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INTRODUCTION

The Yavoriv State Mining and Chemical 
Enterprise (SMCE) «Sirka» was one of 
Ukraine’s largest industrial facilities associated 
with sulfur extraction and processing. As a 
result of the enterprise’s activities, significant 
areas of technogenically disturbed lands were 
formed in the Lviv region, among which tailings 
storage facilities pose particular danger. These 
territories are characterized by increased soil 
acidity, high concentrations of toxic elements, 
and low biological productivity (Nahurskyi 
et al., 2025; Yavoriv State Mining, 2006; 

Socio-Economic and Environmental Problems, 
1995; Project for Restoration of Ecological 
Balance, 2003; Henyk et al., 2013).

The degraded post-technogenic landscape of 
the Yavoriv State Mining and Chemical Enterprise 
«Sirka» tailings storage facility (TSF) represents 
a source of prolonged environmental burden and 
potential danger to the population. Under current 
global challenges – climate change, biodiversity 
loss, and soil degradation – the problem of their 
restoration becomes particularly relevant.

Ecosystem restoration means cleaner air and 
water, mitigation of extreme weather events, 
improved public health, and biodiversity recovery 
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ABSTRACT
The study provides an experimental-analytical assessment of ecosystem resources at the Yavoriv State Mining and 
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and sparse vegetation. The objectives were to map vegetation status, assess plant physiological condition and spe-
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age (~61.3%, chlorophyll ~21.3 mg/g); the periphery displayed moderate recovery (~32.5%, chlorophyll ~15.2 
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nologies and planting species that are resistant to metals and acids.
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(UN, 2021). Ecosystem resources (healthy soils, 
vegetation cover, water bodies, etc.) form the basis 
of such sustainable restoration: they ensure water 
and air purification, climate stabilization, and 
support life’s food chains (Biodiversity, 2025). 

Research on ecosystem resources of the 
Yavoriv SMCE «Sirka» tailings storage facil-
ity has crucial significance for planning and 
successful implementation of reclamation 
measures, as a comprehensive assessment of 
soil, water resources, microbiota, and biota as a 
whole enables adequate determination of initial 
conditions, ecological risks, and the territory’s 
actual restoration potential. Soil research 
determines the possibility of plant rooting, the 
need for ameliorants or creation of a fertile layer, 
and directions for biotechnological substrate 
improvement; without them, selection of phyto- 
and agrotechnical solutions risks being ineffective 
(Nahurskyi et al., 2025; FAO, 2021; Millennium 
Ecosystem Assessment, 2005). Assessment of 
plant and animal cover is important for designing 
nature-oriented succession. Selection of pioneer 
plant species, agroforestry belts, and gradual 
fauna return ensures substrate stabilization, 
organic matter accumulation, and ecosystem 
function restoration. Based on such research, 
practical reclamation measures are formulated 
considering long-term stability under climate 
change conditions (European Commission. 2019; 
European Commission, 2020. Rockström et al., 
2009). Local studies, particularly regarding the 
Yavoriv TSF, document significant changes in soil 
and hydrological characteristics and limitations 
of natural succession, emphasizing the need for 
preliminary detailed ecological research as a 
mandatory component of reclamation preparation 
(Ilyin, 2018; Yavorsky et al., 2020; Oliferchuk et 
al., 2023). Thus, systematic study of ecosystem 
resources is a primary stage that ensures 
scientifically based selection of restoration 
technologies, increases investment efficiency, 
and guarantees long-term ecological and social 
benefits from reclamation works.

The the aim of the research is a comprehensive 
experimental-analytical assessment of ecosystem 
resources of the Yavoriv SMCE «Sirka» 
tailings storage facility, determining spatial 
differentiation of vegetation cover status, plant 
physiological condition, species structure, and the 
territory’s capacity for natural restoration, with 
subsequent development of scientifically-based 
recommendations for reclamation measures.

MATERIAL AND METHODS

The research was conducted using combined 
field, laboratory, and statistical methods. Based 
on satellite image and cartographic material 
analysis, boundaries of three functional zones 
were determined, and four stationary sample 
plots (10 × 10 m) were established in each zone; 
floristic surveys were conducted on each plot, 
determining species projective coverage and 
recording stress phenotypic signs. 

Sample plot methods and geobotanical 
mapping were used to analyze vegetation cover 
status. Research was conducted on 12 sample 
plots covering different TSF zones:
	• Central part (most contaminated, open surface 

without significant vegetation);
	• TSF periphery (conditionally more stable ar-

eas, partially colonized by plants); 
	• Control zone (adjacent natural ecosystems for 

comparative analysis).
	• 	Main research parameters:
	• Plant species composition and their projected 

coverage;
	• Plant physiological condition (presence of 

chlorosis, deformations);
	• Presence of succession processes (spread of 

mosses, lichens, herbaceous plants).

During the vegetation status research on the 
Yavoriv SMCE «Sirka» tailings storage facility 
territory, comprehensive field and laboratory 
surveys were conducted to obtain the most objective 
picture of the territory’s ecological condition.

At the initial stage, research territory 
boundaries were determined based on topographic 
maps and satellite images. This allowed dividing 
the TSF into three zones differing in vegetation 
cover degradation degree: the central part, the 
periphery, and the transitional zone bordering 
natural ecosystems. Territory division into 
these three main zones allowed assessment 
of vegetation cover restoration using various 
indicators (Figure 1).

After determining zone boundaries, 12 
sample plots were established, 4 in each zone. 
A size of 10 × 10 m was chosen for each plot, 
allowing accurate assessment of vegetation 
coverage and growing species. This specific 
plot size choice was determined by the need to 
consider all factors, such as species diversity, 
coverage density, and local ecological conditions. 
Sample plot placement ensures representative 
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coverage of all TSF ecological zones: central 
part (maximum contamination zone), transitional 
zone, and periphery. Sample plots were arranged 
according to the following scheme:
	• TSF central part (most contaminated zone) 

– plots evenly distributed across the central 
area, oriented along the main pollution axis;

	• Transitional zone (partial restoration zone) - 
plots at the boundary between central and ad-
jacent territory, include vegetation beginning 
to recover;

	• TSF periphery (zone with best conditions) - 
plots in natural vegetation near tailings storage 
facility boundaries.

To assess the physiological condition of the 
plants, leaf samples were collected and analyzed 
using a portable chlorophyll meter. Leaf samples 
were taken from the dominant species on each 
of the 12 sampling plots (four plots per zone): 
Rumex confertus, Urtica dioica, Calamagrostis 
epigejos, Salix viminalis, and Betula pendula. 
Only fully developed, undamaged leaves from 
the upper or middle portion of the shoot (the sun-
exposed side) were selected to minimize within-
plant variability. On each plot, 10 individuals of 
each species were sampled, and 1–2 leaves per 
individual were collected for measurements.

Measurements were performed with a 
portable, non-destructive chlorophyll meter, the 
Opti-Sciences CCM-200Plus, which determines 
the chlorophyll content index (CCI) by optical 
transmission at two wavelengths (≈653 and 
931nm). It provides rapid measurements over an 
area of approximately 9.5 mm in diameter, and its 
results correlate well with chemical (extraction) 
methods. Readings were taken in situ without 
removing leaves. Prior to measurement, the 
leaf blade was gently wiped with a dry tissue to 
remove dust and visible contaminants. On each 
sampled leaf three independent readings were 
taken at different positions on the lamina (near the 
base, at the middle, and closer to the apex). The 
mean of the three readings was used as the value 
for each plant. For each plot, the mean across all 
plants was calculated (n = 10 plants/plot).

Parallel to vegetation coverage measurement, 
floristic surveys were conducted to identify plant 
species composition on each plot. Using plant 
identification guides and based on field research 
experience, plant species identification was 
performed for each sample plot. Additionally, each 
species’ occurrence frequency was determined – an 
indicator characterizing how often a certain plant or 
animal species occurs in the studied area (He et al., 
2000; Dorazio et al.. 2006). It is calculated as the 

Figure 1. Tailings storage facility zones: 1 – central part, 2 – TSF periphery, 3 – control zone,
4 – sample plot locations
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percentage of samples (e.g., plots or observation 
points) where a certain species was detected, from 
the total number of samples:

	 𝐹𝐹 = 𝑛𝑛
𝑁𝑁 × 100% 

 

H′ = −∑(pi ⋅ lnpi) 

 

𝐾𝐾 = 𝐻𝐻2−𝐻𝐻1
𝑇𝑇2−𝑇𝑇1

  

 

 

	 (1)

where:	 F – occurrence frequency (%), 		
n – number of samples where the species 
was recorded, N – total number of samples.

Biotic potential assessment methods included 
(Moldovan et al., 2013):
	• Shannon diversity index (H) for determining 

biodiversity level; 
	• Succession coefficient – calculation of natural 

overgrowth level.

Calculating the Shannon species diversity 
index is an important stage in determining 
ecosystem biotic potential. This index allows 
quantitative assessment of species diversity in a 
certain territory, considering both the number of 
species and their proportional representation.
Formula for Shannon index calculation:

	

𝐹𝐹 = 𝑛𝑛
𝑁𝑁 × 100% 

 

H′ = −∑(pi ⋅ lnpi) 

 

𝐾𝐾 = 𝐻𝐻2−𝐻𝐻1
𝑇𝑇2−𝑇𝑇1

  

 

 

	 (2)

where:	pi – proportion of each plant species in 
total plant number on the plot; 		
lnpi – natural logarithm of species 
proportion.

Next, the succession coefficient (also known 
as succession index) was determined – an 
indicator reflecting the ecosystem or biocenosis 
development degree during succession, i.e., 
during changes in plant and animal cover structure 
and composition over time.

The succession coefficient typically express-
es the speed or direction of species composition 
changes, often serving as one indicator of eco-
system stability. Calculation was performed us-
ing the formula:

	

𝐹𝐹 = 𝑛𝑛
𝑁𝑁 × 100% 

 

H′ = −∑(pi ⋅ lnpi) 

 

𝐾𝐾 = 𝐻𝐻2−𝐻𝐻1
𝑇𝑇2−𝑇𝑇1

  

 

 

	 (3)

where:	 H1​ – diversity index at the initial 
stage, 	 H2 – diversity index at a later 
succession stage (after more years), 	
T1 – time at the initial stage, T2 – time at the 
late succession stage.

Species and quantitative structurization were 
processed with the calculation of occurrence 
frequency and projective coverage. Quantitative 
diversity assessment was determined using the 

Shannon index H′. Statistical data processing was 
performed using descriptive statistics, normal 
distribution testing, and subsequent intergroup 
comparisons. Correlation analysis was used to 
identify relationships between physiological and 
ecological indicators.

RESULTS AND DISCUSSION

An important aspect of ecosystem restoration 
is assessing the territory’s biotic potential. 
Biotic potential determines the ecosystem’s 
ability to maintain stable biodiversity, recover 
from disturbances, and adapt to new conditions. 
In natural ecosystems, this potential ensures 
population balance and their resistance to 
environmental changes, while in technogenically 
disturbed landscapes, its restoration requires 
active ecological management and application of 
nature-based approaches to reclamation.

The main indicators of biotic potential are 
biodiversity level, vegetation cover restoration, 
animal abundance and diversity, trophic chain 
stability, and the ecosystem’s self-regulation 
capacity. Research on plant species composition 
in post-technogenic territories enables assessment 
of their survival ability under extreme conditions 
and natural succession mechanisms.

Visual assessment of vegetation coverage 
and establishment of quadrats (0.25 m²) for more 
accurate calculation of herbaceous plant density 
were used to record plant projective coverage on 
each plot. This allowed obtaining data on general 
plant coverage level in respective plots. Table1 
presents experimental results and calculated 
average values:

The results of experimental studies of floristic 
analysis to identify the species composition of 
plants in each area are shown in Table 2.

Analysis of the obtained results showed that 
mosses and annual grasses predominated in the 
tailings storage facility’s central part, while 
shrubs such as willow and birch appeared in the 
periphery. In the transitional zone, vegetation 
cover was most diverse, with dominance of 
perennial grasses and trees.

Additionally, chlorophyll content in plant 
leaves was measured on each plot. This allowed 
assessment of stress levels faced by plants due to 
environmental toxicity. It was found that in the 
tailings storage facility’s central part, chlorophyll 
level was reduced (9.5 mg/g), indicating high 
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plant stress levels. In the periphery, chlorophyll 
level was at a medium level (15.2 mg/g), while in 
the transitional zone it was normal (21.3 mg/g), 
indicating a healthy vegetation cover status.

Visual assessment of plant condition 
established that mass leaf damage, chlorosis, 
and necrosis were observed in the tailings 
storage facility’s central part, indicating severe 
contamination and plant stress. In the periphery, 
plant leaves were yellowed but not as damaged 
as in the central part. In the transitional zone, 
plants appeared healthy with no obvious signs of 
disease or stress.

Thus, data analysis showed significant variation 
in vegetation cover status across the TSF territory 
depending on the zone. The central part is most 
contaminated and degraded, with a low vegetation 
coverage level and significant signs of toxic stress 
in plants. In the periphery, the restoration process 
proceeds slowly, while significant improvement 
in vegetation status is observed in the transitional 
zone to natural ecosystems.

The ecosystem’s ability to maintain stable 
biodiversity, regulate natural processes, and 

recover after external factor impacts determines 
its biotic potential.

Under natural conditions, this potential is 
ensured by extensive trophic connections and the 
high adaptability of living organisms. However, 
in technogenic ecosystems formed at industrial 
facility sites, biotic potential is substantially 
reduced due to soil degradation, water regime 
changes, and chemical contamination. For each 
plot during field research, the number of plants 
of each species and their proportion in the total 
plant number on the plot were determined. 
Research results are presented in Table 3.

Thus, using the results of the Shannon index 
(H′) calculation (Table 3), it is possible to assess the 
level of species diversity in each of the zones. The 
central part has low species diversity due to high 
contamination, while the periphery and transitional 
zone have significantly higher biodiversity levels, 
indicating greater ecosystem restoration capacity.

Formula (3) gives an idea of the rate of change 
in species diversity and, accordingly, indicates the 
succession coefficient, which allows us to assess 
the process of ecosystem development.

Table 1. Research results for the general plant coverage level

No. Plot
Vegetation coverage (%)

Per plot Average

1 C1 (center) 7

6.5
2 C2 (center) 5

3 C3 (center) 8

4 C4 (center) 6

5 P1 (periphery) 30

32.5
6 P2 (periphery) 25

7 P3 (periphery) 35

8 P4 (periphery) 40

9 T1 (transitional zone) 60

61.25
10 T2 (transitional zone) 50

11 T3 (transitional zone) 65

12 T4 (transitional zone) 70

Table 2. Results of floristic analysis of the studied territory
Species Central part (F, %) Peripheral part (F, %) Transitionalz (F, %)

Rumex confertus 100% 60% 20%

Urtica dioica 70% 80% 50%

Betula pendula 0% 45% 90%

Salix viminalis 0% 50% 85%

Calamagrostis epigejos 10% 75% 95%

Cirsium 0% 35% 80%
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At the time of sulfur production closure in 
2006, the TSF territory was characterized by the 
complete absence of plants. Then, for the central 
part of the TSF, assuming that the Shannon 
index in the central part is taken to be 0 and the 
time between succession stages is 15 years, the 
succession coefficient calculated using formula 
(3) is K=0.19. A succession coefficient value up to 
0.20 indicates a slow natural restoration process.

CONCLUSIONS

Obtained results indicates significant 
unevenness of vegetation cover across the 
tailings storage facility territory. Based on this 
characteristic, the tailings storage facility territory 
can be divided into three conditional zones: 
central, transitional, and periphery. The central 
part is most contaminated and degraded, with 
low vegetation coverage level and significant 
signs of toxic stress in plants. In the periphery, 
the restoration process proceeds slowly, while 
significant improvement in vegetation status 
is observed in the transitional zone to natural 
ecosystems. Measurements of chlorophyll levels 
in plants and assessment of species diversity 
using the Shannon index showed that the tailings 
storage facility’s central part has the lowest 
indicators of biotic self-restoration potential.

We concluded that natural self-restoration 
is insufficient for complete ecosystem 
rehabilitation; therefore, active reclamation 
measures are necessary, such as soil composition 
improvement, planting of toxic substance-
resistant plants, and creating favorable conditions 
for biodiversity restoration. 
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