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Abstract. The present study evaluated the relationship between dimensional parameters of annual growth of
shoots in woody species. The biological material was represented by the species Tilia cordata L., from the area
of the Cenad Forest Protected Area, Timis County, Romania. The length of the internodes (IL) and the diameter
of the internodes (ID) were determined in relation to the position of the internodes on the shoot (IP). The length
of the internodes (IL), in relation to their position on the shoot, was described by a polynomial equation of
degree 3, in statistical safety conditions, according to R* = 0.832, p = 0.00014. The diameter of the internodes
(ID), in relation to their position on the shoot (IP), was described by a polynomial equation of degree 2, in
statistical safety conditions, according to R?> = 0.982, p <0.001. Within PCA, PCI explained 63.002% of
variance, and PC2 explained 36.998% of variance. Cluster Analysis led to the grouping of internodes based on
Euclidean distances, in relation to the values of IL and ID parameters, in statistical safety conditions (Coph.
Corr = 0.913). The highest degree of similarity was found in the case of internodes 17 and 18, in which case SDI
= 0.2786. The regression analysis facilitated the obtaining of an equation that described the variation of the
internode diameter (ID) in relation to the internode position (IP) and internode length (IL) analyzed
simultaneously, in statistical safety conditions according to R> = 0.995, p <0.001. 3D and isoquant models were
obtained to represent the ID variation in relation to IP and IL. From the comparative analysis of the real data
and the graphical representation of the models from the obtained equations, deviations of the ID values were
found in the case of internodes 16, 17, 18 and 19 from the theoretical model. This can be associated with certain
stress conditions generated by vegetation factors during the formation of the respective internodes. The
approach can be extended to other arboreal or fruit species of economic interest.
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INTRODUCTION

Shoots and plant stems present a variety of growth forms, in relation to the species, vegetation
conditions and different stimuli or stressors (Chelakkot and Mahadevan, 2017).

Shoot morphology, structure, growth, biomass, orientation, and other parameters or characteristics of
shoots, vary in relation to different influencing factors (Liu and Su, 2016).

Different parameters of the shoots were studied in relation to the mineral elements (Sugiura and Tateno,
2011; Sala and Blidariu, 2012), the maximum height and the height gradient (Osada, 2011; Sun et al., 2019a),
the maturation of the shoots in plants (Poethig, 2013), root - shoots partitioning in relation to some mineral
elements (eg Ca) in the apple (Kalcsist et al., 2018), shoot in relation to tree wood (Rosati et al., 2018), root -
shoot ratio for agricultural production (Blaha, 2019), biomass production (Cao et al., 2019).

Plant growth is a natural process that takes place in relation to specific factors of influence. Growth and
position of shoots in different plant species was studied in relation to leaf area leaf area (Souza et al., 2009; van
der Sande et al., 2015; Sun et al., 2019b), various elevations conditions (Wang et al., 2012), growth potential
associated with periods of apple resource limitation (Reyes et al., 2016), light conditions (Liu and Sub, 2016;
Saouab and Amraoui, 2020), fruiting in some fruiting species in orchards (de Oliveira et al., 2017), soil moisture
(Scharnweber et al., 2020).

Based on studies in oak, Herrmann et al. (2015) considered that endogenous rhythmic growth was
regulated by internal clocks rather than by the availability of resources.

Due to the importance of knowledge of shoot growth, understanding of influencing factors, different
models of shoot maturation have been developed in relation to vegetative phases (Poethig, 2013), in relation to
plant height and certain associated traits (Gleason et al., 2018), biomass variation in shoots (64 arboreal species),
in relation to elevation gradient (Sun et al., 2019a), growth of shoots in hybrid Rosa in relation to the position of
shoots / shoot bending (Zhang et al., 2020), in relation to C allocation (Habiyaremye et al., 2021).

Chelakkot and Mahadevan (2017), based on their studies, formulated mathematical models regarding
the growth of shoots from a quantitative biophysical perspective, and Kaitaniemo et al. (2020) used and
demonstrated the effectiveness of power-law models (as allometric equations) in the study of tree growth in trees
(Betula pendula Roth).

The present study evaluated the growth of shoots based on biometric parameters, with reference to the
length and diameter of the internodes in relation to their position on the shoot in tha case of a woody specie.
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MATERIAL AND METHODS

The study evaluated the relationship between the dimensional parameters of the internodes on the
annual shoots and formulated a model for estimating the relationships of their interdependence and growth of the
shoots. The biological material was represented by the species Tilia cordata L., and came from the Protected
Area of Cenad Forest, Timis County, Romania, figure 1. The shoots samples (4 shoots) were taken in July, 2021.
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Figure 1. Sampling area, Cenad Forest Protected Area, Timis County, Romania (9)

Determinations (in number of 120) were made regarding the position of the internodes on the shoot
(IP), the length of the internodes (IL) and the diameter of the internodes (ID). The values of the IL parameter
were obtained by measurement, accuracy + 0.5 mm. The diameter of the internodes (ID) was measured with an
electronic caliper, with an accuracy of + 0.001 mm.

Statistical analysis and processing of experimental data was done with the statistical mode of EXCEL,
PAST software (Hammer et al., 2001), and Wolfram Alpha (2020). Regression analysis, PCA, and Cluster
Analysis were performed. To evaluate the statistical safety of the obtained results were used ANOVA-test, p,
Coph. corr.

RESULTS AND DISCUSSIONS

The values of the Statistical Analysis regarding the parameters of characterization of the internodes on
the shoot, internode length (IL) and internode diameter (ID), Tilia cordata L., resulted in the study are presented
in table 1.

Table 1. Statistical characterization values of the shoots parameters, 7ilia cordata L.

Statistical Internode Internode

Parameters length (IL) diameter (ID)
Min 3.50 3.68
Max 11.50 11.07
Mean 8.60 7.99
Std. error 0.5689 0.6360
Variance 4.8552 6.0667
Median 9.2 9.12
Coeff. var 25.61152 30.82695

The length of the internodes (IL), in relation to their position on the shoot (IP), was described by a
polynomial equation of degree 3, relation (1), in statistical safety conditions, according to R* = 0.832, p =
0.00014, F = 18.134. The graphical distribution of IL in relation to IP is shown in figure 2.

IL=-0.01353x +0.22x* —0.5234x + 7594 (1)

where: /L — internode length; x — internode position on the shoot (IP).
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Figure 2. Graphic distribution of IL values in relation to IP and graphical expression of the
model of equation (2), Tilia cordata L.

The diameter of the internodes (ID), in relation to their position on the shoot, was described by a

polynomial equation of degree 2, relation (2), in statistical safety conditions, according to R? = 0.982, p <0.001,
F =337.82. The graphical distribution of ID in relation to IP is shown in figure 3.

ID =-0.02918x* —0.06747x +10.94 2

where: ID — internode diameter (mm); x — internode position on the shoot (IP).

ID (mm)

Figure 3. Graphic distribution of ID values in relation to IP and graphical expression of the
model of equation (2), Tilia cordata L.

According to PCA, the distribution diagram of the internodes in relation to IL and ID parameters, as
biplot, was obtained. PC1 explained 63.002% of variance, and PC2 explained 36.998% of variance. The
association of the internodes with positions 13, 14, 15, 16, 17, I8 and 19 with the two parameters, IL and ID, was
found. From the analysis of the graphical distribution in figure 4, a deviation from the graphical expression of
equation (2) of the internodes 16, 17, I8 and 19 was found. It is possible that during the formation and growth of
these internodes, certain environmental factors (humidity, temperature) had restrictive values, in relation to the
requirements of normal vegetation.
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Figure 4. PCA diagram regarding the distribution of internodes in relation to ID and IP (as biplot), Tilia cordata L.

Cluster Analysis led to the grouping of internodes based on Euclidean distances, in relation to the
values of IL and ID parameters, in statistical safety conditions (Coph. Corr = 0.913), figure 5. The formation of
two distinct clusters, C1 and C2, was found. Cluster C1 comprises two internodes 114 and I15, with the lowest
values for the analyzed parameters.
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Figure S. Internode grouping dendrogram based on similarity in relation to IL and ID values, 7ilia cordata L.

Cluster C2 comprises several sub-clusters. From the analysis of the internode association, it was found
the grouping (I1_12), as internodes at the base of the shoot, within a C2-1 sub-cluster. Another group comprises
the internodes [(I110_I11), (I12 I13)] within a C2-3 subcluster, as internodes towards the top of the shoots. In
relation to the IL and ID values, some of the internodes were grouped on the basis of similarity within a C2-2
subluster, as a predominantly position in the middle of the shoots [(I3_14); IS, (I7_I8), 16; I9]. Similar to figure 2,
of the PCA diagram, and within the CA dendrogram, the association of the internodes 16, 17, 18, 19 was found,
which showed deviations from the distribution of the model given by equation (2). In fact, the highest degree of
similarity was found in the case of internodes 17 and I8, in which case SDI = 0.2786, table 2.
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Table 2. SDI values in relation to the parameters of the internodes studied in the shoots, 7ilia cordata L.

I1 12 13 14 I5 16 17 18 19 110 111 112 113 114 115

I1 1.0062 | 3.3009 | 2.5962 | 3.2696 | 2.9398 | 3.3565 | 3.5781 | 4.7859 | 6.5727 | 6.9151 | 6.7428 | 6.5024 | 6.9721 | 7.9027
12 1.0062 2.3280 | 1.5942 | 2.2655 | 1.9849 | 2.3532 | 2.5807 | 3.7858 | 5.5888 | 5.9539 | 5.8843 | 5.7663 | 6.7240 | 7.8647
13 3.3009 | 2.3280 0.8200 | 0.5292 | 1.5164 | 0.9297 | 1.1574 | 1.9365 | 3.7821 | 4.3023 | 4.7977 | 5.1848 | 7.3978 | 8.9049
14 2.5962 | 1.5942 | 0.8200 0.6754 |1 0.9806 | 0.8602 | 1.1321 | 2.2707 | 4.1256 | 4.5643 | 4.7892 | 4.9740 | 6.8182 | 8.2462
15 3.2696 | 2.2655 | 0.5292 | 0.6754 1.0308 | 0.4026 | 0.6500 | 1.6325 | 3.4983 | 3.9708 | 4.3443 | 4.6771 | 6.8819 | 8.4100
16 2.9398 | 1.9849 | 1.5164 | 0.9806 | 1.0308 0.7467 | 0.8000 | 1.9449 | 3.6448 | 3.9760 | 3.9578 | 4.0299 | 5.8943 | 7.3887
17 3.3565 | 2.3532| 0.9297 | 0.8602 | 0.4026 | 0.7467 0.2786 | 1.4360 | 3.2740 | 3.7041 | 3.9830 | 4.2805 | 6.5080 | 8.0610
18 3.57812.5807 | 1.1574 | 1.1321 | 0.6500 | 0.8000 | 0.2786 1.2093 | 3.0207 | 3.4363 | 3.7073 | 4.0299 | 6.3642 | 7.9520
19 4.7859 | 3.7858 | 1.9365 | 2.2707 | 1.6325 | 1.9449 | 1.4360 | 1.2093 1.8664 | 2.3658 | 3.0303 | 3.7055 | 6.6652 | 8.3874
110 | 6.5727 | 5.5888 | 3.7821 | 4.1256 | 3.4983 | 3.6448 | 3.2740 | 3.0207 | 1.8664 0.6577 | 2.0887 | 3.2440 | 6.8363 | 8.6808
I11 | 6.9151 | 5.9539|4.3023 | 4.5643 | 3.9708 | 3.9760 | 3.7041 | 3.4363 | 2.3658 | 0.6577 1.5811 | 2.8132 | 6.4948 | 8.3551
112 | 6.7428 | 5.8843 | 4.7977 | 4.7892 | 4.3443 | 3.9578 | 3.9830 | 3.7073 | 3.0303 | 2.0887 | 1.5811 1.2618 | 4.9809 | 6.8463
113 | 6.5024 | 5.7663 | 5.1848 | 4.9740 | 4.6771 | 4.0299 | 4.2805 | 4.0299 | 3.7055 | 3.2440 | 2.8132 | 1.2618 3.7207 | 5.5861
114 |6.9721 | 6.7240 | 7.3978 | 6.8182 | 6.8819 | 5.8943 | 6.5080 | 6.3642 | 6.6652 | 6.8363 | 6.4948 | 4.9809 | 3.7207 1.8655
115 | 7.9027 | 7.8647 | 8.9049 | 8.2462 | 8.4100 | 7.3887 | 8.0610 | 7.9520 | 8.3874 | 8.6808 | 8.3551 | 6.8463 | 5.5861 | 1.8655

The regression analysis evaluated the variation relation of a parameter of the internodes, namely the
diameter (ID), in relation to the position of the internodes on the shoot (IP) and the length of the internodes (IL),
in the case of shoots of Tilia cordata L.

The diameter of the internodes (ID) in relation to the internode position (IP) and the internode length
(IL) was described by equation (3), in statistical safety conditions according to R? = 0.995, p <0.001, F =
458.7842. The graphical distribution of the ID values in relation to IP (x = axis) and IL (y-axis) is shown in 3D
form in figure 6 and in isoquant form in figure 7.

Both from the analysis of equation (3) and from the 3D model of ID variation in relation to the two
factors (IP and IL) it was found that internode position (IP) had a minimal influence on the diameter of the
internodes (ID), and the variation of this parameter was mainly due to the length of the internode (IL).

ID=ax’+by’ +cx+dy+exy+ f (3)

where: ID - internode diameter (mm);

x — IP — internode position; y — IL — internode length (cm);

a, b, ¢, d, e, f— coefficients of the equation (3);
=-0.0094735;

b=-0.0942188;

c=0.1101841;

d=2.2165227;
=-0.0559396;

=0

0,
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Figure 6. 3D model of ID variation in relation to IP (x-axis) and IL (y-axis), 7ilia cordata L.
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Figure 7. Model in the form of isoquants, for ID variation in relation to IP (x-axis) and IL (y-axis),
Tilia cordata L.

The knowledge of the variation of the shoots is of interest and has been studied from various
perspectives, biological and ecological, in the case of some species from natural areas (Wang et al., 2012;
Desprez-Loustau et al., 2016; Valladares et al., 2016).

In the case of cultivated species, aspects of the growth and development of shoots are of high interest
from the perspective of fruit tree breeding programs, cultivation technologies and production (Dalla Costa et al.,
2017; De Oliveira et al., 2017; Anderson et al., 2021).

For fruit species (fruit trees, fruit shrubs) may be useful information in relation to maintenance pruning
during the active vegetation period, watering, fertilization, foliar treatments (Neilsen et al., 1999; Koutinas et al.,
2010). Also, for these species, the information is useful in relation to the production estimation, respectively with
current maintenance and harvesting works in relation to the fruit species (Yadav et al., 2002; Onishi et al., 2019;
Anderson et al., 2021). Shoot and leaf samples are recommended for assessing nutritional status (Sala, 2011) and
have been used to develop models for apple fruit quality (Jivan and Sala, 2014), to determine the degree of
pathogenic attack by imaging analysis (Drienovsky et al., 2017).

Studies of shoots based on models of variation of some parameters, or growth models, in relation to
different influencing factors, are of interest from the perspective of knowing some variables that influence the
formation and growth of shoots, quantification of variation in relation to them, and management measures.

CONCLUSIONS

The regression analysis facilitated the obtaining of some equations, as models that described the
variation of the shoots parameters studied, in conditions of statistical safety.

The obtained models, such as equations, as well as 3D or isoquant graphic models, can be used to
estimate dimensional parameters in shoots, to estimate shoot growth, the influence of environmental factors on
growth processes, and other studies and models can be developed associated with them, in relation to the degree
of wood maturation, or specific works to control the growth of wood species.

The approach model used in this study can be extended to different forest species, but also to species of
economic interest, such as fruit species (fruit trees and shrubs), vines, or ornamental tree species.
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