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Abstract. The study analyzed the variability of some foliar parameters in the description of leaf geometry in 

Solanum nigrum L. 50 leaves were taken from mature plants of Solanum nigrum L. from the Didactic and 

Experimental Resort area, BUASVM Timisoara, Timis County, Romania. Randomly, 25 leaves were taken for 

analysis. The length (L) and width (w) parameters of the leaves were determined. The leaves were scanned and 

the perimeter (Per) and scanned leaf area (SLA) were determined. The fractal geometry of the leaves was 

evaluated by fractal analysis, and the fractal dimension (D) was determined by the box-counting method. The 

mean values for the foliar parameters considered were: L=7.820±0.206, w=4.647±0.151, Per=23.273±0.686, 

SLA=19.266±0.968, D=1.628±0.007. Very strong correlations between SLA and D (r=0.960***) have been 

identified. Strong correlations were recorded between L and w (r=0.836***), between SLA and Per (r=0.839***), 

between D and Per (r=0.820***). Moderate correlations were recorded between Per and w (r=0.747***), between 

SLA and w (r=0.733***), between D and w (r=0.722***). Weak correlations were recorded between Per and L 

(r=0.616**), between SLA and L (r=0.570**), between D and L (r=0.615**). In all cases, the correlations 

presented statistical certainty (** p < .01, *** p < .001). Regression analysis facilitated the obtaining of equations 

that expressed the parameters variation in the description of the studied leaves geometry (p<0.001). 3D and 

isoquant models were obtained to describe the SLA variation in relation to L and w, and the D variation in 

relation to L and w, respectively in relation to L and Per. The variability of the analyzed parameters, in 

descending order was CVSLA=25.1231, CVw=16.2707, CVPer=14.6691, CVL=13.1813, CVD=2.2802. The fractal 

dimension (D) was the most stable parameter, among those analyzed, for characterizing the leaf geometry in the 

Solanum nigrum L., with the lowest variability and the lowest degree of values dispersion. 
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INTRODUCTION 

Plant leaves fall into different types, shapes and sizes in relation to the plant species (subspecies, variety, 

etc.) (Ronellenfitsch et al., 2015; Bucksch et al., 2017; Osnas et al., 2018). 

Within the same species, the leaves differ in relation to the position on the plant, age, the conditions of 

growth and development of the plants, stress factors, spatiotemporal elements (Al Afas et al., 2007; Atherton et 

al., 2017; Guo et al., 2020; Li et al., 2020). 

To describe and characterize the leaves of plants are used various parameters and indices that capture and 

express elements and anatomical, morphological, physiological, chemical, biochemical, molecular, genetic 

aspects of plants (Liu et al., 2019; Ren et al., 2020; Teobaldelli et al., 2020). 

Morphological and physiological parameters of the leaves were studied in relation to different genotypes, 

but also in response of plants to eco-physiological or technological factors specific to natural or anthropogenic 

ecosystems (Rawashdeh and Sala, 2014; Datcu et al., 2017; Williams et al., 2017; Isaac et al., 2018; Damptey et 

al., 2022). 

Elementary dimensional parameters (length, width) are frequently used in studies to determine leaf area, 

foliar indices, or other plant-specific assessments in relation to leaf treatments. Different methods are used to 

evaluate these parameters, from simple measurement methods to sensor-based methods and imaging analysis 

(Wu et al., 2018; Teobaldelli  et al., 2019; Zhang, 2020; Wang et al., 2021). Some studies have comparatively 

evaluated other foliar parameters (eg leaf thickness, number of chloroplasts, AML, etc.) in relation to different 

plant species and geographical regions (Oláh et al., 1997). 

Foliar biochemical parameters of vegetation, such as photosynthetic pigments (chlorophyll a, b, 

carotenoids), leaf area per mass, etc., were studied for the evaluation and quantification of photosynthetic 

processes (Du et al., 2020). 

For the automation and efficiency of studies at the foliar level (eg leaf geometry, foliar surface, the degree 

of damage to the leaf area of diseases, pests, stress factors, etc.) models, applications and systems have been 

developed on different platforms (Drienovsky et al., 2017a,b; Liu et al., 2019). 

Leaf parameters have been used with high accuracy for the recognition and discrimination of some plant 

species (Viscosi and Cardini, 2011; Mirouze et al., 2012; Zhang et al., 2017; Liu et al., 2018). Also, leaf 

parameters were used for digital studies and research of plants, construction of virtual plants based on the most 
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realistic models (Wang et al., 2013). 

The present study analyzed leaf samples in Solanum nigrum L. based on classical leaf parameters, leaf 

size (L, w), perimeter (Per), scanned leaf area (SLA) and based on leaf shape, through fractal dimension (D), and 

highlighted the degree of variability of the parameters taken into account for the characterization of leaf 

geometry. 

 

MATERIAL AND METHODS 

The study took into account the analysis of the variability of some foliar parameters in the description of 

the leaf geometry in the species Solanum nigrum L. 

For the study, 50 leaves were taken from mature plants of Solanum nigrum L., from the Didactic and 

Experimental Resort area, BUASVM Timisoara, Timis County, Romania. 

From the samples collected, 25 leaves were taken randomly and analyzed. Foliar parameters length (L) 

and width (w) of leaves were determined. The leaves were scanned, Figure 1 (a), and the leaf perimeter (Per) and 

the scanned leaf area (SLA) were determined. 

To characterize the fractal geometry of the leaves, the binarized digital images, figure 1 (b), were 

analyzed and the fractal dimension (D) was determined by the box-counting method (Voss, 1985; Rasband, 

1997), equations (1), (2) and (3). The box-counting method is frequently used to analyze the fractal geometry of 

different shapes and geometric surfaces (Li et al., 2009; Long and Peng, 2013). Parameters R2 and Standard 

Error (SE) for regression line, figure 2, were used for the safety of the fractal analysis. 

 

  
(a) (b) 

 

Figure 1. Leaves of Solanum nigrum L.; (a) original color image; (b) binarized image  
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where: D – fractal dimension;  m – slope to regression line, in equation (3); F – number of new part; ε – scale 

applied 
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where: m – slope of regression line; S – log of scale or size; C – log of count; n – number of size 

 

 
Figure 2. Log-log regression line for Solanum nigrum L. sample leaf 

 

The experimental data obtained, regarding the parameters taken into account, were evaluated by the 

ANOVA test, Descriptive statistics analysis, Correlation analysis, Regression analysis. Mathematical and 

statistical analyzes evaluated the behavior of the data series within each parameter in describing the geometry of 

the sample leaves studied. Appropriate statistical safety parameters were used, consistent with each type of 

analysis. 

For the purpose of mathematical and statistical analysis of data series, for the parameters considered, and 

for generation the graphical models (3D, and isoquants), PAST software (Hammer et al, 2001), Wolfram Alpha 

(2020), and JASP software (2022), were used. 

 

RESULTS AND DISCUSSIONS 

The values of the parameters taken into account for the study of the 25 leaf samples randomly selected 

from the 50 samples collected, were analyzed by Descriptive statistics, and the results obtained are presented in 

table 1.  

The number of samples, the average value, the minimum and maximum values in the data series for each 

parameter are presented, as well as the corresponding Standard Error and Standard Deviation. The graphical 

distribution of the values of the studied parameters, in the form of boxplot, which includes all the determined 

values, is presented in figure 3. 

 
Table 1. Descriptive statsitics for studied parameters 

Categories  L w Per SLA D 

Valid randomized sample 25 25 25 25 25 

Missing 0 0 0 0 0 

Mean 7.820 4.647 23.373 19.266 1.628 

Std. Error of Mean 0.206 0.151 0.686 0.968 0.007 

Std. Deviation 1.031 0.756 3.429 4.840 0.037 

Minimum 5.400 3.250 16.560 11.481 1.554 

Maximum 9.900 6.450 29.598 32.878 1.709 
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(a) (b) (c) 

  

(d) (e) 

 
Figure 3. Distribution of the studied parameters values in the leaves of Datura stramonium L. 

 

The dispersion of the values in the case of each parameter studied for the characterization of the Solanum 

leaf geometry, was highlighted by Circular correlation, table 2, figure 4. High dispersion was recorded at foliar 

parameters L, w, Per and SLA, and low dispersion was recorded for values at fractal dimension (D). This shows 

that the fractal dimension (D) is the most stable parameter in characterizing the geometry of the leaf samples 

studied. 

 
Table 2. Circular correlation data obtained 

Statistical categories 
Leaf parameter 

L w Per SLA D 

Valid 25 25 25 25 25 

Missing 0 0 0 0 0 

Mean Direction 1.635 4.644 0.532 2.109 1.628 

Standard Deviation 0.970 0.741 1.925 2.336 0.036 

Note. all values are calculated on a normalized period of 2p 
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(a) leaf length – L (b) leaf width – w 

  

(c) leaf perimeter – Per (d) scanned leaf area – SLA 

 

(e) fractal dimension – D 

 

Figure 4. Values dispersion in the case of the parameters studied in the leaf samples, Solanum nigrum L. 
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Correlations of different intensity levels were recorded between the studied parameters, in statistical 

safety conditions (**p <0.01, ***p <0.001), table 3. Very strong correlations between SLA and D (r=0.960***) 

have been identified. Strong correlations were recorded between L and w (r=0.836***), between SLA and Per 

(r=0.839***), between D and Per (r=0.820***). Moderate correlations were recorded between Per and w 

(r=0.747***), between SLA and w (r=0.733***), between D and w (r=0.722***). Weak correlations were recorded 

between Per and L (r=0.616**), between SLA and L (r=0.570**), between D and L (r=0.615**). Lower intensity 

correlations were also recorded between some parameters. 

 
Table 3. Correlation table between foliar parameters, Solanum nigrum L. 

Variable   L w Per SLA D 

L 
Pearson's r —     

p-value —     

w 
Pearson's r 0.836*** —    

p-value < .001 —    

Per 
Pearson's r 0.616** 0.747*** —   

p-value 0.001 < .001 —   

SLA 
Pearson's r 0.570** 0.733*** 0.839*** —  

p-value 0.003 < .001 < .001 —  

D 
Pearson's r 0.615** 0.722*** 0.820*** 0.960*** — 

p-value 0.001 < .001 < .001 < .001 — 
** p < .01, *** p < .001 

 

The regression analysis facilitated the obtaining of some models, in the form of linear and polynomial 

equations, which described the variation of the studied parameters. The variation of w in relation to L was 

described by a linear equation, equation (4), under conditions of R2=0.699, p<0.001, F=53.373. The SLA 

variation in relation to Per was described by a polynomial equation of degree 2, equation (5), under conditions of 

R2=0.713, p<0.001, F=27.305. The variation of parameter D in relation to Per was described by equation (6), 

under conditions of R2=0.672, p<0.001, F=47.205, and the variation of D in relation to SLA was described by 

equation (7), in conditions of R2=0.953, p<0.001, F=224.79. 

 

0.1483L0.6132w −=          (4) 

  

9.766Per0.453Per0.03603SLA 2 +−=        (5) 

 

1.42Per0.008876D +=          (6) 

 

1.413SLA0.01482SLA0.00018D 2 ++−=        (7) 

 

The SLA variation in relation to the dimensional parameters of the leaves (L, w), as independent 

participation and in interaction, was described by equation (8), in statistical safety conditions (R2=0.976, 

p<0.001, F=167.577). The graphical distribution of SLA in relation to L and w is presented in the form of a 3D 

model in figure 5 (a), and in the form of isoquants model in figure 5 (b). 

 

fexydycxbyax +++++= 22SLA           (8) 

 

where: SLA – scanned leaf area; x – L, leaf length; y – w, leaf width; 

a, b, c, d, e, f – coefficients of the equation (8); a= -2.26607434; b= -1.55267402; c= 13.85296444;  

d= -19.94881228; e= 4.83996908; f= 0. 

 

Fractal dimension (D), as an important parameter in the description of leaf fractal geometry, was analyzed 

in relation to classical foliar parameters (L, w, Per, SLA). 

The variation of the fractal dimension (D) in relation to L and w was described by equation (9), in 

statistical safety conditions (R2=0.999, p<0.001, F=8634.49). The graphical distribution of the fractal dimension 

D in relation to L and w, is presented in the form of a 3D model in figure 6 (a), and in the form of isoquants 

model in figure 6 (b). 
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(a) (b) 

Figure 5. Graphical distribution of SLA in relation to L (x-axis) and w (y-axis) at Datura stramonium L.;  

(a) 3D model; (b) model in the form of isoquants 

 

fexydycxbyax +++++= 22D            (9) 

 

where: D –fractal dimension of the leaf geometry; x – L, leaf length; y – w, leaf width; 

a, b, c, d, e, f – coefficients of the equation (9); a= 0.00984613; b= 0.05308221; c= 0.25400161;  

d= 0.27343143; e= -0.09245200; f= 0. 

 

 

 

 

 

(a) (b) 

Figure 6. Graphic distribution of the fractal dimension D in relation to L (x-axis) and w (y-axis), 

Datura stramonium L.; (a) 3D model; (b) model in the form of isoquants 
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The variation of the fractal dimension (D) in relation to L and Per was described by equation (10), in 

statistical safety conditions (R2=0.999, p<0.001, F=9080.118). The graphical distribution of the fractal 

dimension D in relation to the considered parameters, L and Per, is presented as a 3D model in figure 7 (a) and 

as isoquants in figure 7 (b). 

 

fexydycxbyax +++++= 22D            (10) 

 

where: D – fractal dimension of the leaf geometry; x – L, leaf length; y – Per, leaf perimeter; 

a, b, c, d, e, f – coefficients of the equation (10); a= -0.01294373; b= -0.00177726; c= 0.16947519;  

d= 0.07950966; e= 0.00129306; f= 0. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
(a) (b) 

Figure 7. Graphic distribution of the fractal dimension D in relation to L (x-axis) and Per (y-axis), 

Datura stramonium L.; (a) 3D model; (b) model in the form of isoquants 

 

Parameters considered to describe the leaves geometry in Solanum nigrum L. differentiated the variability 

of the leaves samples. 

The length of the leaves (L) presented a high variability, rendered by the variation interval (table 1), the 

degree of dispersion (figure 4 (a)), but also through the value of the calculated variation coefficient CVL = 

13.1813. High variability was also recorded in the case of leaf width (w), table 1, figure 4 (b), CVw = 16.2707 
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and in the case of perimeter (Per), table 1, figure 4 (c), CVPer = 14.6691. The leaf area (SLA) in close 

dependence on dimensional parameters of the leaves (L, e, Per) registered the highest variability, table 1, figure 4 

(d), CVSLA = 25.1231. 

Fractal dimension (D) is a parameter that expresses leaf geometry, and recorded the lowest variability, the 

lowest degree of dispersion, table 1, figure 4 (e), and CVD = 2.2802. Thus, the fractal dimension (D) is the most 

stable parameter, among those considered, for the characterization of the leaf geometry in the Solanum nigrum L. 

species considered in the present study. 

 

CONCLUSIONS 

The study described in statistical safety conditions the variability of the foliar parameters taken into 

account (L, w, Per, Sla and D) related to the geometry of the leaves in the Solanum nigrum L. specie. 

The parameter with the lowest degree of dispersion and the lowest variability was the fractal dimension 

(D), which was found to be the most stable and high fidelity parameter in describing the geometry of leaf 

samples in the specie considered in the study, in relation to geometric topology of leaves. 

The variability of the analyzed parameters, in descending order was CVSLA=25.1231, CVw=16.2707, 

CVPer=14.6691, CVL=13.1813. 

The regression analysis facilitated the obtaining of models in the form of equations, in statistical safety 

conditions, useful to describe the variation of some parameters. Based on the obtained equations and the specific 

coefficients, 3D models and in the form of isoquants were obtained, which graphically represented with high 

fidelity the variation of the SLA and D parameters in relation to the primary dimensional parameters of leaves 

(L, w and Per). 

 

REFERENCES 

1. Al Afas, N., Marron N., Ceulemans R. - Variability in Populus leaf anatomy and morphology in relation to 

canopy position, biomass production, and varietal taxon. Annals of Forest Science 2007, 64, 521-532. 

2. Atherton J., Olascoaga B., Alonso L., Porcar-Castell A. - Spatial variation of leaf optical properties in a 

Boreal Forest is influenced by species and light environment. Frontiers in Plant Science 2017, 8, 309. 

3. Azlah M.A.F., Chua L.S., Rahmad F.R., Abdullah F.I., Alwi S.R.W. - Review on techniques for plant leaf 

classification and recognition. Computers 2019, 8, 77. 

4. Bucksch A., Atta-Boateng A., Azihou A.F., Battogtokh D., Baumgartner A., Binder B.M., Braybrook S.A., 

Chang C., Coneva V., DeWitt T.J., Fletcher A.G., Gehan M.A., Diaz -Martinez D.H., Hong L., Iyer -

Pascuzzi A.S., Klein L.L., Leiboff S., Li M., Lynch J.P., Maizel A., Maloof J.N., Markelz R.J.C., Martinez 

C.C., Miller L.A., Mio W., Palubicki W., Poorter H., Pradal C., Price C.A., Puttonen E., Reese J.B., Rellán-

Álvarez R., Spalding E.P., Sparks E.E., Topp C.N., Williams J.H., Chitwood D.H. - Morphological plant 

modeling: Unleashing geometric and topological potential within the plant sciences. Frontiers in Plant 

Science  2017, 8, 900. 

5. Damptey F.G., Birkhofer K., Oliveras Menor I., de la Riva E.G. - The functional structure of tropical plant 

communities and soil properties enhance ecosystem functioning and multifunctionality in different 

ecosystems in Ghana. Forests 2022, 13, 297. 

6. Datcu A.-D., Sala F., Ianovici N. - Studies regarding some morphometric and biomass allocation parameters 

in the urban habitat on Plantago major. Research Journal of Agricultural Science 2017, 49(4), 96-102. 

7. Drienovsky R., Nicolin A.L., Rujescu C., Sala F. - Scan LeafArea – A software application used in the 

determination of the foliar surface of plants. Research Journal of Agricultural Science 2017a, 49(4), 215-

224. 

8. Drienovsky R., Nicolin A.L., Rujescu C., Sala F. - Scan Sick & Healthy Leaf – A software application for 

the determination of the degree of the leaves attack. Research Journal of Agricultural Science 2017b, 49(4), 

225-233. 

9. Du L., Yang J., Sun J., Shi S., Gong W. - Leaf biochemistry parameters estimation of vegetation using the 

appropriate inversion strategy. Frontiers in Plant Science 2020, 11, 533. 

10. Guo X., Reddy G.V.P., He J., Li J., Shi P. - Mean-variance relationships of leaf bilateral asymmetry for 35 

species of plants and their implications. Global Ecology and Conservation 2020, 23, e01152. 

11. Hammer Ø., Harper D.A.T., Ryan P.D. - PAST: Paleontological statistics software package for education 

and data analysis. Palaeontologia Electronica, 2001, 4(1), 1-9. 

12. Isaac M.E., Cerda R., Rapidel B., Martin A.R., Dickinson A.K., Sibelet N. - Farmer perception and 

utilization of leaf functional traits in managing agroecosystems. Journal of Applied Ecology 2018, 55(1), 69-

80. 

13. JASP Team (2022). JASP (Version 0.16.2)[Computer software]. 

14. Li J., Du Q., Sun C. - An improved box-counting method for image fractal dimension estimation. Pattern 



Life Science and Sustainable Development-Journal  https://www.lssd-journal.com   

____________________________________________________________________________________________________ 

____________________________________________________________________________________________________ 

 

LSSD - ISSN 2734 – 5068        Vol. 3, no. 1, 2022 
 

   

 

122 

Recognition 2009, 42, 2460-2469. 

15. Li Y., Zou D., Shrestha N., Xu X., Wang Q, Jia W., Wang Z. - Spatiotemporal variation in leaf size and 

shape in response to climate. Journal of Plant Ecology 2020, 13(1), 87-96. 

16. Liu Y., Li Y., Song J., Zhang R., Yan Y., Wang Y., Du F.K. - Geometric morphometric analyses of leaf 

shapes in two sympatric Chinese oaks: Quercus dentata Thunberg and Quercus aliena Blume (Fagaceae). 

Annals of Forest Science 2018, 75, 90. 

17. Liu H., Ma X., Tao M., Deng R., Bangura K., Deng X., Liu C., Qi L. - A plant leaf geometric parameter 

measurement system based on the Android Platform. Sensors 2019, 19, 1872. 

18. Long M., Peng F. - A box-counting method with adaptable box height for measuring the fractal feature of 

images. Radioengineering 2013, 22(1), 208-2013. 

19. Mirouze E., Staquet A., Vezy R. - Morphometric and morphological analyses of leaves in two species of 

Araceae: Montrichardia linifera and Montrichardia arborescens among different French Guiana 

populations. Journal of Ecofog 2012, 3, 1-15. 

20. Oláh R., Masarovičová E., Šamaj J., Ovečka M., Bobák M., Egedová V. - Anatomical and morphological 

parameters of leaves and leaf petioles of Actinidia deliciosa. Biologia Plantarum 1997, 39, 271-280. 

21. Osnas J.L.D., Katabuchi M., Kitajima K. - Divergent drivers of leaf trait variation within species, among 

species, and among functional groups. PNAS 2018, 115(21), 5480-5485. 

22. Rasband W.S. - ImageJ. U. S. National Institutes of Health, Bethesda,Maryland, USA, 1997, pp. 1997-2014. 

23. Rawashdeh M.H., Sala F. - Foliar application of boron on some yield components and grain yield of wheat. 

Academic Research Journal of Agricultural Science and Research 2014, 2(7), 97-101. 

24. Ren J., Ji X., Wang C., Hu J., Nervo G., Li J. - Variation and genetic parameters of leaf morphological traits 

of eight families from Populus simonii × P. nigra. Forests 2020, 11, 1319. 

25. Ronellenfitsch H., Lasser J., Daly D.C., Katifori E. - Topological phenotypes constitute a new dimension in 

the phenotypic space of leaf venation networks. PLoS Computational Biology 2015, 11(12), e1004680. 

26. Sseremba G.,  Tongoona P.,  Eleblu J.,  Danquah E.,  Kizito E. - Heritability of drought resistance in 

Solanum aethiopicum Shum group and combining ability of genotypes for drought tolerance and recovery. 

Scientia Horticulturae 2018, 240, 213-220. 

27. Teobaldelli M., Basile B., Giuffrida F., Romano D., Toscano S., Leonardi C., Rivera C.M., Colla G., 

Rouphael Y. - Analysis of cultivar-specific variability in size-related leaf traits and modeling of single leaf 

area in three medicinal and aromatic plants: Ocimum basilicum L., Mentha Spp., and Salvia Spp. Plants 

(Basel, Switzerland) 2019, 9(1), 13. 

28. Viscosi V., Cardini A. - Leaf morphology, taxonomy and geometric morphometrics: A simplified protocol 

for beginners. PLoS ONE 2011, 6(10), e25630. 

29. Voss R. - Random fractal forgeries. In: Earnshaw R. (Ed.) Fundamental algorithms for computer graphics, 

Sringer Verlag, Berlin, 1985, 805-835. 

30. Wang X., Li L., Chai W. - Geometric modeling of broad-leaf plants leaf based on B-spline. Mathematical 

and Computer Modelling 2013, 58(3-4), 564-572. 

31. Wang Y., Chen Y., Zhang X., Gong W. - Research on measurement method of leaf length and width based 

on Point Cloud. Agriculture 2021, 11, 63. 

32. Williams A.S., Kiniry, J.R., Mushet D., Smith L.M., McMurry S., Attebury K., Lang M., McCarty G.W., 

Shaffer J.A., Effland W.R., Johnson M.-V.V. - Model parameters for representative wetland plant functional 

groups. Ecosphere 2017, 8(10), e01958. 

33. Wolfram, Research, Inc., Mathematica, Version 12.1, Champaign, IL (2020). 

34. Wu L., Long Y., Sun H., Liu N., Wang W., Dong Q. - Length measurement of potato leaf using depth 

camera. IFAC-PapersOnLine 2018, 51(17), 314-320. 

35. Zhang S., Zhang C., Zhu Y., You Z. - Discriminant WSRC for large-scale plant species recognition. 

Computational Intelligence and Neuroscience 2017, 9581292. 

36. Zhang W. Digital image processing method for estimating leaf length and width tested using kiwifruit leaves 

(Actinidia chinensis Planch). PLoS ONE 2020, 15(7), e0235499. 

 

 


