Table 5
Forest cover of waste dumps in different coal basins of Ukraine

Coal basi Quantity Dump base area Sg, ha | Forest area Sy, ha | Forest cover F¢’, %
o S of dumps min-max average total total average min-max average
LVB 22 /28* 32-29.1 123 270.6 131.0 6.24 1.0-100.0 484
WD 9 120-352 213 1919 10.5 117 0.0-373 5.6
CD, 694 0.03-82.8 4.5 31150 3294 048 0.0-99.0 10.6
Note: * — quantity, taking into account paired dumps.
Table 6
Number and forest cover of waste dumps in East Donbass
Intervals of forest cover and dump quantity, %
Waste dump types Number <10 1030 30-50 50-70 70-90 >90
1. Conical 98 735 143 5.1 20 3.1 20
11 Transcated conical 107 879 5.6 09 19 28 09
111 Flat 91 96.7 22 0.0 1.1 0.0 0.0
All waste dumps 296 85.8 74 2.0 1.7 2.0 1.0
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Fig. 12. Characteristics of forest cover of the plateau, slopes and the whole surface of the CDL dumps by quartiles () and by forest cover intervals (b):
1—whole surface of dumps, 2 —top of dumps (plateau), 3 — slopes of dumps
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Fig. 13. Reciprocal relationship between forest cover of slopes FcSL and forest cover of plateau FcPL (a)
and relationship between of ratios FcSL to FcPL and forest cover of plateau (b)

An interesting fact is that when the forest cover of the plateau FcPL
<30%, the FCSL/FCPL ratio is > 1, i.e. the forest cover of the slopes is
higher than the forest cover of the plateau. And with FcPL > 30%, the fo-
rest cover of the plateau is higher than the forest cover of the slopes. This
feature suggests that the level of forest cover on the plateau and slopes de-
pends on the same groups of factors in different ways.

The first group (endogenous factors) includes the chemical properties
of the rock. With an increase in acidity, toxicity, and salinity of the rock
and with a decrease in the content of nutrients in it, the forest cover theore-
tically decreases — both on the plateau and on the slopes of the dumps.
The second group (exogenous factors) includes factors that determine the
hydrothermal conditions of the rock. With the same amount of precipitati-
on, they are determined primarily by the arrival of solar radiation — insola-

tion. On the plateau, insolation conditions are the same as on the surroun-
ding horizontal terrain, but on the slopes they can differ greatly from the
conditions on the plateau. Therefore, the task was set to study the nature of
the relationship between the forest cover of slopes and their insolation.

It was found that the forest cover of the slopes of any of the exposures
varies greatly. However, the average values of the slope cover are strictly
dependent on their exposure (Fig. 14).

In addition to the average values of forest cover on the slopes and pla-
teaus of the dumps, Table 7 for each of the 8 main exposures and plateaus
shows the relative number of dumps with different forest cover, expressed
in 10% intervals from 0% to 100%. This makes it possible to compare the
forest cover of slopes of different exposures with the forest cover of the
plateau.
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Fig. 14. Forest cover of slopes with different exposures at CDL dumps
Table 7
Forest cover of dump slopes of various exposures
Slope exposure and number of dumps, %
0,
Forest cover, % N NE E SE S SW W NW Plateau
0 4.1 45 169 2211 341 259 122 2.6 269
0-10 95 194 314 54.6 73.1 555 317 117 493
10-30 149 104 24.1 24.7 9.8 21.0 305 13.0 209
30-50 10.8 24 229 7.8 73 13.6 14.6 182 104
50-70 162 149 10.8 6.5 49 25 9.8 182 L5
70-90 203 224 72 39 37 6.2 6.1 195 9.0
90-100 284 104 36 2.6 12 12 73 19.5 9.0
Average 624 49.8 310 193 132 194 312 57.1 26.5

In Figure 15, the values of the average forest cover of slopes with dif-
ferent exposure azimuths Aexp are presented in the form of coefficients
KFcSL, equal to the ratio of forest cover of slopes to forest cover of pla-
teau. The Figure 15 also shows the values of average insolation for the
warm season on the slopes of each exposure, expressed as the insolation
coefficient KINS, equal to the ratio of insolation on the slope to insolation
on the plateau.
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O KINS ® KFC X KINS, KFc on plateau
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Fig. 15. Dependence of insolation coefficient and forest cover
coefficient on the azimuth of slope exposure A,

As previously determined using the algorithm developed by authors,
the values of insolation I on slopes with a steepness of 35° on average
from April to September at a latitude of 48°, corresponding to the center of
Donbas, varies from 63% to 120% of insolation on a horizontal surface.

Figure 15 shows that with the increase of slope exposure azimuth
from A, = 0° (north) to 180° (south), KINS increases from 0.63 to 1.20
and the factor of afforestation of the slopes KFcSL decreases from 2.35 to
0.50, ie. by 4.7 times. With further increase in Aexp to 360° (north),
KINS decreases and KFcSL increases to initial values.

At exposure azimuth values of 115° and 255°, both coefficients are
equal to 1. This means equality of insolation and forest cover of such
slopes and plateaus. Thus, decrease of insolation below its level on the pla-
teau and related increase of forest cover of dump slopes in the Central
Donbas occurs on slopes with Aexp in the interval from 255° to 115°.
This interval corresponds to the slopes of the northern and partly southemn
parts of the dump with exposure from SW to N and further to SE. Increase
of insolation over its level on the plateau and, accordingly, decrease of
forest cover takes place on slopes of the southern part of the dump with
exposure from SE to SE, i.e. on a smaller part of the lateral surface of the
dumps.

The average KFcSL on all slopes is 1.33. This means that, despite the
decrease in forest cover on the slopes of the southem part of the dump, the
forest cover of its lateral surface as a whole, due to the increase in forest
cover on the slopes of the northem part of the dumps, is 33% higher than
the forest coverage of the plateau.

Let us consider forest cover of the most contrasting slopes — northern
and southern. As shown in Table 7, the number of dumps with forest co-
ver on the southem slope Fc < 10% and, including the complete absence
of trees, is 8.1 and 8.3 times higher than the number of dumps with the
same forest cover on the northern slope. And the number of dumps with
forest cover on the northem slope Fc > 90% is 23.7 times higher than the
number of dumps with the same forest cover on the southern slope. How-
ever, the fact of the existence of dumps with afforestation of the southern
slope above 50%, 75% and even 90% indicates the possibility of affores-
tation of the entire surface of these and other dumps.

The relationship between the forest cover of the northern and sou-
thern slopes with each other and with the average forest cover of slopes of
all exposures (the average forest cover of the side surface of the dumps) is
characterized in more detail in Figure 16. As can be seen, there is a con-
nection between the forest cover of the southern and northem slopes of the
dumps (Fig. 16a). This is explained by the fact that as conditions improve,
the forest cover on both exposures increases, which means that the forest
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cover of the slopes as a whole also increases. With an increase in the forest
cover of the side surface of the dumps FcSL from 0% to 90%, the ratio of
forest cover of the northem slope FeN to FeSL decreases from 2.5 to 1.0,
and the ratio of forest cover of the southern slope FcS to FcSL increases,
but remains below 1 (Fig. 16b). The decrease in the difference between

. :

80 9

FcS, %

a FcN, % b

the forest cover of the southern and northem slopes FcS and FcN with an
increase in the average forest cover of the slopes of the FcSL dumps is
evidenced by the increase in the FcS/FcN ratio with an increase in FcSL
from 0% to 90% (Fig. 17a) and with an increase in the forest cover of the
plateau FcPL from 25% to 100% (Fig. 17b).
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Fig. 16. Relationship between the forest cover of the southern and northern slopes FcS and FeN (a)
and the relationship between the ratio of FCN and FeS to average forest cover of all slopes FcSL and FeSL (b)
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Fig. 17. Relation of the ratio FcS/FcN and forest cover of slopes FcSL (); relation of the ratio FcS/FeN and forest cover of plateau FcPL (b)

If we consider the degree of forest cover of the plateau as an indirect
criterion for the degree of well-being of the forest growth conditions of the
dump, determined by the properties of the rock, then the tendency for the
forest cover of the northern and southern slopes to converge (Fig. 17b) can
be explained, in our opinion, by the decreasing role of differences in
insolation when improving the properties of the rock.

Lviv-Volyn coal basin and Western Donbas. The indicators of forest
cover of the slopes of the dumps of these basins (Table 8) differ markedly

from CD. Average forest cover of slopes in WD is lower and in LVB
higher than in CD. The FcN / FcS ratio in the WD is 2 times higher, and in
the LVB it is 3.3 times lower than in the CDL. We attribute these
differences to better wetting of the dumps in the LVB and differences in
insolation associated with higher latitude and less steep slopes of the
dumps in this basin. The lower forest cover of the WD dumps is probably
due to the fact that all dumps in this basin are active, unlike those in the
Central Donbas.

Table 8
Forest cover of dump slopes of different exposures in LVB, WD and CDL
Forest Slope exposures and quantity of waste dumps, %o Fe FceN
cover, % N NE E SE S SW W NW 5 FcS
LVD 71.5 65.1 583 451 54.0 53.7 57.8 69.2 60.1 144
WD 220 13.6 9.7 24 24 19 13.6 19.1 106 9.20
CD, 624 49.8 31.0 193 132 194 312 57.1 354 4.70

The state of artificial forest plantations on reclaimed dumps after a
long period. Over the years since afforestation, the dump No. 1 has under-
gone serious changes. In 2006, the State Enterprise “United Company
"UkrCoalRestructurisation" reduced the height of the dump from 50 to
30 m by cutting off its top with a bulldozer (Fig. 18).

The cut rock was poured on to slopes with southern to western expo-
sures. We have no knowledge of the state of the Elaeagnus anqustifolia L.
plantations planted in 1985 at this time, but when we inspected the waste
dump in October 2019, we saw that they had almost completely disappea-
red as a result of the backfilling of the rock. Only a few of the backfilled
trees were able to recover. The results of statistical processing of the pre-
served trees E. angustifolia and other species are presented in Table 5.

Fig. 18. Forest plantations at waste dump No. 1
(satellite image, September 2019)
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The slopes of the northern half of the dump No. 1 are distinguished
by better preservation of forest plantations (Fig. 18, 19). The Quercus ro-
bur plantations here are characterized by completely closed crowns, with a
height of 7-8 and up to 9 m.

Despite harsh insolation conditions, the R. pseudoacacia trees at the
tail part of the dump (south-south-eastern exposure) were in satisfactory
state. However, the diameter of the tree trunks does not correspond to
what they would have reached in 35 years of life if they had not been sub-

Table 9

jected to deforestation by the population and periodic thermal exposure
when burning dry grass at the base of the dump and under the canopy of
trees. This is evidenced by the stumps of trees up to 25 cm in diameter, cut
down as early as 15 years old, judging by the annual rings. However, the
plantations have almost complete crown closure. This suggests the viabili-
ty of R. pseudoacacia plantings even on southem slopes and their ability
to self-heal. This ability of R. pseudoacacia is also evidenced by a re-
peated survey carried out in 2020.

Statistical indicators of the diameters of 34- and 30-year-old tree species growing on dumps No. 1 and No. 2 (autumn 2019)

Tree species
Indicators R. pseudoacacia E. angustifolia,

Q. robur, dumpNo. 1 dump No. 1 dump No. 2 dump No. 1
Arithmetic mean, cm 135 8.0 106 10.8
Dispersion 243 3.7 219 282
Standard deviation, cm 49 19 47 53
Coefficient of variation, % 364 6.2 452 393
Arithmetic mean error, % 72 49 90.0 9.8
Confidence interval, cm 135+20 8.0+0.7 106+1.7 10.8+22
Asymmetry 041 -037 0.87 0.62
Excess —143 —0.54 —046 -0.33

The survey showed active regeneration of R. pseudoacacia trees da-
maged by grass burning at the foot of the dump No. 1 in 2019. Many of
the bumt trees gave root growth. There is also the emergence of self-see-
ding R. pseudoacacia plants. Over the years since the re-forming, the pla-
teau has been partially overgrown with woody vegetation and completely
overgrown with grass.

Checking the homogeneity of the data using the Student's t-test accor-
ding to the method led to the conclusion that they do not correspond to the
normal distribution law. The values of the coefficient of variation, asym-
metry and kurtosis (Table 9) also allow us to put forward a hypothesis
about the absence of subordination of tree diameter to the normal distribu-
tion law. This is confirmed by the calculation performed by the method of
straightened diagrams, presented in our work.

The best state is found in the R. pseudoacacia plantations on the slo-
pes of dump No. 2 (Fig. 20). Clockwise slope exposure varies from west
to south-east. Forest cover is not lower than 88.8%, stand density is not lo-
wer than 95.0%. A comparison of the forest cover of slopes of different
exposures of dumps No. 1 and 2 is made in Table 10.

Statistical parameters of 30-year-old R. pseudoacacia plantations
grown on the slopes of the dump No. 2 (Table 9) allow us to put forward a
hypothesis that the diameter of trees does not obey the normal distribution
law. With an average diameter of 30-year-old R. pseudoacacia plantations
equal to 10.6 cm, the standard deviation is 4.7 cm, that is, there is a signifi-
cant number of trees with a trunk diameter both significantly less and
more than 10.6 cm. Individual specimens have a much larger diameter —
up to 25 cm. Considering the high growth rate of R. pseudoacacia, which
we observed in the first 2-3 years, we can assume that a significantly lar-
ger number of trees should have had such a diameter. This is evidenced by
the large number of stumps of cut down trees. That is, the existing stands,

Table 10
Characteristics of forest cover of slopes and plateau of dumps No. 1 and 2

which are quite dense, are largely the result of self-healing of the cut down
part of the stands.

Fig. 19. View of the north-easter side
of waste dump No. 1 in October 2019

Fig. 20. Robinia pseudoacacia on the slopes of dump No. 2 as of 2019

Slope exposure and forest cover, %

» 0, » 0,

Dumps N NE E SE SSE S SW W NW Feg, % Fen,%
No. 1 100 100 * * 900 3 116 293 575 559 269
No.2 940 88.8 925 973 973 * * * 943 934 19.7

Note: * —there is no slope with such exposition.

Discussion

A large number of scientific works all over the world is devoted to the
problem of forest reclamation of waste dumps. A characteristic feature of
these works in Ukraine is an in-depth study of vegetation cover, but on
individual dumps or their groups. The forest cover in the context of basins,
administrative districts and slopes of different exposures in Ukraine has
not been studied before. The peculiarity of this paper is the coverage of all
coal basins of Ukraine, the study of the degree of afforestation of absolute-

ly every dump of LWB, WD and Luhansk part of CD. This was the result
of analyzing space images of each dump, ie. the application of remote
sensing. This method has proven to be effective both in solving agroeco-
logical monitoring tasks (Tarariko et al, 2019) and in studying waste
dumps (Vambol, 2019).

Currently, in many parts of Donbas, remote sensing is the only possi-
ble method of landscape surveys. Since 2014, field work has become
dangerous due to the risk of contact with unexploded ordnance. This risk
has significantly limited the authors' ability to study woody vegetation in
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2019 and 2020. Since March 2022, this risk has increased manifold and
travel to the non-Ukraine-controlled part of Donbas has become impossi-
ble. The study showed the possibility of acrospace monitoring of the state
of protective forest plantations on rock dumps of any mining enterprises in
order to determine the impact of dumps on the ecological condition of
adjacent agricultural lands and the quality of plant products grown on
them.

Quantitative assessment of actual afforestation of rock dumps in dif-
ferent coal basins of Ukraine, performed in the article, allows us to esti-
mate the degree of realization of reclamation of dumps, carried out in the
country since the last century, and its efficiency.

The revealed differences in the afforestation of waste dumps in the
Lviv-Volyn basin, in Western and Central Donbas, as well as differences
in the afforestation of waste dumps in the section of separate administra-
tive districts of Central Donbas testify to the great influence of climatic
differences on the condition of tree plantations on rock dumps.

The fact that in the Lviv-Volyn basin low forested dumps are found
proves that even in more favorable climatic conditions one should not
count on rapid self-overgrowth of dumps. In order to obtain ecologically
safe, fully afforested dumps, their reclamation is necessary.

The obtained data on the area of waste dump slopes and their plateaus
in combination with the data on their afforestation allow us to estimate the
available resources of non-forested areas and the required amount of rec-
lamation works. Knowledge of the resources of the non-forested area is
also important for the implementation of various proposals for the use of
the dump surface presented in the scientific and patent literature. Among
them is the proposal to use the dump surface to create carbon-depositing
(“Kyoto”) forests and as cores of local ecological networks (Zubov et al.,
2012). Knowledge of the area of the unforested part of the slopes and
plateau of the dumps is also important for estimating the mass of pollu-
tants carried off the dumps as a result of deflation and erosion. As pre-
viously defined, 35,765 ha of land in the Donbas is potentially contami-
nated by these processes (Zubov et al., 2023). Reducing the surface area of
dumps exposed to erosion and deflation through afforestation will reduce
the area of land exposed to pollution and its intensity.

It is known from the scientific literature that vegetation composition
differs on slopes of different exposures. A review (Sokolova, 2016) and a
study Nienartowicz et al. (2010) described in detail the influence of expo-
sure and slope steepness of natural landforms on the spatial distribution of
plant species composition. In development of the results of these and other
papers describing the qualitative condition of forests on natural and anth-
ropogenic sites, our paper is the first to quantify the dependence of diffe-
rences in the degree of forest cover of slopes of waste dumps and flat tops
on the conditions of their insolation.

The revealed differences in afforestation of dump slopes of different
exposures and their relation to the slope insolation coefficient KINS pro-
posed by the authors have both theoretical and practical significance.
In combination with the previously developed methodology for estimating
insolation of slopes of different steepness and exposure at different lati-
tudes (Zubov, 2022), the obtained dependencies can be used to predict the
afforestation of slopes of any steepness and latitudes.

The revealed facts of presence of dumps with afforestation of the
southern slope above 75% and even 90%, firstly, confirm the possibility
of growing plantations in the Northern Steppe even on the southern slopes
of the dumps; secondly, they testify that the conditions of afforestation of
the slopes of dumps depend not only on insolation, but also on other fac-
tors. Therefore, the difference of actual values of slope afforestation from
the expected ones can be considered as an indirect indicator of other more
or less favorable forest conditions of the slope: water-physical properties
of the rock, its salinity, presence of toxic substances and plant nutrition
elements. This suggests the need for careful selection of tree crops for their
successful cultivation on slopes of different exposures.

The facts of high safety of artificial plantations of black locust on two
waste dumps afforested by the authors in 1985 and 1989, as well as the
revealed ability of the black locust to self-restoration even on the slope of
unfavorable exposure, close to the southem slope, allow us to recommend
this culture for afforestation of southern slopes along with other drought-
and salt-tolerant crops, such as Prunus armeniaca and Elaeagnus anqusti-
Jolia.

In our opinion, the reason for the unsatisfactory condition of afforesta-
tion of the Donbas dumps is the high cost of the existing reclamation
technology. According to the method of reclamation of conical dumps,
officially adopted in Ukraine in the 1970s, before afforestation the dumps
are lowered by cutting off their tops. In addition, wide terraces are formed
on the dumped slopes by bulldozer. At the same time, as noted by Loggi-
nov (1989), the burned-out, weathered, loose rock, which has partially lost
its toxicity, is poured down, and the trees are planted in dense, unburmed
rock. Studies have shown the advantages of the method of reclamation
without cutting the conical top of dumps, known as the UAA method,
developed by Prof. Logginov and his colleagues. According to the calcu-
lations of its developers, the cost of afforestation using this method is 40—
100 times less than the official method known as the method of the Do-
netsk Botanical Garden (Logginov, 1989).

Successful afforestation of two dumps of PJSC “Lysychans’kvu-
hillya”, carried out by the authors using the UAA method, allows us to
recommend it as a method that does not require special expenditures of
time and finances. The data on the labor costs of those who carried this
work out given in the article allow us to express them in monetary equiva-
lent. It is possible to reduce costs by using alternative methods proposed
by the authors and protected by patents of Ukraine for a useful model
No. 25148, No. 25149 (2007) and by patents of Ukraine for a invention
No. 123518 (Tarariko & Zubov, 2021). Manual labor can be mechanized
using a micro-terracer protected by patents of Ukraine No. 34829A
(Omelchenko et al., 2001) developed with the participation of L.G. Zubo-
va and described in Smimyi et al. (2006).

Conclusion

The total area occupied by rock dumps in the Lviv-Volyn Basin
(LVB) is 366 ha, in the Western Donbas (WD) — 193 ha, in the Central
Donbas (CD) — 6,648 ha, respectively. In aggregate, all the dumps occupy
7,207 hectares. The area of environmentally hazardous unforested surface
of dumps subject to erosion and deflation in the Luhansk part of the CD is
79.5% of the surface of dumps and equals 2,899 ha. Based on the assump-
tions made in the article, the unforested environmentally hazardous sur-
face in the entire Central Donbas is about 6,200 ha.

Despite the legal obligation of mining companies in Ukraine to rec-
laim abandoned mine dumps, more than half of the dumps in the north-
eastern Central Donbas are less than 10% afforested. The low average
afforestation of the dumps in general indicates that reclamation of most of
the reclamation was not carried out, since the fact of the presence of
dumps that are more than 90% forested proves that the dumps can be
completely afforested even in conditions of unstable moisture characteris-
tic of the steppe zone.

Forest cover of dumps is characterized by a number of features:

— in different natural-climatic zones with different hydrothermal con-
ditions, it differs sharply: in LWB (forest-steppe zone) it is equal to 50.6%;
in WD and CD (North-steppe zone) it is equal to 5.6% and 10.6%;

— the forest cover of dumps in the coal-mining areas of the Lugansk
part of the CD decreases from the foot of the Donetsk Ridge to its top
(from north to south) from 24.3% to 3.5-7.2%;

— the forest cover of dump slopes of various exposures depends on
the ratio of the average insolation of the slope for the warm period of the
year to the insolation of the horizontal surface (plateau).

On southern and northern slopes this ratio (insolation coefficient) at
latitude 48° is equal to 0.63 and 1.20, and average afforestation of the
southern slopes of dumps in CDL is 4.7 times lower than northern slopes.
On the slopes of the northern half of the dumps with exposure from west-
em to eastern, on which the insolation coefficient is higher than 1, the
forest cover is higher than on the plateau, and on the southern half, vice
versa. In LVB and WS, the ratio of forest cover between the northern and
southern slopes is 1.4 and 9.2 times, respectively.

Despite the low average forest cover of the southern slopes, on 8% of
dumps it exceeds 50% and even 90%. This fact confirms the possibility of
afforestation even on such slopes with the proper selection of forest crops
most adapted to arid conditions.

The authors' experience of afforestation of two waste dumps of PISC
“Lysychans’kvuhillya”, highlighted in the paper, confirms the low cost of
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the method, developed in the Ukrainian Agricultural Academy. And the
good condition of forest plantations after more than 30 years confirms the
effectiveness of this method. Taking into account this possibility and the
great ecological danger of the dumps, the works on their biological recul-
tivation should be renewed. The result of afforestation of dumps will be a
reduction in the intensity of pollutants from their surface to the adjacent
territory and a reduction in the area of polluted agricultural land.

The research was carried out partly as part of Anton Zubov's Doctor of Agricultural
Sciences thesis with financial support from the Institute of Agroecology and Nature
Management of the National Academy of Agrarian Sciences of Ukraine, partly ac-
cording to the thematic plan of the G.M. Vysotsky Ukrainian Research Institute of
Forestry and Agroforestry (URIFFM) for 2020-2024. The authors are grateful to
Academician of the National Academy of Sciences Oleksandr G. Tarariko for valua-
ble advice in drafting this article and to the management of the URIFEM for the
opportunity to conduct a survey of waste dumps of PJSC ‘Lysychans’kvuhillya’.
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