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Abstract. In connection with strengthening economic activity and industry deve-
lopment in the northern regions, the problem of restoration of disturbed territories

remains relevant. Natural restoration of ecosystems under extreme environmen-
tal conditions takes much time. However, effective restoration can reduce the time

of ecological chaos on disturbed lands and make the succession more manage-
able. Information about the features of the natural restoration of disturbed vege-
tation cover helps to optimize selecting the correct restorative measures. Quarry

complexes are one of the most common types of disorders. Here, the restoration

of native vegetation is hampered by the presence of contrasting habitats and areas

with mixed soils. This article discusses various scenarios of successional changes

in plant communities in the quarries of the Yamalo-Nenets Autonomous District.
Three main scenarios for the overgrowth of the quarry areas have been identified,
depending on the position in the relief and the moisture level. Also, it is essential

to consider the slope’s exposure and the angle of inclination of the surface. All this

information can help one avoid mistakes in restoring vegetation cover after anthro-
pogenic disturbances.

Keywords: reforestation, natural recovery, disturbed lands, quarry, primary suc-
cession, woody plants
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1. Introduction

Restoring natural ecosystems consisting of local species that will function and pro-
vide various economic and environmental services is the primary strategy for optimi-
zing environmental management in the regions of Northwestern Siberia. It is already
well known that natural reforestation can take tens or even hundreds of years, espe-
cially in extreme environmental conditions. However, efficient reclamation can sig-
nificantly reduce the stages of ecological chaos on disturbed land and make the reco-
very succession more manageable [1, 2]. The effective principles of the accelerated
restoration of forest landscapes in the permafrost zone can be developed only based
on data on natural recovery processes [3, 4]. In the presence of numerous scientific
publications, the aspects of the facies structure of disturbed lands and the features
of recovery processes for different types of anthropogenic areas have not been suffi-
ciently studied [5]. Therefore, the site assessment should include the list of species cur-
rently growing on the site and any potential reforestation constraints (Reforestation
Basics). At the end of the 20th century, in northwestern Siberia, efforts to reclaim
forest land after disturbance were focused on vegetation restoration with relatively
little attention to the impact of the landform or the use of native species. Existing
regulations encourage the smoothing of reclaimed land surfaces and the rapid crea-
tion of grass and legume cover. However, such measures, which have proven themsel-
ves well in the southern regions, are not effective enough in the north. For example,
the dense seeded ground cover is needed to control erosion, but grassy vegetation can
compete with tree seedlings for light, water, and nutrients, slowing down the succes-
sion [6, 7, 8]. Other countries have also identified similar reforestation problems [9, 10].

This investigation aims to study the composition and the state of tree stands
in the sandy quarries during reforestation in the subarctic conditions of the Yamalo-
Nenets Autonomous District, Russia.

The following research complements the knowledge regarding the restoration
of forest ecosystems after disturbances in the north of the taiga. Based on the data
obtained, it will be possible to synthesize the principles that can underlie the deve-
lopment of advanced restoration technology.

2. Materials and methods

The field data collection was carried out in July 2018 in the vicinity of Gubkinsky,
Noyabrsk, and Tarko-Sale towns belonging to the Purovsky District of the Yamalo-
Nenets Autonomous District (Fig. 1).
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FIGURE 1. Data collection sites (d-maps.com, with additions)

The research area is located in the northern taiga. Different types of spruce-larch
(Picea obovata, Larix sibirica) shrub forests are combined with dry larch (L. sibirica)
and larch-pine (L. sibirica, Pinus sylvetris) lichen forests in the vegetation of the region
(Fig. 2). Sparse larch-spruce-pine forests (L. sibirica, P. obovata, P. sylvetris) with dense
sphagnum cover are associated with loamy soils. The swampiness of the area is espe-
cially high due to the active processes of waterlogging. As a result, bogs are more often
complex and represented by various types of vegetation.

FIGURE 2. Undisturbed forests of the study area (photo taken by Koptseva, 2018)

The recovery time of the quarries varies from 1 to 30-40 years. At the more 'young'
quarries developed in the 2000s, some reclamation activities were carried out, inclu-
ding sowing perennial grasses and applying fertilizers. More 'old" quarries, created
30-40 years ago, were left for natural recovery. No reclamation measures were carried
out on them, including leveling the landform. In total, twelve sandy and sandy-loam
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quarries with both artificial and natural restoration were examined. Forty-two sample
plots (100 m? of each) were observed. The species’ composition and the main features
of the plant communities, including total plant cover and abundance of each plant
species, were noted in the plots. All woody plants located in the plots were counted,
and their metric characteristics (i.e., the height and the trunk thickness) were recor-
ded. The position in the landform was determined for each of the plots.

Data processing was carried out in the program called Statistics 10.0. The Kruskal-
Wallis test was used to compare the metric characteristics of tree seedlings in diffe-
rent environmental conditions.

3. Results and discussion
3.1. General remarks

In total, 102 species of higher vascular and spore plants were recorded in the quarries.
The groups of native trees and shrubs were represented only by thirteen species (13%).
Primary succession develops in the quarries sequentially in several stages [11]. Notably,
some species of the woody plants (i.e., P. sylvestris) settle in the sparse and unstable
vegetation in the stage of coenotic disarray already during the first years of revege-
tation (Fig. 3).

FIGURE 3. Seedlings of P. sylvestris among sparse vegetation of the quarry (photo taken by Kop-
tseva, 2018)
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The Authors were able to identify the influence of some abiotic and biotic drivers
on the woody plant species during the natural reforestation.

3.2. Features of seed germination

Cryogenic processes facilitate the quarries’ reforestation during the freezing and tha-
wing of soil, especially in late spring and early autumn. As a result, the soil has cracks
6-7 cm deep. In the spring, the soil dries up along the edges of the cracks, crumbles,
and sprinkles pine seeds. Sprinkled with dry soil, the seeds can stay for 1-1.5 years
with almost no loss of germination. Also, the soil’s cracks help keep the seeds from
birds and rodents.

In winter, the seeds are stratified. When conditions (e.g., solar heat, moisture)
become favorable, the seeds come out of dormancy and begin to germinate. In the first
year, the seedlings do not grow from cracks above the soil level. Covered with leaf lit-
ter and snow, the seedlings overwinter well. Next spring, the soil additionally fills up
cracks, so shoots with a height of 1.5-2.0 cm remain on the surface. The root collar
is 2-3 cm below the soil level, which does not affect the further growth of seedlings.

3.3. Overgrowth of the quarry periphery

The best overgrowth is on the quarries’ peripheral areas closer to the forest. In the cen-
tral part of the quarry, the wind brings far fewer seeds. So, where natural regene-
ration is noted as unsatisfactory;, it is necessary to plan forest plantations, leaving
edges with a width of 100-150 meters from the forest for the natural regeneration
of the woodland. Artificial reforestation is also required if the distance from the natu-
ral forest is more than 450 meters because pine seeds do not spread to a distance over
350-450 meters.

3.4. The influence of slope exposure and slope angle

According to the research results, slope exposure is essential for the natural restoration
of forest vegetation. A good overgrowth was observed on the eastern and western slo-
pes of the walls and ridges within the quarry (Fig. 4). On the northern slopes, the soil
thaws slowly in spring, and part of the seedlings of woody plants dies from squeezing.
On the southern slopes, the soil thaws earlier, and young seedlings die from repeated
night frosts and a burn of the root collar.
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FIGURE 4. Density of seedlings on slopes of different exposure, pcs/ha (S - southern
slope, N - northern slope, W - western slope, E - eastern slope). The Kruskal-Wallis test:
H(3,N=28)=25.14,p<0.05

The angle of inclination of the surface also matters. There is a positive response
of the forest restoration to an increase in the inclination angle (Fig. 5). Pines prefer
slopes of up to 20-25 degrees. On the steeper slopes, the number of trunks decreases.
The birch trees (Betula pubescens) prefer more gentle slopes with an angle of inclina-
tion of up to 13-15 degrees.

Betula pubescens Pinus sylvestris
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FIGURE 5. Density of seedlings on slopes of different angles of the surface inclination, pcs/100
sq. m. for P, sylvestris and B. pubescens
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3.5. Different scenarios of the quarry overgrowth

Several main scenarios of the quarries’ reforestation have been identified, depending
on the position of the landform (Fig. 6).

FIGURE 6. Reforestation scenarios in different positions of the quarry landform. The willow-birch
communities occupy accumulative positions (in the foreground of the photo) and young conife-
rous communities - in eluvial and transition positions (in the background of the photo) (photo
taken by Koptseva, 2018)

3.5.1. Eluvial positions

In eluvial positions on dry sands and sandy loams of the slopes’ upper and middle
parts, the overgrowth begins immediately with a settlement of pines and some her-
baceous plants. There are no distinct stages of open pioneer herbaceous commu-
nities. Polytrichum piliferum and Empetrum hermaphroditum settle simultaneo-
usly with pine, but generally, the ground cover develops slowly. After 18-20 years,
in a young pine forest, there are already species of vascular plants common for pine
forests of the lichen type. The projective cover of mosses and lichens increases, ero-
siophilic species (Cladonia spp. and Cladina spp.) dominate, while the polytrichous
group still dominates among mosses.

3.5.2. Transition positions

Birch overgrowth is typical for the transition positions of phytocatena such as the lower
levels — subslope spaces and gentle slopes. Here, the restorative succession passes

through the traditional stages of open herbaceous and closed herb-polytrichous

communities. Birch appears in these communities much later and even later - larch

and single pines. As a result, derivative birch and later larch-birch stands are formed

in these positions of the quarry relief. Herbaceous plants, especially species of genera

Calamagrostis and Juncus, remain in the lower layers of the communities for a long

time. Vaccinium uliginosum begins to develop earlier than other shrubs. In the gro-
und cover, the polytrichous mosses are still dominant even 40 years later.
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3.5.3. Accumulative positions

In accumulative positions on the bottoms of the quarries, restorative succession follows
the path of willow overgrowth. In well-moistened positions of the relief, the vegetation
cover develops rather quickly, and after 15-20 years, there are already well-developed
willows Salix gmelinii, including grass-moss willow communities with the partici-
pation of birch. Nevertheless, undergrowth of pine and larch settles in such commu-
nities only after forty years, and the willow tree is thinned out. Thus, wetted depres-
sions in open pits initially overgrow faster, but here, the scenarios of the succession
are associated with the development of derived stands, which postpones the forma-
tion of primary stands for many decades.

3.5.4. Subaquatic positions

Separately, there are subaquatic positions of watered depressions on the bottoms
of the quarries, with a close level of groundwater occurrence. There is no overgrowth
with woody plants at all. On the other hand, forty years later, the sedge-moss com-
munities are represented here, which are close in species composition and structure
to natural low-lying swamps.

4. Conclusions

Currently, the recultivation work in the quarries is just applying a layer of fertile soil
and sowing perennial grass mixtures. In some cases, the artificial grass community
can persist in the quarries for a long time. With this method of recultivation, the pine
is successfully fixed by self-seeding, which is an obvious advantage. However, there
are also disadvantages. For example, the dense grass stand and the accumulating grass
rag do not allow many species’ seeds to germinate successfully. This applies primarily
to the species of indigenous communities.

The lack of information about the patterns of natural vegetation restoration
and underestimation of the local ecological conditions lead to the wrong choice of rec-
lamation measures and reduces the effectiveness of reclamation. For instance, nega-
tive results of reclamation of dry quarry areas with willow cuttings were observed
because willow requires wet conditions. On the contrary, pine seedlings die in excessi-
vely humid habitats due to insufficient drainage.

Effective management of derivative stands accelerates the transition to target conife-
rous stands. Based on the study’s results, some tips for optimizing the vegetation resto-
ration process in the quarries should be offered. To avoid mentioned mistakes, one sho-
uld focus on two groups of locations: well-drained (eluvial and transition in high levels)
and poorly drained (transition of low levels and accumulative), and choose the appro-
priate tree species. Subaquatic positions do not require special remedial measures.
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It is useful to consider the exposure of the slope because natural reforestation
is enough for western and eastern slopes, while northern and southern slopes require
special measures. Also, flattening steep slopes to an angle of 20 degrees or less is advi-
sed. The complete leveling of the surface may be less effective.

It is sufficient to promote natural reforestation in small quarries surroun-
ded by a natural forest. In large quarries, it is good to leave edges with a width
of 100-150 meters adjacent to the forest for natural regeneration. Artificial reforesta-
tion is required if the distance from the natural forest is more than 450 meters. Also,
one should regulate the density of the artificially created grass stand because the dense
grass cover may limit the germination of woody plants and shrubs.

As the research has shown, sand-soil mixtures of the quarry complexes are gene-
rally suitable for forests. Pines and secondary forest-forming tree species well-renew
on them. Changes in vegetation in the quarries develop according to several scena-
rios. The pine overgrowth in eluvial and transition (high and medium levels) posi-
tions of the relief was observed. Here, succession develops most rapidly without chan-
ging tree species, where conifers settle immediately by forming coniferous stands.
Artificial planting of pine will speed up the process of vegetation restoration by shor-
tening the stage of open pioneer plant communities. The birch overgrowth proceeds
in transition positions of the lower level, the willow overgrowth - in accumulative
positions, and the succession continues here for a longer period. In subaquatic posi-
tions, restorative succession follows the path of hydrograss overgrowth.
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Pesrome. B cBs3M C ycuienmeM X03:4/CTBEHHON AesATeIbHOCTY U pa3BUTHEM IIPO-
MBIIICHHOCTY B CEBEPHBIX PErMOHAX Ipob/ieMa peKy/IbTUBALMY HapyIeHHbIX
TEPPUTOPUIL OCTAETCA AKTyaNbHOI. EcTeCTBEeHHOE BOCCTAHOB/IEHME 9KOCUCTEM B
9KCTPeMa/IbHBIX YCTIOBUAX MOXKET IIPOJO/IKATHCA MHOTO BpeMeHI. DddeKTrBHaA
pemMenuanya MO>XKeT COKPaTUTDb BpeMsA 5KOJIOTMYeCKOT0 Xaoca Ha HapyIIeHHbIX
3eMJISIX M CfleIaTh CyKileccuio 6oree ynpasisieMoit. VIHbopmanuns 06 ocobeHHO-
CTAX IPOTEKAHM A €CTECTBEHHOT'O BOCCTAHOB/IEHN I HAPYLIEHHOTO PAaCTUTETbHOTO
IOKPOBa OITMMM3MPYET IPOLecC HOfO60pa MPaBIIbHBIX BOCCTAHOBUTETBHBIX
MeponpuATuit. KapbepHble KOMIIIEKCHI — OAMH 13 Hanbolee pacIpOCTPaHEHHBIX
TUIIOB HapYyLIeHNIl. 3[jeCb BOCCTAHOB/IEHNEe KOPEHHOI PaCTUTEIbHOCTY 3aTPYL-
HEHO Ha/IM4YMeM Ha TEPPUTOPUM Kapbepa KOHTPACTHBIX 9KOTOIIOB ¥ y4aCTKOB CO
CMEIIaHHBIMM TPYHTaMu. B TaHHOII cTaThe Mbl 06CY>K/IaeM pasiiIHble CLleHapyI
IeMYTaLVIOHHBIX CMeH PacTUTE/IbHBIX cO00IIecTB Ha Kapbepax SImano-Henerkoro
ABTOHOMHOTIO OKpyTa. MblI BbII€IN/IN TPY OCHOBHBIX CIieHApUsA 3apacTaHuUsA
y4YacTKOB Kapbepa B 3aBUCHMOCTH OT HO3MULUNU B penbede U YPOBHSA YBIa>KHe-
Hus. Taxoke, MMeeT 3HaUeHMe SKCIIO3NINA CKJIOHA U YTO/I HAKJIOHA IOBEPXHOCTIL.
YueT 3TMX ZaHHBIX IOMOXeT U30eXKaTb OLIMOOK MPU BOCCTAHOBIICHUN PaCTUTENb-
HOTO IIOKPOBA II0C/Ie aHTPONOTEHHBIX HapYyIIEeHNIA.

KiroueBble c10Ba: 1eCOBOCCTAHOB/IEHME, HAPYLIEHHbIE TEPPUTOPUM, KaPbePBI,
HepBUYHAA CYKL[eCCHUs, peMefiual s, JTpeBeCHble PACTeHU
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