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A B S T R A C T   

The aim of this study was to determine the influence of Eisenia fetida vermicompost (VC) added to forest nursery 
soil. The chemical reaction in the soil and selected microorganisms, such as bacteria, fungi and nematodes, were 
assessed. Larch seedlings were cultivated for 2 years in pots with nursery soil as a control and VC-amended soil in 
two doses: 10% (V10) and 20% (V20) v/v. One important observation was the connection between the addition 
of VC and the improvement of the plant's biometry and a much higher level of mycorrhization with increasing 
Suillus sp. Vermicompost modified the nematode community by reducing plant parasitic nematodes, and 
significantly increasing bacterial and fungivorous, as well as predatory nematodes. Actinomycetes bacteria, 
which were present in a proportion of 2.2% in the control soil, increased to 10.5% in V10, and to 5.4% in V20. 
Bacillus spp. increased along with the amount of VC from <0.01% in the control to 2.2% in V10 and to 2.7% in 
V20. The C:P ratio correlated negatively while the C:K ratio and N-NH4 concentration correlated positively with 
the abundance of Bacillus spp. Toxigenic Penicillium spp. and Fusarium spp. were suppressed. The stability of VC- 
amended soil system with respect to enzymatic activity was rather high, except for o-diphenol oxidase which was 
strongly reinforced by the VC. The enzyme activity values for all enzymes were correlated with an improvement 
in the values of the microbiological, biometric and nematode parameters and increased mycorrhization. One 
favorable modification, which was manifested in better seedling growth, was the effect of VC on the development 
of Suillus-morphotype mycorrhizal fungi, fungal feeder nematodes and Bacillus spp. Vermicompost may therefore 
be recommended in practice as a method of sustainable management for soil protection in larch forest nurseries.   

1. Introduction 

An interaction between nematodes, microbiota and earthworms 
producing vermicompost (VC) in plant crops has been clearly described 
(Edwards, 2004; Thakuria et al., 2010; Niu et al., 2019). By promoting 
beneficial microorganisms, VC stimulates the growth and development 
of plants both directly (production of hormones and enzymes regulating 
growth) and indirectly (control of pathogens and pests). Vermicompost 
also contributes to the sustainable development of agriculture through 
the safe management of waste. Vermicompost is a low-cost and eco- 
biotechnological product that improves soil properties. It is also a 

fertilizer and a plant growth stimulator that does not adversely affect the 
natural environment as mineral fertilization does (Pathma and Sakthi
vel, 2012; Blouin et al., 2013; Van Groenigen et al., 2014; Song et al., 
2015). 

The presence of beneficial microbiota and nematodes in the soil 
which is stimulated by VC is very desirable to enrich the soil web with 
various trophic links (Medina-Sauza et al., 2019). Many research studies 
have been conducted on this topic regarding agricultural and horticul
tural crops, but little research has been done concerning forest crops. It 
is a topic that is of growing importance, especially at a time when 
intensive efforts are being made to encourage forestation due to climate 
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change (UNFCCC, 2015). 
The substrates used in forest nurseries are mostly peat and bark. 

These substrates meet the requirements with regard to their physical 
properties but, in their fresh state, are free of microbiota. Peat and bark 
have a very low content in basic nutrients and fertilization is therefore 
required. Fertilization is usually carried out by the application of solid 
mineral fertilizers or sprinkler system. In this way, the mineral fertilizers 
are dissolved in irrigation water and delivered to the seedlings. All the 
components involved in this technology (peat, bark, mineral fertilizers) 
are expensive and not sustainable (Pascual et al., 2018). Vermicompost 
is one of the organic fertilizers that is recommended for use in the sus
tainable production of nursery substrates. The first meta-analysis of 
literature data conducted indicates that VC has a significant positive 
effect on the growth of agricultural plants (Blouin et al., 2019), resulting 
in a growing inclination to conduct research in other areas of plant 
cultivation. Utilization of VC in forest nurseries is a first step in the 
improvement of the sustainable technology in forest management. The 
question is how the above-mentioned VC-induced interactions take 
place in the substrates in nurseries. So far, the few studies done into the 
use of VC in forest nurseries have focused on assessment of the biometry 
of tree seedlings. The stimulating effect of low doses of VC in nursery 
substrates on the development of roots and stems of Pinus nigra (Atik 
et al., 2015), P. pinaster (Lazcano et al., 2010a, 2010b), P. gerardiana (Raj 
Kumar et al., 2016), Eucalyptus (Asghari and Rafiei, 2013), Betula pla
typhylla, Larix kaempferi and Chamaecyparis obtusa (Dao et al., 2020) has 
been proven. In the studies by Dao et al. (2020) L. kaempferi, regardless 
of the methods of placement used for application of VC in pots, a sig
nificant improvement was achieved in stem growth and biomass, as well 
as in root collar diameter and higher foliar N concentration compared to 
the control. Analyzing 68 papers, presenting a total of 665 relevant 
research results, Blouin et al. (2019) pointed to the lack of data in the 
literature on the effect of VC on the root development of trees and the 
very scarce amount of data on the shoot–root ratio. None of the studies 
on the impact of VC on trees assessed changes in the rhizosphere 
microbiome of seedlings, including larch seedlings, resulting from the 
use of those organic fertilizers. 

The gaps in knowledge identified above gave us grounds to conduct 
research to examine the rhizosphere microbiome of European larch 
(Larix decidua Mill.) seedlings growing in nursery soil with the addition 
of VC obtained by using Eisenia fetida. European larch is one of the basic 
forest-forming species in temperate climate zones (according to the 
Köppen–Geiger climate classification) with moderate mean monthly 
temperatures above 10 ◦C in the warmest months and above − 3 ◦C in 
colder months. This species is known to be a very long-lived, fast- 
growing coniferous tree that is able to tolerate cold temperatures (down 
to as low as − 30 ◦C) and dry soils (Shuman et al., 2011; Da Ronch et al., 
2016). However, in recent years, it has been affected by various diseases 
and pests, and therefore the production of planting material has 
increased in many commercial nurseries (Kowalczyk and Neyko, 2011; 
Hirano et al., 2017). Our hypothesis was that the presence of VC would 
increase the overall activity of the soil, which would, in turn, result in a 
decrease in the parasitic nematode population, positive changes in the 
mycorrhizal status of roots, and finally, an increase in the biometric 
parameters of seedlings and their high vitality. European larch as a 
species is a valuable element of forest ecosystems from an ecological 
perspective (Migliavacca et al., 2008), and is also of economic value, as 
its wood is widely used for carpentry, furniture, and as pulp for paper 
(Da Ronch et al., 2016), the results presented here may be useful for the 
cultivation of larch under controlled conditions. Benefits of the use of VC 
in forest nurseries include sustainable utilization of waste, a reduction in 
the costs of fertilizers and substrates used and obtaining larch seedlings 
of good quality. 

2. Materials and methods 

One-year-old L. decidua seedlings (healthy, about 30 cm high) were 

obtained from the Domatowo Forest Nursery (Wejherowo Forest Dis
trict, Pomeranian Voivodeship, Poland). Eisenia fetida VC from the 
processing of typical fresh household waste in the form of grass, fruit and 
vegetable waste by a process of 6 months of continuous decomposition 
in a concrete composter was added to nursery soil (classified as Eutro
phic Cambisols, with loam texture) in amounts of 10% v/v (V10) and 
20% v/v (V20). The control was nursery soil. Seedlings were planted in 
10 l plastic pots with prepared substrates in ten replications (60 seed
lings altogether). Good tree nursery practice was followed as recom
mended for the pot cultivation of conifers, without fertilization and 
protection treatments (Klimek et al., 2011, 2013). Weeds were regularly 
removed. The same amount of soil irrigation was used for each of the 
individual objects. All analyses were performed after 2 years of field 
vegetation of seedlings in pots. 

2.1. Biometrics of seedlings and mycorrhiza assessment 

Measurements of the larch seedlings were taken to determine the 
length of the longest root, the height above ground, and the diameter at 
5 cm above the ground. Root/stem ratio was calculated by dividing root 
and stem length. The integrated seedling quality index based on 
morphological features was computed as well (Cannell and Willett, 
1976; Dickson et al., 1960). The mycorrhiza assessment was performed 
on clean roots of seedlings of about 2 mm in diameter cut into sections 
and conserved in water. Photos of 1 cm of the root sections were 
analyzed for the length of fine roots, number of branches (ramification), 
and number of autotrophic and mycorrhizal tips. Morphotypes were 
recognized macroscopically according to Agerer (2006). 

2.2. Nematoda recovery and identification 

A centrifugation method was used to assess nematode population 
density in the rhizosphere. After centrifugation, the nematodes in sam
ples (100 cm3) were killed by the addition of 6% of hot formaldehyde, 
processed by the rapid glycerine method (Seinhorst, 1962) to obtain the 
permanent slides. Microscopic methods were used to assign nematoda to 
genus (Skwiercz et al., 2018). 

2.3. Qualitative PCR of microorganisms 

Soil samples (100 g from pot) for the isolation of genetic material 
were passed through a 2-mm sieve and ground in a mortar. 100 mg of 
the prepared samples were taken for DNA isolation, which was per
formed using a Soil DNA Purification Kit (EURx, Poland). A list of the 
PCR setup used in the experiment is provided in the supplementary data 
(Table S1). The count of Actinomycetes was determined with the dilu
tion method using Actinomycete Isolation Agar (Sigma Aldrich, Ger
many). Testing was also performed to detect functional genes of 
Pseudomonadaceae, Actinomycetes and Bacillus spp. responsible for the 
production of antibiotics effective against phytopathogens. Details are 
provided in the supplementary data (Table S1). All reaction products 
were detected by gel electrophoresis (UVP GelDoc-it, UVP, LLC, 
Canada). 

2.4. Chemical and enzymatic analysis of soil samples 

Chemical analyses of rhizosphere samples were performed sepa
rately according to European Union Standards (PN-ISO 10390:1997, PN- 
R-04023:1996, PN-R-04022:1996 + Azl:2002, PN/G-04523 PB-52, ed. 
3/01.06.2015) and the analytics handbook (Table S2). Samples were 
analyzed for the activity of enzymes such as: dehydrogenases – DHA 
(Casida et al., 1964), o-diphenol oxidase – oDPO (Perucci et al., 2000), 
and β-glucosidase – GLU (Eivazi and Tabatabai, 1988), acid – ACP and 
alkaline phosphatases – ALP (Tabatabai and Bremner, 1969), and inor
ganic pyrophosphatase – IPP (Dick and Tabatabai, 1978), urease – URE 
(Kandeler and Gerber, 1988), nitrate reductase – NR (Abdelmagid and 
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Tabatabai, 1987), and proteases – PROT (Ladd and Butler, 1972). The 
VC Effect Index (IFV) was calculated using the method described by 
Kaczyńska et al. (2015). The Resistance Index (RS) was calculated ac
cording to the method described by Orwin and Wardle (2004). 

2.5. Statistical analysis 

The Kruskal-Wallis test was used in calculations. For biometric tests, 
ANOVA with the Levene, Neuman-Keuls, Kruskal-Wallis and HSD Tukey 
tests was used (Statistica 13.1, StatSoft). Simpson's index domination, 
Shannon's index of diversity, and Pielou's index of evenness, and the 
domination class, were calculated as in PAST 4. The Principal Compo
nent Analysis was calculated in XLSTAT (Addinsoft). 

3. Results and discussion 

3.1. Biometrics of seedlings 

Larch seedlings grown in the nursery in VC-amended soil were 
characterized by better biometric parameters compared to the control, 
especially in the case of the V20 variant (Table 1). The integrated quality 
index of seedlings in both VC variants was 3–6-times greater than in the 
control soil. The increase in biometrics parameters reflects the nutri
tional status of plants, because there are significant relationships 

between the proportion of fine roots and biomass and the condition of 
needles (Danjon and Reubens, 2008; Meng et al., 2018). In the present 
study, the number of fine roots increased along with an increase in the 
dose of VC and it was significantly greater with the higher dose of VC (7 
pcs) compared to the control where it was 4 pcs per 1 mm of roots. 
According to a meta-analysis of the effect of VC on plant growth (Blouin 
et al., 2019), VC has a positive effect on plants in various proportions, 
but doses of over 20%, up to a maximum of 60%, are usually considered 
to be optimal in agricultural crops. Our research showed that low doses 
of VC (10, 20%) are effective in substrates for forest nurseries cultivating 
larch seedlings, and the dose of 20% shows highly positive effects 
compared to the control. A meta-analysis conducted by Blouin et al. 
(2019) showed that higher proportions of VC (40–60%) led to a lower 
positive effect, or, at even higher proportions (60–80% and 80–100%), 
to the complete disappearance of the significant positive effect on root 
biomass. In our research, we have shown that the applied doses of VC 
have a positive effect on the elongation of larch roots and, as a result, 
lead to a significant improvement in the growth of stems, maintaining 
the shoot–root ratio at the level observed in the control. This indicates 
that the applied doses of VC have an effect on the growth of larch 
seedlings that is entirely beneficial. 

3.2. Mycorrhiza formation 

The application of VC also increased the proportion of mycorrhizal 
roots and decreased the number of autotrophic roots. The role of my
corrhiza mycelium in the uptake of water and nutrients from the sub
strate and hyphal mantle in providing protection against 
phytopathogens in the rhizosphere is widely known and indisputable 
(Gupta et al., 2000; Varma, 2008). The size and conditions of fine roots 
in the VC variants in the test were better (Table 1). The mycorrhizal fine 
roots in the VC variants were 83% (V10) and 96% (V20) compared to 
29% in the control. Recognized taxa of mycorrhizal morphotypes were 
different – with the endomycorrhizal Wilcoxina-like morphotypes 
prevalent in all variants (about 70%), especially in the V10 variant 
(nearly 80%), while the Tuber-like morphotypes were the most 
numerous in the control (25%) and significantly decreased in the V10 
(8%), whereas Suillus-like morphotypes increased (by 2%) in both VC 
variants compared to the control. The most important observation was 
the apparent link between the improvement of the plant's condition after 
the addition of VC and the development of mycorrhizal fungi i.e. a much 
higher level of root mycorrhization and increasing Suillus-morphotypes. 
Klimek et al. (2011) and Leski et al. (2009) obtained similar results in 
improving mycorrhizal symbiosis in case of increasing organic matter by 
adding ectohumus and litter in forest nurseries. 

3.3. Influence on nematode community 

Other components of soil biota were also changed by VC. 17 taxa of 
nematode were identified to genus in the evaluated soils (Table 1). The 
largest quantity of nematode individuals was noted in the V20 variant – 
1807 per⋅100 cm− 3, while their number in the control was only 554. In 
the V10 variant, 1400 individuals occurred per 100 cm− 3. As for plant 
parasitic nematodes, a significant reduction in abundance was observed 
only for Pratylenchus spp. The total number of plant parasitic nematodes 
in the VC variants decreased by about 20 individuals per 100 cm− 3 of 
substrate. The abundance of bacteria feeder and fungal feeder nema
todes increased significantly in the VC soils, except for Ditylenchus spp. 
The genera of Rhabditis spp., Cylindrolaimus spp., and Aphelenchus spp. in 
each of the substrates formed the class of eudominants. Besides, the 
proportion of Rhabditis spp. in the nematode community exceeded 40% 
in the VC soils. As a result of high populations of bacteria feeder and 
fungal feeder nematodes, one could expect to see a decrease in seedling 
disease complexes (Back et al., 2002). Predatory nematodes also 
increased in the VC soils. The values of the Shannon index decreased 
from 2.4 in the control to 1.9 in both VC soils. Dominguez et al. (2003) 

Table 1 
Characteristics of control and vermicompost-amended soil (V10, V20) after 2 
years of field Larix decidua seedlings vegetation.  

Description and abbreviations of parameters Control V10 V20 

Biometrics of seedling and mycorrhiza assessment†

Stems height (S) [cm] 30.13c,† 45.88b 61.13a 

Stems diameter (D) [mm] 4.50c 8.50b 12.00a 

Root length (R) [cm] 13.63b 22.88a 26.63a 

R/S ratio - 0.45 0.50 0.44 
QI ratio (D2/(S/R)) - 9.16c 36.03b 62.73A 

Number of fine roots [pcs] 4.10b 5.90ab 7.30a 

Length of fine roots [mm] 29.50b 61.40A 88.60A 

Number of root tips [pcs] 3.30b 5.70a 6.70a 

Autotrophic roots [%] 70.73a 16.95B 4.11C 

Mycorrhizal roots [%] 29.27b 83.05A 95.89A 

Root tips per fine roots [pcs/1 mm] 8.90b 10.80ab 13.20a 

Mycorrhizal morphotypes 
of fungi 

Wilcoxina [%] 66.67 79.55 68.49 
Tuber [%] 25.00a 8.16b 20.55a 

Suillus [%] 8.33 10.20 10.96  

Nematodes identification [indiv⋅100 cm− 3] 

Plant parasitic nematodes 

Merlinius 5 3 3 
Bitylenchus 20 14 14 
Helicotylenchus 15 16 14 
Pratylenchus 10b 5a 4a 

Paratylenchus 5 5 5 
Paratrichodorus 5 5 5 

Bacteria feeders 
Rhabditis 150a 600B 820B 

Cylindrolaimus 65a 180b 190b 

Plectus 55a 120b 150b 

Fungal feeders 

Aphelenchus 80a 160b 240b 

Aphelenchoides 60a 90b 120b 

Ditylenchus 40 80 80 
Filenchus 30a 90b 110b 

Predatory nematodes 

Mylonchulus 6a 15b 25b 

Mononchus 3a 5b 10b 

Prionchulus 3a 7b 8b 

Clarkus 2a 5b 9b 

Total number of 
nematodes  

554 1400 1807 

Ecological indices 

Simpson’s 
domination 0.141 0.233 0.252 

Shannon’s diversity 2.246 1.888 1.829 
Pielou’s evenness 0.793 0.666 0.646  

† Different letters indicate significant differences between variants at p ≤0.05 
(capital letters indicates significant differences between variants at p ≤0.01 
compared to control). 
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and Gebremikael et al. (2016) have shown that earthworms have a 
strong influence on the nematode community, and our results for VC 
back this up. 

The observed change in the nematode community of soils caused by 
VC can be assessed as favorable. Suppressing plant-parasitic nematodes 
and increasing free-living nematodes in plant rhizosphere leads to a 
significant improvement in the soil food chain and thus the health of soil 
and plants. Free-living nematodes are recognized as bioindicators of soil 
health because they can be used to determine the degradation pathways 
of dominant nutrients, as well as the structure of the soil food web and 
soil ecosystem functions (Ferris et al., 2012; Wang et al., 2014; You 
et al., 2018). As emphasized by You et al. (2018), a healthy soil food web 
should sustain nematodes with different life strategies and feeding be
haviors ranging from fast-growing and fast-reproducing bacteria- 
feeding nematodes (colonizers) at the bottom of the soil food web to 
slow-reproducing but longer-living predaceous nematodes at the top of 
the soil food web. The application of VC should thus be integrated with 
other nematode management practices to improve sustainable crop 
protection. 

3.4. Frequency and activity of bacteria and fungi 

The abundance of most bacteria and fungi frequency depended 
significantly on the dose of VC added (Fig. S1). The most unexpected 
changes were observed in the proportion of bacteria of the Actinomy
cetes order, which accounted for 2.2% in the control and increased to 
10.5% in V10, and to 5.4% in V20. Bacteria of the Pseudomonadaceae 
family showed a balanced prevalence in the control and V10 (about 
2.3%); however their percentage dropped to 0.8% in V20. Correlations 
were found between the proportion of the Bacillus spp. and an increasing 
amount of VC (r2 = 0.93) ranging from <0.01% in the control, to 2.2% in 
V10, and to 2.7% in V20. The Actinomycetes order formed the largest 
group, although the percentage of the entire order decreased and was 
lower than that of Bacillus spp. The latter's prevalence increased from 0% 
in the control to almost 3% in V20. Toxigenic Penicillium spp. and 
Fusarium spp. were suppressed by the increased population of Bacillus 
spp. (Ahemad and Kibret, 2014; Castaneda-Alvarez and Aballay, 2016; 
Hu et al., 2016). The results obtained were confirmed by the detection of 
functional genes (Fig. S1). The presence of genes of Pseudomonadaceae 
producing antibiotic phlD and hcnAB and Actinomycetes producing 
PPKS-I and NRPS was found in all the analyzed substrates. The only 
difference observed was in the case of five lipopeptides genes (i.e. ituC, 
bacA, fenD, srfAA, bmyB) characteristic of Bacillus spp. In the larch 
rhizosphere not treated with VC, these genes were not detected, while in 
the substrates with VC in both doses a positive result was obtained. The 
results clearly indicate the rhizosphere was inhabited by Bacillus spp., 
producing antimicrobial compounds, and thus affording enhanced pro
tection against phytopathogens. 

3.5. Effect of activity of enzymes 

Addition of VC resulted in changes in soil enzyme activity (Table S3). 
In the case of the Effect index, there was an increase in the activity of 
acid phosphatases, inorganic pyrophosphatase, and urease in VC soils. A 
strong effect was also observed regarding the activity of dehydrogenases 
(1.767 and 2.131 for V10 and V20, respectively). Moreover, a correla
tion between a decrease in the Resistance index values along with an 
increase in the dose of VC was demonstrated. The Resistance index data 
showed that the addition of VC did not disturb rhizosphere homeostasis. 
Except for the activities of dehydrogenases and alkaline phosphatases, it 
can be concluded that the effect of VC was not significant. However, V10 
showed better resistance than V20, similar to the results presented by 
Orwin and Wardle (2004). The enzyme activity values for all enzymes 
were correlated with an improvement in the values of microbiological, 
biometric and nematode parameters and increased mycorrhization. 
Many authors indicate the Resistance index to be one of the best 

indicators to assess the impact of various substances on the soil (Borowik 
et al., 2017; Telesiński et al., 2018). The addition of VC to the soil 
resulted in an increase in N content and improvement in the C:N ratio 
(Table S2), expressed in the form of an increase in microbial/enzymatic 
activity. In present experiment, in general, the V20 environment was 
slightly better in case of the Effect index, whereas V10 was better for the 
Resistance index, with this being seen most clearly based on the example 
of dehydrogenases activity. 

3.6. Result of interactions of environmental components 

The most important relationships between all the tested parameters 
are shown in Fig. 1. Correlations were found between some soil biota 
and the chemical properties of soils, grouped together into three sets. 
The values of the C:P, C:K ratios and N-NH4 concentration were corre
lated with an abundance of Bacillus spp. (r2 = 0.89-negative, r2 = 0.98- 
positive and r2 = 0.99-positive, respectively), while a correlation be
tween the C:N ratio, as well as concentrations of N-NH4, Mg, Zn and Fe, 
and the number of nematodes was also observed. The control variant 
showed a combination of high values of the following variables: auto
trophic roots, plant parasitic nematodes, Fusarium, C:N, and to a lesser 
extent with Penicillium spp. and fungal feeders nematodes (r = 0.99). In 
turn, Set II, Set I, as well as dehydrogenases, mycorrhizal roots, C:P, and 
alkaline phosphatase were associated with the V10 and V20 variants. In 
addition, high values of Clostridium and Wilcoxina, as well as the Root 
length/Stems height ratio, were characteristic for the V10 variant. 

It was noted that all the desirable biometric parameters of the 
seedlings increased along with the dose of VC and also with the both 
increasing number of total fungi, and mycorrhization. The variability of 
the C:N ratio was correlated with high Fusarium spp. load. However, the 
plant parasitic nematodes population was negatively correlated (r2 >

0.9) with Set I and Set II, dehydrogenases, mycorrhization, C:P, alkaline 
phosphatase and N-NH4. The ratios of carbon to N, P and K indicate that 
they are closely connected with enzymatic and biological activity. The 
observed reverse correlation between C:N and C:P, and P:K indicates 
that the shift of these ratio from unfavorable (above 100) to favorable 
(about 20) significantly modified not only the processes of decomposi
tion and immobilization of organic matter. 

The observed dependencies of bacteria-nematode and bacteria- 
nematoda-mycorrhization were closely correlated to the number of 
Penicillium spp. and fungal feeders nematodes. The most important 
observation was the apparent link between the improvement of the 
plant's condition after the addition of VC and the development of Suillus 
morphotype mycorrhizal fungi, bacteria feeders nematodes, and Bacillus 
spp. Other values, such as P, as well as total numbers of bacteria, Tuber, 
Actinomycetes and Pseudomonas, did not show a close relationship with a 
particular variant, although it can be seen that the proportion of the 
Pseudomonas and Actinobacteria species decreased in other bacterial 
groups, including Bacillus spp., along with a decrease in the C:N ratio, 
while the C:P and C:K ratios increased, and the efficiency index value of 
all enzymes tested increased in the experiment. At the same time, the 
setup described above helped to reduce harmful toxigenic Penicillium, 
Fusarium, autotrophic roots, plant parasitic nematodes, which points to 
the multithreaded and complex mechanism of establishing a balance in 
the rhizosphere of plants which is visible along with the delivery of 
highly valuable organic matter. After the addition of VC, Bacillus bac
teria led to an increase in the number of types of lipopeptides, which as a 
result significantly reduced the abundance of phytopathogens and un
desirable nematodes. Most of the key active substances are produced by 
rhizosphere-sporulating bacteria and species with a proven effect on 
plant parasitic nematodes including, for example, Pseudomonadaceae, 
Bacillus spp., Brevibacillus spp. and Paenibacillus spp. (Castaneda-Alvarez 
and Aballay, 2016; Topalović et al., 2020). 
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4. Conclusions 

In this work, some correlations were found that have not been 
described before. Addition of E. fetida VC in two doses: 10% (V10) and 
20% (V20) v/v to nursery soil resulted in beneficial changes in rhizo
spheric soil properties and consequently better growth of larch seed
lings. In VC -incorporated soil, there was a clear relationship between 
the chemical changes and an improvement in the main soil microbiota/ 
nematode parameters, the degree of mycorrhization and root biometrics 
as a result. The greatest positive impact was attributed to the increase in 
N-NH4 content and the change in C:N ratio due to the introduction of VC. 
The addition of VC significantly increased the abundance of microbiota 
in the rhizosphere, especially Bacillus spp. producing lipopeptides, 
which in turn reduced the abundance of the community of negative 
bioindicators such as: toxigenic phytopathogens and plant parasitic 
nematodes. Considering the effect on improving plant growth, 
mycorrhization and root zone condition, the application of VC in tested 
dosages can be recommended as a sustainable practice in larch nursery 
management. 
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phosphatase activities to contamination with two types of tar oil. Environ. Sci. 
Pollut. Res. 25, 28642–28653. https://doi.org/10.1007/s11356-018-2912-3. 

Thakuria, D., Schmidt, O., Finan, D., Egan, D., Doohan, F.M., 2010. Gut wall bacteria of 
earthworms: a natural selection process. ISME J. 4 (3), 357–366. https://doi.org/ 
10.1038/ismej.2009.124. 
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