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Abstract
This paper presents a computer program that uses fractal analysis to calculate the stress that plants in different habitats are exposed 
to.
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Introduction

The diversity, complex dynamics, and suboptimality 
of individual environmental factors are natural for plant 
habitats (Gaston et al. 2005; Bever et al. 2010; Mavletova-
Chistyakova et al. 2017; Ivanov et al. 2016; Aleksandrova et 
al. 2020). This gives plants a complex and plastic pattern 
of adaptive responses. This pattern can be effectively 
evaluated in terms of multiple direct and allometric, 
morphological and physiological indicators (Usmanov 
1986; Bundy et al. 2009; Tilman 2004).

The plastic, multivariant adaptation is the plant’s 
response to the multivariant, unpredictable habitat. This 
principle can be referred to as multiplicity of primary 
adaptive responses (Mandelbrot 1982; Rosenberg 1984, 
2013; Hubbell 2001, 2006; Mc Gill 2010; Ivanov et al. 2018, 
2019, 2021).

The principle essentially consists in triggering multiple 
defenses at a time to respond to this or that stress; the list 
of such defenses depends on the resources available to the 
plant. The list intensity ratio of these defense mechanisms 
in individual plant specimens may vary daily whether in 

a laboratory setup or in the field. This makes it difficult to 
evaluate the impact of individual factors and the general 
level of stress that plants in this or that habitat are 
exposed to. Plants often lack a stable and mathematically 
significant correlation between the intensity of a stress 
factor and that of the adaptive mechanism the stressor 
triggers. For that reason, there is a simple and versatile 
stress assessment method applicable to plants, especially 
in natural habitats (Kimura 1983; Lambers et al. 2008). 

More intense stress is associated with lower resources 
available to the plant and its defenses. This forces plants 
to cut short the list of such defenses, making them 
statistically ‘more identical’. This fully applies to plants in 
the oligotrophic wetlands of Western Siberia (Usmanov 
et al. 2016-2021; Volkov et al. 2018; Scherbakov et al. 2021). 
This idea underlies the fractal analysis program for the 
assessment of stress in plants.

Therefore, it might be safe to say that the log Mq-
log N correlation coefficient for different species in 
their natural habitats can be used as a universal stress 
indicator. 
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Materials and Methods

This study produced a general algorithm of how to use 
fractal analysis to assess the condition of plants exposed 
to a varying degree of stress. Fractal analysis-based 
testing for stress involves these steps:

•	 Collect specimen-specific indicator values

•	 Add the input to the unified matrix

•	 Find (if necessary, adjust) the scaling range q

•	 Run the fractal analysis

•	 Find the log Mq-log N correlation coefficients

•	 Compare the coefficients against the reference, i.e., 
against the values typical of regular objects (-1 for 
negative q, 1 for positive q)

•	 Find the deviation of the correlation coefficient 
from the reference for each q

•	 Assess the stress 

Calculations under Steps 4 to 7 of the above algorithm 
have been automated for Excel 2013.

Results and Discussion

Functionally, the program consists of several modules, 
some of which are shown in Fig’s 1-3.

During the study of the level of stress load on plants, 
individual values of the recorded plant parameters are 
included in the table shown in Fig. 1. The same indicators 
should be recorded for plants of the same species in 
different habitats. If necessary, the matrix size can be 
increased to the target dimensions. 

Fig. 2 shows a table that is a hierarchical matrix 

automatically calculated based on the grouping of data 
included in Fig. 1.

The “N” column shows how many cells the results are 
used from:

“N=1”-individual data is included from the table in  
Fig. 1;

“N=2”-the sum of the values of 2 source cells from the 
table in Fig. 1 is included in the cell;

“N=3-9”-the total values of 3–9 source cells from the 
table in Fig. 1 are included in the cell;

“N=10”-the total values of all 10 source cells are included 
in the cell. A summation of individual plant indicators is 
performed for each column (Fig. 2).

These calculations are necessary for evaluating and 
comparing the indicators of the studied data array at 
various levels of its organization–from individual to 
group (Gelashvili et al. 2013; Ivanov et al. 2019).

Data input in Fig. 1 is used to enter specimen-specific 
values of the researcher-selected parameters. The table 
can be enlarged if need be. Input requirements are as 
follows:

1. Avoid zeroes as they can distort correlations 
significantly.

2. Use a composite number of specimens (10, 12, 15, 
16, 18, 20, etc.) to be able to scale.

In the future, the matrix shown in Fig. 2 undergoes 
the following transformations:

1. Ranking by variables of each indicator.

2. Calculating the exponent of the logarithm “N” to 
the base 10 (log N).

 
Figure 1. Data input.
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3. Scaling, state assessment of the contents of the 
specified matrix (Fig. 2) at various scale measures.

The scale measures are set by the researcher and 
are denoted as “q”. It is considered correct to use both 
negative and positive “q” values. The value of the “q” 
indicator shows to what power the contents of the matrix 
under study are raised in each case.

Based on the results of these calculations (Gelashvili 
et. al 2013; Ivanov et. al 2019), for each “N” level and “q” 
value, the “Mq” indicator is calculated, which reflects 

the participation of a single individual indicator in the 
formation of the level of stress load on the plant. In the 
future, for each “Mq” value, the logarithm to the base 10 
(log Mq) is also calculated and the results are included in 
the corresponding cell of the table in Fig. 3.

Thus, the use of the fractal analysis method in 
assessing the level of stress load on plants is based on the 
following logical assumptions:

1. For plants in natural conditions, the effect of 
various types of stress associated with non-optimal living 

 
Figure 2. Matrix calculator.

 
Figure 3. Statistics and self-similarity estimator (the cells show the values of the log Mq indicator for different values of Log N and q).
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conditions is normal-non-optimal temperature, lack or 
excess of water, root hypoxia, salinization, etc. Plants 
respond to any type of stress in a polyvariant way, i.e., 
they launch as many protective mechanisms as they can 
afford, which is typical for any environmental factor. Such 
a polyvariant nature of the responses inherent in plants 
leads to the very high plasticity of the physiologically 
adaptive mechanisms of particular plants. Against this 
background, in most cases, it is not possible to trace a 
significant relationship between the level of a particular 
stress factor and the intensity of any triggered response 
mechanism.

2. As the stress load increases, regardless of the 
number and nature of the active stress factors, the overall 
resource supply of plants will inevitably decrease. As a 
result, the total composition of the adaptive mechanisms 
used by plants will be smaller, which will lead to an 
increase in the similarity between the adaptive reactions 
of individual plants. However, as practice shows, this is 
not enough for the application of traditional statistical 
methods. As a rule, it is impossible to track the relationship 
between the level of stress load and the intensity of the 
response of a particular plant.

3. The fractal analysis allows us to assess how much 
individual indicators are generally similar to each other, 
from the point of view of functioning under the same 
conditions, and physiological mechanisms. As a result, 
it all comes down to determining the correlation factor 
between log N and log Mq.

Matrix calculator and statistics estimator should not 

be used to add any more data as they already contain all 
the formulas needed to automate fractal analysis per the 
original method. Fig. 4 shows the output, which displays 
the calculation results as numbers and graphs (Gelashvili 
et al. 2013; Ivanov et. al. 2019).

According to the results of the correlation analysis, the 
array of individual plant data can be distributed into one 
of 3 categories (Fig. 4):

1. No significant correlation between the log N 
and log Mq indicators in the entire “q” range is observed: 
the object is completely devoid of self-similarity, the 
similarity between the properties of individual elements 
is absent, therefore, it is an object of a chaotic nature. 
During our study, this category was not detected.

2. A significant correlation between the log N and 
log Mq indicators in the entire “q” range is observed: 
the data array has self-similarity properties, in general. 
At the same time, a similarity between the indicators 
of individual plants is observed, which is impossible to 
detect by using standard analysis of correlations between 
individual indicators. This picture is the most typical for 
plants in our studies;

A 100% correlation between the log N and log Mq 
indicators in the entire “q” range is observed at the 
function level and the correlation factor can take three 
values “-1”, “0”, and “+1”: the data array uniquely has 
self-similarity properties, and all individual objects 
are completely identical to each other (Fig. 4). In this 
category, we included plants of Western Siberia that live 
in extreme environmental conditions.

Figure 4. Output.
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The irregularity of the tested specimen-specific data 
arrays is measured by the total deviation of the obtained 
significant correlation coefficients from the coefficients 
typical of the regular reference object.

It is reasonable to believe that as the habitat conditions 
deteriorate, a group of individual plants will show the 
properties of a regular object more and more, i.e., an 
object consisting of elements completely similar to each 
other.

As a result, the main purpose of the fractal analysis 
method is to compare the real picture of the indicators 
of the studied plants with the indicators of a regular 
object, which are calculated in parallel based on the same 
experimental data. It implies obtaining the correlation 
factors between the log N and log Mq indicators for real 
plants and comparison of these data with the indicators 
of a regular object, which is essentially a comparison 
standard. The difference between the indicators of a 
real and a regular object generated by the program is 
estimated by the total sum of the deviation indicators 
of the correlation factors between real and knowingly 
regular objects and expressed in conditional units  
(Fig. 4).

Conclusion

The proposed fractal analysis program for the 
assessment of stress in plants has the following strengths:

1. The researcher does not need to calculate 
manually, as all the formulas are already there.

2. The method is universal. Calculations can use any 
specimen-specific indicators, whether they are regularly 
observed or take several seasons to collect, which is 
especially relevant in research of perennials. 

3. The minimum dataset is small: 10*10 (10 
specimens x 10 indicators). The entire system can be 
rebuilt to any data array size.

4. The program is fully compatible with Excel.
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