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Urbanization causes the highest local extinction rates and often leads to the loss of the vast majority of native species. Plant 
communities are sensitive to urban expansion and are therefore indicators of human land use. A city park, part of which has under-
gone reconstruction, was studied. The study found that the changes in ecological conditions caused by the reconstruction of a city 
park can be detected using phytoindication. The informativeness of phytoindication scales was shown to increase under conditions of 
anthropogenic load. The phytoindication scales are a reliable source of information for assessing the state of the vegetation cover of 
park plantations. The ecological regimes were assessed based on descriptions of the vegetation cover using Didukh's phytoindication 
scales. The phytoindication approach allows one to identify changes in ecological regimes that occur as a result of park reconstruction 
and to separate them from ecological regimes of natural origin. The study showed that the reconstruction of the park significantly 
affects the conditions of the park and the diversity of vegetation. The ratio of useful phytoindicative information compared to infor-
mation noise in the structure of beta-diversity of the park's plantations increases significantly as a result of the park's reconstruction. 
The reconstruction of the park has led to changes in the spatial organization of the vegetation cover. The results obtained indicate a 
decrease in soil moisture as a result of the park's reconstruction. The park’s reconstruction leads to a significant change in the light 
regime of the park’s plantings, which leads to changes in the park’s vegetation and soils. Reducing the density of plantations as a 
result of their pruning during the reconstruction process also decreases the amount of fallen leaves that form leaf litter. A significant 
increase in the variability of the moisture regime under the influence of the park reconstruction was found. The phytoindication re-
vealed a decrease in the acidity of the soil solution as a result of the reconstruction. The changes in soil acidity are accompanied by an 
increase in phytoindication estimates of carbonate content in the soil. The observed increase in carbonate content estimates may be an 
artifact when representatives of another ecological group also have related ecological properties that can be misinterpreted as indica-
tors of certain regimes. The phytoindication also revealed trends in the variability of microclimatic conditions in the park as a result of 
reconstruction. The reconstruction of the park leads not only to a change in the modal levels of ecological regimes, but also to the 
formation of specific patterns of their spatial distribution. The heterogenization of the ecological space under the influence of recon-
struction has been established. This heterogenization is evident in the fact that areas with homogeneous vegetation cover are decreas-
ing. The accuracy of the description of the spatial process was found to have decreased after the park reconstruction procedures. 
Smooth spatial structures of the park’s vegetation cover without reconstruction are changing into rough spatial structures of the park 
after reconstruction. The park’s reconstruction obviously disrupts the course of long-term processes that structure the vegetation 
cover, which leads to temporal and spatial desynchronization of the dynamics of ecological processes. The spatial variation of va-
riables that indicate soil processes can best be described. In contrast, the phytoindication scales that indicate climatic factors are much 
less spatially structured. The best variogram model to describe the spatial process is also changing under the influence of reconstruc-
tion. The significant consequences of the park reconstruction are time variability and spatial heterogeneity of ecological processes.  

Keywords: recreation; GIS; innovation project; spatial ecology; ecosystem transformation; plant ecology; biometry; human ecology.  

Introduction  
 

Cities are expanding around the world, and urbanization is believed to 
be a global danger to biodiversity. Urban areas are "hot spots" causing 
environmental changes at different levels. Among the many human activi-
ties that trigger a loss of habitat, urbanization causes some of the highest 
local extinction rates and often leads to the disappearance of the vast ma-
jority of native species (Vale & Vale, 1976). The physical requirements of 
manufacturing and human consumption are changing land use and vege-
tation patterns, biodiversity and hydrosystems at local and regional levels, 
and urban pollution is affecting biogeochemical cycles and climate at local 
and global levels (Grimm et al., 2008). Urban habitats worldwide are 

becoming increasingly similar in structure and composition, leading to a 
homogenisation of ecosystem functions (Pickett et al., 2011; Faly & Bry-
gadyrenko, 2014; Putchkov et al., 2019). Physical and biological parame-
ters of urban environments change consistently along urbanisation gradients 
(Seto et al., 2010). Increasing urbanisation reduces species diversity, richness 
and evenness of plant communities (Alue et al., 2022). Urbanization creates 
a special environment in cities at the meso and local scale (Sharifi, 2019), 
where the key abiotic conditions and resources affecting the productivity of 
plants, such as temperature (Li et al., 2019), light intensity (Ding et al., 2022), 
water and carbon dioxide availability (Ruas et al., 2022), physical and chem-
ical properties of the soil (Enescu et al., 2022) are significantly different from 
the surrounding non-urban landscape (Williams et al., 2015).  
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Species interactions are the basis of ecological communities and are 
important for population and community dynamics, and for the genera-
tion, maintenance and structure of biodiversity (Theodorou, 2022). Urba-
nisation can also alter biotic interactions and disturbance regimes by cau-
sing localised extinctions and introducing new organisms (Williams et al., 
2015). Each of these changes can potentially act as a biotic ecological filter 
or stressor, affecting plant species differently depending on their ecological 
niche and the traits they have evolved to exploit it. Common environmen-
tal changes due to urbanisation include climate warming due to the urban 
heat island effect (Sumasgutner et al., 2023). Parkland is the best way to 
reduce the negative effects of climate change in cities (Ullah et al., 2023). 
Buildings, especially in the industrial zone, contribute significantly to the 
increase in the Earth's surface temperature. The negative correlation bet-
ween surface temperature and NDVI suggests that green spaces mitigate 
the warming effect in cities. Built-up or paved areas lead to urban heat 
islands (Rashid et al., 2022). Soils in urban areas are becoming more 
alkaline, drier and richer in nutrients and organic matter due to the combi-
ned effects of impervious surfaces and aerial deposition of nutrients (Asa-
bere et al., 2018). The increase in total impervious surface area is the main 
factor influencing soil alkalisation in urban forests(Zhang et al., 2023).  

Plant communities respond sensitively to the expansion of cities and 
therefore provide indicators of human land use. A major issue with urban 
growth is that it replaces native species that are being lost with widespread 
"weedy" non-native species. Cities facilitate biological invasions because 
invasive species are more frequent in cities and because they are more 
successful in disturbed environments. This substitution is a process of 
biotic homogenisation that threatens to reduce the biological distinctive-
ness of regional ecosystems (McKinney, 2006). Studies on urban gradi-
ents show that for many taxa, such as plants (Kowarik, 1995), birds and 
butterflies (Blair & Launer, 1997), the number of non-native species in-
creases towards the centers of urbanisation, while the number of native 
species decreases. Vegetation diversity depends on the distance to the city 
center of land use types and the percentage of development. The structure 
of life forms and different evolutionary strategies of plants is influenced by 
the characteristics of the urban landscape (Vakhlamova et al., 2014). Spe-
cies richness of mammals, reptiles, amphibians, invertebrates and plants 
tends to decrease in areas with extreme urbanisation. The impact of mode-
rate urbanisation varies considerably between groups. Most plant studies 
indicate an increase in species richness with moderate urbanisation, while 
only a minority of invertebrate studies and a very small minority of non-
avian vertebrate studies show an increase in species richness. Importation 
of non-native species, spatial heterogeneity, intermediate disturbance and 
scale are considered to be the main factors affecting species richness with-
in an urban area (McKinney, 2008).  

The Ellenberg indicator species system is widely accepted and ap-
plied to evaluate the climate, light and soil conditions in Central Europe 
and beyond (Dyderski et al., 2017). The Ellenberg indicator values are 
widely used for various environmental analyses due to their numerous 
confirmed correlations with the instrumental measurements of environ-
mental parameters (Schaffers & Sýkora, 2000). The correlation between 
the light, soil acidity and nitrogen indicators and the measured light inten-
sity, soil pH and cation exchange capacity increased with forest age. 
The Ellenberg indicator values were relatively good predictors of ecologi-
cal conditions in ancient virgin forests with a stabilised species composi-
tion, which was determined mainly by the ecological regime. However, 
they were much weaker indicators in young forests (Dzwonko, 2001). 
Indicator values are highly reliable and can complement or, in some cases, 
replace measurements to determine the values of environmental variables 
and monitor their changes (Diekmann, 2003). In urban conditions, phy-
toindicator assessments indicate that, compared to large forests, small 
forest areas have drier, more nutrient-rich and less acidic soil (Godefroid 
& Koedam, 2003). Species more common in the urban environment have 
higher phytoindicator optima for soil pH and soil nitrogen content (Vallet 
et al., 2008). Analysis using the Ellenberg scales has shown that non-
native species in forests tend to occur in the areas with relatively high 
nitrogen availability and soil reaction (Yakovenko et al., 2023). Therefore, 
an increase in nitrogen availability, including through increased atmos-
pheric deposition, can facilitate the spread of invasive species (Zerbe & 
Wirth, 2006). The phytoindication indicates the combined effects of eu-

trophication and anthropogenic transformation, which lead to a decrease in 
the diversity of the plant cover. Nutrient inputs lead to an increase in the 
availability of nutrients for plants, which promotes the growth of tall and 
competitive grasses that outcompete other plant species (Mölder & 
Schneider, 2010). The dynamics of habitat conditions in forested and non-
forested ecosystems under conditions of spontaneous regeneration was 
established using the Ellenberg scales (Woziwoda & Kopeć, 2014). Phy-
toindication made it possible to identify the specific environmental condi-
tions under which the invasive species have an advantage for spreading 
compared to the native ones. Among these factors, the increased nitrogen 
content and lower soil acidity are the leading ones (Halarewicz & 
Żołnierz, 2014). Phytoindication scales can be used for small-scale map-
ping, including anthropogenically transformed areas (Didukh et al., 1997). 
Phytoindication scales can also be used to interpret ordination axes (Pers-
son, 1981). The statistical conclusions from the analysis of the relationship 
between the average values of indicator parameters and other variables 
derived from species composition can lead to highly biased results and 
misinterpretation (Zelený & Schaffers, 2012). The indicator scores contain 
the ecological information derived from the indicator values, which is 
independent of data on the composition of plant communities and comes 
from expert knowledge of the ecological optima of species. The indicator 
values can be used as the explanatory variables in constrained ordination 
(RDA or CCA). The Ellenberg ecological indicators have been criticised 
for not being distinguishable from a random distribution and for their poor 
performance in anthropogenically disturbed areas (Dzwonko, 2001).  

The aim of the study was to test the following hypotheses: 1) the 
changes in environmental conditions induced by the reconstruction of an 
urban park can be identified using phytoindication; 2) the reconstruction of 
the park is a driver of changes in vegetation cover at the level of individual 
polygons as well as within individual polygons; 3) the information rele-
vance of phytoindication scales increases under conditions of anthropo-
genic disturbance.  
 
Materials and methods  
 

Sample fields. The survey was carried out in the recreational zone of 
the Botanical Garden of the Oles Honchar Dnipro National University 
(Ukraine) (48.43  ̊N 35.05  ̊E). More information on the features of the 
field experiment was provided in our previous article (Zhukov et al., 
2023). The city park was reconstructed over an area of 2.8 ha. The vegeta-
tion cover was described within two polygons in the reconstructed area 
(polygons a, b) and within two polygons from the area where the park was 
not reconstructed (c, d). The procedure for selecting control polygons 
without reconstruction is described in our previous article (Kunakh et al., 
2021). The polygon consisted of 105 sample points. The points were loca-
ted along 7 transects of 15 points each. The distance between points in a 
transect, as well as the distance between transects, was 3 m. Thus, the 
vegetation was described in 105 squares of 3×3 meters in each of the poly-
gons. The projected plant cover was assessed visually. All species were 
identified to species level in all plots. Seedlings and saplings of tree species 
were subsequently excluded from the analysis. Plant taxonomy based on 
Euro+Med Plantbase (http://ww2.bgbm.org/EuroPlusMed).  

Phytoindication assessment of ecological regimes. The ecological re-
gimes were assessed on the basis of vegetation cover descriptions using 
the Didukh (2011) phytoindication scales. The phytoindication scales 
include edaphic and climatic scales. The edaphic scales of phytoindication 
include soil water regime (Hd), moisture variability (fH), soil aeration 
(Ae), soil acidity (Rc), total salt regime (Sl), soil carbonate content (Ca) 
and soil nitrogen content (Nt). The climate scales include parameters of 
thermal climate (thermal regime, Tm), humidity (Om), cryoclimate (Cr) 
and continentality (Kn). Additionally, there is a light scale (Lc), which is 
recognized as a microclimate scale. The phytoindication assessment of 
environmental factors was carried out using the Buzuk ideal indicator 
method (Buzuk, 2017). The plant ecological groups are divided into 23 
gradations according to their relation to the humidity regime (Didukh, 
2011). The scores of the moisture regime can be translated into phytoindi-
cation estimates of the productive moisture stock in the one-meter soil 
layer using the formula (Maslikova, 2018b):  

𝑊𝑊 = 18.65 𝑒𝑒𝑒𝑒𝑒𝑒(0.15𝐻𝐻), 
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where W is the content of productive moisture in the one-meter layer of 
soil (mm); H is a score of the moisture regime. The content of productive 
moisture in a meter layer of less than 60 mm is considered very low, the 
content in the range of 60–90 mm is considered low, the content in the 
range of 90–130 mm is considered satisfactory, the content in the range of 
130–160 mm is considered good and the content in the range of more than 
160 mm is considered very good (Vadunina & Korchagina, 1986).  

The plant ecological groups were divided into 12 gradations accor-
ding to their relation to the variability of the moisture regime. The scores 
can be translated into the value of the coefficient of irregularity of moisture 
ω, which varies from 0 (the lowest level of contrast in moisture conditions 
of constantly moist or constantly dry habitats) to 0.5 (the highest level of 
contrast in moisture conditions where conditions of almost complete im-
mersion in water are followed by drought) (Maslikova, 2018):  

ω = 0.042fH – 0.032, 
where ω is the coefficient of irregularity of moisture, fH is a score of the 
variability of the moisture regime.  

The plant ecological groups were divided into 15 gradations accor-
ding to their relationship to the aeration regime. The scores can be trans-
lated into the value of air-filled porosity percentage of the total porosity 
volume as follows (Maslikova, 2018):  

𝑃𝑃 =
100 − 𝐴𝐴𝐴𝐴4

100 ∗ (𝐴𝐴𝐴𝐴4 − 1700), 

where P is the air-filled porosity percentage (% of the total volume of the 
pore space in the soil); Ae is the score of the aeration regime.  

The plant ecological groups are divided into 15 gradations according 
to their relationship to soil acidity. The scores can be converted to the pH 
of the soil aqueous solution as follows (Maslikova, 2018c):  

рН = 2.26ln (Rc) + 1.88, 
where pH is the negative logarithm of the concentration of hydrogen ions 
in the soil solution, Rc is the acidity score.  

The plant ecological groups are divided into 19 gradations according 
to their relationship to the total salt regime. The scores can be translated 
into water-soluble salt content as follows (Maslikova, 2018c):  

𝑆𝑆 = 20.6𝑆𝑆𝑆𝑆+1, 
where S is the salt content in the soil solution (μg/L); Sl is the score of the 
soil salinity regime.  

The plant ecological groups were divided into 13 gradations according 
to their relationship to the carbonate content of the soil. The scores can be 
converted to CaO+MgO content as follows (Maslikova et al., 2019):  

CaO + MgO = 14
𝐶𝐶𝐶𝐶4.5

𝐶𝐶𝐶𝐶4.5 + 45000, 

where CaO+MgO is the carbonate content (in terms of calcium and mag-
nesium oxides, %); Ca is a score for carbonate content.  

The plant ecological groups are divided into 11 gradations according 
to their relationship to soil nitrogen content. The scores can be converted 
to soil nitrogen content as follows (Maslikova et al., 2019):  

𝑁𝑁 = 5
𝑁𝑁𝑁𝑁3.7

𝑁𝑁𝑁𝑁3.7 + 345, 

where N is the nitrogen content in the soil (g/kg); Nt is a score for the soil 
trophic regime.  

The plant ecological groups are divided into 17 gradations according 
to their relationship to the thermal regime. The scores can be translated 
into a radiation balance as follows:  

RB = 0.21 Tm, 
where RB is the radiation balance (gJ/m2 year); Tm is the thermal regime 
score. It should be noted that if the radiation balance is presented in 
Kcal/cm2 year, then it is enough to multiply the score by 5.  

The plant ecological groups are divided into 23 gradations according 
to their relationship to the atmospheric humidity regime. The ombrocli-
mate scores can be translated into the difference in the amount of precipi-
tation before evaporation from the open water surface per year in terms of 
average days:  

Hum = 0.54 Om – 7, 
where Hum is the difference between the average annual precipitation per 
day and evaporation from the open water surface over the same period, 
mm; Om is the climate humidity score.  

The plant ecological groups are divided into 17 gradations according 
to their relationship to continentality. The continentality scores can be 
converted to the Ivanov (1959) continentality scale as follows:  

SKn = 10 Kn + 41, 

where SKn is the Ivanov continentality scale, Kn is the score of the conti-
nentality regime.  

The plant ecological groups are divided into 15 gradations according 
to their relationship to the cryoclimate. The cryoclimate scores can be 
converted to the average temperature of the coldest month of the year as 
follows:  

Temp = 3.83 Cr –38.17, 
where Temp the average temperature of the coldest month of the year 
(°С); Cr is a score for the cryoclimate.  

The lighting regime is assessed in terms of phytoindication scores, 
and so far the procedure for converting to physical indicators has not been 
proposed.  

Geostatistical analysis. The application of kriging to the construction 
of spatial models is widely used in geostatistics (Minasny & McBratney, 
2005a). The variogram is a key concept in geostatistics. It provides crucial 
insights into the appropriate mathematical form of the variogram and al-
lows the spatial variation to be accurately assessed (McBratney & Pringle, 
1999), which is the precondition to predict the variability of ecological 
features at the local or regional level (Minasny & McBratney, 2005a). 
The variogram distinguishes between the spatial component of the attribu-
te’s variability and the spatially independent component. The intersection 
of the model variogram curve with the ordinate axis is called a nugget (τ2). 
A nugget indicates the variability of a feature independent of space. 
The difference between the asymptote and the nugget is called the sill (σ2). 
The sill indicates the spatially dependent component of the feature’s varia-
bility. The influence of spatial interactions decays with distance, which is 
represented by the range. The distance at which the theoretical variogram 
curve reaches its maximum is called the range (φ). The concept of practi-
cal range can be applied to models with an infinite range of values. 
The practical range is the distance at which the variogram reaches 95% of 
the asymptote. The practical threshold depends on the parameter τ2, σ2 and 
φ, respectively, where the latter is usually multiplied by a model-depen-
dent constant. For example, the practical range is 3φ for the exponential 
model, √3φ for the Gaussian model, 4φ and 5φ for the Mathern model 
with κ = 1 and 2, respectively, and equal to φ for the spherical model 
(Diggle et al., 2003).  

Spherical, exponential and Gaussian are the most commonly used va-
riogram models. However, they lack the flexibility to account for a wider 
range of spatial patterns (Stein, 1999). The Matern variogram can be con-
sidered as an alternative to the common models (Minasny & McBratney, 
2005b). Matern models are highly flexible for modelling the spatial cova-
riance and are able to account for a wide range of local spatial processes. 
Therefore, the Matern model is proposed to be used as a general approach 
for modelling soil properties (Minasny & McBratney, 2005a) and envi-
ronmental processes (Zhukov et al., 2021). The Matern isotropic cova-
riance function has the form (Handcock & Stein, 1993; Stein, 1999):  

𝐹𝐹(ℎ) = 1
2𝜅𝜅−1Γ(𝜅𝜅)

�ℎ
𝜑𝜑
�
𝜅𝜅
𝐾𝐾𝜈𝜈 �

ℎ
𝜑𝜑
�, 

where h is the spacing distance; Kν is a modified Bessel function of 
second order κ; Г is a gamma function; φ is a range or distance parameter 
(φ > 0), measuring the rate at which correlation decays with distance; κ is a 
smoothing parameter. The Matern model is highly flexible compared to 
the conventional geostatistical models due to the smoothing parameter κ. 
When the parameter κ is small (κ → 0) the model describes a rough spa-
tial process (Zimmermann et al., 2008). A rough spatial process corres-
ponds to rapid changes in a feature at small distances (Minasny & McBra-
tney, 2007). If the parameter κ is large (κ → ∞), the model describes a 
smoothed spatial process (Minasny & McBratney, 2005a). The Matern 
model is fully consistent with the exponential model when κ = 0.5. 
The Matern model is fully consistent with the Gaussian model as κ → ∞. 
The Matern model corresponds to the Whittle function if κ = 1 (Whittle, 
1954; Webster, 2001). The spatial process is approximated by a power 
function if the range parameter r is large (r → ∞), if κ > 0. The spatial 
process is modelled by a log function or a Wijs function if κ → 0 (de Wijs, 
1951, 1953). The ratio of nuggets to sill (spatial dependance level or 
SDL, %) was considered as an indicator of the strength of spatial autocor-
relation. A variable is considered to have a strong spatial dependence if the 
SDL is less than 25%, and to have a moderate spatial dependence if the 
SDL is between 25% and 75%; otherwise, the variable has a weak spatial 
dependence (Sun et al., 2003).  
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Regression kriging. A spatial process can be the result of spatial auto-
correlation and the effect of a total trend (Han et al., 2023). The spatial 
autocorrelation is considered as a result of the internal interaction of the 
phenomenon or process being modeled (Teng et al., 2018). The autocorre-
lation as a consequence of interaction decays with the distance between 
points in space, as the strength of the interaction that causes autocorrelation 
also decreases. Kriging is an adequate technique to model the spatial pro-
cesses resulting from the spatial autocorrelation (Hoffman et al., 2023). 
A total spatial trend is the result of an external total force that regularly 
varies depending on the geographical coordinates. Therefore, the coordi-
nates can be used as predictors in the regression analysis to explain the 
spatial variability of a feature under the influence of the total trend. Depen-
ding on the complexity of the spatial pattern undergone by the spatial pro-
cess, the total trend can be described by a polynomial of the first, second, 
third, or higher orders. The real phenomena change in space under the in-
fluence of both external and internal causes. Therefore, regression kriging 
is used to model complex cases. Rgression kriging (RK) is a method of 
spatial interpolation that combines the regression of dependent variables 
on predictors with kriging of the forecast residuals (Hengl et al., 2004). 
The following equation calculates the regression kriging interpolation:  

𝑍𝑍∗(𝑥𝑥0) = 𝑚𝑚�(𝑥𝑥0) + 𝑒̂𝑒(𝑥𝑥0), 
where m ̂(x0) is the fitted deterministic part, and e ̂(x0) is the interpolated 
residual. Thus, the first part of the right-hand side of the equation repre-
sents the regression, and the second part represents the residual kriging. 
Calculations were performed using the geoR library(Ribeiro & Diggle, 
2016).  

Map accuracy, cross-validation, ME, NRMSE and MSDR. A cross-
validation procedure was applied to assess the accuracy of the spatial mo-
dels. Normalized root mean square error (NRMSE), mean error (ME), 
and mean square deviation ratio (MSDR) were calculated as statistics of 
the adequacy of the spatial models (Vasat et al., 2013). Root mean square 
error (RMSE) was calculated as follows:  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = �∑ (𝑥𝑥1,𝑖𝑖−𝑥𝑥2,𝑖𝑖)2𝑛𝑛
𝑖𝑖=1

𝑛𝑛
. 

The normalized root mean square error (NRMSE) was calculated as 
follows: 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑥𝑥1,𝑚𝑚𝑚𝑚𝑚𝑚 −𝑥𝑥1,𝑚𝑚𝑚𝑚𝑚𝑚

. 

The mean square deviation ratio (MSDR) was calculated as follows: 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =
∑ �

(𝑥𝑥1,𝑖𝑖−𝑥𝑥2,𝑖𝑖)
2

𝑣𝑣𝑣𝑣𝑣𝑣 𝑖𝑖
�𝑛𝑛

𝑖𝑖=1

𝑛𝑛
. 

where x1 is the spatial prediction of the variable X; x2 is the measurement 
of this variable; n is the number of observations; var is the kriging varian-
ce. The more accurate the spatial model, the lower the NRMSE value. 
The Mean Squared Deviation Ratio (MSDR) exhibits the degree to which 
the variance of the measurement data is replicated by the Kriging interpo-
lation and ideally equals 1 (Vasat et al., 2013). The R2 of the regression 
between the observed and predicted values following cross-validation is 
used due to its intuitive nature. The cross-validation procedure used the 
xvalid function from the geoR library (Ribeiro & Diggle, 2016).  

Multinomial modeling of beta-diversity dynamics of plant communi-
ties. The parametric multinomial modeling (MDM) allows us to reflect 
variations in the beta-diversity of communities under the influence of 
complex environmental factors using the theory of General Linear Mo-
dels, which is the basis to assess the changes in ecosystem diversity in 
time and space and to identify the important environmental factors that 
cause the dynamics of beta-diversity in the space or time (De’Ath, 2012). 
The Shannon entropy H was used to estimate the diversity of D:  

𝐻𝐻 = −∑ 𝑝𝑝𝑖𝑖 ln𝑝𝑝𝑖𝑖𝑆𝑆
𝑖𝑖=1 ,     𝐷𝐷 = exp(𝐻𝐻), 

where H is Shannon's entropy, D is Shannon's diversity, pi is the propor-
tion of the і-th species in the community, S is the number of species in the 
community.  

The diversity of a community can be summarized in terms of α-, β-, 
and γ-diversity (Gavish et al., 2019). For a collection of N sites, the α-en-
tropy Hα is the arithmetic mean of the entropies of the individual sites: 

𝐻𝐻𝛼𝛼 = −
∑ ∑ 𝑝𝑝𝑖𝑖𝑖𝑖 ln𝑝𝑝𝑖𝑖𝑖𝑖𝑆𝑆

𝑖𝑖=1
𝑁𝑁
𝑗𝑗=1

𝑁𝑁
, 

where pij is the proportion of the і-th species in the j-th site.  
Accordingly, the α-diversity of D, or Dα, is equal to the average geo-

metric diversity of sites.  

Hγ is the entropy calculated on the basis of the average proportions of 
species across sites:  

𝐻𝐻𝛾𝛾 = −∑ 𝑝𝑝𝑖𝑖 ln𝑝𝑝𝑖𝑖𝑆𝑆
𝑖𝑖=1 =−

∑ ∑ 𝑝𝑝𝑖𝑖𝑖𝑖 ln𝑝𝑝𝑖𝑖𝑆𝑆
𝑖𝑖=1

𝑁𝑁
𝑗𝑗=1

𝑁𝑁
, 

where pi is the average proportion of the i-th species across N sites. Ac-
cordingly, γ-diversity can be estimated as Dγ = exp(Hγ).  

The turnover of species between sites, or β-diversity, can be defined 
as (Jost, 2007):  

Dβ = Dγ/Dα  and it follows that Hβ = Hγ – Hα. 
The effect of single predictors or sets of predictors can be quantified 

for entropy, converted to diversity indices, and interpreted as the effective 
number of species. MDM is an extremely efficient and effective tool for 
the analysis of diversity. It is also structured in the same way as the aspect 
of nature it models. The environmental factors directly affect species and 
diversity changes as a result of these impacts. This process is reflected in 
MDM by modeling changes in the proportional abundance of species 
under the influence of environmental factors, and these changes are trans-
lated into diversity (De’Ath, 2012). MDM consists of three components: 
(I) the definition of parametric entropy (H), and parametric diversity (D). 
The H has a scale of computation that is additive. The D has a computa-
tional scale that expresses results as effective number of species, and is 
multiplicative. (2) A multinomial model (MM) that estimates the relation-
ship established between proportional abundance and predictors. 
(3) The relationship between H and the MM log-likelihood function that 
provides the best estimates of proportional abundance for any given pre-
dictors, while minimizing H and D (De’Ath, 2012).  
 
Results  
 

Phytoindication of the impact of reconstruction on soil properties. 
The factor of park reconstruction and differences between polygons had a 
statistically significant effect on phytoindication assessments of ecological 
regimes (F = 189.5, P < 0.001 and F = 34.2, P < 0.001, respectively). 
These factors were able to explain 4.5% of the variation in the edaphotope 
moisture index (F = 7.7, P < 0.001). The moisture level assessed by phy-
toindication was significantly higher in the absence of reconstruction 
(11.41 ± 0.03) than in the park reconstruction (11.14 ± 0.05, Fig. 1). 
The variability between polygons was not a statistically significant cause 
of variation in edaphic moisture (F = 0.3, P = 0.75). The reconstruction 
and the differences between polygons were able to explain 57.3% of the 
variation in the index of variability of edaphic moisture (F = 188.9, P < 
0.001). The level of variability of the moisture regime, which was assessed 
by phytoindication, was significantly higher under the conditions of recon-
struction (5.61 ± 0.04) than within the park territory without reconstruction 
(4.33 ± 0.04). The variability between polygons was a statistically signifi-
cant cause of the variation in edaphic moisture (F = 14.4, P < 0.001), but 
the contribution of this factor to the variability was much smaller than that 
of the reconstruction factor (5.5% vs. 51.8%). The reconstruction and 
differences between polygons were able to explain 56.8% of the variation 
in the acidity index of the edaphotope (F = 184.6, P < 0.001). The level of 
acidity of the edaphotope, assessed by phytoindication, was significantly 
higher under the conditions of reconstruction (9.09 ± 0.04) than within the 
park without reconstruction (7.96 ± 0.04). The variability between the 
polygons was a statistically significant cause of the variation in the acidity 
of the edaphic zone (F = 39.3, P < 0.001), but the contribution of this fac-
tor to variability was much smaller than that of the reconstruction factor 
(15.8% vs. 40.9%). The reconstruction and the differences between the 
polygons were able to explain 2.7% of the variation in the salinity index of 
the edaphotope (F = 4.8, P = 0.002). The level of salinity of the edapho-
tope, which was assessed by phytoindication, was slightly lower under the 
conditions of reconstruction (5.37 ± 0.02) than within the park territory 
without reconstruction (5.42 ± 0.02). The variability between the test 
polygons was a statistically significant cause of the variation in salinity 
(F = 3.7, P = 0.024) and the contribution of this factor to the variability 
was significantly greater than that of the reconstruction factor (0.2% vs. 
2.5%). The reconstruction and the differences between the polygons were 
able to explain 66.8% of the variation in the carbonate index (F = 282.0, 
P < 0.001). The carbonate content estimated by phytoindication was high-
er under the conditions of reconstruction (6.63 ± 0.04) than within the park 
without reconstruction (5.41 ± 0.05). The variability between sites was a 
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statistically significant cause of the variation in carbonate content (F = 
95.3, P < 0.001), but the contribution of this factor to the variability was 
slightly less than that of the reconstruction factor (29.9% vs. 36.8%). 
The reconstruction and the differences between the polygons were able to 
explain 44.0% of the variation in the nitrogen index (F = 110.5, P < 
0.001). The nitrogen content estimated by phytoindication was higher un-
der the conditions of reconstruction (9.42 ± 0.04) than within the park 
without reconstruction (8.55 ± 0.05). The variability between polygons 
was a statistically significant cause of the variation in nitrogen content (F = 
13.2, P < 0.001), but the contribution of this factor to the variability was 
much smaller than that of the reconstruction factor (6.5% vs. 37.5%). 
The reconstruction and differences between the polygons were able to 
explain 54.2% of the variation in the aeration index (F = 166.4, P < 0.001). 
Soil aeration assessed by phytoindication was higher in the reconstructed 
area (7.40 ± 0.05) than in the unreconstructed area (6.00 ± 0.06). 
The variability between polygons was a statistically significant cause of 
the variation in aeration variability (F = 49.1, P < 0.001), but the contribu-
tion of this factor to the variability was slightly less than that of the recon-
struction factor (21.1% vs. 33.1%). The reconstruction and differences 
between polygons were able to explain 54.2% of the variation in the aera-
tion index (F = 166.4, P < 0.001). The soil aeration assessed by phytoindi-
cation was higher under the conditions of reconstruction (7.40 ± 0.05) than 
within the park area without reconstruction (6.00 ± 0.06). The variability 
between polygons was a statistically significant cause of the variation in 
aeration variability (F = 49.1, P < 0.001)but the contribution of this factor 
to the variability was somewhat smaller than that of the reconstruction 
factor (21.1% vs. 33.1%).  

Phytoindication of the impact of reconstruction on climatic regimes. 
The climate scales also demonstrated the response of ecological regimes 
in the park in response to the reconstruction (Fig. 2). The reconstruction 
and differences between the polygons were able to explain 58.9% of the 
variation in the thermal regime index (F = 166.4, P < 0.001). The thermal 
regime assessed by phytoindication was lower under the conditions of re-
construction (9.31 ± 0.05) than within the park without reconstruction 
(10.01 ± 0.08). The variability between the test polygons was a statistically 
significant cause of the variation in thermal regime variability (F = 244.6, 
P < 0.001) and the contribution of this factor to variability was exclusive. 
The reconstruction and the differences between the polygons were able to 
explain 56.1% of the variation in the ombroclimate index (F = 166.4, P < 
0.001). Ombroclimate, assessed by phytoindicators, was higher under the 
restoration conditions (14.32 ± 0.06) than in the park without restoration 
(13.16 ± 0.07). The variation between the locations was a statistically 

significant contributor to the alteration in ombroclimate variability (F = 
135.0, P < 0.001) and the contribution of this factor to variability was 
exclusive. The reconstruction and the differences between the polygons 
were able to explain 32.9% of the variation in the continentality index (F = 
69.5, P < 0.001). The continentality index estimated by phytoindication 
was higher in the reconstructed area (6.60 ± 0.07) than in the unrecon-
structed area (5.61 ± 0.07). The variability between polygons was a statis-
tically significant cause of the variation in continentality (F = 56.2, P < 
0.001) and the contribution of this factor to variability was exceptional. 
The reconstruction and differences between the polygons were able to 
explain 14.8% of the variation in the cryoclimate index (F = 25.3, P < 
0.001). The reconstruction conditions resulted in a higher cryoclimate 
index, assessed by phytoindication (10.20 ± 0.05), than within the park 
without reconstruction (9.79 ± 0.03). The variability between the polygons 
was a statistically significant cause of the variation in cryoclimate variabili-
ty (F = 15.0, P < 0.001) and the contribution of this factor to the variability 
was more significant (11.5%) than that of the reconstruction factor (3.3%). 
The reconstruction and the differences between the polygons were able to 
explain 76.1% of the variation in the light index (F = 76.1, P < 0.001). 
The light index estimated by phytoindication was higher under the condi-
tions of reconstruction (7.44 ± 0.04) than within the park area without 
reconstruction (5.34 ± 0.07). The variability between polygons was a 
statistically significant cause of the variation in light variability (F = 109.3, 
P < 0.001) but the contribution of this factor to the variability was much 
smaller (24.7%) than the contribution of the reconstruction factor (51.4%).  

Spatial variation of phytoindication evaluations of environmental fac-
tors. The assessment of spatial variability and geostatistics allows us to 
identify the causes of variation in the attributes related to spatial factors. 
The phytoindication assessment of the productive moisture content in the 
soil indicates a level of 99–103 mm. This level of moisture can be recog-
nized as satisfactory. The spatial variation of phytoindication estimates of 
soil moisture content was much more spatially structured as a result of 
reconstruction than without reconstruction, as evidenced by the lower 
values of the SDL index for the spatial models of the reconstructed poly-
gons a and b (7.1% and 30.6%) and for the unreconstructed polygons c 
and d (38.8% and 64.2%, Fig. 3). The typical size of the spatial structures 
of phytoindication estimates of soil moisture decreased as a result of re-
construction, as evidenced by the reduction of the practical range. This 
parameter was 5.3 and 7.4 meters for polygons a and b, respectively, and 
8.1 and 24.5 meters for polygons c and d, respectively. The Kappa para-
meter indicates the similarity of spatial models that can be used to display 
spatial patterns both with and without reconstruction.  
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Fig. 1. The dependence of phytoindication assessments of soil regimes on the impact of park reconstruction: the mean value ± 0.95 confidence interval 
(N = 105) is presented; the abscissa axis is the polygons (a, b, c, d), and the ordinate axis represents the phytoindication scores: Hd is the soil water regime; 

fH is the variability of damping, Rc is the soil acidity, Sl is the total salt regime, Ca is the carbonate content in soil, Nt is the nitrogen content in soil,  
Ae is the soil aeration; the variable "Park reconstruction" has two states: "Reconstruction Zone 1" is the territory where reconstruction processes took place 

(polygons a and b), and "Reconstruction Zone 2" is the territory where no park reconstruction processes took place (polygons c and d)  

The phytoindication assessment of the coefficient of moisture un-
evenness ω shows that under the conditions of reconstruction it was equal 
to 0.20–0.21, which indicates conditions favorable for hemihydrocontras-
tophobes. The coefficient ω was equal to 0.14–0.15 under conditions 

without reconstruction, indicating an environment favorable to hydrocon-
trastophobes. Thus, the reconstruction resulted in an increase in moisture 
contrast conditions. The spatial patterns of variability of edaphic moisture 
had a lower level of the practical range under the reconstruction process 
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than without reconstruction (Fig. 4). The Kappa parameter was higher for 
the reconstruction conditions. This parameter was 7.5 and 7.0 for sites a 
and b, respectively, and 1 and 5 for sites c and d, respectively. The phy-
toindication assessment of pH under the conditions of reconstruction 
resulted in values of 6.82–6.91, and under the conditions without recon-
struction it was 6.51–6.82. The spatial structuredness of the variation of the 

phytoindication indicator of soil acidity was less for the conditions after 
reconstruction (for polygons a and b, the SDL indicator was 58.3 and 12.9%, 
respectively) than for the conditions without reconstruction (for polygons c 
and d, the SDL indicator was 6.5 and 28.7%, respectively) (Fig. 5). Both the 
practical range and the Kappa value did not demonstrate features specific to 
the impact of reconstruction on the spatial patterns of soil acidity.  
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Fig. 2. The dependence of phytoindication assessments of climatic regimes on the impact of park reconstruction: the mean value ± 0.95 confidence inter-
val (N = 105) is presented; the abscissa axis is the polygons (a, b, c, d), the ordinate axis represents the phytoindication estimates: Tm is the thermal cli-

mate, Om is the humidity, Kn is the continentality of climate, Cr is the cryoregime of climate, Lc is the light regime; the variable "Park reconstruction" has 
two states: "Reconstruction Zone 1" is the territory where reconstruction processes took place (polygons a and b), and "Reconstruction Zone 2" is the 

territory where no park reconstruction processes took place (polygons c and d)  
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Fig. 3. The spatial variation of the phytoindication assessment of the soil moisture regime and the variogram of the spatial model: the isoline indicates the 
value of productive moisture content in a meter layer (mm); the spatial model is shown in local coordinates; the abscissa and ordinate axes are given in 

meters; the abscissa axis of the variogram is the distance (m); the ordinate axis is the variation; polygon a: Mean = 99.57 ± 63.7, Phi = 0.48, Practical range 
= 5.36, Sill = 56.65, Nugget = 4.3, SDL = 7.05, Kappa = 10, R2 of trend = 0.12, NRMSE = 0.14, ME*10–3 = 83.26, MSDR = 0.97, R2 of cross validation 
= 0.11; polygon b: Mean = 100.28 ± 131.36, Phi = 0.66, Practical range = 7.39, Sill = 100.78, Nugget = 44.39, SDL = 30.58, Kappa = 10, R2 of trend = 
0.23, NRMSE = 0.11, ME*10–3 = –6.8, MSDR = 0.64, R2 of cross validation = 0.35; polygon c: Mean = 103.42 ± 61.44, Phi = 8.19, Practical range = 

24.52, Sill = 22.57, Nugget = 14.35, SDL = 38.87, Kappa = 0.5, R2 of trend = 0.35, NRMSE = 0.14, ME*10–3 = –13.27, MSDR = 0.76, R2 of cross vali-
dation = 0.23; polygon d: Mean = 103.39 ± 76.72, Phi = 0.73, Practical range = 8.14, Sill = 12.48, Nugget = 22.42, SDL = 64.24, Kappa = 10, R2 of trend 

= 0.14, NRMSE = 0.22, ME*10–3 = –11.14, MSDR = 0.86, R2 of cross validation = 0.14  

The phytoindication assessment indicates the soil solution contained 
18.37–19.27 μg/L of salts. This level is favorable for semieutrophs. 
The reconstruction did not affect the overall level of salt content, but the 
spatial structure of soil salinity variability decreased under the influence of 
reconstruction, as indicated by higher SDL values (Fig. 6). The practical 
range of spatial models of soil salinity variability under the influence of 
reconstruction stabilized and was within narrower limits (8.6–9.6 meters) 
than without reconstruction (4.6–17.8 meters). The Kappa parameter 
indicates the similarity of spatial patterns of soil salinity, which can be 
used to reflect the spatial patterns both under conditions of reconstruction 
and without it.  

The phytoindication assessment of carbonate content under recon-
struction conditions indicates the presence of 1.31–1.58%, which indicates 
an environment favorable to acarbonatophiles. The carbonate content was 
0.45–0.88% under conditions without reconstruction, favorable for hemi-
carbonatophiles. The spatial structure of the variability of carbonate con-
tent in the soil also decreased under the influence of reconstruction, as 
indicated by higher SDL values (Fig. 7). This indicator was 48.4% and 
55.8% for polygons a and b, respectively, and 27.2% and 6.7 % for poly-
gons c and d, respectively. The spatial structures of the patterns of calcium 
content variability decreased under the conditions of reconstruction, as 
evidenced by the value of the practical range. The Kappa values indicated 
heterogeneous spatial models that are most suitable for describing spatial 
processes under reconstruction conditions compared to conditions without 
reconstruction.  

The phytoindication assessment indicates that the plant community after 
reconstruction had an optimal nitrogen content of 4.5–4.6 g/kg, which 
created favorable conditions for eunitrophiles. The optimal nitrogen content 
in the soil without reconstruction was 4.43–4.44 g/kg, which was favorable 
for nitrophiles. The spatial structure of the variation of nitrogen content in the 
soil did not depend on the influence of reconstruction (Fig. 8). The practical 
range of variation in nitrogen content decreased under the influence of recon-
struction. The Kappa values indicated the homogeneous spatial models that 
are most suitable for describing spatial processes under the reconstruction 
conditions compared to the conditions without reconstruction.  

The optimal aeration regime for the plant community after recon-
struction was 37.2–37.4% of the pore space volume. These conditions are 
favorable for hemiaerophobes. The optimal conditions for the plant com-
munity without reconstruction were the aeration regime of 49.4–64.6% of 
the pore space volume. These conditions were favorable for subaerophi-
les. The spatial structure of the variability of phytoindication assessments 
of soil aeration did not depend on the impact of reconstruction, but was 
significantly dependent on the characteristics of a particular polygon. 
The spatial variation of soil aeration under the influence of reconstruction 
acquires features under which the practical range is largely stabilized, 
while without reconstruction this indicator is largely variable (Fig. 9). 
The Kappa values also showed a significant dependence on the characte-
ristics of a particular test site. The spatial patterns of variability of soil 
aeration are quite different between the polygons, which makes it impossi-
ble to reveal the likely impact of the park reconstruction on this indicator.  
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Fig. 4. The spatial variation of the phytoindication assessment of soil moisture regime variability and the variogram of the spatial model: the isoline indi-
cates the value of the phytoindication assessment; the spatial model is shown in local coordinates; the abscissa and ordinate axes are given in meters;  

the abscissa axis of the variogram is the distance (m); the ordinate axis is the variation; polygon a: Mean = 0.21 ± 62.94, Phi = 0.7, Practical range = 6.88, 
Sill = 0.00016, Nugget = 0.00027, SDL = 62.94, Kappa = 7.5, R2 of trend = 0.18, NRMSE = 0.19, ME*10–3 = 0.1, MSDR = 0.81, R2 of cross validation = 

0.22; polygon b: Mean = 0.2 ± 6.24, Phi = 0.6, Practical range = 5.68, Sill = 0.0004, Nugget = 0, SDL = 6.24, Kappa = 7, R2 of trend = 0.14, NRMSE = 
0.12, ME*10–3 =  –0.09, MSDR = 0.83, R2 of cross validation = 0.19; polygon c: Mean = 0.15 ± 52.58, Phi = 2.4, Practical range = 9.6, Sill = 0.00029, 

Nugget = 0.00032, SDL = 52.58, Kappa = 1, R2 of trend = 0.29, NRMSE = 0.16, ME*10–3 = 0.09, MSDR = 0.9, R2 of cross validation = 0.09; Polygon d: 
Mean = 0.14 ± 36.54, Phi = 2.4, Practical range = 19.42, Sill = 0.00037, Nugget = 0.00021, SDL = 36.54, Kappa = 5, R2 of trend = 0.19, NRMSE = 0.13, 

ME*10–3 = –0.07, MSDR = 0.47, R2 of cross validation = 0.52  

 
a                                                                                                            b 
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Fig. 5. The spatial variation of the phytoindication assessment of the soil acidity regime and the variogram of the spatial model: the isoline indicates the soil 
pH value; the spatial model is shown in local coordinates; the abscissa and ordinate axes are in meters; the abscissa axis of the variogram is the distance 
(m); the ordinate axis is the variation; polygon a: Mean = 6.82 ± 58.38, Phi = 4.23, Practical range = 20.05, Sill = 0.01, Nugget = 0.01, SDL = 58.37,  

Kappa = 1.5, R2 of trend = 0.22, NRMSE = 0.2, ME*10–3 = 0.46, MSDR = 0.9, R2 of cross validation = 0.09; polygon b: Mean = 6.91 ± 12.95,  
Phi = 0.41, Practical range = 4.47, Sill = 0.0121, Nugget = 0.0018, SDL = 12.94, Kappa = 9.5, R2 of trend = 0.26, NRMSE = 0.14, ME*10–3 = –0.25,  

MSDR = 0.96, R2 of cross validation = 0.05; polygon c: Mean = 6.64 ± 6.46, Phi = 0.47, Practical range = 5.11, Sill = 0.01279, Nugget = 0.00088,  
SDL = 6.45, Kappa = 9.5, R2 of trend = 0.07, NRMSE = 0.14, ME*10–3 = 0.39, MSDR = 0.91, R2 of cross validation = 0.13; polygon d: Mean = 6.51 ± 

28.74, Phi = 24.88, Practical range = 99.5, Sill = 0.03156, Nugget = 0.012, SDL = 28.71, Kappa = 1, R2 of trend = 0.25, NRMSE = 0.18,  
ME*10–3 = 0.12, MSDR = 0.78, R2 of cross validation = 0.21  

A plant community was formed in the park planting, for which the 
optimal radiation balance is 1.8–2.3 gJ/m2 year. Such conditions are fa-
vorable for submesotherms of nemoral/sub-Mediterranean climate. 
The variation of the phytoindicator assessment of the thermal climate was 
either very spatially dependent (SDL equal to 0.1% or 6.4%) or moderate-
ly spatially dependent (SDL equal to 41.5% or 63.5%), but this variation 
in the level of spatial dependence could not be attributed to the impact of 
the park reconstruction (Fig. 10). The reconstruction led to changes in 
spatial variation in such a way that spatial structures of smaller extent were 
formed, as evidenced by a smaller value of the practical range (4.3–
8.4 meters), while in areas of the park without reconstruction the practical 
range was much larger (12.1–48.6 meters). The spatial model was used to 
describe the best thermal climate under the conditions of reconstruction, 
which had a Kappa of 9.0–9.5. For the spatial process without reconstruc-
tion, the best models were those with Kappa equal to 0.5–2.0.  

These conditions were favorable for mesoombrophytes. For the condi-
tions without reconstruction, this indicator was –0.31–0.55 mm, indicating 
conditions that were favorable for subombrophytes. The spatial variation of 

the phytoindication assessment of the ombroclimate was moderately spatial-
ly dependent, as evidenced by the SDL in the range of 51.9–67.5% (Fig. 11). 
Also, the practical range did not differ between the sites depending on the 
impact of reconstruction. The spatial patterns under reconstruction conditions 
could be best described by a variogram with Kappa equal to 1.5, while under 
conditions without reconstruction Kappa was 0.5 and 3.0.  

The phytoindication assessment of the continental regime under the 
reconstruction conditions was 106.08–106.72, and under the conditions 
without reconstruction this indicator was 90.06–104.25. These results 
indicate an environment typical of the hemi-oceanic climate. The variation 
in the phytoindication score of continentality was strongly or moderately 
spatially dependent, but the spatial dependence was not influenced by the 
park reconstruction factor (Fig. 12). The practical range of the spatial pro-
cess under reconstruction conditions had a slightly smaller spatial range. 
The differences in the Kappa parameter cannot be attributed to the influ-
ence of the reconstruction factor.  

The phytoindication assessment of the average temperature of the 
coldest month of the year indicates 0.18–1.64 °C for the conditions after 
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reconstruction and –1.12 – –0.16 °C for the conditions before reconstruc-
tion. The variation of the phytoindication assessment of the cryoclimate 
was moderately spatially dependent, as evidenced by the SDL value in the 
range of 63.5–68.9% (Fig. 13). The spatial dependence of the cryoclimate 

was not affected by the reconstruction. Also, the variability of the spatial 
range cannot be explained by the influence of reconstruction. The Kappa 
values indicate the homogeneity of spatial models that can explain the 
spatial variation of the cryoclimate.  
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Fig. 6. The spatial variation of the phytoindication assessment of soil salinity regime and the variogram of the spatial model: the isoline indicates the con-
tent of soluble salts in the soil solution (μg/L); the spatial model is shown in local coordinates; the abscissa and ordinate axes are in meters; the abscissa axis 

of the variogram is the distance (m); the ordinate axis is the variation; polygon a: Mean = 18.37 ± 63.98, Phi = 2.87, Practical range = 8.58, Sill = 0.73, 
Nugget = 1.26, SDL = 63.25, Kappa = 0.5, R2 of trend = 0.29, NRMSE = 0.19, ME*10–3 = –0.24, MSDR = 0.99, R2 of cross validation = 0.01; poly-

gon b: Mean = 18.95 ± 61.3, Phi = 0.86, Practical range = 9.65, Sill = 0.83, Nugget = 1.26, SDL = 60.47, Kappa = 10, R2 of trend = 0.16, NRMSE = 0.19, 
ME*10–3 = 4.72, MSDR = 0.86, R2 of cross validation = 0.13; polygon c: Mean = 18.92 ± 7.77, Phi = 0.41, Practical range = 4.65, Sill = 1.42, Nugget = 

0.1, SDL = 6.35, Kappa = 10, R2 of trend = 0.2, NRMSE = 0.11, ME*10–3 = 0.65, MSDR = 0.81, R2 of cross validation = 0.18; polygon d: Mean = 
19.27 ± 63.12, Phi = 1.59, Practical range = 17.78, Sill = 1.02, Nugget = 1.67, SDL = 62.1, Kappa = 10, R2 of trend = 0.27, NRMSE = 0.14,  

ME*10–3 = 4.16, MSDR = 0.76, R2 of cross validation = 0.23  

 
a                                                                                                            b 

 
c                                                                                                            d 

Fig. 7. The spatial variation of phytoindication assessment of carbonate content in soil and the variogram of the spatial model: the isoline indicates the 
content of carbonates in the soil, CaO and MgO (%); the spatial model is shown in local coordinates; the abscissa and ordinate axes are in meters;  

the abscissa axis of the variogram is the distance (m); the ordinate axis is the variation; polygon a: Mean = 1.58 ± 48.51, Phi = 13.78, Practical range = 
41.28, Sill = 0.09, Nugget = 0.08, SDL = 48.42, Kappa = 0.5, R2 of trend = 0.1, NRMSE = 0.27, ME*10–3 = 0.86, MSDR = 0.91, R2 of cross validation = 

0.08; polygon b: Mean = 1.31 ± 55.83, Phi = 0.78, Practical range = 8.48, Sill = 0.08, Nugget = 0.1, SDL = 55.75, Kappa = 9.5, R2 of trend = 0.28, 
NRMSE = 0.14, ME*10–3 = –0.98, MSDR = 0.75, R2 of cross validation = 0.24; polygon c: Mean = 0.88 ± 27.27, Phi = 17.45, Practical range = 69.76, 
Sill = 0.1, Nugget = 0.04, SDL = 27.17, Kappa = 1, R2 of trend = 0.5, NRMSE = 0.09, ME*10–3 = 0.05, MSDR = 0.62, R2 of cross validation = 0.38; 

polygon d: Mean = 0.45 ± 6.82, Phi = 149.69, Practical range = 448.42, Sill = 0.13, Nugget = 0.01, SDL = 6.69, Kappa = 0.5, R2 of trend = 0.05, 
NRMSE = 0.18, ME*10–3 = 0.33, MSDR = 0.61, R2 of cross validation = 0.39  

The lighting regime under the reconstruction conditions was characte-
rized by a score of 7.2–7.6, which corresponded to the regime of semi-
open spaces. The light regime under conditions without reconstruction had 
a score of 4.7–5.9, which corresponded to the light forest regime. 
The spatial dependence of lighting under the conditions of reconstruction 
was moderate (SDL values were in the range of 51.8–54.8%), and under 
the conditions of no reconstruction, the spatial dependence was moderate 
or highly spatially dependent (SDL values were in the range of 13.3–
36.1%, Fig. 14). The practical range under reconstruction conditions was 
much smaller (6.4–8.8 meters) than under conditions of no reconstruction 
(36.2–155.3 meters). The best model in the reconstruction condition was 
the one with Kappa equal to 10. The best model for the conditions without 
reconstruction was the one with Kappa equal to 0.5.  

There was a statistically significant tendency for all spatial processes 
to decrease the practical range of the variogram under the influence of re-
construction (F = 4.42, P = 0.04). The practical range was usually 9.6 ± 
1.6 meters under the conditions of reconstruction, and without reconstruc-
tion this figure was 46.1 ± 18.9 meters. The effect of reconstruction on the 
practical range did not depend on the phytoindication scale (F = 1.25, P = 
0.31). The practical range did not differ between phytoindicator scales 
(F = 1.62, P = 0.16) except for the carbonate scale, for which the radius 
was larger than the others (Planned comparison F = 15.8, P < 0.001). 
The spatial dependence reflected by the SDL showed a downward trend 
under the influence of reconstruction, although this effect was not statisti-
cally significant in the traditional sense (F = 1.69, P = 0.08). The SDL was 
43.4 ± 5.0% under reconstruction conditions, and 37.1 ± 5.0% under 
conditions without reconstruction. Differences between phytoindication 
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scales in terms of spatial dependence were not statistically significant (F = 
0.92, P = 0.54). The reconstruction tended to increase Kappa for the best 
spatial model (F = 3.95, P = 0.05). The effect of reconstruction on the 
Kappa parameter did not depend on the phytoindication scale (F = 1.26, 

P = 0.30). The effect of reconstruction on the linear trend of variability of 
phytoindication scales was not statistically significant (F = 0.64, P = 0.85). 
Also, the quantitative characteristics of the quality of spatial models did 
not depend on the influence of reconstruction and phytoindication scale.  

 

 
a                                                                                                            b 

 
c                                                                                                            d 

Fig. 8. The spatial variation of the phytoindication assessment of soil nitrogen content and the variogram of the spatial model: the isoline indicates the 
nitrogen content in the soil (g/kg); the spatial model is shown in local coordinates; the abscissa and ordinate axes are in meters; the abscissa axis of the 

variogram is the distance (m); the ordinate axis is the variation; polygon a: Mean = 4.57 ± 13.33, Phi = 0.41, Practical range = 4.55, Sill = 0.0036, Nug-
get = 0.001, SDL = 13.33, Kappa = 8, R2 of trend = 0.27, NRMSE = 0.12, ME*10–3 = 0.01, MSDR = 0.92, R2 of cross validation = 0.09; polygon b: 
Mean = 4.62 ± 64.57, Phi = 0.4, Practical range = 4.38, Sill = 0, Nugget = 0, SDL = 64.57, Kappa = 9.5, R2 of trend = 0.1, NRMSE = 0.3, ME*10–3 = 

0.01, MSDR = 0.98, R2 of cross validation = 0.01; polygon c: Mean = 4.43 ± 35.90, Phi = 1.3, Practical range = 14.53, Sill = 0.01043, Nugget = 0.00584, 
SDL = 35.89, Kappa = 10, R2 of trend = 0.28, NRMSE = 0.11, ME*10–3 = –0.09, MSDR = 0.5, R2 of cross validation = 0.49; polygon d: Mean = 4.44 ± 

53.12, Phi = 0.69, Practical range = 7.57, Sill = 0.00639, Nugget = 0.00724, SDL = 53.12, Kappa = 9.5, R2 of trend = 0.09, NRMSE = 0.2,  
ME*10–3 = –0.39, MSDR = 0.82, R2 of cross validation = 0.17  

Principal component analysis of variation in phytoindication assess-
ments of environmental factors. The principal component analysis of the 
variation in phytoindication scores of environmental factors identified 
three principal components with eigenvalues greater than one (Table 1). 
These three principal components together were able to explain 71.2% of 
the variation in phytoindication scores. The principal component 1 was 
able to explain 47.8% of the variation in phytoindication scores and indi-

cated the variation in light conditions within the studied sites. This compo-
nent indicated an increase in the variability of moisture, acidity, carbonate, 
nitrogen content, soil aeration, ombroclimate, continentality, and cryocli-
mate. The increase in lighting decreased the soil moisture and mineraliza-
tion, as well as the assessment of the thermal climate. The park reconstruc-
tion factor was able to statistically significantly explain 54.2% of the 
variation in principal component 1 (F = 497.9, P < 0.001).  

 

 
a                                                                                                            b 

 
c                                                                                                            d 

Fig. 9. The spatial variation of the phytoindication assessment of the soil aeration regime and the variogram of the spatial model: the isoline indicates the 
proportion of the soil vapor space occupied by air; the spatial model is shown in local coordinates; the abscissa and ordinate axes are in meters; the abscissa 

axis of the variogram is the distance (m); the ordinate axis is the variation; polygon a: Mean = 37.42 ± 89.32, Phi = 0.63, Practical range = 6.56, Sill = 
21.05, Nugget = 45.3, SDL = 68.27, Kappa = 8.5, R2 of trend = 0.09, NRMSE = 0.27, ME*10–3 = 11.43, MSDR = 0.94, R2 of cross validation = 0.06; 
polygon b: Mean = 37.25 ± 94.77, Phi = 0.57, Practical range = 4.64, Sill = 88.17, Nugget = 6.23, SDL = 6.6, Kappa = 5, R2 of trend = 0.23, NRMSE = 
0.11, ME*10–3 = 12.95, MSDR = 0.77, R2 of cross validation = 0.24; Polygon c: Mean = 49.42 ± 58.31, Phi = 0.32, Practical range = 3.59, Sill = 51.58, 

Nugget = 3.72, SDL = 6.73, Kappa = 10, R2 of trend = 0.15, NRMSE = 0.13, ME*10–3 = –0.79, MSDR = 0.91, R2 of cross validation = 0.11; polygon d: 
Mean = 64.55 ± 101.81, Phi = 4.48, Practical range = 13.41, Sill = 34.75, Nugget = 70.74, SDL = 67.06, Kappa = 0.5, R2 of trend = 0.23, NRMSE = 0.22, 

ME*10–3 = –4.88, MSDR = 0.89, R2 of cross validation = 0.1  

The principal component 2 was able to explain 12.8% of the variation 
in phytoindicator scores and indicated the variation in soil moisture regime 
within the studied sites. This component indicated that with an increase in 
soil moisture, the index of ombroclimate, continental climate and cryocli-
mate increased. The increase in soil moisture decreased the variability of 

soil moisture and acidity, as well as nitrogen content, aeration, and thermal 
climate. The variability of light did not depend on this main component. 
The factor of park reconstruction did not affect the variation of principal 
component 2. The differences between sites were able to explain 33.0% of 
the variation in this principal component (F = 96.1, P < 0.001). The prin-
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cipal component 3 was able to explain 10.6% of the variation in phy-
toindicator scores and indicated variation in soil mineralization within 
the studied sites. This component indicated that as soil mineralization 
increased, so did moisture, acidity, soil area, and continentality. With an 
increase in soil mineralization, the variability of moisture and ombroc-

limate decreased. The variability of light, carbonate and nitrogen con-
tent in the soil, and thermal climate did not depend on this main compo-
nent. The factor of park reconstruction was not able to statistically sig-
nificantly explain the variation in principal component 3 (F = 0.69. P = 
0.40).  

 

 
a                                                                                                            b 

  
c                                                                                                            d 

Fig. 10. The spatial variation of the phytoindication assessment of the thermal climate and the variogram of the spatial model: the isoline indicates the 
value of the radiation balance (gJ/m2 year); the spatial model is shown in local coordinates; the abscissa and ordinate axes are in meters; the abscissa axis of 
the variogram is the distance (m); the ordinate axis is the variation; polygon a: Mean = 1.91 ± 6.37, Phi = 0.4, Practical range = 4.3, Sill = 0.01, Nugget = 0, 

SDL = 6.36, Kappa = 9, R2 of trend = 0.07, NRMSE = 0.16, ME*10–3 = 0.07, MSDR = 0.94, R2 of cross validation = 0.06; polygon b: Mean = 2.00 ± 
41.49, Phi = 0.77, Practical range = 8.39, Sill = 0.01, Nugget = 0.01, SDL = 41.48, Kappa = 9.5, R2 of trend = 0.09, NRMSE = 0.18, ME*10–3 = 0.67, 

MSDR = 0.67, R2 of cross validation = 0.32; polygon c: Mean = 1.88 ± 63.53, Phi = 2.25, Practical range = 12.06, Sill = 0.00474, Nugget = 0.00825, SDL 
= 63.53, Kappa = 2, R2 of trend = 0.35, NRMSE = 0.17, ME*10–3 = –0.29, MSDR = 0.91, R2 of cross validation = 0.09; polygon d: Mean = 2.29 ± 

115.76, Phi = 16.47, Practical range = 48.62, Sill = 115.75, Nugget = 0.01, SDL = 0.01, Kappa = 0.5, R2 of trend = 0.14, NRMSE = 0.2,  
ME*10–3 = –0.21, MSDR = 0.7, R2 of cross validation = 0.29 

Spatial variability of plant community β-diversity under the influence 
of park reconstruction. The MDM analysis shows that the γ-diversity of 
the community was 16.6 and the α-diversity was 4.8 (Table 2). Accor-
dingly, the γ-entropy was 2.81 and the α-entropy was 1.57. The difference 
between γ- and α-entropy was equal to β-entropy, which was 1.24. Spe-
cies turnover, characterized by β-entropy, is induced by environmental 
factors, and the contribution to species turnover can be determined by 
MDM analysis. The influence of the principal components PC1, PC2, 
PC3 and the reconstruction factor, as well as the characteristics of the 

polygons, were statistically significant. The largest contribution to species 
turnover was made by PC1, which initiated 0.33 differentiation of entropy, 
or 26.6% of the total β-entropy. The contribution of reconstruction to 
species turnover was 0.15 entropy differentiation, or 12.1% of total β-
entropy. Polygon features were responsible for 0.14 entropy differentia-
tion, or 11.3% of the total β-entropy. The contribution of PC2 and PC3 
was 0.08 and 0.04 entropy differentiation, or 6.5 and 3.2% of the total β-
entropy, respectively. Unaccounted for factors provided 0.50 entropy 
differentiation, or 40.3% of the total β-entropy.  

 

 
a                                                                                                            b 

 
c                                                                                                            d 

Fig. 11. The spatial variation of the phytoindication assessment of the ombroclimate and the variogram of the spatial model: the isoline indicates the diffe-
rence between the average annual precipitation per day and evaporation from the open water surface for the same period (mm); the spatial model is shown 

in local coordinates; the abscissa and ordinate axes are in meters; the abscissa axis of the variogram is the distance (m); the ordinate axis is the variation; 
polygon a: Mean = 0.87 ± 67.57, Phi = 2.08, Practical range = 9.87, Sill = 0.04, Nugget = 0.08, SDL = 67.53, Kappa = 1.5, R2 of trend = 0.27, NRMSE = 
0.21, ME*10–3 = 1.67, MSDR = 0.9, R2 of cross validation = 0.09; polygon b: Mean = 0.62 ± 60.65, Phi = 2.6, Practical range = 12.32, Sill = 0.07, Nugget 
= 0.1, SDL = 60.58, Kappa = 1.5, R2 of trend = 0.19, NRMSE = 0.19, ME*10–3 = –1.57, MSDR = 0.82, R2 of cross validation = 0.17; polygon c: Mean = 
0.55 ± 57.41, Phi = 3.41, Practical range = 10.21, Sill = 0.04, Nugget = 0.05, SDL = 57.37, Kappa = 0.5, R2 of trend = 0.18, NRMSE = 0.22, ME*10–3 = 

0.14, MSDR = 0.93, R2 of cross validation = 0.06; polygon d: Mean = –0.31 ± 51.92, Phi = 2.46, Practical range = 15.76, Sill = 0.07, Nugget = 0.07, 
SDL = 51.85, Kappa = 3, R2 of trend = 0.12, NRMSE = 0.17, ME*10–3 = 0.68, MSDR = 0.74, R2 of cross validation = 0.26  

The entropy can be additively distributed between individual species 
(Table 3) or by site and thus reproduce spatial patterns of β-entropy varia-
bility induced by different factors (Figures 15–19). The species Asperuga 

procumbens L., Galium aparine L., and Impatiens parviflora DC. had a 
significant dependence on the PC1. The species Anthriscus sylvestris (L.) 
Hoffm., Chelidonium majus L., Galium aparine L. and Stellaria media 
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(L.) Vill had a significant dependence on the PC2. The species Geum 
urbanum L. and Stellaria media (L.) Vill had a significant dependence on 
the PC3. The species Chelidonium majus L., Galium aparine L. and Stel-
laria media (L.) Vill. were sensitive to the effect of reconstruction. 
The specificity of individual landfills is demonstrated by such species as 
Anthriscus sylvestris (L.) Hoffm., Chelidonium majus L., Dactylis glome-

rata L., Fraxinus excelsior L., Impatiens parviflora DC., Robinia pseu-
doacacia L., Stellaria media (L.) Vill. The species Acer platanoides L., 
Aesculus hippocastanum L., Anthriscus sylvestris (L.) Hoffm., Chelido-
nium majus L., Galium aparine L., Robinia pseudoacacia L., Stellaria 
media (L.) Vill. were sensitive to the influence of other factors that were 
not taken into account in this study or have a neutral nature.  

 

 
a                                                                                                            b 

 
c                                                                                                            d 

Fig. 12. The spatial variation of the phytoindication score of continentality and the variogram of the spatial model: the isoline indicates the value of the 
phytoindication assessment; the spatial model is shown in local coordinates; the abscissa and ordinate axes are in meters; the abscissa axis of the variogram 
is the distance (m); the ordinate axis is the variation; polygon a: Mean = 106.08 ± 108.66, Phi = 0.62, Practical range = 5.68, Sill = 102.74, Nugget = 6.46, 

SDL = 5.92, Kappa = 6.5, R2 of trend = 0.11, NRMSE = 0.15, ME*10–3 = 9.55, MSDR = 1.07, R2 of cross validation = 0.08; polygon b: Mean = 
106.72 ± 100.86, Phi = 3.12, Practical range = 12.49, Sill = 39.35, Nugget = 62.89, SDL = 61.51, Kappa = 1, R2 of trend = 0.17, NRMSE = 0.2,  

ME*10–3 = –37.26, MSDR = 0.86, R2 of cross validation = 0.13; polygon c: Mean = 104.25 ± 76.37, Phi = 0.49, Practical range = 5.49, Sill = 70.27,  
Nugget = 4.56, SDL = 6.1, Kappa = 10, R2 of trend = 0.1, NRMSE = 0.14, ME*10–3 = –17.54, MSDR = 0.89, R2 of cross validation = 0.15;  

polygon d: Mean = 90.06 ± 126.75, Phi = 19.12, Practical range = 57.28, Sill = 87.75, Nugget = 56.11, SDL = 39, Kappa = 0.5,  
R2 of trend = 0.05, NRMSE = 0.29, ME*10–3 = 3.91, MSDR = 0.8, R2 of cross validation = 0.19  

The factors induce changes in β-entropy which form different spatial 
patterns depending on the park reconstruction. Changes in β-entropy indu-
ced by the PC1 were less spatially dependent in the reconstructed sites 
(SDL = 49.6–51.1%) than in the unreconstructed sites (SDL = 4.6–49.6%, 
Fig. 15). The practical range varied considerably and could not be ex-
plained by the effect of reconstruction. The Kappa parameter indicated the 
homogeneity of the spatial models for describing patterns in different 
polygons. The spatial patterns of β-entropy changes induced by PC2 were 
most pronounced in the polygons that underwent reconstruction. In the 
polygons without reconstruction, the corresponding spatial patterns had 
the character of mathematical artifacts (Fig. 16). The spatial patterns of β-
entropy changes induced by PC3 occurred in polygons b and d, and in the 
rest they had the character of mathematical artifacts (Fig. 17). Obviously, 
these patterns indicate the specificity of the vegetation cover, which did 
not depend on the park reconstruction.  

The spatial patterns of β-entropy changes induced by the park recon-
struction in the reconstruction zone formed strongly spatially dependent 
structures (SDL = 6.74–6.75%, Fig. 18). In the area without reconstruc-
tion, these structures were strongly and moderately spatially structured 
(SDL = 6.48–47.15%). There is a possibility that the corresponding spatial 
pattern in polygon c was a mathematical artifact. The practical range in the 
reconstruction area was 4.47–5.29 meters, and in the area without recon-
struction it was 3.66–45.89 meters. The Kappa parameter indicates the 
heterogeneity of spatial patterns in the reconstruction zone and without 
reconstruction. The spatial patterns specific to the individual polygons 
(Fig. 19) indicate the peculiarities of the spatial structure of vegetation 
cover within the individual polygons.  
 
Discussion  
 

A key issue in ecology is understanding the role of ecosystem diversi-
ty in their functional activity and sustainability (Correia & Lopes, 2023). 
An ecosystem function that is viewed through the prism of human benefit 
is an ecosystem service (Zymaroieva et al., 2022). Vegetation cover in 
park plantations provides a wide range of ecosystem services (Mexia 
et al., 2018). The intensity of these services and the stability of their provi-

sion over time depend on the state of the vegetation, which can be charac-
terized by its diversity. Urban parks are human-made systems that exist 
under conditions of intense anthropogenic impact (Pickett et al., 2011). 
Therefore, in order to achieve maximum values of ecosystem services and 
sustainability of the park system, it is necessary to apply management 
measures, among which reconstruction is an important tool. The study 
found that the reconstruction of the park significantly affects the conditions 
of the park's existence and the diversity of vegetation. The changes can be 
observed by comparing the polygons that have undergone reconstruction 
with those that have not. Also, the reconstruction of the park led to 
changes in the spatial organization of the vegetation cover.  

The results indicate a decrease in soil moisture content as a result of 
the park’s reconstruction. The conclusions based on the phytoindication 
approach fully coincide with the results of direct measurements of soil 
moisture (Kunakh et al., 2021). The decrease in soil moisture can be ex-
plained by the fact that the density of the crowns of the park's tree stand 
decreased after the reconstruction project. The sparse layer of canopy has 
become more permeable to solar energy, which contributes to higher 
temperatures and better ventilation. As a result, soil drying is activated. 
This mechanism is also confirmed by the fact an inverse correlation was 
found between soil moisture and forest canopy density (Zhukov et al., 2023). 
Obviously, reducing the density of canopies as a result of their pruning dur-
ing the reconstruction process also reduces the amount of fallen leaves that 
form the leaf litter. The reconstruction should be noted as not being a signifi-
cant factor in determining the variation of the soil moisture in the park, as it is 
also influenced by other factors. In turn, the reconstruction is the leading 
factor that determines the regime of soil moisture variability.  

The phytoindication also allows us to assess the variability of regimes 
that are more difficult to measure than, for example, the soil moisture 
content. Such a regime is the regime of soil moisture variability. The re-
sults obtained indicate a significant increase in the variability of the mois-
ture regime under the influence of the park reconstruction. The areas with-
out reconstruction were favorable for hydrocontrastophobes (Didukh, 
2011). These are plants that are adapted to moist forest and meadow habi-
tats with uniform, stable moistening of the soil layer by groundwater and 
partially by surface water, where plant roots penetrate. The reconstruction 
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changes the conditions of plant existence in such a way that they become 
favorable for semi-hydro-contrastophobes. This is a group of plants that 
are adapted to fresh forest and meadow habitats with moderately uneven 
soil moisture, which is completely saturated with precipitation and melt-
water. The moisture contrast scale should be emphasized as a feature of 
the Didukh system, which is inherited from the Ramensky scale. There is 
no analogy of this scale in the scales of European authors, so the patterns 
of changes in the moisture regime of park plantations using the phytoindi-
cation method have not been studied. However, the ecosystem service of 
park plantations, which consists in reducing erosion processes and redi-
recting lateral runoff into vertical runoff, is very important. This ecosystem 

service is definitely marked by the variability of moisture, since vertically 
redirected lateral runoff does not cause erosion and provides saturation of 
the soil cover with moisture, which is gradually used by the vegetation 
cover for vegetation. This gradualness is the antithesis of the contrasting 
moisture conditions. Thus, the initial effect of park reconstruction can have 
adverse consequences for the provision of erosion control ecosystem 
services provided by park plantations. Obviously, the development of a 
reconstruction action plan should include tools that would prevent possible 
negative consequences. For example, this could include planting herba-
ceous plants with fibrous root systems, which significantly improve the 
erosion control properties of the ecosystem by creating a dense sod layer.  

 

 
a                                                                                                            b 

 
c                                                                                                            d 

Fig. 13. The spatial variation of the cryoclimate phytoindicator score and the variogram of the spatial model: the isoline indicates the value of the  
phytoindication assessment; the spatial model is shown in local coordinates; the abscissa and ordinate axes are in meters; the abscissa axis of the variogram  

is the distance (m); the ordinate axis is the variation; polygon a: Mean = 1.64 ± 70.8, Phi = 5.5, Practical range = 16.48, Sill = 1.89, Nugget = 4.18,  
SDL = 68.91, Kappa = 0.5, R2 of trend = 0.06, NRMSE = 0.31, ME*10–3 = 12.66, MSDR = 0.9, R2 of cross validation = 0.09; polygon b:  

Mean = 0.18 ± 66.22, Phi = 1.98, Practical range = 7.91, Sill = 1.71, Nugget = 3.12, SDL = 64.51, Kappa = 1, R2 of trend = 0.18, NRMSE = 0.22,  
ME*10–3 = 3.85, MSDR = 0.94, R2 of cross validation = 0.05; polygon c: Mean = –0.16 ± 68.15, Phi = 0.99, Practical range = 2.97, Sill = 1.13,  
Nugget = 2.29, SDL = 67.02, Kappa = 0.5, R2 of trend = 0.15, NRMSE = 0.27, ME*10–3 = 0.06, MSDR = 1.01, R2 of cross validation = 0.07;  
Polygon d: Mean = –1.12 ± 64.26, Phi = 5.18, Practical range = 15.51, Sill = 0.8, Nugget = 1.38, SDL = 63.46, Kappa = 0.5, R2 of trend = 0.12,  

NRMSE = 0.26, ME*10–3 = 2, MSDR = 1, R2 of cross validation = 0.01  

 
a                                                                                                            b 

 
c                                                                                                            d 

Fig. 14. The spatial variation of the phytoindication assessment of the lighting regime and the variogram of the spatial model: the isoline indicates the value 
of the phytoindication assessment; the spatial model is shown in local coordinates; the abscissa and ordinate axes are in meters; the abscissa axis of the 

variogram is the distance (m); the ordinate axis is the variation; polygon a: Mean = 7.67 ± 51.94, Phi = 0.57, Practical range = 6.37, Sill = 0.14, Nugget = 
0.15, SDL = 51.8, Kappa = 10, R2 of trend = 0.04, NRMSE = 0.25, ME*10–3 = –0.08, MSDR = 0.91, R2 of cross validation = 0.09; polygon b: Mean = 
7.23 ± 54.91, Phi = 0.78, Practical range = 8.74, Sill = 0.16, Nugget = 0.19, SDL = 54.75, Kappa = 10, R2 of trend = 0.02, NRMSE = 0.27, ME*10–3 = 

1.3, MSDR = 0.85, R2 of cross validation = 0.14; polygon c: Mean = 5.97 ± 36.45, Phi = 12.1, Practical range = 36.24, Sill = 0.31, Nugget = 0.18, SDL = 
36.14, Kappa = 0.5, R2 of trend = 0.43, NRMSE = 0.14, ME*10–3 = 0.05, MSDR = 0.7, R2 of cross validation = 0.29; polygon d: Mean = 4.77 ± 14.13, 

Phi = 51.84, Practical range = 155.31, Sill = 0.86, Nugget = 0.13, SDL = 13.27, Kappa = 0.5, R2 of trend = 0.13, NRMSE = 0.17, ME*10–3 = 0.47, 
MSDR = 0.58, R2 of cross validation = 0.42  

The phytoindication suggests a decrease in the acidity of the soil solu-
tion as a result of reconstruction. The species composition of urban planta-
tions is known to have a strong impact on soil acidity (Straigytė et al., 
2019). Increased alkalinity is a typical trend in soil properties in urban 
parks (Jim, 1998). The stand of trees in the parks also affects the soil acidi-
ty. There is evidence that under old trees that form a stable litter, soil pH is 
usually consistently low. In general, older parks have lower soil pH than 

younger ones, but this depends on the type of vegetation (Kotze et al., 
2021). Thus, the changes in the state of the forest litter in the park as a 
result of reconstruction may be a factor in the variation of soil acidity. 
The changes in soil acidity are accompanied by an increase in phytoindi-
cation estimates of carbonate content in the soil. Changes in the light re-
gime can be assumed to create conditions favorable to species that can live 
in steppe environments, which are usually characterized by a higher car-
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bonate content in the soil. The observed increase in carbonate content 
estimates may be an artifact, where representatives of another ecological 
group also have related ecological properties that can be misinterpreted as 
indicators of certain regimes. Certainly, to test this hypothesis, additional 
studies with instrumental measurements of soil carbonate content are 
needed to confirm or refute the impact of reconstruction on soil carbonate 
content. A similar test should be conducted for changes in soil nitrogen 
content. The phytoindication indicates an increase in the nitrogen content 
under the influence of reconstruction. However, the impact of reconstruc-
tion may favor plants belonging to the ecological group of ruderal species, 
which also have higher requirements for soil nutrients. That is, the me-
chanism of growth of phytoindication estimates of nitrogen content may 
be of a cenotic nature, rather than directly induced by the changes in envi-
ronmental conditions. However,  a real increase in soil nitrogen content as 
a result of reconstruction is also possible (Polevoy et al., 2023). For exam-
ple, an increase in the recreational attractiveness of a park after reconstruc-
tion may increase the number of visitors with pets, which can increase the 
nitrogen content of the park's soil through excrement. The level of nitro-
gen inputs by dogs with feces and urine in park plantings significantly 
exceeds the level of inputs from atmospheric nitrogen inputs and the 
amount that can be removed through traditional nature management. Such 
levels of nutrient inputs can have a significant impact on biodiversity and 
ecosystem functioning, as well as determine the results of restoration (De 
Frenne et al., 2022). Even if solid waste from pets is removed from the 
park, the amount of nitrogen that enters the park with pet urine is very 
significant and depends on the number of visitors with dogs (Paradeis 
et al., 2013).  

Table 1  
The principal component analysis of variation of phytoindication  
assessments of environmental factors (correlation coefficients  
are significant for P < 0.005)  

Variable PC1, λ = 5.7, 47.8% PC2, λ = 1.5, 12.8% PC3, λ = 1.3, 10.6% 
Hd –0.24 0.83 0.16 
fH 0.86 –0.12 –0.28 
Rc 0.77 –0.31 0.31 
Sl –0.20 – 0.87 
Ca 0.92 – – 
Nt 0.52 –0.22 – 
Ae 0.77 –0.41 0.19 
Tm –0.72 –0.41 – 
Om 0.83 0.30 –0.12 
Kn 0.56 0.32 0.50 
Cr 0.49 0.39 –0.15 
Lc 0.91 – – 

 

The park's conditions in the absence of reconstruction are favorable 
for subaerophiles. The subaerophiles are plants adapted to well-aerated 
habitats with low to moderate moisture in the soil layer due to precipitation 
and meltwater. The reconstruction leads to changes in the environment 
and makes it more favorable for hemiaerophobes. Under natural condi-
tions, hemiaerophobes are plants that grow on moderately aerated soils, 
dry clay or wet sandy soils with full moisture of the soil layer by precipita-
tion and meltwater or temporary moisture of the soil layer by groundwa-
ter. Obviously, the reconstruction of the park results in soil compaction, 
which leads to a deterioration of the soil aeration regime. Visits to parks 
leads to soil compaction (Supuka et al., 2009). Soil compaction in urban 
parks promotes denitrification (Li et al., 2014), which is a consequence of 
the prevalence of anaerobic conditions in the soil (Davidson et al., 1986). 
The reduction in soil aeration is a result of soil compaction (Unger & 
Kaspar, 1994). In turn, plants can significantly reduce soil compaction and 
thus affect its aeration (Kunakh et al., 2022). Soil compaction as a result of 
reconstruction may be due to the use of machinery to carry out the work. 
Soil compaction may also be the result of more visits to the park due to 
improved conditions (Telyuk et al., 2022).  

The phytoindication also revealed trends in the variability of micro-
climatic conditions in the park as a result of the reconstruction. The climat-
ic conditions largely determine the attractiveness of urban parks (Ćwik 
et al., 2018). The behavioral responses, such as the dynamics of park 
visits, spatial and temporal patterns of distribution of park visitors, depend 
on air temperature and the spatial structure of vegetation in parks. 
The daily attendance of parks in summer decreases with the increase of 
the maximum daily temperature. The results of the survey show that park 
visitors experienced a high level of thermal comfort during all the days 
under study. Parks in temperate climates can guarantee a high level of 
thermal comfort even on the warmest days if they provide a variety of 
solar exposure conditions (Panchenko, 2022). The spatial typology of tree 
configurations for microclimatic diversity should provide a wide range of 
sun-exposed, semi-shaded, and shaded areas to meet the different needs of 
visitors. Our results suggest the reconstruction leads to the unification of 
the thermal regime. A significant level of variability in thermal conditions 
is observed in areas without reconstruction. The general trends of changes 
in microclimatic conditions in the park as a result of reconstruction can be 
explained by a decrease in the density of crown space due to crown prun-
ing and removal of old trees. The most important observed trend is a 
change in the light regime, which increases the amount of solar energy 
reaching the soil surface. The microclimatic changes can also explain the 
changes in soil properties. More solar radiation and better airing lead to a 
higher intensity of water evaporation from the soil surface and an increase 
in its penetration resistance.  

Table 2  
The analysis of deviance, entropy, and diversity for the plant community data. PC1, PC2, and PC3 are the principal components  
extracted after principal component analysis of the phytoindication estimation of the ecological factors variation  

Model Degrees of  
freedom 

Difference degrees  
of freedom Deviance Deviance  

difference Entropy Entropy 
 difference P-level Diversity Diversity  

ratio 
Constant (γ-diversity) 17598 – 2361.4 – 2.81 – – 16.6 – 
PC1 17556 42 2082.3 279.1 2.48 0.33 <0.001 11.9 1.39 
PC1 + PC2 17514 42 2013.2 69.1 2.40 0.08 0.01 11.0 1.09 
PC1 + PC2 + PC3 17472 42 1982.6 30.7 2.36 0.04 0.01 10.6 1.04 
PC1 + PC2 + PC3+Reconstruction 17430 42 1856.0 126.6 2.21 0.15 0.01 9.1 1.16 
PC1 + PC2 + PC3+Reconstruction+Polygon 17346 84 1741.4 114.6 2.07 0.14 0.01 7.9 1.15 
PC1 + PC2 + PC3+Reconstruction+ Polygon + Site (α-diversity) 0 17346 1322.9 418.4 1.57 0.50 – 4.8 1.65 
 

The park reconstruction leads not only to changes in the modal levels 
of ecological regimes, but also to the formation of specific patterns of their 
spatial distribution. The phytoindication variables form spatially organized 
patterns, which suggests their non-random variability within the polygons. 
The reasons for the spatial heterogeneity of vegetation cover at the meso-
level may be the terrain features (Frouz et al., 2011), heterogeneity of soil 
properties (Lesschen et al., 2008), interaction between plants (Bloor et al., 
2020), animal influence (Adler et al., 2001), as well as the effect of neutral 
factors (Maaß et al., 2015). The recreational load and anthropogenic im-
pact in urban parks can generate spatial patterns of vegetation cover (For-
nal-Pieniak et al., 2019). The spatial structure of the vegetation cover is in 
the form of patches with a non-randomly similar composition of plant 

species, which differ to some extent from other patches. Such areas have a 
certain configuration and most typical dimensions. The phytoindication 
scales demonstrate spatial patterns as a result of the coordinated dynamics 
of ecologically similar plant species in a gradient of certain environmental 
factors. Thus, phytoindication scales allow us to identify the level of ho-
mogeneity or heterogeneity of vegetation cover and to understand the 
causes of spatial patterns as a response to environmental factors.  

The practical range is a measure of the typical size of homogeneous 
plots in terms of geostatistical analysis. The practical range of variograms 
describing the spatial behavior of phytoindication scales decreases under 
the influence of reconstruction. This indicates heterogenization of the eco-
logical space under the influence of reconstruction. Heterogenization is 
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manifested in the fact that patches of vegetation with homogeneous vege-
tation cover in terms of environmental conditions are decreasing. The en-
vironmental variations in a natural landscape are often continuous, varia-
tions exist within patches, and patches rarely have clearly defined bounda-
ries. Heterogeneity can be described by analogy to a physical surface. 
A homogeneous surface is smooth, and similar values are aggregated. 
As the aggregation of similar values decreases, the surface becomes in-

creasingly rough. The concept of "roughness" has been proposed as a 
new term to describe the spatial configuration for continuous variables 
and as a continuous equivalent of a discrete measure of aggregation of 
sites (Dufour et al., 2006). The fractal dimension can be used to estimate 
the topographic roughness (Palmer, 1992). The fractal dimension of a 
spatial process can be estimated from the variogram parameters (Gneit-
ing et al., 2012).  

 

 
a                                                                                                            b 

 
c                                                                                                            d 

Fig. 15. The spatial variation of the differential entropy of the plant community induced by the PC1 and the variogram of the spatial model: the isoline 
indicates the value of differential entropy; the spatial model is shown in local coordinates; the abscissa and ordinate axes are given in meters; the abscissa 

axis of the variogram is the distance (m); the ordinate axis is the variation; polygon a: Mean = 0.28 ± 0.03, Phi = 30.25, Practical range = 90.64,  
Sill = 0.015, Nugget = 0.015, SDL = 49.6, Kappa = 0.5, R2 of trend = 0.22, NRMSE = 0.22, ME*10–3 = 0, MSDR = 0.91, R2 of cross validation = 0.09;  

polygon b: Mean = 0.19 ± 0.015, Phi = 2.34, Practical range = 13.84, Sill = 0.007, Nugget = 0.008, SDL = 51.06, Kappa = 2.5, R2 of trend = 0.25,  
NRMSE = 0.14, MSDR = 0.71, R2 of cross validation = 0.29; polygon c: Mean = 0.18 ± 0.01, Phi = 2.4, Practical range = 7.19, Sill = 0.003,  
Nugget = 0.002, SDL = 32.51, Kappa = 0.5, R2 of trend = 0.3, NRMSE = 0.16, ME*10–3 = 0, MSDR = 0.89, R2 of cross validation = 0.1;  

polygon d: Mean = 0.68 ± 0.19, Phi = 35.21, Practical range = 105.47, Sill = 0.18, Nugget = 0.009, SDL = 4.57, Kappa = 0.5,  
R2 of trend = 0.16, NRMSE = 0.1, ME*10–3 = 0, MSDR = 0.4, R2 of cross validation = 0.59  

 
a                                                                                                            b 

 
c                                                                                                            d 

Fig. 16. The spatial variation of the differential entropy of the plant community induced by PC2 and the variogram of the spatial model: the isoline  
indicates the value of differential entropy; the spatial model is shown in local coordinates; the abscissa and ordinate axes are given in meters; the abscissa  
axis of the variogram is the distance (m); the ordinate axis is the variation; polygon a: Mean = 0.05 ± 0.02, Phi = 0.44, Practical range = 4.92, Sill = 0.022,  

Nugget = 0.002, SDL = 6.71, Kappa = 10, R2 of trend = 0.04, NRMSE = 0.15, ME*10–3 = –1.09, MSDR = 0.88, R2 of cross validation = 0.13;  
polygon b: Mean = 0.19 ± 0.04, Phi = 1.11, Practical range = 8.98, Sill = 0.024, Nugget = 0.019, SDL = 43.76, Kappa = 5, R2 of trend = 0.33,  

NRMSE = 0.12, ME*10–3 = 0.72, MSDR = 0.62, R2 of cross validation = 0.38; polygon c: Mean = 0.05 ± 0.008, Phi = 9.8, Practical range = 29.35,  
Sill = 0.003, Nugget = 0.005, SDL = 62.44, Kappa = 0.5, R2 of trend = 0.18, NRMSE = 0.29, R2 of cross validation = 0.01; polygon d:  
Mean = 0.03 ± 0.001, Phi = 0.08, Practical range = 0.84, Sill = 0.001, SDL = 14.57, Kappa = 9.5, R2 of trend = 0.01, NRMSE = 0.15,  

ME*10–3 = 0, MSDR = 1.01, R2 of cross validation = 1  

The accuracy of the description of the spatial process was found to 
decrease after the park reconstruction procedures. Obviously, the park 
reconstruction disrupts the course of long-term processes that provide 
structuring of the vegetation cover, resulting in the temporal and spatial 
dissynchronization of the dynamics of ecological processes (Kunakh et al., 
2022). The spatial variation of variables that indicate soil processes can 
best be described. By contrast, the phytoindication scales that indicate 
climatic factors are much less spatially structured. Under the influence of 
reconstruction, the best variogram model for describing a spatial process 
also changes. The Gaussian model is most often the most adequate for 
conditions without reconstruction, and the exponential model is most 

often the best model for conditions after reconstruction. In other words, 
these transformations can be described as a transition from a "smoothed" 
to a "rough" spatial process under the influence of park reconstruction. 
The smoothness and roughness of the spatial process that can be used to 
describe the soil surface is of functional importance for assessing erosion 
risks. Under the conditions of a fixed variogram model, the ratio of the 
nugget effect and the partial threshold is used to describe the smoothness 
and roughness (Jan Vermang et al., 2013). The diversity of plant com-
munities is influenced by two aspects of spatial heterogeneity. These are 
the variability of environmental conditions, which determines the number 
of habitat types, and the spatial configuration of habitats, which affects the 
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speed of ecological processes such as dispersal or competition. Species 
richness generally increases with increasing environmental variability and 
"roughness", i.e. with decreasing spatial aggregation (Dufour et al., 2006). 

A similar effect was found in our study. The increase in the "roughness" of 
spatial variability of vegetation cover under the influence of reconstruction 
was accompanied by an increase in species diversity of the community.  

 

 
a                                                                                                            b 

 
c                                                                                                            d 

Fig. 17. The spatial variation of the differential entropy of the plant community induced by PC3 and the variogram of the spatial model: the isoline  
indicates the value of differential entropy; the spatial model is shown in local coordinates; the abscissa and ordinate axes are given in meters; the  

abscissa axis of the variogram is the distance (m); the ordinate axis is the variation; polygon a: Mean = 0.04 ± 0.001, Phi = 0.4, Practical range = 4.48,  
Sill = 0.001, Nugget = 0, SDL = 39.23, Kappa = 10, R2 of trend = 0.01, NRMSE = 0.2, ME*10–3 = –0.01, MSDR = 1, R2 of cross validation = 0.01;  
polygon b: Mean = 0.04 ± 0.003, Phi = 14.44, Practical range = 43.25, Sill = 0.001, Nugget = 0.002, SDL = 63.88, Kappa = 0.5, R2 of trend = 0.02,  
NRMSE = 0.43, ME*10–3 = 0.11, MSDR = 1.07, R2 of cross validation = 0.02; polygon c: Mean = 0.05 ± 0.002, Phi = 0.2, Practical range = 0.6,  

Sill = 0.001, Nugget = 0.001, SDL = 38.23, Kappa = 0.5, R2 of trend = 0.12, NRMSE = 0.25, ME*10–3 = 0, MSDR = 1.01, R2 of cross validation = 1;  
polygon d: Mean = 0.02 ± 0.001, Phi = 0.8, Practical range = 8.53, Sill = 0, Nugget = 0.001, SDL = 60, Kappa = 9, R2 of trend = 0.04,  

NRMSE = 0.23, ME*10–3 = 0.02, MSDR = 0.8, R2 of cross validation = 0.19  

The ecological scales are formally nominally independent, but in rea-
lity, at a certain spatial level, they demonstrate the coordinated dynamics 
of a complex of environmental factors. The principal component 1, which 
was extracted after the analysis of the principal components of variability 
of the phytoindication scales, represents the result of variability of envi-
ronmental conditions driven by changes in the light regime in the park as a 
result of reconstruction. The change in light regime is a moderator of 
changes in the variability of moisture, acidity, carbonate content, nitrogen 
content, soil aeration, ombroclimate, continentality, and cryoclimate. 
Our results are in line with the data according to which the temperature 
gradients of urban parks are influenced by both the horizontal movement 
of cold or warm air masses over the parks and evaporation from trees, 
which creates an island of coolness (Chang & Li, 2014). The reconstruc-
tion of the park significantly changes the light regime, which affects a set 
of processes that covers both the climatic and soil components of the park 

plantation. The change in the light regime cannot be interpreted unambi-
guously. In the summer, such changes can be seen as somewhat worse-
ning the conditions for visitors to the park and worsening ecological re-
gimes. Increased insolation can lead to a deterioration of the thermal 
regime in the park, and can stimulate excessive drying of the soil and 
deterioration of its physical properties. On the other hand, in the spring, 
early warming of the soil surface improves the conditions for visitors 
during this period of the year and promotes the formation of a greater 
diversity of plants (Zhukov et al., 2017), including early spring epheme-
rals, among which rare species are often found. Higher insolation in spring 
extends the period of active life of soil animals, when the time of sufficient 
soil moisture content coincides with optimal temperature conditions. 
The longer activity of soil animals can accelerate the restoration of the 
physical condition of the soil and speed up the processes of the nutrient 
cycle (Tutova et al., 2022).  

 
a                                                                                                            b 

 
c                                                                                                            d 

Fig. 18. The spatial variation of the differential entropy of the plant community induced by the reconstruction and the variogram of the spatial model:  
the isoline indicates the value of differential entropy; the spatial model is shown in local coordinates; the abscissa and ordinate axes are given in meters;  

the abscissa axis of the variogram is the distance (m); the ordinate axis is the variation; polygon a: Mean = 0.05 ± 0.007, Phi = 0.6, Practical range = 5.49,  
Sill = 0.006, Nugget = 0, SDL = 6.58, Kappa = 6.5, R2 of trend = 0.1, NRMSE = 0.15, ME*10–3 = 0.86, MSDR = 0.86, R2 of cross validation = 0.17;  

polygon b: Mean = 0.11 ± 0.002, Phi = 2.4, Practical range = 7.19, Sill = 0.001, Nugget = 0.001, SDL = 66.67, Kappa = 0.5, R2 of trend = 0.16,  
NRMSE = 0.2, ME*10–3 = 0.05, MSDR = 0.97, R2 of cross validation = 0.02; polygon c: Mean = 0.26 ± 0.078, Phi = 0.96, Practical range = 6.19,  

Sill = 0.029, Nugget = 0.049, SDL = 63.02, Kappa = 3, R2 of trend = 0.19, NRMSE = 0.2, ME*10–3 = –0.15, MSDR = 0.96, R2 of cross  
validation = 0.03; polygon d: Mean = 0.14 ± 0.045, Phi = 16.6, Practical range = 49.72, Sill = 0.038, Nugget = 0.007, SDL = 14.61,  

Kappa = 0.5, R2 of trend = 0.06, NRMSE = 0.18, ME*10–3 = –0.31, MSDR = 0.58, R2 of cross validation = 0.41  
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Soil moisture variation was a factor statistically independent of light 
regime variability. The soil moisture regime also varies in conjunction 
with other phytoindication scales such as ombroclimate, continentality, 
cryoclimate, moisture variability, soil acidity, nitrogen content, aeration, 
and thermal climate. Another important aspect of the variability of envi-
ronmental conditions within the park is the aeration regime. Both the 
humidity regime and the aeration regime indicate the peculiarities of envi-
ronmental conditions within the park, which exist regardless of the influ-
ence of the reconstruction factor. The eigenvalues of the principal compo-
nents allow us to compare their contribution to explaining the variability of 
environmental indicators. The principal component 1, which depends on 
the park's reconstruction, explains 47.8% of the variation in phytoindica-
tion scales, and the principal components 2 and 3, which do not depend on 
the park's reconstruction, explain 23.4% together. Thus, the impact of the 
park reconstruction on the vegetation cover is very significant and it out-

weighs the impact of natural variability of environmental conditions in the 
park by almost two times.  

The impact of the park reconstruction leads to the formation of beta-
diversity of the plant community, which may include patterns caused by 
the transformation of environmental conditions and can be determined 
using phytoindication scales. The impact of the park reconstruction on the 
beta diversity of the plant community consists of the impact of principal 
component 1 and other changes, which are comprehensively denoted by 
the nominal variable "Impact of reconstruction". The principal component 
1 is able to explain 26.6% of the beta diversity, while other reasons related 
to the park reconstruction were able to explain 12.1% of the beta diversity. 
Thus, the reconstruction can significantly change the conditions of plants’ 
existence, and the plant community can change its organization according-
ly so that the variation in beta diversity is consistent and can be reflected in 
changes in phytoindication scales.  

 

 
a                                                                                                            b 
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Fig. 19. The spatial variation of the differential entropy of the plant community induced by the influence of features within the polygons and the variogram 
of the spatial model: the isoline indicates the value of differential entropy; the spatial model is shown in local coordinates; the abscissa and ordinate  
axes are given in meters; the abscissa axis of the variogram is the distance (m); the ordinate axis is the variation; polygon a: Mean = 0.08 ± 0.03,  
Phi = 0.4, Practical range = 4.47, Sill = 0.031, Nugget = 0.002, SDL = 6.74, Kappa = 10, R2 of trend = 0.21, NRMSE = 0.12, ME*10–3 = –0.75,  
MSDR = 0.94, R2 of cross validation = 0.07; polygon b: Mean = 0.10 ± 0.03, Phi = 0.47, Practical range = 5.29, Sill = 0.029, Nugget = 0.002,  

SDL = 6.75, Kappa = 10, R2 of trend = 0.1, NRMSE = 0.12, ME*10–3 = –0.72, MSDR = 0.93, R2 of cross validation = 0.1; polygon c:  
Mean = 0.34 ± 0.05, Phi = 0.33, Practical range = 3.66, Sill = 0.044, Nugget = 0.003, SDL = 6.48, Kappa = 10, R2 of trend = 0.32,  

NRMSE = 0.13, ME*10–3 = 0.1, MSDR = 0.9, R2 of cross validation = 0.12; Polygon d: Mean = 0.07 ± 0.02, Phi = 15.32,  
Practical range = 45.89, Sill = 0.012, Nugget = 0.01, SDL = 47.15, Kappa = 0.5, R2 of trend = 0.06, NRMSE = 0.29,  

ME*10–3 = 0.37, MSDR = 0.89, R2 of cross validation = 0.1  

Table 3  
The contribution of each plant species to the Shannon entropy of the community and to the entropy of the community fractionated  
according to the influence of the principal components of variation in phytoindicator estimates of environmental factors  
(the entropy values that decrease the most under the influence of the respective predictor are marked*)  

Species Constant  
(γ-diversity) PC1 PC2 PC3 Reconstruction Polygon Sites  

(α-diversity) 
Acer negundo L. 0.043 0.035 0.034 0.034 0.033 0.030 0.028 
A. platanoides L. 0.239 0.213 0.212 0.211 0.213 0.197 0.153* 
Aesculus hippocastanum L. 0.087 0.081 0.079 0.078 0.079 0.078 0.048* 
Alliaria petiolata (M.Bieb.) Cavara et Grande 0.062 0.061 0.059 0.057 0.058 0.056 0.043 
Anthriscus sylvestris (L.) Hoffm. 0.210 0.203 0.196* 0.195 0.118 0.097* 0.072* 
Arctium minus (Hill) Bernh. 0.069 0.060 0.058 0.057 0.057 0.053 0.042 
Asperugo procumbens L. 0.125 0.089* 0.088 0.085 0.084 0.084 0.068 
Ballota nigra L. 0.015 0.015 0.015 0.013 0.013 0.012 0.009 
Bromus tectorum L. 0.015 0.014 0.014 0.014 0.014 0.014 0.009 
Capsella bursa-pastoris (L.) Medik. 0.010 0.009 0.009 0.009 0.009 0.008 0.007 
Carex spicata Huds. 0.027 0.026 0.026 0.026 0.026 0.026 0.019 
Chaerophyllum temulum L. 0.008 0.008 0.008 0.008 0.008 0.008 0.006 
Chelidonium majus L. 0.178 0.161 0.141* 0.141 0.135* 0.127* 0.100* 
Chenopodium album L. 0.005 0.005 0.004 0.004 0.004 0.004 0.003 
Cirsium arvense (L.) Scop. 0.006 0.005 0.005 0.005 0.005 0.005 0.004 
Corydalis solida (L.) Clairv. 0.011 0.010 0.010 0.010 0.010 0.009 0.006 
Dactylis glomerata L. 0.050 0.044 0.041 0.040 0.038 0.032* 0.024 
Fraxinus excelsior L. 0.059 0.055 0.054 0.054 0.054 0.043* 0.029 
Fumaria schleicheri Soy.-Will. 0.001 0.001 0.001 0.001 0.001 0.001 0.001 
Galium aparine L. 0.307 0.245* 0.236* 0.235 0.203* 0.203 0.168* 
Geum urbanum L. 0.152 0.147 0.145 0.136* 0.135 0.131 0.106 
Gleditsia triacanthos L.  0.034 0.033 0.032 0.032 0.030 0.030 0.014 
Hordeum murinum subsp. leporinum (Link) Arcang. 0.004 0.004 0.004 0.003 0.003 0.003 0.002 
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Species Constant  
(γ-diversity) PC1 PC2 PC3 Reconstruction Polygon Sites  

(α-diversity) 
Humulus lupulus L. 0.010 0.010 0.009 0.009 0.009 0.009 0.007 
Impatiens parviflora DC. 0.240 0.147* 0.147 0.147 0.144 0.135* 0.109 
Jacobaea vulgaris Gaertn.  0.002 0.002 0.002 0.002 0.002 0.002 0.001 
Lactuca tatarica (L.) C.A.Mey 0.010 0.010 0.010 0.010 0.009 0.008 0.007 
Lapsana communis L. 0.014 0.012 0.012 0.011 0.011 0.010 0.007 
Myosotis laxa subsp. caespitosa (Schultz) Hyl. ex Nordh. 0.031 0.030 0.029 0.029 0.027 0.027 0.022 
Oxalis dillenii Jacq. 0.005 0.004 0.004 0.004 0.004 0.003 0.002 
Parthenocissus quinquefolia (L.) Planch. 0.002 0.002 0.002 0.002 0.002 0.002 0.001 
Poa angustifolia L. 0.007 0.007 0.007 0.007 0.007 0.007 0.004 
P. annua L. 0.003 0.002 0.002 0.002 0.002 0.002 0.001 
P. nemoralis L. 0.031 0.031 0.030 0.029 0.026 0.026 0.020 
Quercus robur L. 0.047 0.044 0.043 0.040 0.036 0.031 0.012 
Robinia pseudoacacia L. 0.151 0.145 0.146 0.145 0.144 0.138* 0.089* 
Solidago canadensis L. 0.024 0.022 0.022 0.021 0.020 0.017 0.014 
Stellaria media (L.) Vill 0.231 0.221 0.196* 0.191* 0.183* 0.161* 0.126* 
Taraxacum campylodes G.E.Haglund 0.080 0.073 0.073 0.073 0.072 0.072 0.063 
Tilia platyphyllos subsp. cordifolia (Besser) C.K.Schneid. 0.046 0.042 0.042 0.042 0.042 0.039 0.015 
Urtica dioica L. 0.022 0.021 0.021 0.021 0.018 0.017 0.015 
Veronica arguteserrata Regel & Schmalh 0.043 0.035 0.035 0.034 0.034 0.030 0.026 
Viola odorata L. 0.096 0.093 0.093 0.091 0.089 0.087 0.075 

Total diversity 2.811 2.479 2.397 2.360 2.210 2.073 1.575 
 

These scales allow a meaningful interpretation of the nature of 
changes in the ecological environment caused by the park's reconstruction. 
It should be noted that in conditions without reconstruction, the organizing 
role of environmental factors for the variation of beta-diversity is much 
smaller. The contribution of principal components 2 and 3 is 9.7% to the 
formation of beta diversity. Whereas other factors of beta diversity that are 
not related to reconstruction have a contribution of 11.3% (interpolygon 
features) and 40.3% (alpha diversity). Inter-polygon features and alpha 
diversity do not correlate with phytoindication scales and are white noise 
in relation to the scales. This indicates that the role of phytoindication 
scales as an information signal for characterizing environmental condi-
tions is buried in noise both at the interplot and intraplot levels. The reason 
for this phenomenon may be that park plantations without reconstruction 
are in the phase of naturalization and stabilization of ecological processes, 
and the plant species that make up them are in optimal conditions and 
therefore are poor indicators of environmental conditions. The reconstruc-
tion significantly and rapidly changes the environmental conditions to 
which not all species are well adapted, so a plant community consisting of 
species that exist under conditions that are far from optimal is a good 
indicator of environmental conditions.  

In terms of further research, it is of particular interest  to identify pat-
terns of temporal dynamics of ecological regimes established using phy-
toindication scales. The connection between the characteristics of the spe-
cies diversity of plant communities in park plantations and the ecosystem 
services they provide is also important. A connection between the spatial 
organization of plant communities and ecosystem services of park planta-
tions can be assumed. It is also worth testing the hypothesis that the op-
timal conditions for the existence of plant species before the park's recon-
struction are replaced by pessimistic conditions after the reconstruction.  
 
Conclusion   
 

The phytoindication scales are a reliable source of information for as-
sessing the state of the vegetation cover of park plantations. The phytoin-
dication approach allows us to identify changes in ecological regimes that 
occur as a result of park reconstruction and to separate them from ecologi-
cal regimes of natural origin. The reconstruction of the park leads to a 
significant change in the light regime of the park plantations, which leads 
to changes in the vegetation cover and soil of the park. The variability in 
time and spatial heterogeneity of ecological processes are significant con-
sequences of the park reconstruction. Smooth spatial structures of the 
park's vegetation cover without reconstruction are changing to rough 
spatial structures of the park after reconstruction. The ratio of useful phy-
toindication information compared to information noise in the structure of 
beta-diversity of the park plantation increases significantly as a result of 
the park reconstruction, probably due to the fact that many plant species 
are shifted from the optimum to the pessimistic zone.  
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