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Abstract

The article provides an overview of the works devoted to the role of ants in the transformation of flood-
plain territories and the formation of a peculiar landscape. The importance of floodplain ecosystems
characterized by high productivity has been repeatedly noted by numerous researchers. There is ample
evidence of the significant contribution of ants to the development and transformation of natural and
anthropogenic disturbed areas. However, the contribution of ants and the inhabitants associated with
anthills to the formation and development of floodplain ecosystems in Siberia remains poorly under-
stood. The study of the role of ants in the floodplain ecosystems of the Ob will allow us to assess their
contribution to changes in the productivity of floodplain soils and predict options for agricultural
development of floodplain ecosystems of Western Siberia.
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Introduction

Floodplain landforms are a surface that is periodically flooded with water. In most
rivers, floodplain flooding occurs when the water flow exceeds the channel capacity
and flows over the shore. There are floodplains in almost all river valleys. Depend-
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ing on the geographical location, floodplains can be flooded several times a year or
much less often — once a decade. Floodplains of rivers are important natural objects
for agriculture, especially in arid and semi-arid regions where crops are grown on
floodplain soils. The fertile soil and the periodic influx of nutrients into the terri-
tory, as well as the proximity to a water source, make the floodplain a convenient
potential object for agricultural activity (Meitzen 2018).

Floodplain agricultural lands are one of the most productive agricultural eco-
systems due to fertile alluvial soils (Chimweta et al. 2018; Yu et al. 2022; Salamanca-
Carreno et al. 2023). Seasonal floods lead to the subsidence of fertile sediments in
low-lying areas, and sufficient sources of irrigation water contribute to the growth
of crops, allowing many crop residues to penetrate into the soil (Qin et al. 2016;
Beyene et al. 2019; Yu et al. 2023).

Floodplain meadows make it possible to obtain a sustainable hay harvest; serve
as an important source of nectar for pollinating insects; support rare plant com-
munities and are a vital source of seeds for the restoration of meadows. In addition,
they provide flood storage sites, capture alluvial deposits and store carbon, and as
the climate changes, their value in implementing these functions will only increase;
they also provide a historical link with the past, a living reminder of the traditional
agricultural landscapes and the lifestyle of the people who settled along the rivers
that formed them (Rothero et al. 2016)

In Western Siberia, on the Ob River, floodplain territories occupy vast spaces,
and deposits of fertile soil remain practically untouched to this day. Among the
so-called Great Rivers of Siberia, it is the Ob River that has the most pronounced
floodplain; it is not surprising that it is called the second Amazon. Thus, in the
Tomsk forested and swampy region, rivers have always served as the main transport
routes. Human settlement and the development of the region's natural resources
took place along the rivers. Until now, most industrial centers and settlements in the
Ob basin are concentrated near rivers. The Ob River, flowing from the southeast to
the northwest of the region for over 700 km, forms a floodplain, the width of which
in the south of the region is 6-8 km, and in the north reaches 45 km (Khromykh
1975). Being a place of accumulation of runoft from the entire vast territory of
Western Siberia and sensitively responding to processes occurring throughout the
entire catchment area, floodplain lands perform an important biosphere function.
For the same reason, they are always characterized by more favorable conditions of
moisture, heat supply and mineral nutrition compared to non-floodplain areas and
therefore represent a rich source of natural resources that have long been developed
by humans (Shepeleva 1998).

The purpose of this review is to show the role of ants in the development and
transformation of natural and anthropogenic disturbed areas, mostly associated
with floodplains of rivers.
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Results
The role of ants in ecosystem transformation

The floodplain areas of the Ob River are quite intensively populated by various living
organisms, the number and species composition of which changes significantly dur-
ing the development of floodplain plant communities. In particular, in the Tomsk
region, the floodplains are colonized on a large scale by ants, the number of nests of
which is increasing in abandoned hayfields and dry meadows (Fig. 1).

T

T

Figure 1. Numerous hummocks-anthills of earth ants on a floodplain meadow that came
out of haymaking (photo: S.N. Kirpotin).

Thus, in the floodplain of the middle course of the Ob River on floodplain lands
withdrawn from agricultural use (cessation of plowing, haymaking), the activity of
ground ants and related organisms that produce grandiose work sharply increas-
es. The environment-forming activity of ants is practically not taken into account
when studying the modes of functioning and assessing the sequestration potential
of floodplain lands, and therefore deserves special attention. The fact is that the ants
that have settled on abandoned arable land and hayfields dramatically change all
modes of functioning of meadow floodplain ecosystems. First of all, the micro-relief
of meadows is changing. It becomes bumpy due to the numerous anthills towering
15-30 cm. There is a sufficiently deep mixing of the upper fertile soil layer. Its aera-
tion is noticeably enhanced.
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According to preliminary estimates, the area of non-mowed meadows occupied
by anthills in the floodplain of the middle course of the Ob River is at least 60-
70%. In addition, due to the continued reduction in the use of floodplain lands for
hayfields, the environmental role of ants is dramatically increasing, and therefore
requires a comprehensive study and evaluation.

According to the latest research (Simon 2022), according to the most conserva-
tive estimates, about 20 quadrillion ants live on our planet, and they weigh more
than wild birds and mammals combined. The total mass of ants also corresponds to
about one fifth of the total mass of the human population. According to the authors
of the study, ants deposit about 12 million tons of dry carbon. Ants, in particular, are
an essential part of natural and agricultural ecosystems. Among other things, ants
aerate the soil, disperse seeds, destroy organic material, create a habitat for other
animals and form an important part of the food chain. Ant dwellings are inhabited
by many cohabitants (myrmecophiles), and the flows of "living matter" and dead
organic matter through ant settlements allow us to consider the latter as a special
kind of consortia.

The role of ants as leading components of consortia and engineering organisms
that actively transform the environment is studied in different regions of the world
and in ecosystems of different types, including grass: meadows, steppes and prairies
(Majer 1983; Beattie 1989; Albrecht, Gotelli 2001; Wodika et al. 2014; Tiede et al.
2017; Wills et al. 2018).

Among terrestrial invertebrates, ants are one of the dominant groups of many
ecosystems of the Earth - from the tropics to the tundra (Wilson, Holldobler 2005).
An important ecological role of ants is in interaction with other organisms, which
contributes to their global participation in functional ecosystem processes (Holl-
dobler, Wilson 1990). For example, ants actively regulate the number of populations
of numerous groups of arthropods (Edwards 2016). As ecosystem engineers, ants
participate in the transformation of the soil by changing its chemical, physical and
biological parameters (Frouz, Jilkova 2008). Nest building and nutrient extraction
are some of the ways ants affect the environment inside and outside of ant mounds.
The activity of ants has both long-term and short-term effects on the soil part of the
ecosystem through structural changes, accumulation and release of nutrients with
possible improvement of soil quality. Studies show that the activity of ants increases
the concentration of nitrogen and phosphorus in the soil and reduces the acidity of
the soil. Also, ants make the soil more porous (Nkem et al. 2000).

Many ant species play an important role in the transformation of biomass. De-
composition of biomass is an important step in the nutrient cycle, in which complex
organic substances are converted into simpler compounds that are necessary to im-
prove soil quality. The presence of large ant species accelerates the decomposition
of biomass. Ants in this process act as predators that prey on the larvae of other
necrophages, and directly by necrophages. Smaller ant species are also capable of
decomposing biomass, but they affect the decomposition process to a lesser extent
(Nooten et al. 2022).
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Ants, as social insects, have a great influence on soils and soil cover due to the
high density of anthills and the fact that during their construction, ants carry a large
volume of soil. It has been established that as a result of their vital activity, a number
of physical and physico-chemical soil properties change, such as soil composition
density, pH, carbon content, temperature regime, as well as microbiological activity
(Daineko et al. 2012). Ants in the process of nesting process 26 m’ per 1 ha. Accord-
ing to some estimates, the total volume of ant nests of L. niger L. and L. flavus F.
species can reach 270 m’/ha (Zrjanin 2003).

Ants are able to populate regularly flooded areas of land. It is noted that major
floods, which differ in their scale from seasonal fluctuations in the water level, do
not have a catastrophic effect for all species of ants. Colonies of ground-nesting ants
migrate to the trunks of river trees, and therefore, colonies are able to survive in
the most flood-prone areas. Some ant species are most resistant to flooding, such
as Iridomyrmex mattiroloi and Rhytidoponera metallica. In regularly flooded areas,
ants are able to lead an aboveground lifestyle, erecting nests in trees. It is noted that
in the most flooded areas, aboveground ants outnumber terrestrial ants. Adapted
species to live in environments regularly prone to flooding have plastic reproductive
habits that can provide a competitive advantage, allowing these species to quickly
replenish the lost biomass of the colony after a flood. Receding flood waters pro-
vide ants with an excess of food, favorably affecting the restoration of the colony.
Despite the poor species fauna, ants persist in the floodplain in large numbers. So,
on the territory of Australia, in the Barma forest, the number of ants was an order
of magnitude greater than beetles and spiders. The abundance of ants suggests that
they probably play an important role in the ecosystem processes of the floodplain,
especially in relation to the transfer of energy and nutrients between aquatic and
terrestrial ecosystems (Ballinger et al. 2007; Khazan et al. 2020).

During the development of the territory by ants, the appearance of the first nests
indicates the beginning of intensive modification of the soil cover, which, as a rule,
can go in two directions (Nkem et al. 2000; Frouz, Jilkov, 2008). First of all, it is the
transport of organic material from the surroundings to the nests as food or build-
ing material; secondly, it is bioturbation — mixing and accumulation of soil mate-
rial from different sources and horizons. Bioturbation has a positive effect on plant
growth, which positively affects the recovery rate of disturbed areas (Dostal et al,
2005).

Such large ant species as E pratensis and E fusca can be called ecosystem en-
gineers. They accumulate and mix a large amount of inorganic soil material with
organic, thereby enriching the soil with mineral nutrition, changing the pH of
the medium and promoting seed dispersal (Gorb, Gorb 1999; Froz, Jilkova 2008).
Therefore, the dominance of these species occurs precisely on old dumps formed
more than 30 years ago, as well as in natural habitats untouched by human activity.

Taking into account the biotopic confinement of ants, as well as their reactions
to the levels of anthropogenic impact, four types of ants' reactions were identified in
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relation to anthropogenic impacts and the rate of settlement of new sites (Blinova
et al. 2021):

1. Adaptive - types of ants that withstand high anthropogenic load. In par-
ticular, they are the first to settle on the formed dumps of coal enterprises, with low
or complete absence of projective coverage. Often, in the absence of competition, it
is these species that are massive in the most polluted or newly formed areas. Over
time, the number of such species, as a rule, decreases.

2. Quasi-adaptive - this type of reactions can include species whose abun-
dance is maximum in the "average" period of succession, and at the initial stages it
is low. For about 25-30 years of the existence of the dump, the number of nests of
these species becomes significant. Further, the density of settlements of these spe-
cies gradually decreases, reaching minimum values in the control zone.

This type of reaction is characteristic of a number of species of the genus Formi-
ca (E fusca, F. cunicularia, F. rufibarbis), as well as the genus Myrmica (M. scabrino-
dis, M. schencki). Probably, the species assigned to this group do not stand up to
competition with the representatives of Formica s. str. appearing in the future and
during subsequent restoration processes, first reduce the number, then completely
disappear.

3. Maladaptive - a type of reaction in which the number of certain ant species
decreases with an increase in the degree of contamination or deformation of the
ecosystems. On the dumps formed by waste from the coal industry and have passed
the technical and biological stages of reclamation, they are among the last to settle.
Thus, there is evidence that in the ongoing succession on mine dumps, the nests of
E aquilonia, F. lugubris appear only with the formation of a tree tier no earlier than
25-30 years after the formation of the dump.

4. The absence of a pronounced reaction is a rare type of reaction of ants,
which implies practically unchanged indicators of nest density regardless of the de-
gree of anthropogenic impact. As a rule, representatives of these species lead an
underground lifestyle (for example, L. flavus, C. saxatilis) (Blinova et al. 2021).

It is noted, that for most ants, during the restorative succession in disturbed ter-
ritories and an increase in the area of vegetation, there is an increase in the density
of nests. In addition, there is a change of species: Lasius niger appears from the first
year of the existence of dumps, and with an increase in the closeness of tree crowns,
the density of settlements of this species decreases. This is due to the appearance of
forest species of the genera Myrmica and Formica, which create competition for La-
sius. (Kabrna 2011; Luzyanin, Blinova 2022). Previous studies (Blinova et al. 2021;
Luzyanin, Blinova 2022) have shown that E fusca colonize the dumps 2-3 years
after its formation. First, the meadow-steppe E rufibarbis settles, then, at least 10
years later, the eurytopic E fusca and the forest E cunicularia appear.

Studies confirm the positive effect of the settlement of ants on the physical and
chemical characteristics of the soils of areas exposed to fire at all stages of the res-
toration process of disturbed territories. The study was conducted in the Xishuang-
banna tropical zone in southwest China. In the course of the work, it was noted
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that ants are able to create and maintain high heterogeneity of nutrients in the soil,
stimulate the growth of microorganisms and provide space for the development of
plants in populated areas at different stages of the restoration of scorched lands (Lu
et al. 2019).

The study of fallow soils in the Leningrad and Yaroslavl regions (northern part
of European Russia) showed that ant nests complicate the structure of the soil cover:
zoogenically processed micro-relief (nests) with a height of up to 0.3 m and a diam-
eter of up to 0.9 m (the ultimate structural element) appears within the elementary
soil area. The density of nests can be up to 25 pcs /ha (in the Leningrad region).
The volume of soil mass transferred by ants is estimated at 23.3 m’/ha (Daineko,
Rusakov 2012).

Conclusions

Analysis of the published research results shows that ants have a significant and
multifactorial influence on the dynamics of floodplain communities. However, to
date, there is insufficient information about the impact of ants and their numer-
ous companions (myrmecophiles) on the formation and development of floodplain
ecosystems in Siberia. The study of the role of ants in floodplain ecosystems of the
middle course of the Ob River will allow us to assess their contribution to changes
in the productivity of floodplain soils and predict options for agricultural develop-
ment of floodplain ecosystems in Western Siberia.

In the next 3 years it is expected:

1. Identify the areas of floodplain lands occupied by anthills;

2. To study the species diversity and distribution of ants and related species
associated with ant nests, as well as to assess the density of anthills in ecosystems of
different types;

3. Compare carbon emissions and sequestration on anthill-occupied deposits
and anthill-free hayfields and arable lands;

4. To give recommendations on the organization of the system of land use of
floodplain lands in terms of increasing their sequestration potential.

Acknowledgements

The study was financially supported by the Russian Science Foundation within the
framework of project 23-16-00218 “Carbon balance and increasing the sequestra-
tion potential of agricultural land in the floodplain of the middle Ob”.



950 Bogdan Mikhaleiko et al. / Acta Biologica Sibirica 9: 943-952 (2023)

References

Albrecht M, Gotelli N (2001) Spatial and temporal niche partitioning in grassland ants. Oe-
cologia 126: 134-141. https://doi.org/10.1007/s004420000494

Ballinger A, Lake PS, Nally RM (2007) Do terrestrial invertebrates experience floodplains as
landscape mosaics? Immediate and long-term effects of flooding on ant assemblages in
a floodplain. Oecologia 152: 227-38. https://doi.org/10.1007/s00442-006-0648-0

Beattie AJ (1989) The efects of ants on grasslands. Grassland structure and function:
California annual grassland. Kluwer Academic Publishers 20: 105-116. https://doi.
0rg/10.1007/978-94-009-3113-8_10

Beyene AA, Verhoest NEC, Tilahun S, Alamirew T, Adgo E, Nyssen ] (2019) Irrigation ef-
ficiency and shallow groundwater in anisotropic floodplain soils near Lake Tana, Ethio-
pia. Irrigation and Drainage 68 (2): 365-378. https://doi.org/10.1002/ird.2320

Blinova S, Luzyanin S, Dobrydina T (2021) Finding and testing ant assemblages as indicators
of recovery successions in coal-affected areas. E3S Web Conf. The Second Interregional
Conference “Sustainable Development of Eurasian Mining Regions (SDEMR-2021)”
278: 02002. https://doi.org/10.1051/e3scont/202127802002

Chimweta M, Nyakudya IW, Jimu L (2018) Fertility status of cultivated floodplain soils in
the Zambezi Valley, northern Zimbabwe. Physics and Chemistry of the Earth 105: 147-
153. https://doi.org/10.1016/j.pce.2017.12.005

Daineko DV, Rusakov AV (2012) The influence of anthills on fallow soils (using the example
of Yaroslavl and Leningrad regions). Biological Communications (2): 120-130. [In Rus-
sian]

Dostal P, Breznova M, Kozlickova V, Herben T, Kovar P (2005) Ant-Induced soil modi-
fication and its effect on plant below-ground biomass. Pedobiologia 49 (2): 127-137.
https://doi.org/10.1016/j.pedobi.2004.09.004

Edwards N (2016) Effects of garden attributes on ant (Formicidae) species richness and po-
tential for pest control. Urban Agriculture and Regional Food Systems 1: 1-11. https://
doi.org/10.2134/urbanag2015.01.1405

Frouz J, Jilkova V (2008) The effect of ants on soil properties and process (Hymenoptera:
Formicidae). Myrmecological News 11: 191-199.

Gorb SN, Gorb EV (1999) Effects of ant species composition on seed removal in Deciduous
forest in Eastern Europe. Oikos 84 (1): 110-118. https://doi.org/10.2307/3546871

Holldobler B, Wilson EO (1990) The ants. Springer, Berlin, 732 pp.

Kabrna M (2011) Studies of land restoration on spoil heaps from brown coal mining in the
Czech Republic - a literature review. Journal of Landscape Studies (4) 59-69.

Khazan E, Bujan ], Scheffers BR (2020) Patterns of ant activity and nesting ecology depend
on flooding intensity in a Neotropical floodplain. International Journal of Tropical In-
sect Science 40: 909-917. https://doi.org/10.1007/s42690-020-00149-0

Khromykh VS (2007) Dynamics of landscapes of the Middle Ob floodplain. Bulletin of
Tomsk State University 300-1: 223-229. [In Russian]

Lu M, Wang S, Zhang Z, Chen M, Li S, Cao R, Cao Q, Zuo Q, Wang P (2019) Modifying
effect of ant colonization on soil heterogeneity along a chronosequence of tropical for-


https://doi.org/10.1007/s004420000494
https://doi.org/10.1007/s00442-006-0648-0
https://doi.org/10.1007/978-94-009-3113-8_10
https://doi.org/10.1007/978-94-009-3113-8_10
https://doi.org/10.1002/ird.2320
https://doi.org/10.1051/e3sconf/202127802002
https://doi.org/10.1016/j.pce.2017.12.005
https://doi.org/10.1016/j.pedobi.2004.09.004
https://doi.org/10.2134/urbanag2015.01.1405
https://doi.org/10.2134/urbanag2015.01.1405
https://doi.org/10.2307/3546871
https://doi.org/10.1007/s42690-020-00149-0

Development and transformation of floodplain territories by ants 951

est restoration on slash-burn lands. Soil and Tillage Research 194: 104329. https://doi.
org/10.1016/j.still.2019.104329

Luzyanin S, Blinova S (2022) Formation of ant (Hymenoptera, Formicidae) communities on
rock dumps of an open-pit coal mine in SW Siberia. Annales Zoologici Fennici 59 (1):
117-130. https://doi.org/10.5735/086.059.0111

Majer JD (1983) Ants: Bio-indicators of minesite rehabilitation, land use and land conser-
vation. Environmental Management 7: 375-383. https://doi.org/10.1007/BF01866920

Meitzen KM (2018) Floodplains. Reference Module in Earth Systems and Environmental
Sciences: 1-6. https://doi.org/10.1016/B978-0-12-409548-9.11027-9

Nkem JN, Lobry de Bruyn LA, Grant CD, Hulugalle NR (2000) The impact of ant bioturba-
tion and foraging activities on surrounding soil properties. Pedobiologia 44 (5): 609-
621. https://doi.org/10.1078/50031-4056(04)70075-X

Nooten SS, Chan KH, Bogar TA, Guénard B (2022) Ant body size mediates functional per-
formance and species interactions in carrion decomposer communities. Functional
Ecology 36 (5): 1279-1291. https://doi.org/10.1111/1365-2435.14039

Qin Y, Xin Z, Wang D (2016) Comparison of topsoil organic carbon and total nitrogen in
different flood-risk riparian zones in a Chinese Karst area. Environ Earth Sciences 75:
1038. https://doi.org/10.1007/s12665-016-5846-4

Robson Simon KA (2022) Where are all the ants? World-first ‘treasure map’ reveals hotspots
for rare species. A new map of more than 14,000 ant species around the world will guide
efforts for discovery and conservation., CQ University Australia https://theconversa-
tion.com/where-are-all-the-ants-world-first-treasure-map-reveals-hotspots-for-rare-
species-188092

Rothero E, Lake S, Gowing D (2016) Floodplain Meadows - Beauty and Utility. A Techni-
cal Handbook. Milton Keynes, Floodplain Meadows Partnership 42: 104. https://doi.
org/10.21570/EDGG.PG.42

Salamanca-Carreno A, Velez-Terranova M, Vargas-Corzo OM, Perez-Lopez O, Castillo-
Perez AF, Pares-Casanova PM (2023) Relationship of Physiographic Position to Physic-
ochemical Characteristics of Soils of the Flooded-Savannah Agroecosystem Colombia.
Agriculture 13: 220. https://doi.org/10.3390/agriculture13010220

Shepeleva LF (1998) Organization of meadow communities in the floodplain of the middle
Ob. PhD Thesis, Novosibirsk, Russia [In Russian]

Tiede Y, Schlautmann J, Donoso DA, Wallis CIB, Bendix ], Brandl R, Farwig N (2017) Ants
as indicators of environmental change and ecosystem processes. Ecological Indicators
(83) 527-537. https://doi.org/10.1016/j.ecolind.2017.01.029

Yu Y, Liu H, Zhang L, Sun Z, Lei B, Miao Y, Chu H, Han §, Shi Y, Zheng J (2023) Distinct
response patterns of plants and soil microorganisms to agronomic practices and sea-
sonal variation in a floodplain ecosystem. Frontiers in Microbiology 14: 95. https://doi.
org/10.3389/fmicb.2023.1094750

YuY, ShiY, Li M, Wang C, Zhang L, Sun Z, Lei B, Miao Y, Wang W, Liu B, Zheng J, Chu H,
Han S (2022) Land-use type strongly affects soil microbial community assembly process
and inter-kingdom co-occurrence pattern in a floodplain ecosystem. Applied Soil Ecol-
ogy 179: 104574. https://doi.org/10.1016/j.aps0il.2022.104574


https://doi.org/10.1016/j.still.2019.104329
https://doi.org/10.1016/j.still.2019.104329
https://doi.org/10.5735/086.059.011
https://doi.org/10.1007/BF01866920
https://doi.org/10.1016/B978-0-12-409548-9.11027-9
https://doi.org/10.1078/S0031-4056%2804%2970075-X
https://doi.org/10.1111/1365-2435.14039
https://doi.org/10.1007/s12665-016-5846-4
https://theconversation.com/where-are-all-the-ants-world-first-treasure-map-reveals-hotspots-for-rare-species-188092
https://theconversation.com/where-are-all-the-ants-world-first-treasure-map-reveals-hotspots-for-rare-species-188092
https://theconversation.com/where-are-all-the-ants-world-first-treasure-map-reveals-hotspots-for-rare-species-188092
https://doi.org/10.21570/EDGG.PG.42
https://doi.org/10.21570/EDGG.PG.42
https://doi.org/10.3390/agriculture13010220
https://doi.org/10.1016/j.ecolind.2017.01.029
https://doi.org/10.3389/fmicb.2023.1094750
https://doi.org/10.3389/fmicb.2023.1094750
https://doi.org/10.1016/j.apsoil.2022.104574

952 Bogdan Mikhaleiko et al. / Acta Biologica Sibirica 9: 943-952 (2023)

Wodika BR, Klopf RP, Baer SG (2014) Colonization and recovery of invertebrate ecosys-
tem engineers during prairie restoration. Restoration Ecology 22: 456-464. https://doi.
org/10.1111/rec.12084

Wills BD, Landis DA (2018) The role of ants in north temperate grasslands: a review. Oeco-
logia 186: 323-338. https://doi.org/10.1007/s00442-017-4007-0

Wilson EO, Holldobler B (2005) The rise of the ants: a phylogenetic and ecological expla-
nation. Proceedings of the National Academy of Sciences of the USA 102: 7411-7414.
https://doi.org/10.1073/pnas.0502264102

Zryanin VA (2003) The influence of ants of the genus Lasius on the soils of meadow biogeo-
cenosis. Successes of modern biology (123): 278-288. [In Russian]


https://doi.org/10.1111/rec.12084
https://doi.org/10.1111/rec.12084
https://doi.org/10.1007/s00442-017-4007-0
https://doi.org/10.1073/pnas.0502264102

