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ABSTRACT

In urban ecosystems, green spaces have high importance and multiple functionality
under ecological, social, economic, and cultural aspects. Fractal analysis was used in
this study to evaluate the rhytidome geometry of 21 tree species in urban environment,
public domain, in the city of Timisoara. Tree samples from the following species were
studied: Catalpa bignonioides Walter (T1), Albizia julibrissin Durazz (T2), Carpinus
betulus L. (T3), Ailanthus altissima (Mill.) Swingle (T4), Betula alba L. (T5), Pinus
nigra J.F. Arnold (T6), Populus alba L. (T7), Platanus orientalis L. (T8), Corylus
colurna L. (T9), Robinia pseudoacacia L. (T10), Elaeagnus angustifolia L. (T11),
Liriodendron tulipifera L. (T12), Ginkgo biloba L. (T13), Salix babylonica L. (T14),
Quercus robur L. (T15), Castanea sativa Mill. (T16), Prunus cerasifera Nigra Ehrt
(T17), Morus nigra L. (T18), Tilia cordata Mill. (T19), Jugland regia L. (T20),
Paulownia tomentosa (Thunb.) Steud (T21). The values of fractal dimension (D) varied
between D = 1.7962+0.0040 in the case of T7, and D = 1.9001+0.0034 in the case of
T2. The values of fractal dimensions showed low variability in all cases, CV = 0.0995
in the case of T3 and CV = 0.9618 in the case of T10. Mathematical and statistical
analysis tests confirmed the difference between the mean and median values of fractal
dimensions, related to the considered tree species. Dunn's post hoc test showed the
level of statistical confidence in the comparative evaluation of tree species, and cluster
analysis showed variable levels of similarity between species, based on the values of
fractal dimensions (D).

KEY WORDS: bark geometry, complexity, diversity index, fractal analysis, tree
species, urban ecology

INTRODUCTION

Fractal dimension (D) has been considered an invariant parameter, governing
elements of geometry in the natural world, which captures finer details of the line
(straight line) at a smaller scale (smaller units of measurement) (Zeide, 1991).

The complex shape of the plant leaves was evaluated through fractal analysis,
which ensured the identification of plant species considered in the study, based on
fractal dimension (Bruno et al., 2008; Vishnu et al., 2023). Studies of plant species
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identification and classification were conducted based on the fractal dimension of leaf
geometry using new algorithms that ensured high accuracy (Jobin et al., 2012). The
root system of plants has been studied through fractal analysis to quantify the
relationship of plants with the soil and biological and physiological advantages in plant
growth and development (Hai et al., 2023).

Fractal geometry has been used to estimate tree and shrub values through
analysis of terrestrial laser images (Guzméan et al., 2020). Morphological and
physiological traits, specific to trees, were quantified through fractal geometry as an
expression of the mode of adaptation in relation to urban environmental conditions
(Arseniou and MacFarlane, 2021).

The geometry of the tree crown shape, through fractal dimension (D), was
considered a suitable indicator to describe certain tree characteristics, crown class,
tolerance to environmental factors, association with the site, site quality (Zeide, 1991,
Plucinski et al., 2008; lanovici et al., 2015). The estimation of the fractal dimension of
the crown shape of some tree species has been analyzed based on digital images, and
has been promoted as a method of interest for classifying tree structure (Zhang et al.,
2007). The tree branching system was studied based on fractal properties in a two-
dimensional system, through Fourier-type mathematical analysis (Grigoriev et al.,
2022).

The relationship of some tree species with environmental factors and tree
health was evaluated through fractal analysis of tree crown images (Murray et al.,
2018). The authors of the study appreciated the potential of the fractal method, the
correspondence of this approach with conventional methods, but also considered the
need for additional adjustments to increase the precision of interspecific thresholds
(Murray et al., 2018).

In studies of tree species classification, methods that used specific vectors
based on fractal geometry have been developed and promoted (Hui et al., 2023).
Fractal analysis has been used to characterize the ecotones of vascular plants and to
characterize their spatial distribution patterns under specific environmental conditions
(Ncube et al., 2025).

This study comparatively analyzed 21 tree species from the urban ecosystem,
based on the fractal dimension of rhytidome geometry.

MATERIALS AND METHODS

In relation to the purpose of the study, images of stem rhytidome were
captured in a series of tree species, from the public domain, Timisoara city, Timis
County, Romania.
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The biological material was represented by 21 tree species: Catalpa
bignonioides Walter (T1), Albizia julibrissin Durazz (T2), Carpinus betulus L. (T3),
Ailanthus altissima (Mill.) Swingle (T4), Betula alba L. (T5), Pinus nigra J.F. Amold
(T6), Populus alba L. (T7), Platanus orientalis L. (T8), Corylus colurna L. (T9),
Robinia pseudoacacia L. (T10), Elaeagnus angustifolia L. (T11), Liriodendron
tulipifera L. (T12), Ginkgo biloba L. (T13), Salix babylonica L. (T14), Quercus robur
L. (T15), Castanea sativa Mill. (T16), Prunus cerasifera Nigra Ehrt (T17), Morus
nigra L. (T18), Tilia cordata Mill. (T19), Jugland regia L. (T20), Paulownia
tomentosa (Thunb.) Steud (T21). T1 to T21 represent the species codes used in this
article, in various mathematical and statistical analyses, and for tabular and graphical
presentation.

The digital images were captured in August 2022, with a mobile device,
(smartphone, 2988 x 5312 pixels, 72 dpi resolution, bit depth 24, SRGB). The trunk
area considered for digital image capture was at a height of 1.3 m. Ten images were
captured for each species, under similar conditions. The digital images were processed
for fractal analysis. From each image, the central area was considered, from which a
crop was made with dimensions of 2305 x 2305 pixels. Fractal analysis was performed
using the box counting method, on binarized images (Voss, 1985; Rashand, 1997),
figure 1. The fractal dimension D was obtained according to equation (1).

D:m{ln(F)} )

Ine
where: D — fractal dimension; m — slope to regression line, from equation (2);
F — number of new part;
¢ — scale applied to an object.

m=(MYsc-Ysyc)hy s (3 sf) @
where: m — slope of the regression line;

S —log of scale or size; C — log of count;
n — number of size;

The recorded data were analyzed for general statistical characterization
(Descriptive Statistical Analysis), to evaluate the presence of variance and data safety
(ANOVA Test), for the safety of the data series distribution (Mann-Kendall trend test),
for the differentiation of tree species (Comparative analysis), and for the evaluation of
the similarity level (Cluster Analysis). In relation to the tests considered, the PAST
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T21
FIG. 1. Binarized images of rhytidome in the studied arboreal species (original images, by Florin Sala)

RESULTS AND DISCUSSIONS
From the analysis of digital images, data series emerged that expressed the
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analysis of the data series led to the values in table 1. The graphic representation of the

. Descriptive statistica

fractal geometry of the stem rhytidome in 21 tree species
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TABLE 1. Results of descriptive statistical analysis
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FIG. 2. Fractal dimension distribution in the studied tree species

The recorded data regarding the fractal geometry of the rhytidome (fractal
dimension, D) presented statistical safety, and the presence of variance was confirmed
in the data set, according to ANOVA Test (Alpha = 0.05), table 2.

TABLE 2. ANOVA Test results

Source of Variation SS df MS F P-value F crit
Between Groups 0.1250 20 0.0063 66.4001 2.68E-74 1.6264
Within Groups 0.0178 189 9.41E-05
Total 0.1428 209

Alpha=0.05

The values of fractal dimension (D) varied between D = 1.7962+0.0040 in case
T7 (Populus alba L.), and D = 1.9001+0.0034 in case T2 (Albizia julibrissin Durazz).
The values of fractal dimension showed low variability in all cases, CV = 0.0995 in
case T3 (Carpinus betulus L.) and CV = 0.9618 in case T10 (Robinia pseudoacacia
L.). The values of the statistical parameters (table 1) and the graphic distribution
(figure 2) indicated differentiated values of the fractal dimensions in the tree species
considered in the study. The distribution trend of D values was evaluated by analyzing
the entire data series. According to the Mann-Kendall trend test, the statistical
reliability of the increasing trend of values in the fractal dimensions (D) data series
resulted, with test reliability parameters at the level of S = 3565, Z = 3.5011, and p =
0.00046. The graphical distribution of the data, with the 95% confidence interval, is
presented in figure 3, and the distribution of the residual values is shown in figure 4. It
was observed that the series of values related to trial T7 (Populus alba L.) were
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positioned outside the confidence interval.
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FIG. 4. Graphical distribution of residual values

The possibility of differentiating tree species based on fractal dimensions (D)

was evaluated. For this, several tests were successively applied. The ANOVA test
(Table 2) confirmed the presence of variance in the data set, which highlighted the
difference in the equality of the fractal dimensions' means. The Bayes factor value
(6.636E70) confirmed the inequality of the means. The Kruskal-Wallis test confirmed
that there was a significant difference between the medians of the D (fractal
dimension) values of the samples, with H(chi?) = 161.3, Hc (tie corrected) = 161.3, and
p = 4.14E-24 (p<0.001). According to Dunn’s post hoc test (Dunn, 1964) the values in
Table 3 resulted, which showed the differences between the studied tree species (trials
T1 to T21). The fields marked in green in the matrix table (table 3) indicated
significant differences between the analyzed tree species based on fractal dimension
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D).

TABLE 3. Dunn’s post hoc test results, based on fractal dimension
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Compared to the mean value of the fractal dimension at the level of the 21 tree

species (5=O.8781), the difference in fractal dimension for each species was
calculated (table 4).

TABLE 4. Statistical significance of differences

Sample

Trial  Given mean mean 95% conf. interval Difference 95% conf. interval: t: p (same mean):
T1 1.8898 0.0117* (0.00032327 0.023077) -2.1452 0.0444
T2 1.9001 0.0220%** (0.010623 0.033377) -4.0338 0.0007
T3 1.8920 0.0139* (0.0025233 0.025277) -25486 0.0191
T4 1.8924 0.0143* (0.0029233 0.025677) -2.6220 0.0163
T5 1.8398 -0.03830°0 (0.026923 0.049677) 7.0224 <0.001
T6 1.8498 -0.0283000 (0.016923 0.039677) 5.1889 <0.001
g 1.7962 -0.08190°° (0.070523 0.093277) 150170 <0.001
T8 1.8677 -0.0104" (-0.00097673 0.021777) 1.9069 0.0710
T9 1.8700 -0.0081" (-0.0032767 0.019477) 1.4852 0.1531
T10 1.8678 -0.0103" (-0.0010767 0.021677) 1.8885 0.0735
T11 1.8639 18781 (1.8667 1.8895) -0.0142° (0.0028233 0.025577) 2.6036 0.0170
T12 1.8991 0.0210** (0.0096233 0.032377) -3.8504 0.0010
T13 1.8976 0.0195** (0.0081233 0.030877) -35754 0.0019
T14 1.8969 0.0188** (0.0074233 0.030177) -3.4470 0.0025
T15 1.8885 0.0104" (-0.00097673 0.021777) -1.9069 0.0710
T16 1.8985 0.0204** (0.0090233 0.031777) -3.7404 0.0013
T17 1.8864 0.0083" (-0.0030767 0.019677) -15218 0.1437
T18 1.8897 0.0116* (0.00022327 0.022977) -2.1269 0.0461
T19 1.8871 0.0090™ (-0.0023767 0.020377) -1.6502 0.1145
T20 1.8814 0.0033"¢ (-0.0080767 0.014677) -0.6051 0.5519
T21 1.8954 0.0173** (0.0059233 0.028677) -3.1720 0.0048

Notes: * — symbol for positive differences; O — symbol for negative differences; ns — no significance of differences;
difference thresholds, p<0.05, p<0.01, p<0.001

In relation to the calculated mean value (D =0.8781), 14 species with fractal
dimension above the mean were recorded, and seven species with fractal dimension
below the mean were recorded, under different statistical safety conditions (Table 4).

The cluster analysis grouped the tree species based on similarity, in relation to
the fractal dimension (Coph.corr. = 0.948). Within the dendrogram, the independent
positioning of trial T7 (Populus alba L.) was recorded. This variant presented
differences in relation to most of the other species, in conditions of statistical safety
(table 3).

Analyzing the results of Dunn's post hoc test (table 3) with the distribution of
trials in the cluster dendrogram (figure 5), it was observed that species with a high
level of similarity showed reduced differentiation (without statistical safety).
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FIG. 5. Cluster dendrogram with species association based on similarity

In the case of trees, the trunk surface was considered fractal, but not the tree
trunk volume (Zeide, 1991). Thus, the tree trunk surface (rhytidom geometry) was
considered to be able to be analyzed and characterized fractally, and for the height and
volume of trees, classical geometry methods were considered adequate (Zeide, 1991).
Grigoriev et al. (2022) concluded that a tree can be approached by fractal analysis on
the dimensional projection of structural elements, although it is not a logarithmic
fractal, as a three-dimensional object.

In the present study, fractal analysis showed values of fractal dimension
ranging between D = 1.7962+0.0040 in the case of the species Populus alba L. (T7),
and D = 1.9001+0.0034 in the case of the species Albizia julibrissin Durazz (T2).

Fractal analysis has been used to analyze, discriminate, and classify bark
surfaces in rubber trees in relation to latex production (Boonprakong and
Chamnongthai, 2007). Fractal analysis showed the variation of tree structure in the
forest, in relation to the species studied, with the positioning of the trees, their density,
intra- and interspecific competition, and the growth rate of the trees (Seidel, 2017).

The description and classification of five apple varieties was possible, in
conditions of statistical safety, based on the fractal dimension of the leaves (Sala et al.,
2017). Based on a study of thousands of tree specimens in various urban environments
in the United States, reduced crown fractal dimension was found in relation to water
regime and water loss (Arseniou and MacFarlane, 2021). The correlation between
fractal dimension and the degree of urbanization level of urban areas was also found
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(Arseniou and MacFarlane, 2021). The cluster grouping of some ecotones was
obtained based on fractal dimensions, with low fractal dimensions, in the range of
1.018 — 1.154 (Ncube et al., 2025).

In the present study, comparative analysis tests showed the differences
between the analyzed tree species, and the level of statistical confidence (table 3).
Cluster analysis led to the grouping of the studied tree species, in relation to the degree
of similarity based on the fractal dimension of the tree trunk rhytidome. The species
Populus alba L. (trial T7), with the lowest D value (D = 1.7962+0.0040), was
positioned farthest. At the distance level of 0.056 (y axis, figure 5) the other species
were grouped into three distinct clusters, based on similarity in relation to the fractal
dimension (D).

From the correlated analysis of the results, it was observed that certain tree
species studied were statistically significantly differentiated compared to other species,
but no species presented significant differentiation compared to all other species.

CONCLUSIONS

Fractal analysis generated fractal dimensions (D) for the characterization of the
21 tree species considered in the study. Fractal dimension values showed low
variability within each species, and the dataset presented statistical safety, and a
statistically confirmed level of variance.

The increasing variation of fractal dimension (D) in the data set presented
statistical safety, according to the Mann-Kendall trend test.

Mathematical and statistical analysis tests confirmed the difference between
the mean and median values of the fractal dimension (D) of the considered tree species.
Dunn's post hoc test showed the level of statistical confidence in the comparative
evaluation of tree species based on fractal dimension, and cluster analysis showed
variable levels of similarity between species, based on D values.

The results recorded based on fractal dimensions (D) confirmed the advantages
of fractal analysis in comparative studies of tree species in urban environments, and
recommend the development of studies for the characterization of trees in relation to
environmental conditions specific to the urban ecosystem.
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