulative cell production (CP) for the trees Ma10 (blue curve) and Ma13 (red curve), 1925−2012 (B);
scatterplot between CP and TRW and respective exponential regression for Ma10 (C); scatterplot between CP and TRW and
respective exponential regression for Ma13 (D).

Based on the actual tree-ring width (TRW) and cumulative (or seasonal) cell production
(CP) for both trees it was shown that TRW is perfectly interpolated by the exponential
function of CP (Figure 8C,D). For Ma13 the explained TRW variance is 97% by CP, and for
the slow-growing tree Ma10 it is 92%.

Following the two-step procedure, the β values were estimated for a slow-growing
tree by the following regression tested by cross-validation procedure (Table S4a,b) and
residual analysis (Figure S4):

β(y) = 0.210 + 0.090Vext(y)− 0.004TrendCP(y) (7)

This regression explains 43% of βideal variability by common climate signal and age-
dependent trend (Figure 9A).

For the medium-growing tree the following regression (see Table S5a,b and Figure S5)
was used:

β(y) = 0.086 + 0.051Vext(y)− 0.001TrendCP(y) (8)

which explains 75% of theoretical βideal variability by common climate signal and age-
dependent exponentially fitted trend in cell production (Figure 9B).
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Figure 9. Variations of an average seasonal length of the cambium zone Lmean (blue solid curve) and the specific growth rate
of the cambial zone β (dashed curve) for Ma10 (A); variations of an average seasonal length of the cambium zone Lmean (red
solid curve) and the specific growth rate of the cambial zone β (dashed curve) for Ma13 (B); observed and simulated cell
production for Ma10 (C) and Ma13 (D), 1937–2012.

With a constant value of α (0.05) and obtained annual estimations of β, the application
of the band model shows a good match between observed and simulated long-term
seasonal cell production, i.e., the R2 between the actual cell production and the model
estimation was 75% for the medium-growing tree and 64% for the slow-growing tree,
respectively (Figure 9C,D).

A mean length of cambium zone (Lmean) decreases with the age of both trees; vice versa,
the specific growth rate of the cambial zone β increases over 1937−2012 (Figure 9A,B).

Finally, using formula (3) and estimated exponents (Figure 8C,D) we transformed
the seasonal cell production into tree-ring width for both trees (Figure 10A,B). The used
approach shows a good match between simulated and observed TRW for both trees
(65%–75% of explained variance over 1937–2012).
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Figure 10. Variations of observed and simulated tree-ring width (TRW) (in) for Ma10 (R2 = 0.67) (A) and Ma13 (R2 = 0.75)
(B) over 1937–2012.

4. Discussion

Our new cambial band model significantly simplifies both the assessment of seasonal
cell production (the number of new cells formed) and the absolute tree-ring increment
in the tree-rings. In contrast to the kinetic model of cambium used in the traditional VS-
model [27], the new version does not require determination of the positions of new mother
cells in the cambium relative to the initial cell, their number during the growing season,
or their division rate based on complex calculations and a time-consuming estimation of
the 12 cambial block parameters [39,43]. In the band model the entire process of seasonal
functioning of the cambium is based on a simple exponential function which can be
specified for any individual tree for the study stand. By itself, the exponent used in
the model has certain biological and physical interpretations which are well suited to
describing different observed growth processes controlling the formation of annual tree
rings [2,24,27]. As a result, the number of parameters for the cambial block of the VS-model
can be significantly reduced: from 12 parameters in the standard version to three in the
new version, which should lead to better statistical robustness and interpretability of the
simulation results themselves.

The new model was successfully applied to restore long-term cell production and an
absolute tree-ring increment for individual trees of a similar cambial age but significantly
different levels of annual absolute growth under the same climatic forcing. This is another
advantage of the band model of cambial development compared to the kinetic model of
cambium in the VS-model (Figure 1, Cambial block), where the simulated cambial activity
is applicable for mean (“typical” or “average”) trees experiencing environmental conditions
at a site [27,40].

The simplified algorithm of the cambium band model is based on a number of ex-
perimental data that show the strong relationship between cells both in the cambium
and enlargement zones by plasmodesmata [59–64]. Requiring the same specific rate of
growth for adjacent cell rows ensures the functioning of plasmodesmata, especially in
the primary cell wall, as it prevents the displacement of adjacent cell rows relative to
each other. It is the plasmodesmata, as channels that ensure the exchange of proteins
and short RNAs, that support intercellular communication and the functional integrity
of the cambial zone [64,65]. The rigidity of connectivity in the growth of adjacent rows of
cells is especially important in the formation of a pit network connecting cells in the rows,
especially in the earlywood of conifers [47]. It is recorded in [64] that “notably, most of
the PD (plasmodemates) deployed in the cambial zone arise by modification of existing
PD and extensive insertion of secondary PD [66]. The authors describe four phases of PD
development in tangential walls beginning with PD connecting the xylem and phloem
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initials and ending with PD connecting mature vascular cells”. The relationship between
pits and plasmodesmata is analyzed in details in several experimental works [67,68].

The advantage of this new model is that with a minimum of specified parameters, it
allows us to calculate the seasonal production of the cambial zone in absolute values (the
absolute radial increment of enlargement zone or the number of cells). Thus, the limitations
of the cambial block in the standard VS-model are largely removed. This means that the
transition into the enlargement zone can be simply specified by the following rule: if the
simulated linear increment at a time t reaches 10 µm (the accepted average cell size in the
cambial zone), then it corresponds to the transition of the border cell into the enlargement
zone. In such a transition, the exponential pattern of cell growth is not impaired and the
connectivity of adjacent rows of cells is preserved.

Also noteworthy is the strong inverse relationship between the specific growth rate
and the linear size of the cambial zone, demonstrated by calculations for trees with dif-
ferent growth vigor. For fast-growing trees with wide rings and wide cambial bands, the
specific growth rate is lower on average. The decrease in the specific rate is significantly
compensated by the increase of the cambial zone linear size. On the one hand, this effect
can also have a biological explanation; in the case of a large number of cells in the cambium,
a high specific rate can be particularly sensitive to internal and external factors including
those of a non-climatic nature, which makes it easy to disrupt the connectivity between
adjacent cell rows in the cambial zone and, as a result, leads to anatomical abnormalities in
the xylem structure (as an example, frost rings [69–71]). On the other hand, carbohydrates
from photosynthetic organs, as the main source of new cells, are distributed over a larger
number of dividing cells, which can cause a lower specific lengthening of individual rows.
An interesting hypothesis about competition for carbohydrates during the maturation of
tracheids is presented in [72].

Despite having different absolute cell numbers, for slow-, medium- and fast-growing
trees in the same stand the final cell production of each year is still affected by the same
external conditions. Nonetheless, an individual tree can be influenced by different local fac-
tors that may lead to changes in the three basic parameters of the model (e.g., Figure 9A,B).
As an example, in this work it was shown that the specific growth rate β can be linear,
estimated by two factors: internal (individual age-related trend) and external (common
climate signal). Whether these factors have internal or external causes is the object of
further research. For example, the relationship between the initial and the specific growth
rate could be species-specific. The influence of conditions at the beginning of the growing
season is one of the obvious external factors which define the formation and functioning
of actively dividing cells in a cambial zone. This aspect will also be considered in further
research. A tree age-dependent effect on actively dividing cells in the cambium zone
is a complex problem which requires massive wood-anatomical data for different tree
species and forest stands. One of the research topics for the near future is an analysis of
dependencies between the timing of new cells in an enlargement zone and their final sizes.
Resolving these issues can help to better understand the process of ring formation under
forcing of external or internal factors using the band model of cambium development.

Finally, the new model, using a minimum amount of information on habitat and tree
growth, can be tested for other tree species and other locations for effective estimation of the
long-term cell production of individual trees. This individual level of model performance
will undoubtedly improve the integrated estimates of stem wood stocks under ongoing
and future climate change on both the local and global scales.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/f12101361/s1, Figure S1. Initial tree-ring width indices (red curve) and simulated tree-
ring width indices (blue curve) for period 1937–2012, Figure S2. Average daily values of growth
rates for the period 1937–2012: partial growth rate from soil moisture VW (blue curve), partial
growth rate from temperature VT (red curve), integral growth rate Vext (black curve); vertical
lines–95%-confidence intervals, Figure S3. The SoS (blue circles) and the EoS (red rectangulars)
for period 1937–2012 obtained by the VS-model, Figure S4. Residual and expected Gaussian
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distribution (A); normal P-plot of expected Gaussian values to residuals (B); time variation (C)
and Whiskers boxplot (D) obtained for β estimation of slow-growing tree Ma10 using regression
approach, Figure S5. Residual and expected Gaussian distribution (A); normal P-plot of expected
Gaussian values to residuals (B); time variation (C) and Whiskers boxplot (D) obtained for
β estimation of fast-growing tree Ma13 using regression approach, Table S1. Comparison of
theoretical basics between the kynetic model of cambium and the band model of cambium
development, Table S2. Statistics between the actual tree-ring chronology and simulated over
periods calibration (1970–2012) and verification (1937–1969), Table S3. Estimated VS-model
parameters by the VS-oscilloscope. Table S4a. Cross-validation assessments at different periods
of multiple regression β from normalized annual cumula-tive Vext and aged-depended trend in
cell production TrendCP for tree Ma10, Table S4b. Regression coefficients and statistics of multiple
regression β from normalized annual cumulative Vext and aged-depended trend in cell production
TrendCP for tree Ma10, Table S5a. Cross-validation assessments at different periods of multiple
regression β from normalized annual cumulative Vext and age-depended trend in cell production
TrendCP for tree Ma13, Table S5b. Regression coefficients and statistics of multiple regression β

from normalized annual cumulative Vext and aged-depended trend in cell production TrendCP for
tree Ma13, Table S6. Calibration and verification of multiple regression equation for trees Ma10
and Ma13.
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