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Entomophatogenic nematodes and microbia diversity at revegetation 
land of post-coal mining in East Kalimantan  
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Abstract. Post-mining management of coal should be followed by revegetation. The success of revegetation activities is largely 
determined by the fertility status of the soil which consists of physical, chemical and biological fertility components. Biological fertility 
is indicated by the presence of microbes and numbers of soil microbes. The study aims to identify entomophatogenic nematodes and 
soil microbes in land of ex-coal mining with palm oil vegetation in Kutai Kartanegara District and to analyze the relationships between 
the diversity of entomophatogenic nematodes-soil microbes and the chemical fertility status of the land. As a control, the non-coal 
mining area, a rubber plantation, was investigated. The results showed that the microbial diversity in post-coal mining is diverse with 
the non-mining land. The soil fungi and bacteria diversity and density in ex-coal mining was considerably lower compared to the 
control, non-mining land. The microbial (bacteria and fungi) diversity and density reduced in the deeper layer of soil either in post-coal 
mining or non-mining land, in which the microbes decrease as the depth of the soil layer increases. On the contrary to the soil fungi, 
soil bacteria, soil nematodes and entomopathogenic nematodes were noticed more abundant in the post-mining than in the non-
mining land, in term of diversity and density. The nematodes were also observed more in the deeper layer of soil. Variations in the soil 
nematode communities might be due to the distinct characteristics of soil at different layers. The fertility of soil was observed lower in 
the ex-coal mining land characterized by several soil physicochemical properties, in which lower soil pH, basic saturation, soil organic 
carbon (SOC) and nutrient content were examined, causing the lower microbial community compared to non-mining land. 
 
.  
 
Keywords: Entomophatogenic nematodes, soil microbia, diversity, revegetation area, post coal mining area, Kutai Kartanegara 

 
INTRODUCTION 

 
Coal mining activities in Kutai Kartanegara Regency, East Kalimantan, have experienced rapid growth in recent years, 

with both large-scale and small-scale operations, including those with mining authorities. However, this expansion has 
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come at a significant cost to the environment, resulting in widespread environmental damage. This damage manifests in 
the form of arid and infertile post-mining lands or artificial "craters" with unclear purposes. While some efforts have 
been made to rehabilitate these ex-coal mining lands, they remain sporadic and insufficient, allowing environmental 
degradation to outpace recovery efforts. 

Rehabilitating these lands is essential to mitigate the adverse environmental impacts of coal mining. The success of 
land recovery can be evaluated by assessing the diversity of soil microbes, which serves as an indicator of biological 
fertility. Soil microbes play a pivotal role in converting potential chemical fertility into actual fertility. Moreover, their 
activities gradually enhance the physical properties of the soil, further indicating improved physical fertility (Cui et al., 
2021). However, the restoration of ex-coal mining lands faces numerous challenges, including the need to address soil 
degradation, erosion, and biodiversity loss resulting from mining activities (Liu et al., 2010; Singh and Singh, 2017). To 
address these challenges, it is crucial to consider the role of soil microbes, including entomopathogenic microbia, which 
are an integral part of soil ecosystems (Boucias, D. G., & Pendland, 2018). 

Entomopathogenic microbia, which encompass various taxonomic groups, including bacteria, fungi, nematodes, and 
viruses, are known to regulate insect populations and play a vital role in ecological processes (Eilenberg et al., 2001) 
However, their presence and diversity in mining-affected areas can be influenced by factors such as soil type, climate, 
and land management practices (Rosenheim et al., 2018). Consequently, understanding and managing the diversity of 
these microorganisms are critical for the success of revegetation efforts. One of the most remarkable contributions of 
entomopathogenic microbia during revegetation is their role as natural pest controllers (Vega et al., 2009). These 
microorganisms serve as natural enemies of various insect pests that could harm newly planted vegetation (Shrestha et 
al, 2020) By infecting and eliminating these pests, entomopathogens help regulate insect populations and protect the 
restored vegetation (Rozpądek et al., 2019). In regions where entomopathogens thrive, the risk of pest outbreaks is 
reduced, safeguarding the overall health of the revegetated land (Koskella et al, 2020) Moreover, the presence of 
entomopathogenic microbia indirectly benefits plant health during revegetation endeavors (Castrillo et al, 2017) By 
reducing insect herbivory through the control of pest populations, these microorganisms support plant establishment 
and growth (Lacey et al., 2015). Healthy and robust plant growth, in turn, stabilizes soil, prevents erosion, and enhances 
biodiversity, all of which are crucial for the overall success of revegetation projects (Xu et al, 2020) Entomopathogenic 
microbia, including fungi and bacteria, are natural antagonists of insects and play a pivotal role in regulating insect 
populations in terrestrial ecosystems. While extensively studied for their potential in biological pest control in 
agriculture, their utilization in ecological restoration, particularly in ex-coal mining land revegetation, remains a relatively 
unexplored area, and a promising avenue for research and practical implementation. The diversity and abundance of 
entomopathogenic microbia are subject to environmental factors (Wakil et al, 2018). Factors such as soil physicochemical 
properties which can fluctuate significantly in mining-affected areas, play pivotal roles in shaping microbial community 
structure (Mudrak et al, 2021) ). 

The specific objectives of this study are to identify entomopathogenic nematodes and soil microbes associated with 
ex-coal mining areas, explore the roles of these identified microbes, and analyze the relationships between 
entomopathogenic nematodes-soil microbe diversity and the chemical fertility levels of the research site. 
 

MATERIALS AND METHODS 
 

Experimental site 
The study was conducted at two locations, in post-coal mining and non-mining areas, in the Pendingin Subdistrict of 

Sanga-Sanga, in Kutai Kartanegara District, East Kalimantan Province, Indonesia. The post-coal mining area located at the 
coordinate S 00040'29.7 "E 117016'09.8") has been revegetated with oil palm plantation. The non-mining area, as a 
control, located at the coordinate S 00041'41.3 "E 117015’54.9", is cultivated with rubber plant.  

 
Sample collection 

The sampling method used in this study refers to the standard method of ISPM (International Standards for 
Phytosanitary Measure), which is an international standard  guide to conduct surveys in the field. Soil samples were 
taken randomly at ten sampling point in each experimental sites. The soil samples were taken at four levels of depth 
from soil surface, 0-30 cm, 30-60 cm, 60-80 cm, 80-100 cm. After removing the gravel, and plant debris, the soil samples 
then were composited and taken 1 kg for microbial extraction and identification especially for fungi, bacteria, and 
nematodes in laboratory. In addition, the fertility status of the soil were also analyzed by identifying the chemical and 
physical soil properties.  

 
Fungal and Bacterial Isolation 
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For fungal isolation, 10 grams of soil samples were dissolved in a liter of distilled water. An ose needle was dipped in 
the soil solution, and then inoculated on the Potato Dextrose Agar (PDA) media. A week after, the microbes were 
isolated and observed Mycobacteria observations were carried out using microscope to identify the type, color, and 
shape of bacteria, as well as its colony following the procedure of Hucker's with minor modification (Hucker, 1921) 
Fungal identification was conducted by observing the morphological characteristics of fungi using a microscope. Conidia 
density was calculated using the Neubauer type haemocytometer.  

Bacteria isolation was carried out by dissolving 10 grams of soil samples in a liter of distilled water. An ose needle was 
dipped in the soil solution, and then inoculated on the Nutrient Agar (NA) media. Two days after, the microbes were 
isolated and observed bacteria observations were carried out using microscope to identify the type, color, and shape of 
bacteria, as well as its colony following the procedure of Hucker's with minor modification (Hucker, 1921). 

Entomopathogen fungi and bacteria was selected using Tenebrio mollitor L., the Hong Kong caterpillar larvae aged 30-
40 days (Figure 1.) One milliliter of each fungi and bacteria isolates were inoculated to Tenebrio mollitor L. Only fungi and 
bacteria that can cause mortality to Tenebrio mollitor L was considered in the data of this study to screen the 
entomopathogen bacteria and fungi.   

 
 

 

Figure 1.  Tenebrio mollitor L (Steinernema: blacken brown; Heterorhabditis: blacken red) 

Nematodes Isolation 
Nematodes isolation was carried out using Baermann funnel method with minor modification. This method is 

considered as the most effective in nematode isolation (van den Hoogen etal., 2020). A silicone hose wasattached to the 
funnel.  The end of the hose is tied using a Gauze rubber band and placed on the top of the funnel. The Baermann-funnel 
apparatus was installed in a horizontal position without buckling the silicon hose. Fifty grams of soil for each sample was 

placed on the filter paperthen wrapped the soil to cover its entire surface. The water was added slowly into the funnel to 

submerge the sampel, until the sample saturate, to create a moist environment that stimulate nematodes to migrate 
toward the water source. The funnel was incubated for 3x24 hours and the water released from the bottom of the 
funnel. The water was collected in a film tube / fial. The collected water then was passed through a fine sieve to separate 
the nematodes from the water and debris. Formalin (5%) was added as much as 1 drop and fixed for 15 minutes. 
Entomopathogenic nematodes from soil were carried out by insect trap using Tenebrio mollitor. Entomopathogenic 
nematode trapping was carried out using T. molitor larvae ± 150 g of moist soil is placed in a plastic container containing 
3-5 larvae. The container is then inverted so that the larvae are covered with soil, then placed at room temperature 
(Figure 1). 

After 3-4 days, if the larvae show death, the larval cadaver is removed and rinsed with sterilized distilled water. 
Entomopathogenic nematode trapping was then continued using the White trap method to release entomopathogenic 
nematodes from the cadaver's body. Nematodes were observed and calculated using a stereo microscope. Identification 
of soil nematodes and entomopathogenic nematodes genus were carried out by morphological observations. 
 

Soil fertility analysis 

Samples were analyzed for their chemical and physical properties including organic C, total N, available P 

(Bray), available K (Morgan), Ca
++

, Mg
++

, K
+
, Na

+
, CEC (Cation Exchange Capacity); Base saturation (BS) Al saturation, 

pH and soil texture. 

 

Data analysis:  

Data collected were analyzed descriptively to find out the role of soil microbes in supporting the recovery of post-

coal mining land and the relationship between the diversity of soil microbes and the chemical fertility status of the study 

site. 
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RESULTS  

Entomophatogenic Fungi diversity and density 

Higher entomopathogenic fungi diversity was observed in non-coal-mining compared to ex-coal mining land, in which 
five fungi genera was found in non-coal mining, and four genera in ex-coal mining (Figure 2, Table 1). The 
entomophatogenic fungi diversity in ex-coal mining and non-mining land were different in every soil layer observed in 
this study (Table 1). As an example, Penicillium sp. which was found in every soil layer of post coal mining land was not 
present in non-mining land. On the other hand, Mucor sp. which was found in non-mining land was absence in coal 
mining land. In addition, Aspergillus was observes as abundant fungi which was found in almost all soil layer either in ex-
coal mining land or in non-mining land. Besides its diversity, the fungal density in non-coal-mining was also considerably 
higher (ranging from 4.2 - 9.6x10

6 
cfu.g

-1
) than that of ex-coal mining land (ranging from 1.4 - 5.1x10

6 
cfu.g

-1
) in every soil 

depth layer. The deeper the soil layer, the fewer Entomophatogenic fungal populations was detected.  
 
Table 1. Entomopathogenic fungi diversity and density at different soil depth layer in ex-coal mining and non-coal mining land   in 
Pendingin, Sanga-Sanga subdistrict, Kutai Kartanegara Regency  

 
Soil depth layer 

 

Fungal Population  
Genera/species 

cfu/g 

                   Non-mining land 

1. 0-30 7.2 x 10
5 

Aspergillus 
Trichoderma 
Penicillium  

2. 30-60 5.4 x 10
5 

 
Aspergillus 
Trichoderma 
Penicillium 
 

3. 60-80 3.2 x 10
5
 

Trichoderma 
Phytium 
Penicillium 

4. 80-100  2.6 x 10
5
 

 
Aspergillus 
Penicillium 
 

                 Post-coal-mining land 

1. 0-30 3.8 x 10
5
 Aspergillus 

2. 30-60 2.2 x 10
5
 

Trichoderma sp. 
 
Aspergillus niger 
Trichoderma 
 

3. 60-80 1.8 x 10
5
 

Aspergillus sp. 
Mucor sp. 
 

4. 80-100 1.4 x 10
5
 

Aspergillus niger 
Aspergillus flavus. 

 

Comment [U19]: What do the numbers refer 
to? Not in the table 

Comment [U20]: idem 

Comment [U21]: Population density 

Comment [U22]: Are all these genera tested on 
Hong Kong caterpillars? Identification should be 
down to specie not genera or families 



SOPIALENA et al. – Nematode and microbial diversity and screening of entomopathogens 

 

2927 

 

Figure 2. Entomopathogen Fungi A. Trichoderma: conidia (a), hialin (b), conidiofor (c); B. Phytium: oogonium (a), hyphae (b); C. 
Penicillium: conidium (a), phialide (b), metula (c), stipe (d); D. A. niger: conidia (a), conidiofor (b); E. A. flavus: conidia (a), 
phialide (b), vesicle (c), stipe (d); F. Mucor sp.: sporangium (a), sporangiofore (b), hyphae (c) 

Enthomopatogenic Bacteria 

Two family of Enthomopatogenic bacteria, Azotobacteraceae and Bacillaceae were observed in both non-coal-mining 

and ex-coal mining land (Figure 3). However, in the deeper layer of subsoil of ex-coal mining land, only Azotobacteraceae 

was present, either in 60-80 cm or in 80-100 cm. Interestingly, all of the Enthomopatogenic bacteria in the family of 

Azotobacteraceae in this study was noticed as coccus gram positive bacteria, except in ex-coal mining land, there were 

coccus gram negative Azotobacteraceae in the soil depth of 30-60 cm and 60-80 cm. The bacteria population was denser in 

non-coal-mining (4.2 – 9.6x10
6
) compared to ex-coal mining land (1.4 – 5.1x10

6
). The bacteria population was decreased 

in line with the soil depth layer in the two sites of experiment (Table 2).  
  

Table 2.   Entomopathogenic bacteria diversity and density at different soil depth layer in ex-coal mining and non-coal mining land in 

Pendingin, Sanga-Sanga subdistrict, Kutai Kartanegara Regency 

No 
Soil Depth layer 
 

Bacterial Population 
 Family 

cfu/g 

 Non-mining land   

1. 0-30 9.6 x 10
6 

- Coccus, gram (+): Azotobacteraceae 

- Bacil, gram (+): Bacillaceae 

 

2. 30-60 5.5 x 10
6 

 

- Coccus, gram (+): Azotobacteraceae 

- Bacil, gram (+): Bacillaceae 

 

 

3. 60-80 4.5 x10
6
 

- Coccus, gram: (+) Azotobacteraceae 

- bacil, gram (+): Bacillaceae 

 

4. 80-100  4.2 x 10
6
 

- Coccus, gram (+): Azotobacteraceae 

- Bacil, gram (+): Bacillaceae 

 Post-coal-mining land   

1. 0-30 5.1 x 10
6
 

- Coccus, gram (+): Azotobacteraceae 

- Basil, gram (+): Bacillaceae 

 

2. 30-60 4.9 x 10
6
 

- Coccus, gram: (+) Azotobacteraceae 
- Basil, gram (+): Bacillaceae 

 

3. 60-80 1.6 x 10
6
 

 
- Coccus, gram: (+): Azotobacteraceae 

E F 
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4. 80-100 1.4 x 10
6
 

 
- Coccus, gram: (+): Azotobacteraceae 

    

 

                                    

Figure  3. Bacteria (left to right: A. Bacillaceae, and B. Azotobacteraceae) 

Enthomopatogenic Nematoda 
In total, two genus of enthomopatogenic nematodes (Steinernema and Heterorhabditis) and thirteen nematodes 

associates with entomopathogenic nematodes  in soil rhizosphere, namely Heterodera, Meloidogyne, Tylenchus, 
Pratlyenchus, Radopholus, Hoplolaimus, Rotylenchus, Rotylenchulus, Dorylaimus, Xiphinema, Rhabditis and Longidorus 
was isolated in this study (Figure 4). Among the fifteen genus, nine genera were found in non-coal mining, and ten 
genera in ex-coal mining land (Table 3).  Parallel with nematode diversity, the number of nematode populations is also 
higher in ex-coal mining compared to non-coal mining land. It was also observed that the deeper the soil layer, the higher 
the number of isolated entomopathogenic nematodes, both found in non-mining and ex-coal mining land (Table 3). 
 
Table 3. Entomopathogenic nematode diversity and density at different soil depth layer in ex-coal mining and non-coal mining land in 

Pendingin, Sanga-Sanga Subdistrict, Kutai Kartanegara Regency 

No Soil Depth layer 
Nematoda 

Genus  
Population/ kg soil 

 Non-mining land   

1. 0-30 1.1 x10
2
 

Heterodera 
Meloidogyne 
Tylenchus 
Heterorhabditis 
 

2. 30-60 1.2 x 10
2 

Heterorhabditis 
Pratlyenchus 
Heterodera 
Radopholus 
Hoplolaimus 
 

3. 60-80 4 x 10
2 

Pratylenchus 
Heterodera 
 

4. 80-100  2 x 10
2 

Rotylenchus 
Rotylenchulus 
Dorylaimus 
 

 Post-coal-mining land   

1. 0-30 5.1 x 10
2 

Heterodera 
Xiphinema 
 

2. 30-60 7.0 x 10
2
 

Heterorhabditis 
Steinernema 
Radopholus 
Rhabditis 
 

 
3. 

60-80 8.0 x 10
2
 

Steinernema 
Hoplolaimus 

Comment [U25]: Identification should be down 
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Rotylenchus 
 

4. 80-100 9.2 x 10
2
 

Pratylenchus 
Longidorus 

    

 

 
 

Figure 4. Nematodes (left to right: A. Hoplolaimus, B. Pratylenchus, C. Tylenchus, D. Heterorhabditis, E. Steinernema, F. Dorylaimus, G. 
Xiphinema, H. Heterodera, I. Rhabditis, J. Radopholus, K. Longidorus, L. Rotylenchus, M. Rotylenchulus, N. Helycotylenchus, O. 
Aphelenchus) 

 

 

 
 

Soil physicochemical properties 

 

In general, soil nutrient content in non-mining land was higher compared to post-coal mining (Table 4). There were 

also variation of the nutrient content in different soil depth layer. Most of the nutrient were available more in the subsoil 

part, compared to topsoil, as observed in available K, Ca++. Mg++, K++, and Na+, as well as base saturation in non-

mining land. On the contrary, that phenomenon were in the reverse condition in post-coal mining land.  

Aluminium content seemed to be higher in the post-coal mining than that of the non-mining land. The aluminium 

content tends to decrease as the soil layer gets deeper on non-coal mining land, but tends to be higher on the deeper soil 

layers on post-coal mining land. The pH status in both of non-mining and post-coal mining land was in the range of 4.02-

4.9 and 3.19-4.19, respectively, showing the higher acidity of post-coal mining land.  

Soil texture is determined by the proportion of mineral components in the soil. Among all these mineral particles, silt is 

a dominant soil texture compared to clay and sand, either in non-mining and post-coal mining land, in the top soil or 

subsoil. However, the relative proportions of different mineral particles (sand, silt, and clay) were varied in each soil layer 

resulted in distinct soil texture.  

 
Table 4. Soil fertility on two Land Location in Pendingin Village, Sanga-sanga District, Kutai Kartanegara Regency  

No. Soil Parameter Unit 
Non-coal Mining Land                                Ex-coal Mining Land 
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R1 0-30 R2 30-60 
R3 

60-80 
R4 80-

100 
S1 0-30  

S2 30-
60 

S3 60-
80 

S4 
80-100 

1. Carbon organic % 7.65 4.64 4.14 3.41 3.80 3.74 1.38 0.86 

2. Nitrogen total % 0.41 0.24 0.51 0.14 0.17 0.15 0.16 0.19 

3. Ratio C/N - 18.66 19.33 8.12 24.36 22.35 24.93 8.63 4.53 

4. 
Available P 
(Bray1) 

Ppm 19.39 12.60 13.38 20.26 5.11 4.03 0.96 4.12 

5. 
Available K 
tersedia (Morgan) 

Ppm 110.45 214.54 170.21 234.33 209.22 81.56 82.09 143.28 

6. Al
3+ 

(Morgan)
 

 4.00 2.20 2.10 3.10 2.00 6.80 5.10 8.40 

7. H
+ 

(Morgan)
 

 3.46 1.80 1.70 2.66 1.66 6.20 4.46 4.26 

8. Ca
++ 

meq/100 g 0.63 1.67 0.83 1.19 1.95 0.79 0.52 0.61 

9. Mg
++ 

meq/100 g 0.48 1.25 0.68 0.98 1.01 0.48 0.37 0.49 

10. K
+ 

meq/100 g 0.30 0.65 0.48 0.91 0.67 0.20 0.26 0.40 

11. Na
+ 

meq/100 g 0.04 0.38 0.28 0.29 0.34 0.11 0.02 0.12 

12. CEC meq/100 g 8.91 7.95 6.07 9.13 8.16 8.58 10.73 14.28 

13. BS % 16.3 49.7 37.4 36.9 48.7 18.4 10.9 11.3 

14. Al Saturation % 44.89 27.67 34.60 33.95 26.21 46.64 47.53 58.82 

15. pH – 4.02 4.62 4.54 4.90 3.56 3.35 4.19 3.19 

16. 
 

Clay 
% 

14.77 36.54 20.07 23.21 28.72 16.54 23.94 32.85 

17. Silt % 34.48 58.18 55.30 35.43 67.66 64.75 33.70 35.54 

18. Sand % 50.75 5.28 24.63 41.36 3.62 18.71 42.36 31.61 

19. Texture  SiCL SiCL SiL L SiCL SiL L CL 

 
DISCUSSION 

 
The most concern of land degradation impact in post-mining area in agriculture sector is the reduction of biodiversity 

and soil fertility. Mining activities often lead to the destruction of natural habitats and ecosystems result in the 
deracination and decline of plant and animal species, leading to a loss of biodiversity which further negatively affects 
agricultural productivity. In addition, post-mining land undergoes physical and chemical changes that render it unsuitable 
for agriculture, since it reducing soil porosity and aeration due to the alteration of soil structure, lacks the organic matter 
and nutrients due to the topsoil removal, introducing contaminants including heavy metals and toxic chemicals, reducing 
organic matter and soil nutrients, altering the pH of the soil, making it more acidic or alkaline, which can be detrimental 
to plant growth (Prince et al., 2018; Janečková et al, 2023).  

Efforts to address the loss of arable land in post-mining areas involve comprehensive reclamation and rehabilitation 
practices that aim to restore soil fertility, structure, water-holding capacity and repair the quality of the environment and 
ecosystem as mentioned in the regulation issued by the Minister of Energy and Mineral Resources Regulation 7/2014 
and Regional Regulation East Kalimantan 8/2013. These efforts may include topsoil replacement, planting vegetation, 
and ongoing monitoring to ensure the land can support agriculture practices. To achieve normal criteria for fertile soil 
supporting agricultural activities, maintenance of microbial community structures is very important.  

 
 
Entomopathogen microbial diversity and density  

Microorganisms play an important roles in various ecosystems and biological processes. One of the crucial roles of 

microorganisms in agriculture is as biological control agents. Biological control is a pest management method through the 

use of natural enemies, to suppress the pest population. The use of biological control is considered as the most prudent 

manner to control pest since it can reduced reliance on chemical pesticides, specific pest targeting, long-term pest 

management, environmentally friendly, cost-effective, safe for human health, and supporting the sustainable agriculture 

(Boro et al, 2022) 

In this study, the microorganisms observed are focused on entomothogenic nematodes and its associated with soil 

bacteria, fungi, and nematode. Entomopathogen nematodes used as biological control specifically for suppressing insect 
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population. Insects are the largest and most diverse group of organisms included as one of the most common and 

economically significant types of plant pests (Schoonhoven et al., 2005; García-Lara, 2016). Insect pests cause significant 

damage and lead to productivity reduction of any crop plant species (Oleivera et al., 2013; Manosathiyadevan, 2017). 

Therefore, implementing effective and sustainable insect pest management is crucial for achieving a crop production 

system that optimizes the use of natural resources, preserve the environment, and maximizes output in a sustainable 

manner. The use of entomopathogen as biological control for reducing insect population considered as the most effective 

sustainable pest management. 

In this study, it was clearly observed that the entomopathogenic nematodes and soil microbial diversity in post-coal 

mining is diverse with the non-mining land. The soil fungi diversity and density in post-coal mining was considerably 

lower compared to the non-mining land (Table 1). This situation was not only observed in fungi, but also in soil bacteria 

(Table 2), showing a low biodiversity of microorganisms in post-coal mining even after reclamation process. A significant 

reduction of microbial diversity due to coal mining practices after land restoration was also observed in the previous study 

conducted by de Quadros et al. (2016) In their study, the post-coal mining land has been restored for several years (3-19 

years) by replacing the soil layers, applying limestone to raise the pH to 6.0, and revegetating the land with grasses. Even 

after a completion of reclamation process in many years, the composition of the microbial diversity and biomass of post-

mined sites was significantly lower from the control (unaltered sites). A similar results were also found in different studies 

comparing the microbial diversity and density in reclamation and re-vegetation post-coal mine with undisturbed sites 

resulted in the significant declines in microbial community structure and diversity (Li et al, 2014; Upadhyay et al., 2014) 

as also showed in this current study. 

A reduction of microbial (bacteria and fungi) diversity and density was also observed in the deeper layer of soil either 

in post-coal mining or non-mining land (Table 1 and Table 2), in which the microbes decrease as the depth of the soil layer 

increases. A similar remark was also reported in a study of Upadhyay et al., (2016) revealed that the rhizospheric soils 

showed greater diversity in both bacteria and fungi compared to the non-rhizospheric soil. This outcome is supported by 

the recent studies concluded that soil microbial diversity decreasing along with the soil depth (Wang et al, 2021; Guo et 

al., 2021) 

It is well known that the topsoil is the most biologically active and favorable layer for microorganisms compared to the 

subsoil layer. The topsoil contains the highest concentration of organic matter, providing food source and nutrients for 

microorganisms (Bahram et al., 2018) In addition, the uppermost layer of soil or also known as A-horizon is well-aerated 

and has a suitable moisture content, moderate temperature providing a suitable environment for a wide range of 

microorganisms (N. Liu et al., 2019; Aquado et al, 2023). Furthermore, there is an interaction between microorganisms 

and plant roots which are more abundant in the top layer of soil. Plant roots release root exudates and provide energy 

source for many soil microorganisms, thereby contributing to a more active microbial community (Sasse et al., 2018; 

Zhalnina et al, 2018; Zhou et al, 2020) Therefore, the vegetation types and plant species will influence the soil microbial 

diversity and community composition (Šourková et al., 2005; Li et al., 2013). 

On the contrary to the fungi and bacteria, entomopathogen nematodes were noticed more abundant in the post-mining 

than in the non-mining land, in term of diversity and density. The nematodes were also observed more in the deeper layer 

of soil (Table 3). Most of the studies observed that the vertical distribution of nematode communities is decreasing from 

the topsoil layer to the sub soil layer(Lazarova et al., 2004)(Cheng et al, 2021) (Suyadi et al. 2021). However, it is also 

explained that the distinct characteristics of soil at different layers cause variations in soil nematode communities (Liu et 

al., 2022). It means that differences in soil nematode diversity and density in different soil depths might be influenced by 

soil variables. In a study of (Ilieva-Makulec et al., 2015)), the number of nematode diversity varied in different 

experimental sites, in which the nematode generic richness is higher in the topsoil, while in different habitat, the nematode 

diversity was significantly lower in the topsoil and the highest in the subsoil. The nematode abundance and distribution are 

influenced by many factors, such as soil properties, climate and environmental conditions, land use and management, plant 

species and root exudates, predation and competition, succession and ecosystem development (Ilieva-Makulec et al., 2015; 

Zhang, 2020; Cheng et al, 2021; Li et al., 2022)  

Microbial life is always directly affected by changes in the soil. On ex-mining land changes in soil (physical, chemical, 

and biological) occur drastically, so that microbes must adapt to the new environment, or become extinct (Helbig et al., 

2008). Microbial life in the soil plays an important role in controlling the stability of the soil ecosystem. Factors that 

influence microbial community structure in the soil are soil and plant types, and soil management. In conditions of a stable 

soil ecosystem, the pathogenic microbial suppressants can be suppressed naturally (Sopialena & Palupi, 2017). Ecological 

soil fertility management gives more hope in realizing a sustainable agricultural system, by paying attention to the 

interaction between microbes and soil as well as microbes and plants by the influence of time and space in the soil.  

 

Relation of soil physicochemical properties and microbial community  
Soil is a medium for plant growth and also acts as an environment for microbial growth, so that the soil conditions 

determine the quality of growing soil microbes and plants. The status of soil, often referred to as soil health or soil 
quality, is of utmost importance to the existence and functioning of microbial communities in the soil. The interactions 
between soil microbes and plants play a crucial role in soil health and fertility. Fertile soil typically is a supply of organic 
matter for microbial activity. Soil status encompasses a wide range of physical, chemical, and biological properties that 

Comment [U26]: It would be good to discuss 
why there are different characters in mined and 
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influence the habitat and conditions for soil microorganisms. A healthy soil status with sufficient organic matter and 
nutrient availability ensures that microorganisms have the resources they need to thrive (Kaur et al., 2022) The presence 
of high organic matter in soil is characterized by several physicochemical parameters, such as pH levels, cation exchange 
capacity (CEC), soil organic carbon (SOC) content, and nutrient content especially nitrogen, phosphorus, and potassium 
(Sangita Changdeo Dandwate, 2020) 

In this study, the soil acidity is included as acid soil either in post-coal mining or non-mining land with minor variation 
in every soil depth layer. However, it is examined that soil pH in the post-mining land was considerably lower, in the 
range of 3.19-4.19, compared to non-mining in the range of 4.02-4.9. Related to the lower pH in post-mining land, 
aluminium content is also higher in this land than that of the non-mining (Table 4) since the acidic soils enhance 
aluminum solubility and availability. Furthermore, soil pH is positively correlated with another soil property, basic 
saturation (BS), which was observed higher in the non-mining land (Table 4).  

Soil pH strongly influences microbial communities. Acidic or alkaline soils can limit the diversity and activity of 
microorganisms, impacting nutrient availability and overall soil fertility (Fierer and Jackson, 2006; Rousk et al., 2010). Soil 
pH is a critical factor that affects the activity and diversity of soil microorganisms (Lauber et al., 2009). Different microbial 
species have specific pH preferences, and soil pH can influence their metabolic activities. Soil pH outside the optimal 
range for specific microbes can limit their growth and activity (Wang et al, 2019). Maintaining an appropriate pH level is 
essential for a diverse and active microbial community. 

Soil organic matter in the non-mining land was presumably higher in this study, characterized by the higher soil 
organic carbon (SOC) and nutrient content than that of the post-coal mining land, beside the pH level (Table 4). Higher 
organic matter are associated with high SOC, as carbon is a fundamental component of organic materials, mainly occurs 
via the microbial breakdown, partial decay, and conversion of deceased organic materials (Lefèvre et al, 2017) This 
activity co-related with nutrient availability, as organic matter decomposes, it releases nutrients into the soil, 
contributing to the soils overall fertility and health (Gerke, 2022) 

All over, soil physicochemical properties play a significant role in shaping the composition and activity of the microbial 
community (Brahmaprakash, 2021). Changes in these properties can influence the composition and activity of the 
microbial community, subsequently impacting nutrient cycling, organic matter decomposition, and overall soil fertility 
(Leiva et al, 2020; Kaur et al., 2022) as clearly shown in this study. A higher microbial community was observed in the 
higher physicochemical of soil properties, which was shown in the non-mining land, compared to the post-coal mining 
land. Fertile soil is characterized by a well-balanced and diverse microbial community that supports plant growth by 
providing essential nutrients and improving soil structure. The composition and diversity of the soil microbial community 
are important factors in maintaining soil health which further supporting plant growth and health (Wang & Li, 2023). 

Microbial life in the soil plays an important role in controlling the stability of the soil ecosystem (Gattinger, 2008) The 
increasing microbial population (both types and numbers) causes the dynamics of the soil to be better and become 
naturally healthy (Bertola et al., 2021). The ability to change soil biological properties in a positive direction can increase 
the population of microbes, included entomopathogen microbial, that benefit plants, and make plants grow healthy 
without the need for the use of artificial fertilizers and pesticides.  
 

.  

CONCLUSION 
 
 

The microbial diversity in post-coal mining is diverse with the non-mining land. The entomopathogenic fungi and 
bacteria diversity and density in ex-coal mining was considerably lower compared to the control, non-mining land. The 
microbial (bacteria and fungi) diversity and density reduced in the deeper layer of soil either in post-coal mining or non-
mining land, in which the microbes decrease as the depth of the soil layer increases. On the contrary to the fungi and 
bacteria, entomopathogen nematodes were noticed more abundant in the post-mining than in the non-mining land, in 
term of diversity and density. The nematodes were also observed more in the deeper layer of soil. Variations in the soil 
nematode communities might be due to the distinct characteristics of soil at different layers. The fertility of soil was 
observed lower in the ex-coal mining land characterized by several soil physicochemical properties, in which lower soil 
pH, basic saturation, soil organic carbon (SOC) and nutrient content were examined, causing the lower microbial 
community compared to non-mining land. 
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Abstract. Post-mining management of coal should be followed by revegetation. The success of revegetation activities is largely 
determined by the fertility status of the soil which consists of physical, chemical and biological fertility components. Biological fertility 
is indicated by the presence and numbers of soil microbes. This study aims to identify the diversity of nematodes and soil microbes on 
revegetated ex-coal mining land with palm oil vegetation in Kutai Kartanegara District, screen for entomopathogenic nematodes and 
microbes, and analyze their relationships with the chemical fertility status of the land. As a control, a non-mining land was also 
investigated.. The results showed that the microbial diversity and density (including fungi and bacteria) in the post-coal mining area 
were considerably lower compared to the control, non-mining land.. The soil fungi and bacteria diversity and density in ex-coal mining 
was considerably lower compared to the control, non-mining land. Additionally, microbial  diversity and density decreased in the 
deeper layer, both in the post- mining and non-mining lands.. In contrast, soil nematodes were more abundant in the post-mining 
land, and were also more plentiful in the deeper soil layers. Among the nematodes and microbes studied, only Heterorhabditis and 
Steinernema (nematodes); Trichoderma (fungi); and Bacillaceae (bacteria) were identified as entomopathogens, causing death in 
Tenebrio molitor L. larvae.l. Overall, the soil fertility in the post-coal mining land was observed to be lower,characterized by 
decreasedsoil pH, basic saturation, soil organic carbon (SOC), and nutrient content, which contributed to a reduced microbial 
community compared to non-mining land. 
 
Keywords: Entomophatogenic, nematodes, soil microbia, post-coal mining, Kutai Kartanegara 

 
INTRODUCTION 

 
Coal mining activities in Kutai Kartanegara Regency, East Kalimantan, have experienced rapid growth in recent years, 

with both large-scale and small-scale operations, including those with mining authorities. However, this expansion has 
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come at a significant cost to the environment, resulting in widespread environmental damage. This damage manifests in 
the form of arid and infertile post-mining lands or artificial "craters" with unclear purposes. While some efforts have 
been made to rehabilitate these ex-coal mining lands, they remain sporadic and insufficient, allowing environmental 
degradation to outpace recovery efforts. 

Rehabilitating these lands is essential to mitigate the adverse environmental impacts of coal mining. The success of 
land recovery can be evaluated by assessing the diversity of soil microbes, which serves as an indicator of biological 
fertility. Soil microbes play a pivotal role in converting potential chemical fertility into actual fertility. Moreover, their 
activities gradually enhance the physical properties of the soil, further indicating improved physical fertility (Cui et al., 
2021). However, the restoration of ex-coal mining lands faces numerous challenges, including the need to address soil 
degradation, erosion, and biodiversity loss resulting from mining activities (Liu et al., 2010; Singh and Singh, 2017). To 
address these challenges, it is crucial to consider the role of soil microbes, including entomopathogenic microbia, which 
are an integral part of soil ecosystems (Boucias, D. G., & Pendland, 2018). 

Entomopathogenic microbia, which encompass various taxonomic groups, including bacteria, fungi, nematodes, and 
viruses, are known to regulate insect populations and play a vital role in ecological processes (Eilenberg et al., 2001) 
However, their presence and diversity in mining-affected areas can be influenced by factors such as soil type, climate, 
and land management practices (Rosenheim et al., 2018). Consequently, understanding and managing the diversity of 
these microorganisms are critical for the success of revegetation efforts. One of the most remarkable contributions of 
entomopathogenic microbia during revegetation is their role as natural pest controllers (Vega et al., 2009). These 
microorganisms serve as natural enemies of various insect pests that could harm newly planted vegetation (Shrestha et 
al, 2020) By infecting and eliminating these pests, entomopathogens help regulate insect populations and protect the 
restored vegetation (Rozpądek et al., 2019). In regions where entomopathogens thrive, the risk of pest outbreaks is 
reduced, safeguarding the overall health of the revegetated land (Koskella et al, 2020) Moreover, the presence of 
entomopathogenic microbia indirectly benefits plant health during revegetation endeavors (Castrillo et al, 2017) By 
reducing insect herbivory through the control of pest populations, these microorganisms support plant establishment 
and growth (Lacey et al., 2015). Healthy and robust plant growth, in turn, stabilizes soil, prevents erosion, and enhances 
biodiversity, all of which are crucial for the overall success of revegetation projects (Xu et al, 2020) Entomopathogenic 
microbia, including fungi and bacteria, are natural antagonists of insects and play a pivotal role in regulating insect 
populations in terrestrial ecosystems. While extensively studied for their potential in biological pest control in 
agriculture, their utilization in ecological restoration, particularly in ex-coal mining land revegetation, remains a relatively 
unexplored area, and a promising avenue for research and practical implementation. The diversity and abundance of 
entomopathogenic microbia are subject to environmental factors (Wakil et al, 2018). Factors such as soil physicochemical 
properties which can fluctuate significantly in mining-affected areas, play pivotal roles in shaping microbial community 
structure (Mudrak et al, 2021) ). 

The specific objectives of this study are to identify entomopathogenic nematodes and soil microbes associated with 
ex-coal mining areas, explore the roles of these identified microbes, and analyze the relationships between 
entomopathogenic nematodes-soil microbe diversity and the chemical fertility levels of the research site. 
 

MATERIALS AND METHODS 
 

Experimental site 
The study was conducted at two locations, in post-coal mining and non-mining areas, in the Pendingin Subdistrict of 

Sanga-Sanga, in Kutai Kartanegara District, East Kalimantan Province, Indonesia. The post-coal mining area located at the 
coordinate S 00040'29.7 "E 117016'09.8") has been revegetated for two years with oil palm plantation. The non-mining 
area, as a control, located at the coordinate S 00041'41.3 "E 117015’54.9", is cultivated with rubber plant.  
 
Sample collection 

The sampling method used in this study refers to the standard method of ISPM (International Standards for 
Phytosanitary Measure), which is an international standard  guide to conduct surveys in the field. Soil samples were 
taken randomly at ten sampling point in each experimental sites. The soil samples were taken at four levels of depth 
from soil surface, 0-30 cm, 30-60 cm, 60-80 cm, 80-100 cm. After removing the gravel, and plant debris, the soil samples 
then were composited and taken 1 kg for microbial extraction and identification especially for fungi, bacteria, and 
nematodes in laboratory. In addition, the fertility status of the soil were also analyzed by identifying the chemical and 
physical soil properties.  

 
Fungal and Bacterial Isolation 
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For fungal isolation, 10 grams of soil samples were dissolved in a liter of distilled water. An ose needle was dipped in 
the soil solution, and then inoculated on the Potato Dextrose Agar (PDA) media. A week after, the microbes were 
isolated and observed Mycobacteria observations were carried out using microscope to identify the type, color, and 
shape of bacteria, as well as its colony following the procedure of Hucker's with minor modification (Hucker, 1921) 
Fungal identification was conducted by observing the morphological characteristics of fungi using a microscope. Conidia 
density was calculated using the Neubauer type haemocytometer.  

Bacteria isolation was carried out by dissolving 10 grams of soil samples in a liter of distilled water. An ose needle was 
dipped in the soil solution, and then inoculated on the Nutrient Agar (NA) media. Two days after, the microbes were 
isolated and observed bacteria observations were carried out using microscope to identify the type, color, and shape of 
bacteria, as well as its colony following the procedure of Hucker's with minor modification (Hucker, 1921). 

Entomopathogen fungi and bacteria was selected using Tenebrio mollitor L., the Hong Kong caterpillar larvae aged 30-
40 days (Figure 1.) One milliliter of each fungi and bacteria isolates were inoculated to Tenebrio mollitor L. Only fungi and 
bacteria that can cause mortality to Tenebrio mollitor L was considered in the data of this study to screen the 
entomopathogen bacteria and fungi.   

 
 

 

Figure 1.  Tenebrio mollitor L (Steinernema: blacken brown; Heterorhabditis: blacken red) 

Nematodes Isolation 
Nematodes isolation was carried out using Baermann funnel method with minor modification. This method is 

considered as the most effective in nematode isolation (van den Hoogen etal., 2020). A silicone hose wasattached to the 
funnel.  The end of the hose is tied using a Gauze rubber band and placed on the top of the funnel. The Baermann-funnel 
apparatus was installed in a horizontal position without buckling the silicon hose. Fifty grams of soil for each sample was 

placed on the filter paperthen wrapped the soil to cover its entire surface. The water was added slowly into the funnel to 

submerge the sampel, until the sample saturate, to create a moist environment that stimulate nematodes to migrate 
toward the water source. The funnel was incubated for 3x24 hours and the water released from the bottom of the 
funnel. The water was collected in a film tube / fial. The collected water then was passed through a fine sieve to separate 
the nematodes from the water and debris. Formalin (5%) was added as much as 1 drop and fixed for 15 minutes. 
Entomopathogenic nematodes from soil were carried out by insect trap using Tenebrio mollitor. Entomopathogenic 
nematode trapping was carried out using T. molitor larvae ± 150 g of moist soil is placed in a plastic container containing 
3-5 larvae. The container is then inverted so that the larvae are covered with soil, then placed at room temperature 
(Figure 1). 

After 3-4 days, if the larvae show death, the larval cadaver is removed and rinsed with sterilized distilled water. 
Entomopathogenic nematode trapping was then continued using the White trap method to release entomopathogenic 
nematodes from the cadaver's body. Nematodes were observed and calculated using a stereo microscope. Identification 
of soil nematodes and entomopathogenic nematodes genus were carried out by morphological observations. 
 

Soil fertility analysis 

Samples were analyzed for their chemical and physical properties including organic C, total N, available P 

(Bray), available K (Morgan), Ca
++

, Mg
++

, K
+
, Na

+
, CEC (Cation Exchange Capacity); Base saturation (BS) Al saturation, 

pH and soil texture. 

 

Data analysis:  

Data collected were analyzed descriptively to find out the role of soil microbes in supporting the recovery of post-

coal mining land and the relationship between the diversity of soil microbes and the chemical fertility status of the study 

site. 
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RESULTS  

Entomophatogenic Fungi diversity and density 

Higher entomopathogenic fungi diversity was observed in non-coal-mining compared to ex-coal mining land, in which 
five fungi genera was found in non-coal mining, and four genera in ex-coal mining (Figure 2, Table 1). The 
entomophatogenic fungi diversity in ex-coal mining and non-mining land were different in every soil layer observed in 
this study (Table 1). As an example, Penicillium sp. which was found in every soil layer of post coal mining land was not 
present in non-mining land. On the other hand, Mucor sp. which was found in non-mining land was absence in coal 
mining land. In addition, Aspergillus was observes as abundant fungi which was found in almost all soil layer either in ex-
coal mining land or in non-mining land. Besides its diversity, the fungal density in non-coal-mining was also considerably 
higher (ranging from 4.2 - 9.6x10

6 
cfu.g

-1
) than that of ex-coal mining land (ranging from 1.4 - 5.1x10

6 
cfu.g

-1
) in every soil 

depth layer. The deeper the soil layer, the fewer Entomophatogenic fungal populations was detected.  
 
Table 1. Entomopathogenic fungi diversity and density at different soil depth layer in ex-coal mining and non-coal mining land   in 
Pendingin, Sanga-Sanga subdistrict, Kutai Kartanegara Regency  

 
Soil depth layer 

 

Fungal Population  
Genera/species 

cfu/g 

                   Non-mining land 

1. 0-30 7.2 x 10
5 

Aspergillus 
Trichoderma 
Penicillium  

2. 30-60 5.4 x 10
5 

 
Aspergillus 
Trichoderma 
Penicillium 
 

3. 60-80 3.2 x 10
5
 

Trichoderma 
Phytium 
Penicillium 

4. 80-100  2.6 x 10
5
 

 
Aspergillus 
Penicillium 
 

                 Post-coal-mining land 

1. 0-30 3.8 x 10
5
 Aspergillus 

2. 30-60 2.2 x 10
5
 

Trichoderma sp. 
 
Aspergillus niger 
Trichoderma 
 

3. 60-80 1.8 x 10
5
 

Aspergillus sp. 
Mucor sp. 
 

4. 80-100 1.4 x 10
5
 

Aspergillus niger 
Aspergillus flavus. 
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Figure 2. Entomopathogen Fungi A. Trichoderma: conidia (a), hialin (b), conidiofor (c); B. Phytium: oogonium (a), hyphae (b); C. 
Penicillium: conidium (a), phialide (b), metula (c), stipe (d); D. A. niger: conidia (a), conidiofor (b); E. A. flavus: conidia (a), 
phialide (b), vesicle (c), stipe (d); F. Mucor sp.: sporangium (a), sporangiofore (b), hyphae (c) 

Enthomopatogenic Bacteria 

Two family of Enthomopatogenic bacteria, Azotobacteraceae and Bacillaceae were observed in both non-coal-mining 

and ex-coal mining land (Figure 3). However, in the deeper layer of subsoil of ex-coal mining land, only Azotobacteraceae 

was present, either in 60-80 cm or in 80-100 cm. Interestingly, all of the Enthomopatogenic bacteria in the family of 

Azotobacteraceae in this study was noticed as coccus gram positive bacteria, except in ex-coal mining land, there were 

coccus gram negative Azotobacteraceae in the soil depth of 30-60 cm and 60-80 cm. The bacteria population was denser in 

non-coal-mining (4.2 – 9.6x10
6
) compared to ex-coal mining land (1.4 – 5.1x10

6
). The bacteria population was decreased 

in line with the soil depth layer in the two sites of experiment (Table 2).  
  

Table 2.   Entomopathogenic bacteria diversity and density at different soil depth layer in ex-coal mining and non-coal mining land in 

Pendingin, Sanga-Sanga subdistrict, Kutai Kartanegara Regency 

No 
Soil Depth layer 
 

Bacterial Population 
 Family 

cfu/g 

 Non-mining land   

1. 0-30 9.6 x 10
6 

- Coccus, gram (+): Azotobacteraceae 

- Bacil, gram (+): Bacillaceae 

 

2. 30-60 5.5 x 10
6 

 

- Coccus, gram (+): Azotobacteraceae 

- Bacil, gram (+): Bacillaceae 

 

 

3. 60-80 4.5 x10
6
 

- Coccus, gram: (+) Azotobacteraceae 

- bacil, gram (+): Bacillaceae 

 

4. 80-100  4.2 x 10
6
 

- Coccus, gram (+): Azotobacteraceae 

- Bacil, gram (+): Bacillaceae 

 Post-coal-mining land   

1. 0-30 5.1 x 10
6
 

- Coccus, gram (+): Azotobacteraceae 

- Basil, gram (+): Bacillaceae 

 

2. 30-60 4.9 x 10
6
 

- Coccus, gram: (+) Azotobacteraceae 
- Basil, gram (+): Bacillaceae 

 

3. 60-80 1.6 x 10
6
 

 
- Coccus, gram: (+): Azotobacteraceae 

E F 
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4. 80-100 1.4 x 10
6
 

 
- Coccus, gram: (+): Azotobacteraceae 

    

 

                                    

Figure  3. Bacteria (left to right: A. Bacillaceae, and B. Azotobacteraceae) 

Enthomopatogenic Nematoda 
In total, two genus of enthomopatogenic nematodes (Steinernema and Heterorhabditis) and thirteen nematodes 

associates with entomopathogenic nematodes  in soil rhizosphere, namely Heterodera, Meloidogyne, Tylenchus, 
Pratlyenchus, Radopholus, Hoplolaimus, Rotylenchus, Rotylenchulus, Dorylaimus, Xiphinema, Rhabditis and Longidorus 
was isolated in this study (Figure 4). Among the fifteen genus, nine genera were found in non-coal mining, and ten 
genera in ex-coal mining land (Table 3).  Parallel with nematode diversity, the number of nematode populations is also 
higher in ex-coal mining compared to non-coal mining land. It was also observed that the deeper the soil layer, the higher 
the number of isolated entomopathogenic nematodes, both found in non-mining and ex-coal mining land (Table 3). 

 
 
 
 

 
Table 3. Entomopathogenic nematode diversity and density at different soil depth layer in ex-coal mining and non-coal mining land in 

Pendingin, Sanga-Sanga Subdistrict, Kutai Kartanegara Regency 

No Soil Depth layer 
Nematoda 

Genus  
Population/ kg soil 

 Non-mining land   

1. 0-30 1.1 x10
2
 

Heterodera 
Meloidogyne 
Tylenchus 
Heterorhabditis 
 

2. 30-60 1.2 x 10
2 

Heterorhabditis 
Pratlyenchus 
Heterodera 
Radopholus 
Hoplolaimus 
 

3. 60-80 4 x 10
2 

Pratylenchus 
Heterodera 
 

4. 80-100  2 x 10
2 

Rotylenchus 
Rotylenchulus 
Dorylaimus 
 

 Post-coal-mining land   

1. 0-30 5.1 x 10
2 

Heterodera 
Xiphinema 
 

2. 30-60 7.0 x 10
2
 

Heterorhabditis 
Steinernema 
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Radopholus 
Rhabditis 
 

 
3. 

60-80 8.0 x 10
2
 

Steinernema 
Hoplolaimus 
Rotylenchus 
 

4. 80-100 9.2 x 10
2
 

Pratylenchus 
Longidorus 

    

 

 
 

Figure 4. Nematodes (left to right: A. Hoplolaimus, B. Pratylenchus, C. Tylenchus, D. Heterorhabditis, E. Steinernema, F. Dorylaimus, G. 
Xiphinema, H. Heterodera, I. Rhabditis, J. Radopholus, K. Longidorus, L. Rotylenchus, M. Rotylenchulus, N. Helycotylenchus, O. 
Aphelenchus) 

 

 

 
 

Soil physicochemical properties 

 

In general, soil nutrient content in non-mining land was higher compared to post-coal mining (Table 4). There were 

also variation of the nutrient content in different soil depth layer. Most of the nutrient were available more in the subsoil 

part, compared to topsoil, as observed in available K, Ca++. Mg++, K++, and Na+, as well as base saturation in non-

mining land. On the contrary, that phenomenon were in the reverse condition in post-coal mining land.  

Aluminium content seemed to be higher in the post-coal mining than that of the non-mining land. The aluminium 

content tends to decrease as the soil layer gets deeper on non-coal mining land, but tends to be higher on the deeper soil 

layers on post-coal mining land. The pH status in both of non-mining and post-coal mining land was in the range of 4.02-

4.9 and 3.19-4.19, respectively, showing the higher acidity of post-coal mining land.  

Soil texture is determined by the proportion of mineral components in the soil. Among all these mineral particles, silt is 

a dominant soil texture compared to clay and sand, either in non-mining and post-coal mining land, in the top soil or 

subsoil. However, the relative proportions of different mineral particles (sand, silt, and clay) were varied in each soil layer 

resulted in distinct soil texture.  
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Table 4. Soil fertility on two Land Location in Pendingin Village, Sanga-sanga District, Kutai Kartanegara Regency  

No. Soil Parameter Unit 

Non-coal Mining Land                                Ex-coal Mining Land 

R1 0-30 R2 30-60 
R3 

60-80 
R4 80-

100 
S1 0-30  

S2 30-
60 

S3 60-
80 

S4 
80-100 

1. Carbon organic % 7.65 4.64 4.14 3.41 3.80 3.74 1.38 0.86 

2. Nitrogen total % 0.41 0.24 0.51 0.14 0.17 0.15 0.16 0.19 

3. Ratio C/N - 18.66 19.33 8.12 24.36 22.35 24.93 8.63 4.53 

4. 
Available P 
(Bray1) 

Ppm 19.39 12.60 13.38 20.26 5.11 4.03 0.96 4.12 

5. 
Available K 
tersedia (Morgan) 

Ppm 110.45 214.54 170.21 234.33 209.22 81.56 82.09 143.28 

6. Al
3+ 

(Morgan)
 

 4.00 2.20 2.10 3.10 2.00 6.80 5.10 8.40 

7. H
+ 

(Morgan)
 

 3.46 1.80 1.70 2.66 1.66 6.20 4.46 4.26 

8. Ca
++ 

meq/100 g 0.63 1.67 0.83 1.19 1.95 0.79 0.52 0.61 

9. Mg
++ 

meq/100 g 0.48 1.25 0.68 0.98 1.01 0.48 0.37 0.49 

10. K
+ 

meq/100 g 0.30 0.65 0.48 0.91 0.67 0.20 0.26 0.40 

11. Na
+ 

meq/100 g 0.04 0.38 0.28 0.29 0.34 0.11 0.02 0.12 

12. CEC meq/100 g 8.91 7.95 6.07 9.13 8.16 8.58 10.73 14.28 

13. BS % 16.3 49.7 37.4 36.9 48.7 18.4 10.9 11.3 

14. Al Saturation % 44.89 27.67 34.60 33.95 26.21 46.64 47.53 58.82 

15. pH – 4.02 4.62 4.54 4.90 3.56 3.35 4.19 3.19 

16. 
 

Clay 
% 

14.77 36.54 20.07 23.21 28.72 
16.54 

 
23.94 32.85 

17. Silt % 34.48 58.18 55.30 35.43 67.66 64.75 33.70 35.54 

18. Sand % 50.75 5.28 24.63 41.36 3.62 18.71 42.36 31.61 

19. Texture  SiCL SiCL SiL L SiCL SiL L CL 

 
DISCUSSION 

 
The most concern of land degradation impact in post-mining area in agriculture sector is the reduction of biodiversity 

and soil fertility. Mining activities often lead to the destruction of natural habitats and ecosystems result in the 
deracination and decline of plant and animal species, leading to a loss of biodiversity which further negatively affects 
agricultural productivity. In addition, post-mining land undergoes physical and chemical changes that render it unsuitable 
for agriculture, since it reducing soil porosity and aeration due to the alteration of soil structure, lacks the organic matter 
and nutrients due to the topsoil removal, introducing contaminants including heavy metals and toxic chemicals, reducing 
organic matter and soil nutrients, altering the pH of the soil, making it more acidic or alkaline, which can be detrimental 
to plant growth (Prince et al., 2018; Janečková et al, 2023).  

Efforts to address the loss of arable land in post-mining areas involve comprehensive reclamation and rehabilitation 
practices that aim to restore soil fertility, structure, water-holding capacity and repair the quality of the environment and 
ecosystem as mentioned in the regulation issued by the Minister of Energy and Mineral Resources Regulation 7/2014 
and Regional Regulation East Kalimantan 8/2013. These efforts may include topsoil replacement, planting vegetation, 
and ongoing monitoring to ensure the land can support agriculture practices. To achieve normal criteria for fertile soil 
supporting agricultural activities, maintenance of microbial community structures is very important.  

 
 
Entomopathogen microbial diversity and density  

Microorganisms play an important roles in various ecosystems and biological processes. One of the crucial roles of 

microorganisms in agriculture is as biological control agents. Biological control is a pest management method through the 

use of natural enemies, to suppress the pest population. The use of biological control is considered as the most prudent 

manner to control pest since it can reduced reliance on chemical pesticides, specific pest targeting, long-term pest 
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management, environmentally friendly, cost-effective, safe for human health, and supporting the sustainable agriculture 

(Boro et al, 2022) 

In this study, the microorganisms observed are focused on entomothogenic nematodes and its associated with soil 

bacteria, fungi, and nematode. Entomopathogen nematodes used as biological control specifically for suppressing insect 

population. Insects are the largest and most diverse group of organisms included as one of the most common and 

economically significant types of plant pests (Schoonhoven et al., 2005; García-Lara, 2016). Insect pests cause significant 

damage and lead to productivity reduction of any crop plant species (Oleivera et al., 2013; Manosathiyadevan, 2017). 

Therefore, implementing effective and sustainable insect pest management is crucial for achieving a crop production 

system that optimizes the use of natural resources, preserve the environment, and maximizes output in a sustainable 

manner. The use of entomopathogen as biological control for reducing insect population considered as the most effective 

sustainable pest management. 

In this study, it was clearly observed that the entomopathogenic nematodes and soil microbial diversity in post-coal 

mining is diverse with the non-mining land. The soil fungi diversity and density in post-coal mining was considerably 

lower compared to the non-mining land (Table 1). This situation was not only observed in fungi, but also in soil bacteria 

(Table 2), showing a low biodiversity of microorganisms in post-coal mining even after reclamation process. A significant 

reduction of microbial diversity due to coal mining practices after land restoration was also observed in the previous study 

conducted by de Quadros et al. (2016) In their study, the post-coal mining land has been restored for several years (3-19 

years) by replacing the soil layers, applying limestone to raise the pH to 6.0, and revegetating the land with grasses. Even 

after a completion of reclamation process in many years, the composition of the microbial diversity and biomass of post-

mined sites was significantly lower from the control (unaltered sites). A similar results were also found in different studies 

comparing the microbial diversity and density in reclamation and re-vegetation post-coal mine with undisturbed sites 

resulted in the significant declines in microbial community structure and diversity (Li et al, 2014; Upadhyay et al., 2014) 

as also showed in this current study. 

A reduction of microbial (bacteria and fungi) diversity and density was also observed in the deeper layer of soil either 

in post-coal mining or non-mining land (Table 1 and Table 2), in which the microbes decrease as the depth of the soil layer 

increases. A similar remark was also reported in a study of Upadhyay et al., (2016) revealed that the rhizospheric soils 

showed greater diversity in both bacteria and fungi compared to the non-rhizospheric soil. This outcome is supported by 

the recent studies concluded that soil microbial diversity decreasing along with the soil depth (Wang et al, 2021; Guo et 

al., 2021) 

It is well known that the topsoil is the most biologically active and favorable layer for microorganisms compared to the 

subsoil layer. The topsoil contains the highest concentration of organic matter, providing food source and nutrients for 

microorganisms (Bahram et al., 2018) In addition, the uppermost layer of soil or also known as A-horizon is well-aerated 

and has a suitable moisture content, moderate temperature providing a suitable environment for a wide range of 

microorganisms (N. Liu et al., 2019; Aquado et al, 2023). Furthermore, there is an interaction between microorganisms 

and plant roots which are more abundant in the top layer of soil. Plant roots release root exudates and provide energy 

source for many soil microorganisms, thereby contributing to a more active microbial community (Sasse et al., 2018; 

Zhalnina et al, 2018; Zhou et al, 2020) Therefore, the vegetation types and plant species will influence the soil microbial 

diversity and community composition (Šourková et al., 2005; Li et al., 2013). 

On the contrary to the fungi and bacteria, entomopathogen nematodes were noticed more abundant in the post-mining 

than in the non-mining land, in term of diversity and density. The nematodes were also observed more in the deeper layer 

of soil (Table 3). Most of the studies observed that the vertical distribution of nematode communities is decreasing from 

the topsoil layer to the sub soil layer(Lazarova et al., 2004)(Cheng et al, 2021) (Suyadi et al. 2021). However, it is also 

explained that the distinct characteristics of soil at different layers cause variations in soil nematode communities (Liu et 

al., 2022). It means that differences in soil nematode diversity and density in different soil depths might be influenced by 

soil variables. In a study of (Ilieva-Makulec et al., 2015)), the number of nematode diversity varied in different 

experimental sites, in which the nematode generic richness is higher in the topsoil, while in different habitat, the nematode 

diversity was significantly lower in the topsoil and the highest in the subsoil. The nematode abundance and distribution are 

influenced by many factors, such as soil properties, climate and environmental conditions, land use and management, plant 

species and root exudates, predation and competition, succession and ecosystem development (Ilieva-Makulec et al., 2015; 

Zhang, 2020; Cheng et al, 2021; Li et al., 2022)  

Microbial life is always directly affected by changes in the soil. On ex-mining land changes in soil (physical, chemical, 

and biological) occur drastically, so that microbes must adapt to the new environment, or become extinct (Helbig et al., 

2008). Microbial life in the soil plays an important role in controlling the stability of the soil ecosystem. Factors that 

influence microbial community structure in the soil are soil and plant types, and soil management. In conditions of a stable 

soil ecosystem, the pathogenic microbial suppressants can be suppressed naturally (Sopialena & Palupi, 2017). Ecological 

soil fertility management gives more hope in realizing a sustainable agricultural system, by paying attention to the 

interaction between microbes and soil as well as microbes and plants by the influence of time and space in the soil.  

 

Relation of soil physicochemical properties and microbial community  
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Soil is a medium for plant growth and also acts as an environment for microbial growth, so that the soil conditions 
determine the quality of growing soil microbes and plants. The status of soil, often referred to as soil health or soil 
quality, is of utmost importance to the existence and functioning of microbial communities in the soil. The interactions 
between soil microbes and plants play a crucial role in soil health and fertility. Fertile soil typically is a supply of organic 
matter for microbial activity. Soil status encompasses a wide range of physical, chemical, and biological properties that 
influence the habitat and conditions for soil microorganisms. A healthy soil status with sufficient organic matter and 
nutrient availability ensures that microorganisms have the resources they need to thrive (Kaur et al., 2022) The presence 
of high organic matter in soil is characterized by several physicochemical parameters, such as pH levels, cation exchange 
capacity (CEC), soil organic carbon (SOC) content, and nutrient content especially nitrogen, phosphorus, and potassium 
(Sangita Changdeo Dandwate, 2020) 

In this study, the soil acidity is included as acid soil either in post-coal mining or non-mining land with minor variation 
in every soil depth layer. However, it is examined that soil pH in the post-mining land was considerably lower, in the 
range of 3.19-4.19, compared to non-mining in the range of 4.02-4.9. Related to the lower pH in post-mining land, 
aluminium content is also higher in this land than that of the non-mining (Table 4) since the acidic soils enhance 
aluminum solubility and availability. Furthermore, soil pH is positively correlated with another soil property, basic 
saturation (BS), which was observed higher in the non-mining land (Table 4).  

Soil pH strongly influences microbial communities. Acidic or alkaline soils can limit the diversity and activity of 
microorganisms, impacting nutrient availability and overall soil fertility (Fierer and Jackson, 2006; Rousk et al., 2010). Soil 
pH is a critical factor that affects the activity and diversity of soil microorganisms (Lauber et al., 2009). Different microbial 
species have specific pH preferences, and soil pH can influence their metabolic activities. Soil pH outside the optimal 
range for specific microbes can limit their growth and activity (Wang et al, 2019). Maintaining an appropriate pH level is 
essential for a diverse and active microbial community. 

Soil organic matter in the non-mining land was presumably higher in this study, characterized by the higher soil 
organic carbon (SOC) and nutrient content than that of the post-coal mining land, beside the pH level (Table 4). Higher 
organic matter are associated with high SOC, as carbon is a fundamental component of organic materials, mainly occurs 
via the microbial breakdown, partial decay, and conversion of deceased organic materials (Lefèvre et al, 2017) This 
activity co-related with nutrient availability, as organic matter decomposes, it releases nutrients into the soil, 
contributing to the soils overall fertility and health (Gerke, 2022) 

All over, soil physicochemical properties play a significant role in shaping the composition and activity of the microbial 
community (Brahmaprakash, 2021). Changes in these properties can influence the composition and activity of the 
microbial community, subsequently impacting nutrient cycling, organic matter decomposition, and overall soil fertility 
(Leiva et al, 2020; Kaur et al., 2022) as clearly shown in this study. A higher microbial community was observed in the 
higher physicochemical of soil properties, which was shown in the non-mining land, compared to the post-coal mining 
land. Fertile soil is characterized by a well-balanced and diverse microbial community that supports plant growth by 
providing essential nutrients and improving soil structure. The composition and diversity of the soil microbial community 
are important factors in maintaining soil health which further supporting plant growth and health (Wang & Li, 2023). 

Microbial life in the soil plays an important role in controlling the stability of the soil ecosystem (Gattinger, 2008) The 
increasing microbial population (both types and numbers) causes the dynamics of the soil to be better and become 
naturally healthy (Bertola et al., 2021). The ability to change soil biological properties in a positive direction can increase 
the population of microbes, included entomopathogen microbial, that benefit plants, and make plants grow healthy 
without the need for the use of artificial fertilizers and pesticides.  
 

.  

CONCLUSION 
 
 

The microbial diversity in post-coal mining is diverse with the non-mining land. The entomopathogenic fungi and 
bacteria diversity and density in ex-coal mining was considerably lower compared to the control, non-mining land. The 
microbial (bacteria and fungi) diversity and density reduced in the deeper layer of soil either in post-coal mining or non-
mining land, in which the microbes decrease as the depth of the soil layer increases. On the contrary to the fungi and 
bacteria, entomopathogen nematodes were noticed more abundant in the post-mining than in the non-mining land, in 
term of diversity and density. The nematodes were also observed more in the deeper layer of soil. Variations in the soil 
nematode communities might be due to the distinct characteristics of soil at different layers. The fertility of soil was 
observed lower in the ex-coal mining land characterized by several soil physicochemical properties, in which lower soil 
pH, basic saturation, soil organic carbon (SOC) and nutrient content were examined, causing the lower microbial 
community compared to non-mining land. 
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Assessment of nematode and microbial diversity and screening of 
entomopathogens in revegetated post-coal-mining land in Kutai 

Kartanegara District, East Kalimantan, Indonesia  

 
  

Abstract. Post-coal-mining management should strive toward site revegetation. The success of such revegetation efforts is largely 
determined by the soil's fertility status, which encompasses physical, chemical, and biological components. Biological fertility is 
indicated by the presence and abundance of soil microbes and nematodes. The objective of this study was to identify the diversity of 
nematodes and soil microbes in ex-coal-mining land revegetated with oil palm in Kutai Kartanegara District (East Kalimantan, 
Indonesia), to screen for entomopathogenic nematodes and microbes, and to analyze their relationships with the chemical fertility 
status of the land. As a control, non-mining land was also investigated. The results showed that  microbial diversity and density 
(including fungi and bacteria) in the ex-coal-mining area were significantly lower compared to the control. Additionally, a decrease in 
microbial diversity and density was  found in deeper soil layers of both post-mining and non-mining lands. In contrast, soil nematodes 
were more abundant in post-mining land, both in terms of diversity and density, and were also more plentiful in the deeper soil layers. 
Among the nematodes and microbes studied, only Heterorhabditis and Steinernema (nematodes), Trichoderma (fungi), and 
Bacillaceae (bacteria) were identified as entomopathogens, causing death in Tenebrio molitor L. larvae. Overall, soil fertility in ex-coal-
mining land was observed to be lower, characterized by decreased soil pH, basic saturation, soil organic carbon (SOC), and nutrient 
content, which contributed to a reduced microbial community compared to non-mining land.  
 
Keywords: Entomopathogen, nematodes, soil microbes, post-coal mining, Kutai Kartanegara, Trichoderma. 

 
INTRODUCTION 

 
Coal mining activities in Kutai Kartanegara District, East Kalimantan, Indonesia, have experienced rapid growth in 

recent years, with both large-scale and small-scale operations, including those with mining authorities. However, this 
expansion has come at a significant cost to the environment, resulting in widespread damage. This damage manifests in 
the form of arid and infertile post-mining lands or artificial "craters" with unclear purposes. While some efforts have 
been made to rehabilitate these ex-coal-mining lands, they remain sporadic and insufficient, allowing environmental 
degradation to outpace recovery efforts. 

Rehabilitating these lands is essential to mitigating the adverse environmental impacts of coal mining. The success of 
land recovery can be evaluated by assessing the diversity of soil microbes, which serves as an indicator of biological 
fertility. Soil microbes play a pivotal role in converting potential chemical fertility into actual fertility. Moreover, their 
activities gradually enhance the physical properties of the soil, further improving physical fertility (Cui et al. 2021). 
However, the restoration of ex-coal-mining lands faces numerous challenges, including the need to address soil 
degradation, erosion, and biodiversity loss resulting from mining activities (Ahirwal et al. 2016). To address these 
challenges, it is crucial to consider the role of soil microbes, including entomopathogenic microbes, which are an integral 
part of soil ecosystems (Boucias and Pendland 2018). 

The roles of nematodes and microbes in ex-mining lands are fundamental to ecological restoration efforts, improving 
soil health, supporting plant growth, and maintaining ecological balance. These microorganisms can significantly impact 
the success of revegetation and restoration projects in post-mining landscapes. The presence of nematodes and 
microbes in the soil benefits plant health during revegetation endeavors (Guo et al. 2021; Li et al. 2022). Furthermore, 
these microorganisms support plant establishment and growth. Healthy and robust plant growth, in turn, stabilizes the 
soil, prevents erosion, and enhances biodiversity, all of which are important for the overall success of revegetation 
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projects (Mensah 2015). The presence of microbial diversity in mining-affected areas can be influenced by factors such as 
soil type, climate, land management practices, as well as the host plants’ root exudate composition (Santoyo 2022; Sasse 
et al. 2017). Consequently, understanding and managing the diversity of these microorganisms are critical for the success 
of revegetation efforts. 

 Entomopathogenic microbes, which encompass various taxonomic groups, including bacteria, fungi, nematodes, and 
viruses, are known to regulate insect populations and play a vital role in ecological processes (Deka et al. 2021). One of 
the most remarkable contributions of entomopathogenic microbes during revegetation is their role as natural pest 
controllers (Vega et al. 2009). These microorganisms serve as natural enemies of various insect pests that could harm 
newly planted vegetation (Shrestha et al. 2020). By infecting and eliminating these pests, entomopathogens help 
regulate insect populations and protect the restored vegetation (Rozpądek et al. 2019). In regions where 
entomopathogens thrive, the risk of pest outbreaks is reduced, safeguarding the overall health of the revegetated land 
(Koskella et al. 2020). Entomopathogenic microbes, such as fungi and bacteria are natural antagonists of insects and play 
a pivotal role in regulating insect populations in terrestrial ecosystems. While extensively studied for their potential in 
biological pest control in agriculture, their utilization in ecological restoration, particularly in ex-coal-mining land 
revegetation, remains a relatively unexplored area, and a promising avenue for research and practical implementation. 
The diversity and abundance of entomopathogenic microbes are subject to environmental factors (Fatu et al. 2020). 
Factors such as soil physicochemical properties, which can fluctuate significantly in mining-affected areas, play pivotal 
roles in shaping microbial community structure (Mudrak et al. 2021). 

The objective of this study was to identify the diversity of nematodes and soil microbes on revegetated ex-coal-
mining land, to investigate for entomopathogenic nematodes and microbes, and to analyze their relationships with the 
chemical fertility status of the land.  
 

MATERIALS AND METHODS 
 

Experimental sites 
The study was conducted at two locations, in post-coal mining and non-mining areas, in the Pendingin Subdistrict of 

Sanga-Sanga, in Kutai Kartanegara District, East Kalimantan Province, Indonesia. Oil palm plantations were planted in a 
post-coal mining area (located at S 00040'29.7" E 117016'09.8"), while rubber plantations were cultivated in a non-
mining area (located at S 00041'41.3" E 117015’54.9") used as a control. 
 
Sample collection 

The sampling method used in this study was the standard method of ISPM (International Standards for Phytosanitary 
Measure). Soil samples were taken randomly at ten sampling points at each experimental site. The soil samples were 
taken at four levels of depth (0-30 cm, 30-60 cm, 60-80 cm, and 80-100 cm) from the soil surface. After removing the 
gravel and plant debris, soil samples were composited for each level of soil depth, and 1 kg of soil was collected for 
microbial extraction and identification of fungi, bacteria, and nematodes in the laboratory. In addition, physicochemical 
properties of soil were also analyzed in this study.  

 
Fungal and bacterial isolation and identification 

For both fungal and bacterial isolation, 10 g of soil samples were dissolved in a liter of distilled water. Then 1 ml of 
soil solution was taken and diluted in steps from 10

-1
 to 10

-3
 to determine the CFU value of each sample, by repeating 2 

times each dilution from three dilution levels. An inoculating needle was dipped in the soil solution, and then inoculated 
on Potato Dextrose Agar (PDA) medium to culture fungi, while another inoculating needle was dipped in the same 
solution and applied to Nutrient Agar (NA) medium to culture bacteria. After one week of culturing for fungi, or two days 
for bacteria, the microbes were isolated and observed under a microscope to identify the type, color, and shape of 
individual bacteria and fungi, as well as that of their colonies, following Hucker's procedure with minor modifications 
(Hucker 1921). The number of microorganisms (fungi and bacteria) present in each test sample as a weighted average of 
two consecutive dilutions was calculate using the following equation (FDA 2001): 

 

  
∑ 

[(      )   (        )   ( ) 
 

 
N = Number of colonies per ml or g of product 
ΣC = Sum of all colonies on all plates counted 
n1 = Number of plates in first dilution counted 
n2 = Number of plates in second dilution counted 
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d = Dilution from which the first counts were obtained 
 
Entomopathogenic fungal and bacterial screening  

Entomopathogenic fungi and bacteria were selected using mealworm (Tenebrio molitor L.) larvae 30-40 days of age 
(Figure 1). One milliliter of each fungal and bacterial isolate was inoculated to mealworms. Only fungi and bacteria that 
could cause mortality to mealworms were considered entomopathogens in the present study.  

 
 

 

Figure 1.  Mealworm (Tenebrio molitor L.) larvae at 30-40 days of age. 

Isolation and identification of nematodes 
Nematode isolation was carried out using the Baermann funnel method with minor modifications. This method was 

considered the most effective in nematode isolation (van den Hoogen et al. 2020). Briefly, a silicone hose was attached 
to a funnel, then the end of the hose was tied using a gauze rubber band and placed on top of the funnel. The Baermann 
funnel apparatus was installed in a horizontal position without buckling the silicon hose. Fifty grams of soil for each 

sample was placed on the filter paper, and the soil was wrapped to cover its entire surface. The water was added 

slowly into the funnel to submerge the sample, until the sample was saturated, to create a moist environment that 
stimulated nematodes to migrate toward the water source. The funnel was incubated for 3×24 hours and the water 
released from the bottom of the funnel. The water was collected in a film tube/vial. The collected water then was passed 
through a fine sieve to separate the nematodes from the water and debris. Up to 1 drop of formalin (5%) was added and 
fixed for 15 minutes.  
 
Entomopathogenic nematode screening 

Entomopathogenic nematodes were screened by bait trap using mealworms. The mealworm larvae (3-5 larvae) were 
placed in a plastic container and mixed with ~150 g of moist soil containing nematodes. The container was then inverted 
so that the larvae were covered with soil, then placed at room temperature. 

After 3-4 days, if larval mortality was observed, the larval cadaver was removed and rinsed with sterilized distilled 
water. Entomopathogenic nematode trapping was then conducted using the White trap method to release 
entomopathogenic nematodes from the cadaver's body. Nematodes were observed and counted using a stereo 
microscope. Identification of soil nematodes and entomopathogenic nematodes to genus level was carried out through 
morphological observations. 
 

Physicochemical analysis of soil 

Samples were analyzed for their chemical and physical properties, including organic C, total N, available P (Bray), 

available K (Morgan), Ca
++

, Mg
++

, K
+
, Na

+
, CEC (Cation Exchange Capacity), base saturation (BS), Al saturation, pH, and 

soil texture. The soil physicochemical analysis was conducted based on the general procedure developed in the Soil 

Laboratory, Faculty of Agriculture, Mulawarman University, Samarinda, Indonesia. 

 

Data analysis 

Data collected were analyzed descriptively to uncover the role of soil microbes in supporting the recovery of post-coal-

mining land and relationship between the diversity of soil microbes and chemical fertility status of the study site. 

 

RESULTS AND DISCUSSION 

Fungal diversity and density 
Result showed that higher fungal diversity was observed in the non-mining land compared to the ex-mining land, with 

five fungal genera found in non-mining, and four genera in ex-mining soil (Figure 2 and Table 1). The fungal diversity in 
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ex-coal mining and non-mining land was different in every soil layer observed in this study (Table 1). Penicillium sp., 

which was found in every soil layer of post coal-mining land, was not present in the non-mining land soil. On the other 

hand, Mucor sp., which was found in the non-mining land soil, was absent in coal-mining land soil. In addition, 

Aspergillus was found abundant in almost all soil layers in both ex-coal-mining and non-mining land. Fungal density in 

non-mining land soil was also significantly  higher (ranging from 2.6-7.2×10
5 

cfu.g
-1

) than in soil of ex-coal-mining land 

(ranging from 1.4-3.8×10
5 

cfu.g
-1

) at every soil depth layer. The deeper the soil layer, the fewer fungal populations were 

found. Among all the fungi identified in the ex-mining and non-mining land, only Trichoderma was screened as an 

entomopathogenic fungi. Trichoderma was observed in the digestive system of deceased T. molitor mealworm larvae.  

 
Table 1. Fungal diversity and density at different soil depth layers, and screening of entomopathogenic fungi in ex-mining and non-
mining land in Pendingin, Sanga-Sanga subdistrict, Kutai Kartanegara District.  

S. No. 
Soil Depth Layers (cm) 

 

Fungal Population Density  
Genera/Species 

cfu/g 

                   Non-mining land  

1. 0-30  7.2 x 10
5 

Aspergillus 
Trichoderma* 
Penicillium  

2. 30-60 5.4 x 10
5 

 
Aspergillus 
Trichoderma* 
Penicillium 
 

3. 60-80 3.2 x 10
5
 

Trichoderma* 
Pythium 
Penicillium 

4. 80-100  2.6 x 10
5
 

 
Aspergillus 
Penicillium 
 

                 Post-coal-mining land 

1. 0-30 3.8 x 10
5
 Aspergillus 

2. 30-60 2.2 x 10
5
 

Trichoderma * 
 
Aspergillus niger 
Trichoderma* 
 

3. 60-80 1.8 x 10
5
 

Aspergillus sp. 
Mucor sp. 
 

4. 80-100 1.4 x 10
5
 

Aspergillus niger 
Aspergillus flavus 

*Entomopathogenic fungi. 
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Figure 2. Fungal diversity: A. Trichoderma: conidia (a), hyalin (b), conidiophore (c); B. Pythium: oogonium (a), hyphae (b); C. 
Penicillium: conidium (a), phialide (b), metula (c), stipe (d); D. A. niger: conidia (a), conidiophore (b); E. A. flavus: conidia (a), phialide 

(b), vesicle (c), stipe (d); F. Mucor sp.: sporangium (a), sporangiophore (b), hyphae (c). 

Entomopathogenic bacteria 

Two bacterial families, Azotobacteraceae and Bacillaceae, were observed in the soils of both non-mining and ex-coal-

mining land (Figure 3). However, only Azotobacteraceae was present in the deeper subsoil layers (60-80 cm or 80-100 

cm) of the ex-coal-mining land . Interestingly, all Azotobacteraceae observed in this study were identified as coccus 

Gram-positive bacteria, except in the ex-coal-mining land, in which coccus Gram-negative Azotobacteraceae were found 

at the soil depths of 30-60 cm and 60-80 cm. The bacterial population was denser in non-coal-mining (4.2-9.6×10
6
) 

compared to ex-coal-mining land (1.4-5.1×10
6
). Bacterial population decreased along with soil depth at both experimental 

sites (Table 2). In this study, only Bacillaceae bacteria, observed in the digestive system of deceased T. molitor larvae, 

were identified as entomopathogenic bacteria in both ex-mining and non-mining lands. 
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Table 2. Bacterial diversity and density at different soil depth layers, and screening of entomopathogenic bacteria in ex-mining and 

non-mining land in Pendingin, Sanga-Sanga subdistrict, Kutai Kartanegara District. 

S. No. 
Soil Depth Layers (cm) 
 
 

Bacterial Population 
Density  Family 
cfu/g 

 Non-mining land   

1. 0-30 9.6 x 10
6 

- Coccus, Gram (+), Azotobacteraceae 

- Bacilli, Gram (+), Bacillaceae* 

 

2. 30-60 5.5 x 10
6 

 

- Coccus, Gram (+), Azotobacteraceae 

- Bacilli, Gram (+), Bacillaceae* 

 

 

3. 60-80 4.5 x10
6
 

- Coccus, Gram (+) Azotobacteraceae 

- Bacilli, Gram (+), Bacillaceae* 

 

4. 80-100  4.2 x 10
6
 

- Coccus, Gram (+): Azotobacteraceae 

- Bacilli, Gram (+): Bacillaceae 

 Post-coal-mining land   

1. 0-30 5.1 x 10
6
 

- Coccus, Gram (+); Azotobacteraceae 

- Bacilli, Gram (+); Bacillaceae* 

 

2. 30-60 4.9 x 10
6
 

- Coccus, Gram (+) Azotobacteraceae 
- Bacilli, Gram (+); Bacillaceae* 

 

3. 60-80 1.6 x 10
6
 

 
- Coccus, Gram (+); Azotobacteraceae 

4. 80-100 1.4 x 10
6
 

 
- Coccus, Gram (+); Azotobacteraceae 

    

*Entomopathogenic bacteria. 

                                    

Figure 3. Bacteria (left to right: A. Bacillaceae, and B. Azotobacteraceae). 

Entomopathogenic nematodes 
A high genetic diversity of nematodes was observed in both non-mining and ex-mining land. Among the fifteen genera 

identified (Figure 4), six—namely Heterodera, Heterorhabditis, Hoplolaimus, Pratylenchus, Radopholus, and 

Rotylenchuswere present in both non-mining and ex-coal-mining lands. Conversely, Dorylaimus, Meloidogyne, 

Rotylenchulus, and Tylenchus were found only in non-mining area, while Longidorus, Rhabditis, Steinernema, and 

Xiphinema were exclusive to ex-mining land. The number of nematode populations was notably higher in ex-coal-mining 

compared to non-mining land. It was also observed that the deeper the soil layer, the greater the number of isolated 

nematodes, as found in both non-mining and ex-coal-mining land (Table 3). Despite the high nematode diversity, only 

Heterorhabditis and Steinernema were identified as entomopathogenic nematodes. 
 

Table 3. Nematode diversity and density at different soil depth layers, and screening of entomopathogenic nematodes in ex-mining 

and non-mining land in Pendingin, Sanga-Sanga Subdistrict, Kutai Kartanegara District. 

S. No. 
Soil Depth Layers 
(cm) 

Nematodes 
Genus  

Population/ kg soil 
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 Non-mining land   

1. 0-30 1.1 x10
2
 

Heterodera 
Meloidogyne 
Tylenchus 
Heterorhabditis* 
 

2. 30-60 1.2 x 10
2 

Heterorhabditis* 
Pratlyenchus 
Heterodera 
Radopholus 
Hoplolaimus 
 

3. 60-80 4 x 10
2 

Pratylenchus 
Heterodera 
 

4. 80-100  2 x 10
2 

Rotylenchus 
Rotylenchulus 
Dorylaimus 
 

 Post-coal-mining land   

1. 0-30 5.1 x 10
2 

Heterodera 
Xiphinema 
 

2. 30-60 7.0 x 10
2
 

Heterorhabditis* 
Steinernema 
Radopholus 
Rhabditis 
 

 
3. 

60-80 8.0 x 10
2
 

Steinernema* 
Hoplolaimus 
Rotylenchus 
 

4. 80-100 9.2 x 10
2
 

Pratylenchus 
Longidorus 

    

*Entomopathogenic nematodes.  
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Figure 4. Nematodes (left to right: A. Hoplolaimus, B. Pratylenchus, C. Tylenchus, D. Heterorhabditis, E. Steinernema, F. Dorylaimus, G. 
Xiphinema, H. Heterodera, I. Rhabditis, J. Radopholus, K. Longidorus, L. Rotylenchus, M. Rotylenchulus, N. Helicotylenchus, O. 

Aphelenchus). 

Physicochemical properties of soil 

In general, soil nutrient content was higher in non-mining land compared to post-coal mining land (Table 4). There was 

also a variation in the nutrient content at different soil depth layers. Most of the nutrients were more abundant in the 

subsoil compared to the topsoil, as observed in the available K, Ca++. Mg++, K++, and Na+, as well as base saturation in 

non-mining land. In contrast, the reverse phenomenon was observed in post-coal-mining land.  

Aluminum content was found to be higher in post-coal-mining than non-mining land. Moreover, the aluminum content 

tended to decrease with increasing soil depth on non-coal-mining land, while tending to be higher in the deeper soil layers 

on post-coal-mining land. The pH status of non-mining and post-coal-mining land was in the range of 4.02-4.9 and 3.19-

4.19, respectively, showing higher acidity in post-coal-mining land.  

Soil texture was determined by the proportion of mineral components in the soil. Among these mineral particles, silt, 

rather than clay or sand, was the dominant soil texture in topsoil and subsoil of both non-mining and post-coal-mining 

land. However, the relative proportions of different mineral particles (sand, silt, and clay) varied in each soil layer, 

resulting in distinct soil textures.  

 
Table 4. Physicochemical properties of soil in  non-mining and ex-coal-mining land in Kutai Kartanegara District, East Kalimantan. 

No. Soil Parameters Unit 

Non-coal Mining Land                                Ex-coal Mining Land 

R1 0-30 R2 30-60 
R3 

60-80 
R4 80-

100 
S1 0-30  

S2 30-
60 

S3 60-
80 

S4 
80-100 

1. Carbon organic % 7.65 4.64 4.14 3.41 3.80 3.74 1.38 0.86 

2. Nitrogen total % 0.41 0.24 0.51 0.14 0.17 0.15 0.16 0.19 

3. Ratio C/N - 18.66 19.33 8.12 24.36 22.35 24.93 8.63 4.53 

4. 
Available P 
(Bray1) 

Ppm 19.39 12.60 13.38 20.26 5.11 4.03 0.96 4.12 

5. 
Available K 
tersedia (Morgan) 

Ppm 110.45 214.54 170.21 234.33 
209.2

2 
81.56 82.09 143.28 

6. Al
3+ 

(Morgan)
 

 4.00 2.20 2.10 3.10 2.00 6.80 5.10 8.40 
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7. H
+ 

(Morgan)
 

 3.46 1.80 1.70 2.66 1.66 6.20 4.46 4.26 

8. Ca
++ 

meq/100 g 0.63 1.67 0.83 1.19 1.95 0.79 0.52 0.61 

9. Mg
++ 

meq/100 g 0.48 1.25 0.68 0.98 1.01 0.48 0.37 0.49 

10. K
+ 

meq/100 g 0.30 0.65 0.48 0.91 0.67 0.20 0.26 0.40 

11. Na
+ 

meq/100 g 0.04 0.38 0.28 0.29 0.34 0.11 0.02 0.12 

12. CEC meq/100 g 8.91 7.95 6.07 9.13 8.16 8.58 10.73 14.28 

13. BS % 16.3 49.7 37.4 36.9 48.7 18.4 10.9 11.3 

14. Al Saturation % 44.89 27.67 34.60 33.95 26.21 46.64 47.53 58.82 

15. pH – 4.02 4.62 4.54 4.90 3.56 3.35 4.19 3.19 

16. 
 

Clay 
% 

14.77 36.54 20.07 23.21 28.72 16.54 23.94 32.85 

17. Silt % 34.48 58.18 55.30 35.43 67.66 64.75 33.70 35.54 

18. Sand % 50.75 5.28 24.63 41.36 3.62 18.71 42.36 31.61 

19. Texture
*
  SiCL SiCL SiL L SiCL SiL L CL 

Note: 
*
Soil Texture, SiCL= Silty Clay Loam; SiL= Silty Loam; CL= Clay Loam; L=Loam. 

 
DISCUSSION 

 
The greatest concern regarding land degradation impacts of post-mining areas for the agriculture sector is the 

reduction of biodiversity and soil fertility. Mining activities often lead to the destruction of natural habitats and 
ecosystems, resulting in the deracination and decline of plant and animal species, and leading to a loss of biodiversity 
that also negatively affects agricultural productivity. In addition, post-mining land undergoes physical and chemical 
changes that render it unsuitable for agriculture, such as reduced soil porosity and aeration due to the alteration of soil 
structure, a lack of organic matter and nutrients due to the topsoil removal, introduced contaminants such as heavy 
metals and toxic chemicals, and altered soil pH—more acidic or alkaline—which can all be detrimental to plant growth 
(Prince et al. 2018; Janečková et al. 2023).  

Efforts to address the loss of arable land in post-mining areas involve comprehensive reclamation and rehabilitation 
practices that aim to restore soil fertility, structure, and water-holding capacity, and to repair the quality of the 
environment and ecosystem, as mentioned in the regulation issued by the Minister of Energy and Mineral Resources 
Regulation 7/2014 and Regional Regulation East Kalimantan 8/2013 (Yulianingrum 2023). These efforts may include 
topsoil replacement, revegetation, and ongoing monitoring to ensure the land can support agriculture practices. 
Furthermore, to achieve normal criteria for fertile soil supporting agricultural activities, maintenance of microbial 
community structures is very important.  
 
Microbial entomopathogen diversity and density  

In this study, it was observed that the nematode and soil microbial diversity in post-coal-mining land clearly differed to 

that in the non-mining land. Fungal diversity and density in post-coal-mining land soil was considerably lower compared 

to the non-mining land. This situation was also observed in soil bacteria, which showed low biodiversity in post-coal-

mining land even after the completion of the reclamation process. A significant reduction of microbial diversity due to coal 

mining practices after land restoration was also observed in a study conducted by de Quadros et al. (2016). In their study, 

post-coal-mining land had undergone different durations of restoration (3-19 years), which involved replacing the soil 

layers, applying limestone to raise the pH to 6.0, and revegetating the land with grasses. Even after the completion of the 

reclamation process after many years, the composition of the microbial diversity and biomass of post-mined sites was 

significantly lower than that of the control (unaltered sites). Similar results were also found in different studies comparing 

the microbial diversity and density in reclaimed and revegetated post-coal-mining sites with that in undisturbed sites, both 

of which reported significant declines in microbial community structure and diversity (Li et al. 2014; Upadhyay et al. 

2014). 

A reduction of microbial (bacterial and fungal) diversity and density was also observed in the deeper layers of soil in 

both the post-coal-mining and non-mining-land, in which the microbes decreased as the depth of the soil layer increased. A 

similar observation was studied by Upadhyay et al. (2014), who reported that rhizospheric soils showed greater diversity in 

both bacteria and fungi compared to non-rhizospheric soil. This outcome is supported by recent studies concluding that 

soil microbial diversity decreases along with the soil depth (Wang et al. 2021; Guo et al. 2021) 
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It is well known that topsoil is the most biologically active and favorable layer for microorganisms. Compared to the 

subsoil layer, topsoil contains the highest concentration of organic matter, providing food and nutrients to microorganisms 

(Bahram et al. 2018). In addition, the uppermost layer of soil, also known as A-horizon, is well-aerated and has adequate 

moisture content and moderate temperatures, providing a suitable environment for a wide range of microorganisms (Liu et 

al. 2019; Aquado et al. 2023). Furthermore, there is an interaction between microorganisms and plant roots, which are 

more abundant in the top layer of soil. Plant roots release root exudates and provide energy to many soil microorganisms, 

thereby contributing to a more active microbial community (Zhalnina et al. 2018; Zhou et al.2020). The vegetation types, 

plant species, and climate all influence the soil microbial diversity and community composition (Li et al. 2022; Sopialena 

and Palupi 2017). 

One of the key roles of microorganisms in agriculture is as agents of biological control, a process that harnesses natural 

enemies to suppress pest populations. The use of biological control agents is considered the most prudent manner of 

controlling pests as it can reduce our reliance on chemical pesticides, and because it is a long-term, specific pest targeting, 

environmentally friendly, cost-effective approach that is safe for human health and supports sustainable agriculture (Boro 

et al. 2022). Therefore, besides observing the genetic diversity and density of the microorganisms in the ex-mining and 

non-mining land, this study also focused on screening entomopathogenic nematodes and microbes as potential biological 

control agents for suppressing insect populations. Insects are the largest and most diverse group of organisms included as 

one of the most common and economically significant types of plant pests (García-Lara 2016), causing significant damage 

to many crop plant species (Manosathiyadevan 2017).  

Among all microbes, only Trichoderma (fungi) and Bacillaceae (bacteria) were identified as entomopathogenic 

microorganisms in the present study, in both ex-mining and non-mining lands. Trichoderma can indirectly act as an 

entomopathogen by producing insecticidal secondary metabolites, antifeedant compounds, and repellent metabolites 

(Poveda 2021). This is due to Trichoderma's ability to produce metabolites such as citric acid (Vinale et al. 2012), as well 

as enzymes like urease, cellulase, glucanase, and chitinase (Carlile et al. 2001), which can negatively affect insects and 

even cause death when they enter the body. On the other hand, bacteria from the Bacillaceae family, particularly Bacillus 

thuringiensis, have received significant attention as entomopathogens. This bacterium is capable of producing 

proteinaceous protoxin crystals with insecticidal properties. When ingested by insects, these crystals disintegrate in the 

stomach and are broken down by host proteases to produce an active poison known as endotoxin, which ultimately leads to 

insect death (Deka et al. 2021). 

In contrast to the fungi and bacteria, nematodes were found to be more abundant in the post-mining than in the non-

mining land in terms of their diversity and density. Additionally, more nematodes were observed in the deeper soil layers. 

Most related studies have observed that the vertical distribution of nematode communities decreases from the topsoil layer 

to the subsoil layer (Cheng et al. 2021; Suyadi et al. 2021). This variation in soil nematode communities may be explained 

by the distinct characteristics of soils at different layers (Liu et al. 2022). The differences in soil nematode diversity and 

density at different soil depths observed in this study might be influenced by soil variables. The amount of nematode 

diversity varied in different experimental sites (Ilieva-Makulec et al. 2015). Results showed that nematode generic richness 

was higher in the topsoil of one site, while in a different habitat, nematode diversity was significantly lower in the topsoil 

and highest in the subsoil. Overall, it is likely that nematode abundance and distribution are influenced by many factors, 

such as soil properties, climate and environmental conditions, land use and management, plant species and root exudates, 

predation and competition, and succession and ecosystem development (Ilieva-Makulec et al. 2015; Zhang 2020; Cheng et 

al. 2021; Li et al. 2022).  

Nematodes may be classified into three main groups: saprophages (living on dead organic matter), predators (feeding 
on small animals, including other nematodes), and parasites (infesting insects, animals, human, fungi and higher plants) 
(Pant et al. 1998). Eleven of the fifteen nematodes identified in this study, namely Heterodera, Meloidogyne, Tylenchus, 
Pratlyenchus, Radopholus, Hoplolaimus, Rotylenchus, Rotylenchulus, Xiphinema, and Longidorus were plant-parasitic 
nematodes. Meloidogyne, Radopholus, and Rotylenchulus were the top three genera of plant-parasite nematodes 
observed in East Kalimantan (Suyadi and Rosfiansyah 2017). Dorylaimus and Rhabditis, on the other hand, were non-
plant-parasitic nematodes. Dorylaimus functions as an omnivore in the rhizosphere, and Rhabditis as a bacterivore. In 
this study, only Heterorhabditis and Steinernema were identified as entomopathogenic nematodes, as also observed in 
the previous studies (Bhat et al., 2020; Julià et al., 2023).  

Relation of soil physicochemical properties and microbial community  
The physicochemical properties of post-mining soil were considerably different from those of non-mining soil in this 

study. The different characteristics of post-mining land arise from the significant alterations in soil properties, structure, 
and chemical composition due to mining activities. The mining process disrupts the natural soil structure, leading to soil 
compaction, which reduces pore spaces and affects water infiltration and root penetration (Yuningsih et al. 2021). 
Additionally, the removal or burying of topsoil (due to improper reclamation processes) results in a significant reduction 
in the organic content of the soil (especially in the root growth layer), leading to nutrient loss and further diminishing soil 
fertility. Furthermore, the mining process can expose rocks and minerals that, when weathered, can alter the soil's pH, 
leading to acid mine drainage and significantly lowering the soil pH (Herman et al. 2024). These conditions make the soil 
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ecosystem in post-mining land unconducive for microbial communities, which contrasts with the conditions in non-
mining land. 

Soil is a medium for plant growth and also acts as an environment for microbial growth, determining the quality of 
growing soil microbes and plants. The interactions between soil microbes and plants play a crucial role in soil health and 
fertility. Fertile soil is typically a source of organic matter for microbial activity. Soil status encompasses a wide range of 
physical, chemical, and biological properties that influence the habitat and conditions for soil microorganisms. A healthy 
soil status with sufficient organic matter and nutrient availability ensures that microorganisms have the resources they 
need to thrive (Kaur et al. 2022) The presence of high organic matter in soil is characterized by several physicochemical 
parameters, such as pH levels, cation exchange capacity (CEC), soil organic carbon (SOC) content, and nutrient content, 
especially of nitrogen, phosphorus, and potassium (Dandwate 2020) 

It was also observed that soils in both post-coal mining and non-mining land were found to be acidic, with minor 
variations at every soil depth layer. However, soil pH in the post-mining land was considerably lower, in the range of 
3.19-4.19, compared to that in the non-mining land (4.02-4.9). Related to the lower pH in post-mining land was the 
aluminum content, which was higher than that in the non-mining land as acidic soils enhance aluminum solubility and 
availability. Furthermore, soil pH is positively correlated with another soil property, basic saturation (BS), which was 
observed to be higher in the non-mining land.  

Soil pH strongly influences microbial communities. Acidic or alkaline soils can limit the diversity and activity of 
microorganisms, impacting nutrient availability and overall soil.  It is a critical factor that affects the activity and diversity 
of soil microorganisms. Different microbial species have specific pH preferences, and soil pH can influence their 
metabolic activities. Soil pH outside the optimal range for specific microbes can limit their growth and activity (Wang et 
al. 2019). Therefore, maintaining an appropriate pH level is essential for a diverse and active microbial community. 

Soil organic matter was higher in non-mining land in this study, as characterized by the higher soil organic carbon 
(SOC) and nutrient content than that of post-coal-mining land, as well as by the pH level. Higher organic matter content 
is associated with high SOC, which, as carbon is a fundamental component of organic materials, mainly occurs via the 
microbial breakdown, partial decay, and conversion of deceased organic materials (Lefèvre et al. 2017) This activity is co-
related with nutrient availability; that is, as organic matter decomposes, it releases nutrients into the soil, contributing to 
the soil’s overall fertility and health (Gerke 2022) 

Overall, soil physicochemical properties play a significant role in shaping the composition and activity of the microbial 
community (Brahmaprakash 2021). A larger microbial community was observed alongside the higher physicochemical 
soil properties of the non-mining land, rather than in the post-coal-mining land. Changes in these properties can 
influence the composition and activity of microbial community, subsequently impacting nutrient cycling, organic matter 
decomposition, and overall soil fertility (Leiva et al. 2020; Kaur et al. 2022). Fertile soil is characterized by a well-balanced 
and diverse microbial community that supports plant growth by providing essential nutrients and improving soil 
structure. The composition and diversity of the soil microbial community are important factors in maintaining soil health 
that also support plant growth and health (Wang and Li 2023). The increasing microbial population (both in diversity and 
abundance) causes the dynamics of the soil to improve and become healthier naturally (Bertola et al. 2021). The ability 
to change soil biological properties in a positive direction can increase the population of microbes, including 
entomopathogenic microbes, which benefit plant growth and reduce the need for artificial fertilizer and pesticide use.  
 

CONCLUSION 
 

The results showed that microbial diversity in post-coal-mining land differed from that in non-mining control. The 
entomopathogenic fungal and bacterial diversity and density in ex-coal-mining soil was considerably lower compared to 
that in the non-mining land. The microbial (bacterial and fungal) diversity and density were lower in deeper layers of soil 
in both post-coal-mining and non-mining land, and tended to decrease soil layer depth increased. In contrast to fungi and 
bacteria, entomopathogenic nematodes were observed to be more abundant in the post-mining than in non-mining land 
in terms of their diversity and density. Additionally, nematodes were more abundant in the deeper layers of soil. Soil 
fertility was found to be lower in ex-coal-mining land, as characterized by several soil physicochemical properties, of 
which the lower soil pH, basic saturation, soil organic carbon (SOC) and nutrient content detected likely supported a 
smaller microbial community compared to the non-mining land. 
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Assessment of nematode and microbial diversity and screening of 
entomopathogens in revegetated post-coal-mining land in Kutai 

Kartanegara District, East Kalimantan, Indonesia  

 
  

Abstract. Post-coal-mining management should strive toward site revegetation. The success of such revegetation efforts is largely 
determined by the soil's fertility status, which encompasses physical, chemical, and biological components. Biological fertility is 
indicated by the presence and abundance of soil microbes and nematodes. The objective of this study was to identify the diversity of 
nematodes and soil microbes in ex-coal-mining land revegetated with oil palm in Kutai Kartanegara District (East Kalimantan, 
Indonesia), to screen for entomopathogenic nematodes and microbes, and to analyze their relationships with the chemical fertility 
status of the land. As a control, non-mining land was also investigated. The results showed that  microbial diversity and density 
(including fungi and bacteria) in the ex-coal-mining area were significantly lower compared to the control. Additionally, a decrease in 
microbial diversity and density was  found in deeper soil layers of both post-mining and non-mining lands. In contrast, soil nematodes 
were more abundant in post-mining land, both in terms of diversity and density, and were also more plentiful in the deeper soil layers. 
Among the nematodes and microbes studied, only Heterorhabditis and Steinernema (nematodes), Trichoderma (fungi), and 
Bacillaceae (bacteria) were identified as entomopathogens, causing death in Tenebrio molitor L. larvae. Overall, soil fertility in ex-coal-
mining land was observed to be lower, characterized by decreased soil pH, basic saturation, soil organic carbon (SOC), and nutrient 
content, which contributed to a reduced microbial community compared to non-mining land.  
 
Keywords: Entomopathogen, nematodes, soil microbes, post-coal mining, Kutai Kartanegara, Trichoderma. 
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Coal mining activities in Kutai Kartanegara District, East Kalimantan, Indonesia, have experienced rapid growth in 

recent years, with both large-scale and small-scale operations, including those with mining authorities. However, this 
expansion has come at a significant cost to the environment, resulting in widespread damage. This damage manifests in 
the form of arid and infertile post-mining lands or artificial "craters" with unclear purposes. While some efforts have 
been made to rehabilitate these ex-coal-mining lands, they remain sporadic and insufficient, allowing environmental 
degradation to outpace recovery efforts. 

Rehabilitating these lands is essential to mitigating the adverse environmental impacts of coal mining. The success of 
land recovery can be evaluated by assessing the diversity of soil microbes, which serves as an indicator of biological 
fertility. Soil microbes play a pivotal role in converting potential chemical fertility into actual fertility. Moreover, their 
activities gradually enhance the physical properties of the soil, further improving physical fertility (Cui et al. 2021). 
However, the restoration of ex-coal-mining lands faces numerous challenges, including the need to address soil 
degradation, erosion, and biodiversity loss resulting from mining activities (Ahirwal et al. 2016). To address these 
challenges, it is crucial to consider the role of soil microbes, including entomopathogenic microbes, which are an integral 
part of soil ecosystems (Boucias and Pendland 2018). 

The roles of nematodes and microbes in ex-mining lands are fundamental to ecological restoration efforts, improving 
soil health, supporting plant growth, and maintaining ecological balance. These microorganisms can significantly impact 
the success of revegetation and restoration projects in post-mining landscapes. The presence of nematodes and 
microbes in the soil benefits plant health during revegetation endeavors (Guo et al. 2021; Li et al. 2022). Furthermore, 
these microorganisms support plant establishment and growth. Healthy and robust plant growth, in turn, stabilizes the 
soil, prevents erosion, and enhances biodiversity, all of which are important for the overall success of revegetation 
projects (Mensah 2015). The presence of microbial diversity in mining-affected areas can be influenced by factors such as 
soil type, climate, land management practices, as well as the host plants’ root exudate composition (Santoyo 2022; Sasse 
et al. 2017). Consequently, understanding and managing the diversity of these microorganisms are critical for the success 
of revegetation efforts. 

 Entomopathogenic microbes, which encompass various taxonomic groups, including bacteria, fungi, nematodes, and 
viruses, are known to regulate insect populations and play a vital role in ecological processes (Deka et al. 2021). One of 
the most remarkable contributions of entomopathogenic microbes during revegetation is their role as natural pest 
controllers (Vega et al. 2009). These microorganisms serve as natural enemies of various insect pests that could harm 
newly planted vegetation (Shrestha et al. 2020). By infecting and eliminating these pests, entomopathogens help 
regulate insect populations and protect the restored vegetation (Rozpądek et al. 2019). In regions where 
entomopathogens thrive, the risk of pest outbreaks is reduced, safeguarding the overall health of the revegetated land 
(Koskella et al. 2020). Entomopathogenic microbes, such as fungi and bacteria are natural antagonists of insects and play 
a pivotal role in regulating insect populations in terrestrial ecosystems. While extensively studied for their potential in 
biological pest control in agriculture, their utilization in ecological restoration, particularly in ex-coal-mining land 
revegetation, remains a relatively unexplored area, and a promising avenue for research and practical implementation. 
The diversity and abundance of entomopathogenic microbes are subject to environmental factors (Fatu et al. 2020). 
Factors such as soil physicochemical properties, which can fluctuate significantly in mining-affected areas, play pivotal 
roles in shaping microbial community structure (Mudrak et al. 2021). 

The objective of this study was to identify the diversity of nematodes and soil microbes on revegetated ex-coal-
mining land, to investigate for entomopathogenic nematodes and microbes, and to analyze their relationships with the 
chemical fertility status of the land.  
 

MATERIALS AND METHODS 
 

Experimental sites 
The study was conducted at two locations, in post-coal mining and non-mining areas, in the Pendingin Subdistrict of 

Sanga-Sanga, in Kutai Kartanegara District, East Kalimantan Province, Indonesia. Oil palm plantations were planted in a 
post-coal mining area (located at S 00040'29.7" E 117016'09.8"), while rubber plantations were cultivated in a non-
mining area (located at S 00041'41.3" E 117015’54.9") used as a control. 
 
Sample collection 

The sampling method used in this study was the standard method of ISPM (International Standards for Phytosanitary 
Measure). Soil samples were taken randomly at ten sampling points at each experimental site. The soil samples were 
taken at four levels of depth (0-30 cm, 30-60 cm, 60-80 cm, and 80-100 cm) from the soil surface. After removing the 
gravel and plant debris, soil samples were composited for each level of soil depth, and 1 kg of soil was collected for 
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microbial extraction and identification of fungi, bacteria, and nematodes in the laboratory. In addition, physicochemical 
properties of soil were also analyzed in this study.  

 
Fungal and bacterial isolation and identification 

For both fungal and bacterial isolation, 10 g of soil samples were dissolved in a liter of distilled water. Then 1 ml of 
soil solution was taken and diluted in steps from 10

-1
 to 10

-3
 to determine the CFU value of each sample, by repeating 2 

times each dilution from three dilution levels. An inoculating needle was dipped in the soil solution, and then inoculated 
on Potato Dextrose Agar (PDA) medium to culture fungi, while another inoculating needle was dipped in the same 
solution and applied to Nutrient Agar (NA) medium to culture bacteria. After one week of culturing for fungi, or two days 
for bacteria, the microbes were isolated and observed under a microscope to identify the type, color, and shape of 
individual bacteria and fungi, as well as that of their colonies, following Hucker's procedure with minor modifications 
(Hucker 1921). The number of microorganisms (fungi and bacteria) present in each test sample as a weighted average of 
two consecutive dilutions was calculate using the following equation (FDA 2001): 

 

  
∑ 

[(      )   (        )   ( ) 
 

 
N = Number of colonies per ml or g of product 
ΣC = Sum of all colonies on all plates counted 
n1 = Number of plates in first dilution counted 
n2 = Number of plates in second dilution counted 
d = Dilution from which the first counts were obtained 

 
Entomopathogenic fungal and bacterial screening  

Entomopathogenic fungi and bacteria were selected using mealworm (Tenebrio molitor L.) larvae 30-40 days of age 
(Figure 1). One milliliter of each fungal and bacterial isolate was inoculated to mealworms. Only fungi and bacteria that 
could cause mortality to mealworms were considered entomopathogens in the present study.  

 
 

 

Figure 1.  Mealworm (Tenebrio molitor L.) larvae at 30-40 days of age. 

Isolation and identification of nematodes 
Nematode isolation was carried out using the Baermann funnel method with minor modifications. This method was 

considered the most effective in nematode isolation (van den Hoogen et al. 2020). Briefly, a silicone hose was attached 
to a funnel, then the end of the hose was tied using a gauze rubber band and placed on top of the funnel. The Baermann 
funnel apparatus was installed in a horizontal position without buckling the silicon hose. Fifty grams of soil for each 

sample was placed on the filter paper, and the soil was wrapped to cover its entire surface. The water was added 

slowly into the funnel to submerge the sample, until the sample was saturated, to create a moist environment that 
stimulated nematodes to migrate toward the water source. The funnel was incubated for 3×24 hours and the water 
released from the bottom of the funnel. The water was collected in a film tube/vial. The collected water then was passed 
through a fine sieve to separate the nematodes from the water and debris. Up to 1 drop of formalin (5%) was added and 
fixed for 15 minutes.  
 
Entomopathogenic nematode screening 
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Entomopathogenic nematodes were screened by bait trap using mealworms. The mealworm larvae (3-5 larvae) were 
placed in a plastic container and mixed with ~150 g of moist soil containing nematodes. The container was then inverted 
so that the larvae were covered with soil, then placed at room temperature. 

After 3-4 days, if larval mortality was observed, the larval cadaver was removed and rinsed with sterilized distilled 
water. Entomopathogenic nematode trapping was then conducted using the White trap method to release 
entomopathogenic nematodes from the cadaver's body. Nematodes were observed and counted using a stereo 
microscope. Identification of soil nematodes and entomopathogenic nematodes to genus level was carried out through 
morphological observations. 
 

Physicochemical analysis of soil 

Samples were analyzed for their chemical and physical properties, including organic C, total N, available P (Bray), 

available K (Morgan), Ca
++

, Mg
++

, K
+
, Na

+
, CEC (Cation Exchange Capacity), base saturation (BS), Al saturation, pH, and 

soil texture. The soil physicochemical analysis was conducted based on the general procedure developed in the Soil 

Laboratory, Faculty of Agriculture, Mulawarman University, Samarinda, Indonesia. 

 

Data analysis 

Data collected were analyzed descriptively to uncover the role of soil microbes in supporting the recovery of post-coal-

mining land and relationship between the diversity of soil microbes and chemical fertility status of the study site. 

 

RESULTS AND DISCUSSION 

Fungal diversity and density 
Result showed that higher fungal diversity was observed in the non-mining land compared to the ex-mining land, with 

five fungal genera found in non-mining, and four genera in ex-mining soil (Figure 2 and Table 1). The fungal diversity in 

ex-coal mining and non-mining land was different in every soil layer observed in this study (Table 1). Penicillium sp., 

which was found in every soil layer of post coal-mining land, was not present in the non-mining land soil. On the other 

hand, Mucor sp., which was found in the non-mining land soil, was absent in coal-mining land soil. In addition, 

Aspergillus was found abundant in almost all soil layers in both ex-coal-mining and non-mining land. Fungal density in 

non-mining land soil was also significantly  higher (ranging from 2.6-7.2×10
5 

cfu.g
-1

) than in soil of ex-coal-mining land 

(ranging from 1.4-3.8×10
5 

cfu.g
-1

) at every soil depth layer. The deeper the soil layer, the fewer fungal populations were 

found. Among all the fungi identified in the ex-mining and non-mining land, only Trichoderma was screened as an 

entomopathogenic fungi. Trichoderma was observed in the digestive system of deceased T. molitor mealworm larvae.  

 
Table 1. Fungal diversity and density at different soil depth layers, and screening of entomopathogenic fungi in ex-mining and non-
mining land in Pendingin, Sanga-Sanga subdistrict, Kutai Kartanegara District.  

S. No. 
Soil Depth Layers (cm) 

 

Fungal Population Density  
Genera/Species 

cfu/g 

                   Non-mining land  

1. 0-30  7.2 x 10
5 

Aspergillus 
Trichoderma* 
Penicillium  

2. 30-60 5.4 x 10
5 

 
Aspergillus 
Trichoderma* 
Penicillium 
 

3. 60-80 3.2 x 10
5
 

Trichoderma* 
Pythium 
Penicillium 

4. 80-100  2.6 x 10
5
 

 
Aspergillus 
Penicillium 
 

                 Post-coal-mining land 

1. 0-30 3.8 x 10
5
 Aspergillus 

2. 30-60 2.2 x 10
5
 

Trichoderma * 
 
Aspergillus niger 
Trichoderma* 
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3. 60-80 1.8 x 10
5
 

Aspergillus sp. 
Mucor sp. 
 

4. 80-100 1.4 x 10
5
 

Aspergillus niger 
Aspergillus flavus 

*Entomopathogenic fungi. 

 

 

Figure 2. Fungal diversity: A. Trichoderma: conidia (a), hyalin (b), conidiophore (c); B. Pythium: oogonium (a), hyphae (b); C. 
Penicillium: conidium (a), phialide (b), metula (c), stipe (d); D. A. niger: conidia (a), conidiophore (b); E. A. flavus: conidia (a), phialide 

(b), vesicle (c), stipe (d); F. Mucor sp.: sporangium (a), sporangiophore (b), hyphae (c). 

Entomopathogenic bacteria 

Two bacterial families, Azotobacteraceae and Bacillaceae, were observed in the soils of both non-mining and ex-coal-

mining land (Figure 3). However, only Azotobacteraceae was present in the deeper subsoil layers (60-80 cm or 80-100 

cm) of the ex-coal-mining land . Interestingly, all Azotobacteraceae observed in this study were identified as coccus 

Gram-positive bacteria, except in the ex-coal-mining land, in which coccus Gram-negative Azotobacteraceae were found 

at the soil depths of 30-60 cm and 60-80 cm. The bacterial population was denser in non-coal-mining (4.2-9.6×10
6
) 

compared to ex-coal-mining land (1.4-5.1×10
6
). Bacterial population decreased along with soil depth at both experimental 

sites (Table 2). In this study, only Bacillaceae bacteria, observed in the digestive system of deceased T. molitor larvae, 

were identified as entomopathogenic bacteria in both ex-mining and non-mining lands. 
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Table 2. Bacterial diversity and density at different soil depth layers, and screening of entomopathogenic bacteria in ex-mining and 

non-mining land in Pendingin, Sanga-Sanga subdistrict, Kutai Kartanegara District. 

S. No. 
Soil Depth Layers (cm) 
 
 

Bacterial Population 
Density  Family 
cfu/g 

 Non-mining land   

1. 0-30 9.6 x 10
6 

- Coccus, Gram (+), Azotobacteraceae 

- Bacilli, Gram (+), Bacillaceae* 

 

2. 30-60 5.5 x 10
6 

 

- Coccus, Gram (+), Azotobacteraceae 

- Bacilli, Gram (+), Bacillaceae* 

 

 

3. 60-80 4.5 x10
6
 

- Coccus, Gram (+) Azotobacteraceae 

- Bacilli, Gram (+), Bacillaceae* 

 

4. 80-100  4.2 x 10
6
 

- Coccus, Gram (+): Azotobacteraceae 

- Bacilli, Gram (+): Bacillaceae 

 Post-coal-mining land   

1. 0-30 5.1 x 10
6
 

- Coccus, Gram (+); Azotobacteraceae 

- Bacilli, Gram (+); Bacillaceae* 

 

2. 30-60 4.9 x 10
6
 

- Coccus, Gram (+) Azotobacteraceae 
- Bacilli, Gram (+); Bacillaceae* 

 

3. 60-80 1.6 x 10
6
 

 
- Coccus, Gram (+); Azotobacteraceae 

4. 80-100 1.4 x 10
6
 

 
- Coccus, Gram (+); Azotobacteraceae 

    

*Entomopathogenic bacteria. 

                                    

Figure 3. Bacteria (left to right: A. Bacillaceae, and B. Azotobacteraceae). 

Entomopathogenic nematodes 
A high genetic diversity of nematodes was observed in both non-mining and ex-mining land. Among the fifteen genera 

identified (Figure 4), six—namely Heterodera, Heterorhabditis, Hoplolaimus, Pratylenchus, Radopholus, and 

Rotylenchuswere present in both non-mining and ex-coal-mining lands. Conversely, Dorylaimus, Meloidogyne, 

Rotylenchulus, and Tylenchus were found only in non-mining area, while Longidorus, Rhabditis, Steinernema, and 

Xiphinema were exclusive to ex-mining land. The number of nematode populations was notably higher in ex-coal-mining 

compared to non-mining land. It was also observed that the deeper the soil layer, the greater the number of isolated 

nematodes, as found in both non-mining and ex-coal-mining land (Table 3). Despite the high nematode diversity, only 

Heterorhabditis and Steinernema were identified as entomopathogenic nematodes. 
 

Table 3. Nematode diversity and density at different soil depth layers, and screening of entomopathogenic nematodes in ex-mining 

and non-mining land in Pendingin, Sanga-Sanga Subdistrict, Kutai Kartanegara District. 

S. No. 
Soil Depth Layers 
(cm) 

Nematodes 
Genus  

Population/ kg soil 
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 Non-mining land   

1. 0-30 1.1 x10
2
 

Heterodera 
Meloidogyne 
Tylenchus 
Heterorhabditis* 
 

2. 30-60 1.2 x 10
2 

Heterorhabditis* 
Pratlyenchus 
Heterodera 
Radopholus 
Hoplolaimus 
 

3. 60-80 4 x 10
2 

Pratylenchus 
Heterodera 
 

4. 80-100  2 x 10
2 

Rotylenchus 
Rotylenchulus 
Dorylaimus 
 

 Post-coal-mining land   

1. 0-30 5.1 x 10
2 

Heterodera 
Xiphinema 
 

2. 30-60 7.0 x 10
2
 

Heterorhabditis* 
Steinernema 
Radopholus 
Rhabditis 
 

 
3. 

60-80 8.0 x 10
2
 

Steinernema* 
Hoplolaimus 
Rotylenchus 
 

4. 80-100 9.2 x 10
2
 

Pratylenchus 
Longidorus 

    

*Entomopathogenic nematodes.  
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Figure 4. Nematodes (left to right: A. Hoplolaimus, B. Pratylenchus, C. Tylenchus, D. Heterorhabditis, E. Steinernema, F. Dorylaimus, G. 
Xiphinema, H. Heterodera, I. Rhabditis, J. Radopholus, K. Longidorus, L. Rotylenchus, M. Rotylenchulus, N. Helicotylenchus, O. 

Aphelenchus). 

Physicochemical properties of soil 

In general, soil nutrient content was higher in non-mining land compared to post-coal mining land (Table 4). There was 

also a variation in the nutrient content at different soil depth layers. Most of the nutrients were more abundant in the 

subsoil compared to the topsoil, as observed in the available K, Ca++. Mg++, K++, and Na+, as well as base saturation in 

non-mining land. In contrast, the reverse phenomenon was observed in post-coal-mining land.  

Aluminum content was found to be higher in post-coal-mining than non-mining land. Moreover, the aluminum content 

tended to decrease with increasing soil depth on non-coal-mining land, while tending to be higher in the deeper soil layers 

on post-coal-mining land. The pH status of non-mining and post-coal-mining land was in the range of 4.02-4.9 and 3.19-

4.19, respectively, showing higher acidity in post-coal-mining land.  

Soil texture was determined by the proportion of mineral components in the soil. Among these mineral particles, silt, 

rather than clay or sand, was the dominant soil texture in topsoil and subsoil of both non-mining and post-coal-mining 

land. However, the relative proportions of different mineral particles (sand, silt, and clay) varied in each soil layer, 

resulting in distinct soil textures.  

 
Table 4. Physicochemical properties of soil in  non-mining and ex-coal-mining land in Kutai Kartanegara District, East Kalimantan. 

No. Soil Parameters Unit 

Non-coal Mining Land                                Ex-coal Mining Land 

R1 0-30 R2 30-60 
R3 

60-80 
R4 80-

100 
S1 0-30  

S2 30-
60 

S3 60-
80 

S4 
80-100 

1. Carbon organic % 7.65 4.64 4.14 3.41 3.80 3.74 1.38 0.86 

2. Nitrogen total % 0.41 0.24 0.51 0.14 0.17 0.15 0.16 0.19 

3. Ratio C/N - 18.66 19.33 8.12 24.36 22.35 24.93 8.63 4.53 

4. 
Available P 
(Bray1) 

Ppm 19.39 12.60 13.38 20.26 5.11 4.03 0.96 4.12 

5. 
Available K 
tersedia (Morgan) 

Ppm 110.45 214.54 170.21 234.33 
209.2

2 
81.56 82.09 143.28 

6. Al
3+ 

(Morgan)
 

 4.00 2.20 2.10 3.10 2.00 6.80 5.10 8.40 
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7. H
+ 

(Morgan)
 

 3.46 1.80 1.70 2.66 1.66 6.20 4.46 4.26 

8. Ca
++ 

meq/100 g 0.63 1.67 0.83 1.19 1.95 0.79 0.52 0.61 

9. Mg
++ 

meq/100 g 0.48 1.25 0.68 0.98 1.01 0.48 0.37 0.49 

10. K
+ 

meq/100 g 0.30 0.65 0.48 0.91 0.67 0.20 0.26 0.40 

11. Na
+ 

meq/100 g 0.04 0.38 0.28 0.29 0.34 0.11 0.02 0.12 

12. CEC meq/100 g 8.91 7.95 6.07 9.13 8.16 8.58 10.73 14.28 

13. BS % 16.3 49.7 37.4 36.9 48.7 18.4 10.9 11.3 

14. Al Saturation % 44.89 27.67 34.60 33.95 26.21 46.64 47.53 58.82 

15. pH – 4.02 4.62 4.54 4.90 3.56 3.35 4.19 3.19 

16. 
 

Clay 
% 

14.77 36.54 20.07 23.21 28.72 16.54 23.94 32.85 

17. Silt % 34.48 58.18 55.30 35.43 67.66 64.75 33.70 35.54 

18. Sand % 50.75 5.28 24.63 41.36 3.62 18.71 42.36 31.61 

19. Texture
*
  SiCL SiCL SiL L SiCL SiL L CL 

Note: 
*
Soil Texture, SiCL= Silty Clay Loam; SiL= Silty Loam; CL= Clay Loam; L=Loam. 

 
DISCUSSION 

 
The greatest concern regarding land degradation impacts of post-mining areas for the agriculture sector is the 

reduction of biodiversity and soil fertility. Mining activities often lead to the destruction of natural habitats and 
ecosystems, resulting in the deracination and decline of plant and animal species, and leading to a loss of biodiversity 
that also negatively affects agricultural productivity. In addition, post-mining land undergoes physical and chemical 
changes that render it unsuitable for agriculture, such as reduced soil porosity and aeration due to the alteration of soil 
structure, a lack of organic matter and nutrients due to the topsoil removal, introduced contaminants such as heavy 
metals and toxic chemicals, and altered soil pH—more acidic or alkaline—which can all be detrimental to plant growth 
(Prince et al. 2018; Janečková et al. 2023).  

Efforts to address the loss of arable land in post-mining areas involve comprehensive reclamation and rehabilitation 
practices that aim to restore soil fertility, structure, and water-holding capacity, and to repair the quality of the 
environment and ecosystem, as mentioned in the regulation issued by the Minister of Energy and Mineral Resources 
Regulation 7/2014 and Regional Regulation East Kalimantan 8/2013 (Yulianingrum 2023). These efforts may include 
topsoil replacement, revegetation, and ongoing monitoring to ensure the land can support agriculture practices. 
Furthermore, to achieve normal criteria for fertile soil supporting agricultural activities, maintenance of microbial 
community structures is very important.  
 
Microbial entomopathogen diversity and density  

In this study, it was observed that the nematode and soil microbial diversity in post-coal-mining land clearly differed to 

that in the non-mining land. Fungal diversity and density in post-coal-mining land soil was considerably lower compared 

to the non-mining land. This situation was also observed in soil bacteria, which showed low biodiversity in post-coal-

mining land even after the completion of the reclamation process. A significant reduction of microbial diversity due to coal 

mining practices after land restoration was also observed in a study conducted by de Quadros et al. (2016). In their study, 

post-coal-mining land had undergone different durations of restoration (3-19 years), which involved replacing the soil 

layers, applying limestone to raise the pH to 6.0, and revegetating the land with grasses. Even after the completion of the 

reclamation process after many years, the composition of the microbial diversity and biomass of post-mined sites was 

significantly lower than that of the control (unaltered sites). Similar results were also found in different studies comparing 

the microbial diversity and density in reclaimed and revegetated post-coal-mining sites with that in undisturbed sites, both 

of which reported significant declines in microbial community structure and diversity (Li et al. 2014; Upadhyay et al. 

2014). 

A reduction of microbial (bacterial and fungal) diversity and density was also observed in the deeper layers of soil in 

both the post-coal-mining and non-mining-land, in which the microbes decreased as the depth of the soil layer increased. A 

similar observation was studied by Upadhyay et al. (2014), who reported that rhizospheric soils showed greater diversity in 

both bacteria and fungi compared to non-rhizospheric soil. This outcome is supported by recent studies concluding that 

soil microbial diversity decreases along with the soil depth (Wang et al. 2021; Guo et al. 2021) 
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It is well known that topsoil is the most biologically active and favorable layer for microorganisms. Compared to the 

subsoil layer, topsoil contains the highest concentration of organic matter, providing food and nutrients to microorganisms 

(Bahram et al. 2018). In addition, the uppermost layer of soil, also known as A-horizon, is well-aerated and has adequate 

moisture content and moderate temperatures, providing a suitable environment for a wide range of microorganisms (Liu et 

al. 2019; Aquado et al. 2023). Furthermore, there is an interaction between microorganisms and plant roots, which are 

more abundant in the top layer of soil. Plant roots release root exudates and provide energy to many soil microorganisms, 

thereby contributing to a more active microbial community (Zhalnina et al. 2018; Zhou et al.2020). The vegetation types, 

plant species, and climate all influence the soil microbial diversity and community composition (Li et al. 2022; Sopialena 

and Palupi 2017). 

One of the key roles of microorganisms in agriculture is as agents of biological control, a process that harnesses natural 

enemies to suppress pest populations. The use of biological control agents is considered the most prudent manner of 

controlling pests as it can reduce our reliance on chemical pesticides, and because it is a long-term, specific pest targeting, 

environmentally friendly, cost-effective approach that is safe for human health and supports sustainable agriculture (Boro 

et al. 2022). Therefore, besides observing the genetic diversity and density of the microorganisms in the ex-mining and 

non-mining land, this study also focused on screening entomopathogenic nematodes and microbes as potential biological 

control agents for suppressing insect populations. Insects are the largest and most diverse group of organisms included as 

one of the most common and economically significant types of plant pests (García-Lara 2016), causing significant damage 

to many crop plant species (Manosathiyadevan 2017).  

Among all microbes, only Trichoderma (fungi) and Bacillaceae (bacteria) were identified as entomopathogenic 

microorganisms in the present study, in both ex-mining and non-mining lands. Trichoderma can indirectly act as an 

entomopathogen by producing insecticidal secondary metabolites, antifeedant compounds, and repellent metabolites 

(Poveda 2021). This is due to Trichoderma's ability to produce metabolites such as citric acid (Vinale et al. 2012), as well 

as enzymes like urease, cellulase, glucanase, and chitinase (Carlile et al. 2001), which can negatively affect insects and 

even cause death when they enter the body. On the other hand, bacteria from the Bacillaceae family, particularly Bacillus 

thuringiensis, have received significant attention as entomopathogens. This bacterium is capable of producing 

proteinaceous protoxin crystals with insecticidal properties. When ingested by insects, these crystals disintegrate in the 

stomach and are broken down by host proteases to produce an active poison known as endotoxin, which ultimately leads to 

insect death (Deka et al. 2021). 

In contrast to the fungi and bacteria, nematodes were found to be more abundant in the post-mining than in the non-

mining land in terms of their diversity and density. Additionally, more nematodes were observed in the deeper soil layers. 

Most related studies have observed that the vertical distribution of nematode communities decreases from the topsoil layer 

to the subsoil layer (Cheng et al. 2021; Suyadi et al. 2021). This variation in soil nematode communities may be explained 

by the distinct characteristics of soils at different layers (Liu et al. 2022). The differences in soil nematode diversity and 

density at different soil depths observed in this study might be influenced by soil variables. The amount of nematode 

diversity varied in different experimental sites (Ilieva-Makulec et al. 2015). Results showed that nematode generic richness 

was higher in the topsoil of one site, while in a different habitat, nematode diversity was significantly lower in the topsoil 

and highest in the subsoil. Overall, it is likely that nematode abundance and distribution are influenced by many factors, 

such as soil properties, climate and environmental conditions, land use and management, plant species and root exudates, 

predation and competition, and succession and ecosystem development (Ilieva-Makulec et al. 2015; Zhang 2020; Cheng et 

al. 2021; Li et al. 2022).  

Nematodes may be classified into three main groups: saprophages (living on dead organic matter), predators (feeding 
on small animals, including other nematodes), and parasites (infesting insects, animals, human, fungi and higher plants) 
(Pant et al. 1998). Eleven of the fifteen nematodes identified in this study, namely Heterodera, Meloidogyne, Tylenchus, 
Pratlyenchus, Radopholus, Hoplolaimus, Rotylenchus, Rotylenchulus, Xiphinema, and Longidorus were plant-parasitic 
nematodes. Meloidogyne, Radopholus, and Rotylenchulus were the top three genera of plant-parasite nematodes 
observed in East Kalimantan (Suyadi and Rosfiansyah 2017). Dorylaimus and Rhabditis, on the other hand, were non-
plant-parasitic nematodes. Dorylaimus functions as an omnivore in the rhizosphere, and Rhabditis as a bacterivore. In 
this study, only Heterorhabditis and Steinernema were identified as entomopathogenic nematodes, as also observed in 
the previous studies (Bhat et al., 2020; Julià et al., 2023).  

Relation of soil physicochemical properties and microbial community  
The physicochemical properties of post-mining soil were considerably different from those of non-mining soil in this 

study. The different characteristics of post-mining land arise from the significant alterations in soil properties, structure, 
and chemical composition due to mining activities. The mining process disrupts the natural soil structure, leading to soil 
compaction, which reduces pore spaces and affects water infiltration and root penetration (Yuningsih et al. 2021). 
Additionally, the removal or burying of topsoil (due to improper reclamation processes) results in a significant reduction 
in the organic content of the soil (especially in the root growth layer), leading to nutrient loss and further diminishing soil 
fertility. Furthermore, the mining process can expose rocks and minerals that, when weathered, can alter the soil's pH, 
leading to acid mine drainage and significantly lowering the soil pH (Herman et al. 2024). These conditions make the soil 
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ecosystem in post-mining land unconducive for microbial communities, which contrasts with the conditions in non-
mining land. 

Soil is a medium for plant growth and also acts as an environment for microbial growth, determining the quality of 
growing soil microbes and plants. The interactions between soil microbes and plants play a crucial role in soil health and 
fertility. Fertile soil is typically a source of organic matter for microbial activity. Soil status encompasses a wide range of 
physical, chemical, and biological properties that influence the habitat and conditions for soil microorganisms. A healthy 
soil status with sufficient organic matter and nutrient availability ensures that microorganisms have the resources they 
need to thrive (Kaur et al. 2022) The presence of high organic matter in soil is characterized by several physicochemical 
parameters, such as pH levels, cation exchange capacity (CEC), soil organic carbon (SOC) content, and nutrient content, 
especially of nitrogen, phosphorus, and potassium (Dandwate 2020) 

It was also observed that soils in both post-coal mining and non-mining land were found to be acidic, with minor 
variations at every soil depth layer. However, soil pH in the post-mining land was considerably lower, in the range of 
3.19-4.19, compared to that in the non-mining land (4.02-4.9). Related to the lower pH in post-mining land was the 
aluminum content, which was higher than that in the non-mining land as acidic soils enhance aluminum solubility and 
availability. Furthermore, soil pH is positively correlated with another soil property, basic saturation (BS), which was 
observed to be higher in the non-mining land.  

Soil pH strongly influences microbial communities. Acidic or alkaline soils can limit the diversity and activity of 
microorganisms, impacting nutrient availability and overall soil.  It is a critical factor that affects the activity and diversity 
of soil microorganisms. Different microbial species have specific pH preferences, and soil pH can influence their 
metabolic activities. Soil pH outside the optimal range for specific microbes can limit their growth and activity (Wang et 
al. 2019). Therefore, maintaining an appropriate pH level is essential for a diverse and active microbial community. 

Soil organic matter was higher in non-mining land in this study, as characterized by the higher soil organic carbon 
(SOC) and nutrient content than that of post-coal-mining land, as well as by the pH level. Higher organic matter content 
is associated with high SOC, which, as carbon is a fundamental component of organic materials, mainly occurs via the 
microbial breakdown, partial decay, and conversion of deceased organic materials (Lefèvre et al. 2017) This activity is co-
related with nutrient availability; that is, as organic matter decomposes, it releases nutrients into the soil, contributing to 
the soil’s overall fertility and health (Gerke 2022) 

Overall, soil physicochemical properties play a significant role in shaping the composition and activity of the microbial 
community (Brahmaprakash 2021). A larger microbial community was observed alongside the higher physicochemical 
soil properties of the non-mining land, rather than in the post-coal-mining land. Changes in these properties can 
influence the composition and activity of microbial community, subsequently impacting nutrient cycling, organic matter 
decomposition, and overall soil fertility (Leiva et al. 2020; Kaur et al. 2022). Fertile soil is characterized by a well-balanced 
and diverse microbial community that supports plant growth by providing essential nutrients and improving soil 
structure. The composition and diversity of the soil microbial community are important factors in maintaining soil health 
that also support plant growth and health (Wang and Li 2023). The increasing microbial population (both in diversity and 
abundance) causes the dynamics of the soil to improve and become healthier naturally (Bertola et al. 2021). The ability 
to change soil biological properties in a positive direction can increase the population of microbes, including 
entomopathogenic microbes, which benefit plant growth and reduce the need for artificial fertilizer and pesticide use.  
 

CONCLUSION 
 

The results showed that microbial diversity in post-coal-mining land differed from that in non-mining control. The 
entomopathogenic fungal and bacterial diversity and density in ex-coal-mining soil was considerably lower compared to 
that in the non-mining land. The microbial (bacterial and fungal) diversity and density were lower in deeper layers of soil 
in both post-coal-mining and non-mining land, and tended to decrease soil layer depth increased. In contrast to fungi and 
bacteria, entomopathogenic nematodes were observed to be more abundant in the post-mining than in non-mining land 
in terms of their diversity and density. Additionally, nematodes were more abundant in the deeper layers of soil. Soil 
fertility was found to be lower in ex-coal-mining land, as characterized by several soil physicochemical properties, of 
which the lower soil pH, basic saturation, soil organic carbon (SOC) and nutrient content detected likely supported a 
smaller microbial community compared to the non-mining land. 
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Abstract. Post-coal-mining management should strive toward site revegetation. The success of such revegetation efforts is largely 
determined by the soil's fertility status, which encompasses physical, chemical, and biological components. Biological fertility is 
indicated by the presence and abundance of soil microbes and nematodes. This study aims to identify the diversity of nematodes and 
soil microbes on ex-coal-mining land revegetated with oil palm in Kutai Kartanegara Regency (East Kalimantan, Indonesia), screen for 
entomopathogenic nematodes and microbes, and analyze their relationships with the chemical fertility status of the land. As a control, 
non-mining land was also investigated. The results showed that the microbial diversity and density (including fungi and bacteria) in the 
ex-coal-mining area were considerably lower compared to that in the control. Additionally, microbial diversity and density decreased 
in the deeper soil layers of both the post-mining and non-mining lands. In contrast, soil nematodes were more abundant in the post-
mining land, both in terms of diversity and density, and were also more plentiful in the deeper soil layers. Among the nematodes and 
microbes studied, only Heterorhabditis and Steinernema (nematodes), Trichoderma (fungi), and Bacillaceae (bacteria) were identified 
as entomopathogens, causing death in Tenebrio molitor L. larvae. Overall, the soil fertility in the ex-coal-mining land was observed to 
be lower, characterized by decreased soil pH, basic saturation, soil organic carbon (SOC), and nutrient content, which contributed to a 
reduced microbial community compared to non-mining land.  
 
Keywords: Entomopathogen, nematodes, soil microbes, post-coal mining, Kutai Kartanegara 

 
INTRODUCTION 

 
Coal mining activities in Kutai Kartanegara Regency, East Kalimantan, Indonesia, have experienced rapid growth in 

recent years, with both large-scale and small-scale operations, including those with mining authorities. However, this 
expansion has come at a significant cost to the environment, resulting in widespread damage. This damage manifests in 
the form of arid and infertile post-mining lands or artificial "craters" with unclear purposes. While some efforts have 
been made to rehabilitate these ex-coal-mining lands, they remain sporadic and insufficient, allowing environmental 
degradation to outpace recovery efforts. 

Rehabilitating these lands is essential to mitigating the adverse environmental impacts of coal mining. The success of 
land recovery can be evaluated by assessing the diversity of soil microbes, which serves as an indicator of biological 
fertility. Soil microbes play a pivotal role in converting potential chemical fertility into actual fertility. Moreover, their 
activities gradually enhance the physical properties of the soil, further improving physical fertility (Cui et al., 2021). 
However, the restoration of ex-coal-mining lands faces numerous challenges, including the need to address soil 
degradation, erosion, and biodiversity loss resulting from mining activities (Ahirwal et al., 2016). To address these 
challenges, it is crucial to consider the role of soil microbes, including entomopathogenic microbes, which are an integral 
part of soil ecosystems (Boucias and Pendland, 2018). 

The roles of nematodes and microbes in ex-mining lands are fundamental to ecological restoration efforts, improving 
soil health, supporting plant growth, and maintaining ecological balance. These microorganisms can significantly impact 
the success of revegetation and restoration projects in post-mining landscapes. The presence of nematodes and 
microbes in the soil benefits plant health during revegetation endeavors (Guo et al., 2021; Li et al., 2022). Furthermore, 
these microorganisms support plant establishment and growth. Healthy and robust plant growth, in turn, stabilizes the 
soil, prevents erosion, and enhances biodiversity, all of which are crucial for the overall success of revegetation projects 
(Mensah, 2015). The presence of microbial diversity in mining-affected areas can be influenced by factors such as soil 
type, climate, land management practices, as well as the host plants’ root exudate composition (Santoyo, 2022; Sasse et 
al., 2017). Consequently, understanding and managing the diversity of these microorganisms are critical for the success 
of revegetation efforts. 

 Entomopathogenic microbes, which encompass various taxonomic groups, including bacteria, fungi, nematodes, and 
viruses, are known to regulate insect populations and play a vital role in ecological processes (Deka et al., 2021) One of 
the most remarkable contributions of entomopathogenic microbes during revegetation is their role as natural pest 
controllers (Vega et al., 2009). These microorganisms serve as natural enemies of various insect pests that could harm 
newly planted vegetation (Shrestha et al., 2020). By infecting and eliminating these pests, entomopathogens help 
regulate insect populations and protect the restored vegetation (Rozpądek et al., 2019). In regions where 
entomopathogens thrive, the risk of pest outbreaks is reduced, safeguarding the overall health of the revegetated land 
(Koskella et al., 2020). Entomopathogenic microbes such as fungi and bacteria are natural antagonists of insects and play 
a pivotal role in regulating insect populations in terrestrial ecosystems. While extensively studied for their potential in 
biological pest control in agriculture, their utilization in ecological restoration, particularly in ex-coal-mining land 
revegetation, remains a relatively unexplored area, and a promising avenue for research and practical implementation. 
The diversity and abundance of entomopathogenic microbes are subject to environmental factors (Fatu et al., 2020). 
Factors such as soil physicochemical properties, which can fluctuate significantly in mining-affected areas, play pivotal 
roles in shaping microbial community structure (Mudrak et al., 2021). 
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The specific objectives of this study are to identify the diversity of nematodes and soil microbes on revegetated ex-
coal-mining land, screen for entomopathogenic nematodes and microbes, and analyze their relationships with the 
chemical fertility status of the land. 
 

MATERIALS AND METHODS 
 

Experimental site 
The study was conducted at two locations, in post-coal mining and non-mining areas, in the Pendingin Subdistrict of 

Sanga-Sanga, in Kutai Kartanegara Regency, East Kalimantan Province, Indonesia. The post-coal mining area (located at S 
00040'29.7" E 117016'09.8") had been revegetated with an oil palm plantation, while the non-mining area used as a 
control (located at S 00041'41.3" E 117015’54.9") was cultivated with rubber plants.  
 
Sample collection 

The sampling method used in this study was the standard method of ISPM (International Standards for Phytosanitary 
Measure), which is an international standard guide for conducting field surveys. Soil samples were taken randomly at ten 
sampling points in each experimental site. The soil samples were taken at four levels of depth from the soil surface: 0-30 
cm, 30-60 cm, 60-80 cm, and 80-100 cm. After removing the gravel and plant debris, the soil samples were composited 
for each level of soil depth, and 1 kg of soil was collected for microbial extraction and identification of fungi, bacteria, 
and nematodes in the laboratory. In addition, the soil physicochemical properties were analyzed in this study.  

 
Fungal and bacterial isolation and identification 

For both fungal and bacterial isolation, 10 g of soil samples were dissolved in a liter of distilled water. An inoculating 
needle was dipped in the soil solution, and then inoculated on Potato Dextrose Agar (PDA) medium to culture fungi, 
while another inoculating needle was dipped in the same solution and applied to Nutrient Agar (NA) medium to culture 
bacteria. After one week of culturing for fungi, or two days of culturing for bacteria, the microbes were isolated and 
observed under a microscope to identify the type, color, and shape of individual bacteria and fungi, as well as that of 
their colonies, following Hucker's procedure with minor modifications (Hucker, 1921). Fungal conidia density was 
calculated using a Neubauer hemocytometer.  

 
Entomopathogenic fungal and bacterial screening  

Entomopathogenic fungi and bacteria were selected using mealworm (Tenebrio molitor L.) larvae 30-40 days of age 
(Figure 1). One milliliter of each fungal and bacterial isolate was inoculated to mealworms. Only fungi and bacteria that 
could cause mortality to mealworms were considered entomopathogens in this study.  

 
 

 

Figure 1.  Mealworm (Tenebrio molitor L.) larvae at 30-40 days of age 

Nematode isolation and identification 
Nematode isolation was carried out using the Baermann funnel method with minor modifications. This method is 

considered the most effective in nematode isolation (van den Hoogen et al., 2020). Briefly, a silicone hose was attached 
to a funnel, then the end of the hose was tied using a gauze rubber band and placed on top of the funnel. The Baermann 
funnel apparatus was installed in a horizontal position without buckling the silicon hose. Fifty grams of soil for each 

sample was placed on the filter paper, and the soil was wrapped to cover its entire surface. The water was added 

slowly into the funnel to submerge the sample, until the sample was saturated, to create a moist environment that 
stimulated nematodes to migrate toward the water source. The funnel was incubated for 3×24 hours and the water 
released from the bottom of the funnel. The water was collected in a film tube/vial. The collected water then was passed 
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through a fine sieve to separate the nematodes from the water and debris. Up to 1 drop of formalin (5%) was added and 
fixed for 15 minutes.  
 
Entomopathogenic nematode screening 

Entomopathogenic nematodes were screened by bait trap using mealworms (Figure 1). The mealworm larvae (3-5 
larvae) were placed in a plastic container and mixed with ~150 g of moist soil containing nematodes. The container was 
then inverted so that the larvae were covered with soil, then placed at room temperature. 

After 3-4 days, if larval mortality was observed, the larval cadaver was removed and rinsed with sterilized distilled 
water. Entomopathogenic nematode trapping was then conducted using the White trap method to release 
entomopathogenic nematodes from the cadaver's body. Nematodes were observed and counted using a stereo 
microscope. Identification of soil nematodes and entomopathogenic nematodes to genus level was carried out through 
morphological observations. 
 

Soil physicochemical analysis  

Samples were analyzed for their chemical and physical properties, including organic C, total N, available P (Bray), 

available K (Morgan), Ca
++

, Mg
++

, K
+
, Na

+
, CEC (Cation Exchange Capacity), base saturation (BS), Al saturation, pH, and 

soil texture. The soil physicochemical analysis was conducted based on the general procedure developed in the Soil 

Laboratory, Faculty of Agriculture, Mulawarman University, Samarinda, Indonesia. 

 

Data analysis 

Data collected were analyzed descriptively to uncover the role of soil microbes in supporting the recovery of post-coal-

mining land and the relationship between the diversity of soil microbes and the chemical fertility status of the study site. 

 

RESULTS  

Fungal diversity and density 
Higher fungal diversity was observed in the non-mining land compared to the ex-mining land, with five fungal genera 

found in non-mining, and four genera in ex-mining soil (Figure 2, Table 1). The fungal diversity in ex-coal mining and 

non-mining land were different in every soil layer observed in this study (Table 1). For example, Penicillium sp., which 

was found in every soil layer of post coal-mining land, was not present in the non-mining land soil. On the other hand, 

Mucor sp., which was found in the non-mining land soil, was absent in coal-mining land soil. In addition, the fungi 

Aspergillus was found to be abundant, and present in almost all soil layers in both ex-coal-mining and non-mining land. As 

with its diversity, the fungal density in non-mining land soil was also considerably higher (ranging from 2.6-7.2×10
5 

cfu.g
-

1
) than that of ex-coal-mining land soil (ranging from 1.4-3.8×10

5 
cfu.g

-1
) at every soil depth layer. The deeper the soil 

layer, the fewer fungal populations were detected. Among all the fungi identified in the ex-mining and non-mining land, 

only Trichoderma was screened as an entomopathogenic fungi. Trichoderma was observed in the digestive system of 

deceased T. molitor mealworm larvae.  
Table 1. Fungal diversity and density at different soil depth layers, and screening of entomopathogenic fungi in ex-mining and non-
mining land in Pendingin, Sanga-Sanga subdistrict, Kutai Kartanegara Regency  

 
Soil depth layer 

 

Fungal population density  
Genera/species 

cfu/g 

                   Non-mining land 

1. 0-30 7.2 x 10
5 

Aspergillus 
Trichoderma* 
Penicillium  

2. 30-60 5.4 x 10
5 

 
Aspergillus 
Trichoderma* 
Penicillium 
 

3. 60-80 3.2 x 10
5
 

Trichoderma* 
Pythium 
Penicillium 

4. 80-100  2.6 x 10
5
 

 
Aspergillus 
Penicillium 
 

                 Post-coal-mining land 

1. 0-30 3.8 x 10
5
 Aspergillus 
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2. 30-60 2.2 x 10
5
 

Trichoderma sp.* 
 
Aspergillus niger 
Trichoderma* 
 

3. 60-80 1.8 x 10
5
 

Aspergillus sp. 
Mucor sp. 
 

4. 80-100 1.4 x 10
5
 

Aspergillus niger 
Aspergillus flavus. 

*Entomopathogenic fungi that successfully kill mealworms by entering through their digestive system (acting as a stomach poison). 

 

Figure 2. Fungal diversity: A. Trichoderma: conidia (a), hyalin (b), conidiophore (c); B. Pythium: oogonium (a), hyphae (b); C. 
Penicillium: conidium (a), phialide (b), metula (c), stipe (d); D. A. niger: conidia (a), conidiophore (b); E. A. flavus: conidia (a), phialide 

(b), vesicle (c), stipe (d); F. Mucor sp.: sporangium (a), sporangiophore (b), hyphae (c) 

Entomopathogenic bacteria 

Two bacterial families, Azotobacteraceae and Bacillaceae, were observed in the soils of both non-mining and ex-coal-

mining land (Figure 3). However, in the deeper subsoil layers (60-80 cm or 80-100 cm) of the ex-coal-mining land, only 

Azotobacteraceae was present. Interestingly, all of the Azotobacteraceae bacteria observed in this study were identified as 

coccus Gram-positive bacteria, except in the ex-coal-mining land, in which coccus Gram-negative Azotobacteraceae were 

found at the soil depths of 30-60 cm and 60-80 cm. The bacterial population was denser in non-coal-mining (4.2-9.6×10
6
) 

compared to ex-coal-mining land (1.4-5.1×10
6
). The bacterial population decreased along with the soil depth in both 

experimental sites (Table 2). In this study, only Bacillaceae bacteria, observed in the digestive system of deceased T. 

molitor larvae, were identified as entomopathogenic bacteria in both ex-mining and non-mining lands. 
  

Table 2. Bacterial diversity and density at different soil depth layers, and screening of entomopathogenic bacteria in ex-mining and 

non-mining land in Pendingin, Sanga-Sanga subdistrict, Kutai Kartanegara Regency 

No 
Soil Depth layer 
 

Bacterial population 
density  Family 
cfu/g 

 Non-mining land   

1. 0-30 9.6 x 10
6 

- Coccus, gram (+): Azotobacteraceae 

- Bacil, gram (+): Bacillaceae* 

 

2. 30-60 5.5 x 10
6 

 

- Coccus, gram (+): Azotobacteraceae 

- Bacil, gram (+): Bacillaceae* 
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3. 60-80 4.5 x10
6
 

- Coccus, gram: (+) Azotobacteraceae 

- bacil, gram (+): Bacillaceae* 

 

4. 80-100  4.2 x 10
6
 

- Coccus, gram (+): Azotobacteraceae 

- Bacil, gram (+): Bacillaceae 

 Post-coal-mining land   

1. 0-30 5.1 x 10
6
 

- Coccus, gram (+): Azotobacteraceae 

- Basil, gram (+): Bacillaceae* 

 

2. 30-60 4.9 x 10
6
 

- Coccus, gram: (+) Azotobacteraceae 
- Basil, gram (+): Bacillaceae* 

 

3. 60-80 1.6 x 10
6
 

 
- Coccus, gram: (+): Azotobacteraceae 

4. 80-100 1.4 x 10
6
 

 
- Coccus, gram: (+): Azotobacteraceae 

    

*Entomopathogenic bacteria that successfully kill mealworms by entering through their digestive system (acting as a stomach poison). 

 

Figure 3. Bacteria (left to right: A. Bacillaceae, and B. Azotobacteraceae) 

Entomopathogenic nematodes 
A high genetic diversity of nematodes was observed in both non-mining and ex-mining land (Table 3). Among the 

fifteen genera identified (Figure 4), six—namely Heterodera, Heterorhabditis, Hoplolaimus, Pratylenchus, Radopholus, 

and Rotylenchus—were present in both non-mining and ex-coal-mining lands. Conversely, Dorylaimus, Meloidogyne, 

Rotylenchulus, and Tylenchus were found only in non-mining area, while Longidorus, Rhabditis, Steinernema, and 

Xiphinema were exclusive to ex-mining land. The number of nematode populations was notably higher in ex-coal-mining 

compared to non-mining land. It was also observed that the deeper the soil layer, the greater the number of isolated 

nematodes, as found in both non-mining and ex-coal-mining land (Table 3). Despite the high nematode diversity identified 

in this study, only Heterorhabditis and Steinernema were screened as entomopathogenic nematodes. 
Table 3. Nematode diversity and density at different soil depth layers, and screening of entomopathogenic nematodes in ex-mining 

and non-mining land in Pendingin, Sanga-Sanga Subdistrict, Kutai Kartanegara Regency 

No Soil Depth layer 
Nematoda 

Genus  
Population/ kg soil 

 Non-mining land   

1. 0-30 1.1 x10
2
 

Heterodera 
Meloidogyne 
Tylenchus 
Heterorhabditis* 
 

2. 30-60 1.2 x 10
2 

Heterorhabditis* 
Pratlyenchus 
Heterodera 
Radopholus 
Hoplolaimus 
 

3. 60-80 4 x 10
2 

Pratylenchus 
Heterodera 
 

4. 80-100  2 x 10
2 

Rotylenchus 



SOPIALENA et al. – Nematode and microbial diversity and screening of entomopathogens 

 

2986 

Rotylenchulus 
Dorylaimus 
 

 Post-coal-mining land   

1. 0-30 5.1 x 10
2 

Heterodera 
Xiphinema 
 

2. 30-60 7.0 x 10
2
 

Heterorhabditis* 
Steinernema 
Radopholus 
Rhabditis 
 

 
3. 

60-80 8.0 x 10
2
 

Steinernema* 
Hoplolaimus 
Rotylenchus 
 

4. 80-100 9.2 x 10
2
 

Pratylenchus 
Longidorus 

    

*Entomopathogenic nematodes obtained from the cadavers of deceased mealworms  

 

 
 

Figure 4. Nematodes (left to right: A. Hoplolaimus, B. Pratylenchus, C. Tylenchus, D. Heterorhabditis, E. Steinernema, F. Dorylaimus, G. 
Xiphinema, H. Heterodera, I. Rhabditis, J. Radopholus, K. Longidorus, L. Rotylenchus, M. Rotylenchulus, N. Helicotylenchus, O. 

Aphelenchus) 

Soil physicochemical properties 
In general, soil nutrient content was higher in non-mining land compared to post-coal mining land (Table 4). There was 

also variation in the nutrient content at different soil depth layers. Most of the nutrients were more abundant in the subsoil 

compared to the topsoil, as observed in the available K, Ca++. Mg++, K++, and Na+, as well as base saturation in non-

mining land. In contrast, the reverse phenomenon was observed in post-coal-mining land.  

Aluminum content seemed to be higher in the post-coal-mining than the non-mining land. Moreover, the aluminum 

content tended to decrease with increasing soil depth on non-coal-mining land, while tending to be higher in the deeper 

soil layers on post-coal-mining land. The pH status of the non-mining and post-coal-mining land was in the range of 4.02-

4.9 and 3.19-4.19, respectively, showing higher acidity in the post-coal-mining land.  
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Soil texture is determined by the proportion of mineral components in the soil. Among these mineral particles, silt, 

rather than clay or sand, was the dominant soil texture in the topsoil and subsoil of both the non-mining and post-coal-

mining land. However, the relative proportions of different mineral particles (sand, silt, and clay) varied in each soil layer, 

resulting in distinct soil textures.  

 
Table 4. Soil physicochemical properties of the non-mining and ex-coal-mining land in Kutai Kartanegara Regency, East Kalimantan 

No. Soil Parameter Unit 

Non-coal Mining Land                                Ex-coal Mining Land 

R1 0-30 R2 30-60 
R3 

60-80 
R4 80-

100 
S1 0-30  

S2 30-
60 

S3 60-
80 

S4 
80-100 

1. Carbon organic % 7.65 4.64 4.14 3.41 3.80 3.74 1.38 0.86 

2. Nitrogen total % 0.41 0.24 0.51 0.14 0.17 0.15 0.16 0.19 

3. Ratio C/N - 18.66 19.33 8.12 24.36 22.35 24.93 8.63 4.53 

4. 
Available P 
(Bray1) 

Ppm 19.39 12.60 13.38 20.26 5.11 4.03 0.96 4.12 

5. 
Available K 
tersedia (Morgan) 

Ppm 110.45 214.54 170.21 234.33 209.22 81.56 82.09 143.28 

6. Al
3+ 

(Morgan)
 

 4.00 2.20 2.10 3.10 2.00 6.80 5.10 8.40 

7. H
+ 

(Morgan)
 

 3.46 1.80 1.70 2.66 1.66 6.20 4.46 4.26 

8. Ca
++ 

meq/100 g 0.63 1.67 0.83 1.19 1.95 0.79 0.52 0.61 

9. Mg
++ 

meq/100 g 0.48 1.25 0.68 0.98 1.01 0.48 0.37 0.49 

10. K
+ 

meq/100 g 0.30 0.65 0.48 0.91 0.67 0.20 0.26 0.40 

11. Na
+ 

meq/100 g 0.04 0.38 0.28 0.29 0.34 0.11 0.02 0.12 

12. CEC meq/100 g 8.91 7.95 6.07 9.13 8.16 8.58 10.73 14.28 

13. BS % 16.3 49.7 37.4 36.9 48.7 18.4 10.9 11.3 

14. Al Saturation % 44.89 27.67 34.60 33.95 26.21 46.64 47.53 58.82 

15. pH – 4.02 4.62 4.54 4.90 3.56 3.35 4.19 3.19 

16. 
 

Clay 
% 

14.77 36.54 20.07 23.21 28.72 16.54 23.94 32.85 

17. Silt % 34.48 58.18 55.30 35.43 67.66 64.75 33.70 35.54 

18. Sand % 50.75 5.28 24.63 41.36 3.62 18.71 42.36 31.61 

19. Texture  SiCL SiCL SiL L SiCL SiL L CL 

 
DISCUSSION 

 
The greatest concern regarding land degradation impacts of post-mining areas for the agriculture sector is the 

reduction of biodiversity and soil fertility. Mining activities often lead to the destruction of natural habitats and 
ecosystems, resulting in the deracination and decline of plant and animal species, and leading to a loss of biodiversity 
that also negatively affects agricultural productivity. In addition, post-mining land undergoes physical and chemical 
changes that render it unsuitable for agriculture, such as reduced soil porosity and aeration due to the alteration of soil 
structure, a lack of organic matter and nutrients due to the topsoil removal, introduced contaminants such as heavy 
metals and toxic chemicals, and altered soil pH—more acidic or alkaline—which can all be detrimental to plant growth 
(Prince et al., 2018; Janečková et al., 2023).  

Efforts to address the loss of arable land in post-mining areas involve comprehensive reclamation and rehabilitation 
practices that aim to restore soil fertility, structure, and water-holding capacity, and to repair the quality of the 
environment and ecosystem, as mentioned in the regulation issued by the Minister of Energy and Mineral Resources 
Regulation 7/2014 and Regional Regulation East Kalimantan 8/2013 (Yulianingrum 2023). These efforts may include 
topsoil replacement, revegetation, and ongoing monitoring to ensure the land can support agriculture practices. 
Furthermore, to achieve normal criteria for fertile soil supporting agricultural activities, maintenance of microbial 
community structures is very important.  
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Microbial entomopathogen diversity and density  
In this study, it was observed that the nematode and soil microbial diversity in post-coal-mining land clearly differed to 

that in the non-mining land. For example, the soil fungal diversity and density in post-coal-mining land was considerably 

lower compared to the non-mining land (Table 1). This situation was also observed in soil bacteria (Table 2), which 

showed low biodiversity in post-coal-mining land even after the completion of the reclamation process. A significant 

reduction of microbial diversity due to coal mining practices after land restoration was also observed in a study conducted 

by de Quadros et al. (2016). In their study, the post-coal-mining land had undergone different durations of restoration (3-

19 years), which involved replacing the soil layers, applying limestone to raise the pH to 6.0, and revegetating the land 

with grasses. Even after the completion of the reclamation process after many years, the composition of the microbial 

diversity and biomass of post-mined sites was significantly lower than that of the control (unaltered sites). Similar results 

were also found in different studies comparing the microbial diversity and density in reclaimed and revegetated post-coal-

mining sites with that in undisturbed sites, both of which reported significant declines in microbial community structure 

and diversity (Li et al., 2014; Upadhyay et al., 2014), as also shown in the current study. 

A reduction of microbial (bacterial and fungal) diversity and density was also observed in the deeper layers of soil in 

both the post-coal-mining and non-mining-land (Table 1 and Table 2), in which the microbes decreased as the depth of the 

soil layer increased. A similar observation was reported in the study of Upadhyay et al. (2014), who reported that 

rhizospheric soils showed greater diversity in both bacteria and fungi compared to non-rhizospheric soil. This outcome is 

supported by recent studies concluding that soil microbial diversity decreases along with the soil depth (Wang et al., 2021; 

Guo et al., 2021) 

It is well known that the topsoil is the most biologically active and favorable layer for microorganisms. Compared to 

the subsoil layer, the topsoil contains the highest concentration of organic matter, providing food and nutrients to 

microorganisms (Bahram et al., 2018). In addition, the uppermost layer of soil, also known as the A-horizon, is well-

aerated and has adequate moisture content and moderate temperatures, providing a suitable environment for a wide range 

of microorganisms (Liu et al., 2019; Aquado et al., 2023). Furthermore, there is an interaction between microorganisms 

and plant roots, which are more abundant in the top layer of soil. Plant roots release root exudates and provide energy to 

many soil microorganisms, thereby contributing to a more active microbial community (Zhalnina et al., 2018; Zhou et al., 

2020). Therefore, the vegetation types, plant species, and climate all influence the soil microbial diversity and community 

composition (Li et al., 2022; Sopialena and Palupi, 2017). 

One of the key roles of microorganisms in agriculture is as agents of biological control, a process that harnesses natural 

enemies to suppress pest populations. The use of biological control agents is considered the most prudent manner of 

controlling pests as it can reduce our reliance on chemical pesticides, and because it is a long-term, specific pest targeting, 

environmentally friendly, cost-effective approach that is safe for human health and supports sustainable agriculture (Boro 

et al., 2022). Therefore, besides observing the genetic diversity and density of the microorganisms in the ex-mining and 

non-mining land, this study also focused on screening entomopathogenic nematodes and microbes as potential biological 

control agents for suppressing insect populations. Insects are the largest and most diverse group of organisms included as 

one of the most common and economically significant types of plant pests (García-Lara, 2016), causing significant damage 

to many crop plant species (Manosathiyadevan, 2017).  

Among all microbes, only Trichoderma (fungi) and Bacillaceae (bacteria) were identified as entomopathogenic 

microorganisms in this study, present in both ex-mining and non-mining lands. Trichoderma can indirectly act as an 

entomopathogen by producing insecticidal secondary metabolites, antifeedant compounds, and repellent metabolites 

(Poveda, 2021). This is due to Trichoderma's ability to produce metabolites such as citric acid (Vinale et al., 2012), as well 

as enzymes like urease, cellulase, glucanase, and chitinase (Carlile et al., 2001), which can negatively affect insects and 

even cause death when they enter the body. On the other hand, bacteria from the Bacillaceae family, particularly Bacillus 

thuringiensis, have received significant attention as entomopathogens. This bacterium is capable of producing 

proteinaceous protoxin crystals with insecticidal properties. When ingested by insects, these crystals disintegrate in the 

stomach and are broken down by host proteases to produce an active poison known as endotoxin, which ultimately leads to 

insect death (Deka et al., 2021). 

In contrast to the fungi and bacteria, nematodes were found to be more abundant in the post-mining than in the non-

mining land in terms of their diversity and density. Additionally, more nematodes were observed in the deeper soil layers 

(Table 3). Most related studies have observed that the vertical distribution of nematode communities decreases from the 

topsoil layer to the subsoil layer (Cheng et al., 2021; Suyadi et al., 2021). This variation in soil nematode communities 

may be explained by the distinct characteristics of soils at different layers (Liu et al., 2022); that is, the differences in soil 

nematode diversity and density at different soil depths observed in this study might be influenced by soil variables. In a 

study by Ilieva-Makulec et al. (2015), the amount of nematode diversity varied in different experimental sites. Specifically, 

the nematode generic richness was higher in the topsoil of one site, while in a different habitat, the nematode diversity was 

significantly lower in the topsoil and highest in the subsoil. Overall, it is likely that nematode abundance and distribution 

are influenced by many factors, such as soil properties, climate and environmental conditions, land use and management, 

plant species and root exudates, predation and competition, and succession and ecosystem development (Ilieva-Makulec et 

al., 2015; Zhang, 2020; Cheng et al., 2021; Li et al., 2022)  
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Nematodes may be classified into three main groups: saprophages (living on dead organic matter), predators (feeding 
on small animals, including other nematodes), and parasites (infesting insects, animals, human, fungi and higher plants) 
(Pant et al., 1998). Among the fifteen nematodes identified in this study, Heterodera, Meloidogyne, Tylenchus, 
Pratlyenchus, Radopholus, Hoplolaimus, Rotylenchus, Rotylenchulus, Xiphinema, and Longidorus were plant-parasitic 
nematodes. Meloidogyne, Radopholus, and Rotylenchulus were the top three genera of plant-parasite nematodes 
observed in East Kalimantan (Suyadi & Rosfiansyah, 2017). Dorylaimus and Rhabditis, on the other hand, were non-plant-
parasitic nematodes; Dorylaimus functions as an omnivore in the rhizosphere, and Rhabditis as a bacterivore. In this 
study, only Heterorhabditis and Steinernema were screened as entomopathogenic nematodes, as also observed in 
previous studies (Bhat et al., 2020; Julià et al., 2023).  

Relation of soil physicochemical properties and microbial community  
The physicochemical properties of post-mining soil were considerably different from those of the non-mining soil in 

this study (Table 4). The different characteristics of post-mining land arise from the significant alterations in soil 
properties, structure, and chemical composition due to mining activities. The mining process disrupts the natural soil 
structure, leading to soil compaction, which reduces pore spaces and affects water infiltration and root penetration 
(Yuningsih et al., 2021). Additionally, the removal or burying of topsoil (due to improper reclamation processes) results in 
a significant reduction in the organic content of the soil (especially in the root growth layer), leading to nutrient loss and 
further diminishing soil fertility. Furthermore, the mining process can expose rocks and minerals that, when weathered, 
can alter the soil's pH, leading to acid mine drainage and significantly lowering the soil pH (Herman et al., 2024). These 
conditions make the soil ecosystem in post-mining land unconducive for microbial communities, which contrasts with the 
conditions in non-mining land. 

Soil is a medium for plant growth and also acts as an environment for microbial growth, determining the quality of 
growing soil microbes and plants. The interactions between soil microbes and plants play a crucial role in soil health and 
fertility. Fertile soil is typically a source of organic matter for microbial activity. Soil status encompasses a wide range of 
physical, chemical, and biological properties that influence the habitat and conditions for soil microorganisms. A healthy 
soil status with sufficient organic matter and nutrient availability ensures that microorganisms have the resources they 
need to thrive (Kaur et al., 2022) The presence of high organic matter in soil is characterized by several physicochemical 
parameters, such as pH levels, cation exchange capacity (CEC), soil organic carbon (SOC) content, and nutrient content, 
especially of nitrogen, phosphorus, and potassium (Dandwate, 2020) 

In this study, the soil was determined to be acidic in both the post-coal mining and non-mining land, with minor 
variations at every soil depth layer. However, soil pH in the post-mining land was considerably lower, in the range of 
3.19-4.19, compared to that in the non-mining land (4.02-4.9). Related to the lower pH in post-mining land was the 
aluminum content, which was higher than that in the non-mining land (Table 4) as acidic soils enhance aluminum 
solubility and availability. Furthermore, soil pH is positively correlated with another soil property, basic saturation (BS), 
which was observed to be higher in the non-mining land (Table 4).  

Soil pH strongly influences microbial communities. Acidic or alkaline soils can limit the diversity and activity of 
microorganisms, impacting nutrient availability and overall soil. Soil pH is a critical factor that affects the activity and 
diversity of soil microorganisms. Different microbial species have specific pH preferences, and soil pH can influence their 
metabolic activities. Soil pH outside the optimal range for specific microbes can limit their growth and activity (Wang et 
al., 2019). Therefore, maintaining an appropriate pH level is essential for a diverse and active microbial community. 

Soil organic matter was presumably higher in the non-mining land in this study, as characterized by the higher soil 
organic carbon (SOC) and nutrient content than that of the post-coal-mining land, as well as by the pH level (Table 4). 
Higher organic matter content is associated with high SOC, which, as carbon is a fundamental component of organic 
materials, mainly occurs via the microbial breakdown, partial decay, and conversion of deceased organic materials 
(Lefèvre et al., 2017) This activity is co-related with nutrient availability; that is, as organic matter decomposes, it 
releases nutrients into the soil, contributing to the soil’s overall fertility and health (Gerke, 2022) 

Overall, soil physicochemical properties play a significant role in shaping the composition and activity of the microbial 
community (Brahmaprakash, 2021). Changes in these properties can influence the composition and activity of the 
microbial community, subsequently impacting nutrient cycling, organic matter decomposition, and overall soil fertility 
(Leiva et al., 2020; Kaur et al., 2022) as clearly shown in this study. A larger microbial community was observed alongside 
the higher physicochemical soil properties of the non-mining land, rather than in the post-coal-mining land. Fertile soil is 
characterized by a well-balanced and diverse microbial community that supports plant growth by providing essential 
nutrients and improving soil structure. The composition and diversity of the soil microbial community are important 
factors in maintaining soil health that also support plant growth and health (Wang and Li, 2023). The increasing microbial 
population (both in diversity and abundance) causes the dynamics of the soil to improve and become healthier naturally 
(Bertola et al., 2021). The ability to change soil biological properties in a positive direction can increase the population of 
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microbes, including entomopathogenic microbes, which benefit plant growth and reduce the need for artificial fertilizer 
and pesticide use.  
 

CONCLUSION 
 

The microbial diversity in post-coal-mining land differed from that in the non-mining control. The entomopathogenic 
fungal and bacterial diversity and density in ex-coal-mining soil was considerably lower compared to that in the non-
mining land. The microbial (bacterial and fungal) diversity and density were lower in the deeper layers of soil in both the 
post-coal-mining and non-mining land, and tended to decrease as the depth of the soil layer increased. In contrast to the 
fungi and bacteria, entomopathogenic nematodes were observed to be more abundant in the post-mining than in the 
non-mining land in terms of their diversity and density. Additionally, the nematodes were more abundant in the deeper 
layers of soil. Observed variations in the soil nematode communities might be due to the distinct characteristics of the 
soil at different layers. The fertility of soil was found to be lower in the ex-coal-mining land, as characterized by several 
soil physicochemical properties, of which the lower soil pH, basic saturation, soil organic carbon (SOC) and nutrient 
content detected likely supported a smaller microbial community compared to the non-mining land. 

 
 

REFERENCES 
 

Aguado-Norese C, Cárdenas V, Gaete A. 2023. Topsoil and subsoil bacterial community assemblies across different drainage conditions in a mountain 
environment. Biol Res 56 (35). DOI: 10.1186/s40659-023-00445-2 

Ahirwal J, Maiti SK, Singh AK. 2016. Ecological Restoration of Coal Mine-Degraded Lands in Dry Tropical Climate: What Has Been Done and What Needs 
to Be Done?: Ecological Restoration of Coal Mine-Degraded Land. Environ Qual Manag 26(1):25-36 DOI: 10.1002/tqem.21481 

Bahram M, Hildebrand F, Forslund SK, Anderson JL, Soudzilovskaia NA, Bodegom PM, Bengtsson Palme J, Anslan, S, Coelho LP, Harend H, Huerta Cepas 
J. 2017. Structure and function of the global topsoil microbiome". Nature 560 (7717): 233–237. DOI:10.1038/s41586-018-0386-6.  

Bertola M, Ferrarini A, Visioli G. 2021. Improvement of Soil Microbial Diversity through Sustainable Agricultural Practices and Its Evaluation by Omics 
Approaches: A Perspective for the Environment, Food Quality and Human Safety. Microorganisms 9 (7): 1400. DOI: 
10.3390/microorganisms9071400 

Bhat AH, Chaubey AK, Askary TH. 2020. Global distribution of entomopathogenic nematodes, Steinernema and Heterorhabditis. Egypt J Biol Pest 
Control 30 (31). DOI: 10.1186/s41938-020-0212-y 

Boro M, Sannyasi S, Chettri D, Verma AK. 2022. Microorganisms in biological control strategies to manage microbial plant pathogens: a review. Arch 
Microbiol. 204 (11): 666. DOI: 10.1007/s00203-022-03279-w. 

Boucias DG, Pendland JC. 2018. Principles of insect pathology. Springer. 
Brahmaprakash GP. 2021. Soil Microbes are Shaped by Soil Physico-chemical Properties: A Brief Review of Existing Literature. Int J Plant Sci 33(1): 59-

71. DOI: 10.9734/ijpss/2021/v33i130409 
Carlile MJ, Watkinson SC, Gooday GW. 2001. The Fungi 2nd. (2nd ed,). Academic Press, San Diego 
Cheng J, Ma W, Hao B, Liu X, Li FY. 2021. Divergent responses of nematodes in plant litter versus in top soil layer to nitrogen addition in a semi-arid 

grassland. Appl Soil Ecol 157; 103719. DOI: 10.1016/j.apsoil.2020.103719. 
Cui G, Zhu L, Zhou Q, Ren S, Wang J. 2021. Geochemical reactions and their effect on CO2 storage efficiency during the whole process of CO2 EOR and 

subsequent storage. Int J Greenh Gas Con 108: 103335. DOI: 10.1016/j.ijggc.2021.103335 
Dandwate SC. 2020. Analysis of soil samples for its physicochemical parameters from Sangamner city. GSC Biol Pharm Sci 12 (02): 123-128. DOI: 

10.30574/gscbps.2020.12.2.0243 
Deka B, Baruah C, Babu A. 2021. Entomopathogenic microorganisms: their role in insect pest management. Egypt J Biol Pest Control 31(121), 1-8. DOI: 

10.1186/s41938-021-00466-7 
de Quadros PD, Zhalnina K, Davis-Richardson AG, Drew JC, Menezes FB, Camargo F A de O, Triplett EW. 2016. Coal mining practices reduce the 

microbial biomass, richness and diversity of soil. Appl Soil Ecol 98: 195-203. DOI: 10.1016/j.apsoil.2015.10.016. 
Fătu A-C, Lumînare CM, Cojocaru D, Monica DM. 2020. Influence Of Environmental Factors on Entomopathogenic Microorganisms with Potential As 

Biological Control Agents – minireview. Rom J Plant Prot 13: 96-104. DOI: 10.54574/RJPP.13.15 
García-Lara S, Saldivar SOS. 2016. Insect Pests. Editor(s): Benjamin Caballero, Paul M. Finglas, Fidel Toldrá, Encyclopedia of Food and Health, Academic 

Press: 432-436. ISBN 9780123849533. DOI: 10.1016/B978-0-12-384947-2.00396-2. 
Gerke J. 2022. The Central Role of Soil Organic Matter in Soil Fertility and Carbon Storage. Soil Syst 6 (33). DOI: 10.3390/soilsystems6020033 
Guo J, Wu Y, Wu X, Ren Z, Wang G. 2021. Soil bacterial community composition and diversity response to land conversion is depth-dependent. Glob 

Ecol Conserv 32: 2351-9894. DOI: 10.1016/j.gecco.2021.e01923. 
Herman W, Iskandar, Budi SW, Pulunggono HB, Syaputra A, Kurniati. 2024.  Variation in soil characteristics of ex-coal mining areas in Sawahlunto, West 

Sumatra. BIO Web of Conferences ICAFES 99. DOI: 10.1051/bioconf/20249905010 
Hucker GJ. 1921. a New Modification and Application of the Gram Stain. J Bacteriol 6(4), 395–397.  DOI: 10.1128/jb.6.4.395-397.1921 
Ilieva-Makulec K, Bjarnadottir B, Sigurdsson B. 2015. Soil nematode communities on Surtsey, 50 years after the formation of the volcanic Island. Icel 

Agric Sci 28: 43–58.  DOI: 10.16886/IAS.2015.05.  
Janečková Molnárová K, Sklenička P, Bohnet IC, Lowther-Harris F, van den Brink A, Movahhed Moghaddam S, Fanta V, Zástěra V, Azadi H. 2023. Impacts 

of land consolidation on land degradation: a systematic review. J Environ Manage (329): 117026. DOI: 10.1016/j.jenvman.2022.117026. 
Julià I, Morton A, Garcia-Del-Pino F. 2023. Natural occurrence of entomopathogenic nematodes (Steinernema and Heterorhabditis) and Pristionchus 

nematodes in black truffle soils from Spain. J Helminthol 97:e76. DOI: 10.1017/S0022149X23000615 
Kaur M, Li J, Zhang P, Yang H, Wang L, Xu M. 2022. Agricultural soil physico-chemical parameters and microbial abundance and diversity under long-run 

farming practices: A greenhouse study. Front Ecol Evol 10:1-19. DOI: 10.3389/fevo.2022.1026771 
Koskella B, Lively CM, Widenfalk LA. 2020. Host-Parasite Interactions in the Wild. Oxford Research Encyclopedia of Ecology.Jackson R B, Fierer N, 

Schimel JP. 2007. New directions in microbial ecology. Ecol 88: 1343-1344. DOI: 10.1890/06-1882 

https://doi.org/10.1016/j.ijggc.2021.103335
https://doi.org/10.1186/s41938-021-00466-7
https://doi.org/10.1186/s41938-021-00466-7
https://doi.org/10.1128/jb.6.4.395-397.1921


SOPIALENA et al. – Nematode and microbial diversity and screening of entomopathogens 

 

2991 

Lefèvre C, Rekik F, Alcantara V, Wiese L. 2017. Soil organic carbon: The hidden potential. Rome: Food and Agriculture Organization of the United 
Nations (FAO). 

Leiva NPF, Santana-Gomes SM, Zabini AV, Velázquez LMG, Dias-Arieira CR. 2020. Soil chemical properties and their relationship with phytonematode 
populations inside and outside patches of soybean fields. Rhizosphere (15): 100231. DOI: 10.1016/j.rhisph.2020.100231. 

Li Y, Wen H, Chen L, Yin T. 2014. Succession of Bacterial Community Structure and Diversity in Soil along a Chronosequence of Reclamation and Re-
Vegetation on Coal Mine Spoils in China. PLOS ONE 9 (12): e115024. DOI: 10.1371/journal.pone.0115024 

Li Z, Chen X, Li J, Liao X, Li D, He X, Zhang W, Zhao J. 2022. Relationships between Soil Nematode Communities and Soil Quality as Affected by Land-Use 
Type. Forests 13 (10): 1658. DOI: 10.3390/f13101658 

Liu J, Zhao W, He H, Kou Y, Liu Q. 2022. Variations in the community patterns of soil nematodes at different soil depths across successional stages of 
subalpine forests. Ecol Indic (136): 108624. ISSN 1470-160X. DOI: 10.1016/j.ecolind.2022.108624. 

Liu N, Hu H, Ma W, Deng Y, Liu Y, Hao B, Zhang X, Dimitrov D, Feng X, Wang Z. 2019. Contrasting biogeographic patterns of bacterial and archaeal 
diversity in the top- and subsoils of temperate grasslands. Bio R (14): 623264. DOI: 10.1101/623264 

Manosathiyadevan M, Bhuvaneshwari V, Latha R. 2017. Impact of Insects and Pests in loss of Crop Production: A Review. In: Dhanarajan, A. (eds) 
Sustainable Agriculture towards Food Security. Springer, Singapore. DOI: 10.1007/978-981-10-6647-4_4 

Mensah, A. K. (2015). Role of revegetation in restoring fertility of degraded mined soils in Ghana: A review. Int J Biodivers Conserv 7(2): 57-80. DOI: 
10.5897/IJBC2014.0775 

Mudrak O, Kunca A, Vrtáčnik T. 2021. Impact of Soil Microorganisms on Soil Properties. In Soil Microorganisms (pp. 17-36). Springer. 
Pant H, Verma J, Gupta N, Maurya AK, John V. 1998. Entomopathogenic Nematodes: An overview In Trivedi CV (Eds.), Recent Advances in Plant 

Nematology (pp. 117-126) CBS Publishers & Distributors 
Poveda J. 2021. Trichoderma as biocontrol agent against pests: New uses for a mycoparasite. Biol Control 159: 104634. DOI: 

10.1016/j.biocontrol.2021.104634 
Prince S, Von Maltitz G, Zhang F, Byrne K, Driscoll C, Eshel G, Kust G, Martínez-Garza C, Metzger JP, Midgley G, Moreno-Mateos D, Sghaier M, Thwin S. 

2018. Chapter 4: Status and trends of land degradation and restoration and associated changes in biodiversity and ecosystem fundtions. In 
IPBES: The IPBES assessment report on land degradation and restoration. Montanarella L, Scholes R, and Brainich A. (Eds.). Secretariat of the 
Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem services, Bonn, Germany.  

Rozpądek P, Nosek M, Domka A, Ważny R, Jędrzejczyk R, Tokarz K, Pilarska M, Niewiadomska E, Turnau K. 2019. Acclimation of the photosynthetic 
apparatus and alterations in sugar metabolism in response to inoculation with endophytic fungi. Plant Cell Environment 42(4), 1408-1423. DOI: 
10.1111/pce.13485 

Santoyo G. 2022. How plants recruit their microbiome? New insights into beneficial interactions. J Adv Res 40: 45-58. DOI: 10.1016/j.jare.2021.11.020. 
Sasse J, Martinoia E, Northen T. 2017. Feed your friends: do plant exudates shape the root microbiome. Trends Plant Sci 23: 25–41. DOI: 

10.1016/j.tplants.2017.09.003. 
Shrestha UB, Shrestha S, Adhikari R. 2020. Arthropods, nematodes, and microorganisms: the non-conventional soil pests. In Insecticides—Development 

of Safer and More Effective Technologies (pp. 131-152). IntechOpen. DOI: 10.5772/3356 
Sopialena, Palupi PJ. 2017. Study of climatic factors on the population dynamics of Pyricularia oryzaeon some varieties of paddy rice (Oryza sativa). 

Biodiversitas 18( 2): 701–708.  DOI: 10.13057/biodiv/d180237 
Suyadi, Rosfiansyah. 2017. The role of plant parasitic nematodes on productivity reduction of banana and tomato in East Kalimantan, Indonesia. Asian J 

Agric 1(1): 40-45. DOI: 10.13057/asianjagric/g010108 
Upadhyay A, Upadhyaya I, Kollanoor-Johny A, Venkitanarayanan K. 2014. Combating pathogenic microorganisms using plant-derived antimicrobials: a 

minireview of the mechanistic basis. BioMed res int: 761741. DOI: 10.1155/2014/761741 
Vega FE, Goettel MS, Blackwell M, Chandler D, Jackson MA, Keller S, Kolke M, Maniania NK, Monzon A, Ownley BH, Pell JK, Rangel DEN, Roy HE. 2009. 

Fungal entomopathogens: new insights on their ecology. Fungal Ecol 2: 149-159. DOI: 10.1016/j.funeco.2009.05.001 
Vinalea F, Sivasithamparamb K, Ghisalbertic EL, Ruoccoa M, Wood S, Lorit M. 2012. Trichoderma Secondary Metabolites that Affect Plant Metabolism. 

Nat Prod Commun 7 (11): 1545-1550. PMID: 23285827. 
Wang CY, Zhou X, Guo D. 2019. Soil pH is the primary factor driving the distribution and function of microorganisms in farmland soils in northeastern 

China. Ann Microbiol (69): 1461–1473. DOI: 10.1007/s13213-019-01529-9 
Wang H, Li X, Li X, Li F, Su Z, Zhang H. 2021. Community composition and Co-Occurrence patterns of diazotrophs along a soil profile in paddy fields of 

three soil types in China. Microb Ecol 82): 961–70. DOI: 10.1007/S00248-021-01716-9/FIGURES/6. 
Wang L, Li X. 2023. Soil Microbial Community and Their Relationship with Soil Properties across Various Landscapes in the Mu Us Desert. Forests 14: 

2152. DOI: 10.3390/f14112152 
Yulianingrum AV. 2023. Coal Mining Reclamation Policy Profetical Based: Study In East Kalimantan. Lembuswana Law Review 1 (1): 27-43. 

https://journallembuswana.umkt.ac.id/index.php/LLR/article/view/2  
Yuningsih L, Hermansyah, Ibrahin E, Marsi. 2021. Analysis on the characteristics of ex-mining soil after 5 years and 10 years of revegetation. Media 

Konservasi 26 (3): 239-247. DOI: 10.29244/medkon.26.3.239-247  
Zhalnina K, Louie KB, Hao Z, Mansoori N, da Rocha UN, Shi S, Cho H, Karaoz U, Loqué D, Bowen BP. 2018. Dynamic root exudate chemistry and 

microbial substrate preferences drive patterns in rhizosphere microbial community assembly. Nat Microbiol. (3): 470. DOI: 10.1038/s41564-
018-0129-3 

Zhang G, Sui X, Yang L, Jia M, Wang Z, Han G, Wang L. 2020. The response of soil nematode fauna to climate drying and warming in Stipa breviflora 
desert steppe in Inner Mongolia, China. Journal Soils Sediment. DOI: 20.10.1007/s11368-019-02555-5. 

Zhou Y, Coventry DR, Gupta VVSR, Fuentes D, Merchant A, Kaiser BN, Li J, Wei Y, Liu H, Wang Y, Gan S, Denton MD. 2020. The preceding root system 
drives the composition and function of the rhizosphere microbiome. Genome Biol. 21 (1): 89. DOI: 10.1186/s13059-020-01999-0 

 

 

 

https://doi.org/10.13057/biodiv/d180237
https://journallembuswana.umkt.ac.id/index.php/LLR/article/view/2


SOPIALENA et al. – Nematode and microbial diversity and screening of entomopathogens 

 

2992 

Assessing nematodes and microbial diversity and screening for 
entomopathogen on revegetated post-coal mining land: case study in 

Kutai Kartanegara Regency, East Kalimantan  
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Abstract. Post-mining management of coal should be followed by revegetation. The success of these revegetation efforts is largely 
determined by the soil's fertility status, which encompasses physical, chemical, and biological components. Biological fertility is 
indicated by the presence and numbers of soil microbes and nematodes. This study aims to identify the diversity of nematodes and 
soil microbes on revegetated ex-coal mining land with palm oil vegetation in Kutai Kartanegara District, screen for entomopathogenic 
nematodes and microbes, and analyze their relationships with the chemical fertility status of the land. As a control, a non-mining land 
was also investigated. The results showed that the microbial diversity and density (including fungi and bacteria) in the post-coal mining 
area were considerably lower compared to the control, non-mining land. Additionally, microbial diversity and density decreased in the 
deeper soil layers, both in the post-mining and non-mining lands. In contrast, soil nematodes were more abundant in the post-mining 
land, both in terms of diversity and density, and were also more plentiful in the deeper soil layers. Among the nematodes and 
microbes studied, only Heterorhabditis and Steinernema (nematodes); Trichoderma (fungi); and Bacillaceae (bacteria) were identified 
as entomopathogens, causing death in Tenebrio molitor L. larvae. Overall, the soil fertility in the post-coal mining land was observed to 
be lower, characterized by decreased soil pH, basic saturation, soil organic carbon (SOC), and nutrient content, which contributed to a 
reduced microbial community compared to non-mining land.  
 
Keywords: Entomophatogen, nematodes, soil microbes, post-coal mining, Kutai Kartanegara 

 
INTRODUCTION 

 
Coal mining activities in Kutai Kartanegara Regency, East Kalimantan, have experienced rapid growth in recent years, 

with both large-scale and small-scale operations, including those with mining authorities. However, this expansion has 
come at a significant cost to the environment, resulting in widespread environmental damage. This damage manifests in 
the form of arid and infertile post-mining lands or artificial "craters" with unclear purposes. While some efforts have 
been made to rehabilitate these ex-coal mining lands, they remain sporadic and insufficient, allowing environmental 
degradation to outpace recovery efforts. 

Rehabilitating these lands is essential to mitigate the adverse environmental impacts of coal mining. The success of 
land recovery can be evaluated by assessing the diversity of soil microbes, which serves as an indicator of biological 
fertility. Soil microbes play a pivotal role in converting potential chemical fertility into actual fertility. Moreover, their 
activities gradually enhance the physical properties of the soil, further indicating improved physical fertility (Cui et al., 
2021). However, the restoration of ex-coal mining lands faces numerous challenges, including the need to address soil 
degradation, erosion, and biodiversity loss resulting from mining activities (Ahirwal et al, 2016). To address these 
challenges, it is crucial to consider the role of soil microbes, including entomopathogenic microbia, which are an integral 
part of soil ecosystems (Boucias and Pendland, 2018). 

The roles of nematodes and microbes in ex-mining lands are fundamental to ecological restoration efforts, improving 
soil health, supporting plant growth, and maintaining ecological balance. They can significantly impact the success of 
revegetation and restoration projects in post-mining landscapes. The presence of nematodes and microbes in the soil 
benefit plant health during revegetation endeavors (Guo et al., 2021; Li et al., 2022). These microorganisms support plant 
establishment and growth. Healthy and robust plant growth, in turn, stabilizes soil, prevents erosion, and enhances 
biodiversity, all of which are crucial for the overall success of revegetation projects (Mensah, 2015). The presence of 
microbial diversity in mining-affected areas can be influenced by factors such as soil type, climate, land management 
practices, as well as the host plants root exudates composition (Santoyo, 2022; Sasse et al., 2017). Consequently, 
understanding and managing the diversity of these microorganisms are critical for the success of revegetation efforts. 

 Entomopathogenic microbes which encompass various taxonomic groups, including bacteria, fungi, nematodes, and 
viruses, are known to regulate insect populations and play a vital role in ecological processes (Deka et al., 2021) One of 
the most remarkable contributions of entomopathogenic microbial during revegetation is their role as natural pest 



SOPIALENA et al. – Nematode and microbial diversity and screening of entomopathogens 

 

2993 

controllers (Vega et al., 2009). These microorganisms serve as natural enemies of various insect pests that could harm 
newly planted vegetation (Shrestha et al, 2020). By infecting and eliminating these pests, entomopathogens help 
regulate insect populations and protect the restored vegetation (Rozpądek et al., 2019). In regions where 
entomopathogens thrive, the risk of pest outbreaks is reduced, safeguarding the overall health of the revegetated land 
(Koskella et al, 2020). Entomopathogenic microbial, including fungi and bacteria, are natural antagonists of insects and 
play a pivotal role in regulating insect populations in terrestrial ecosystems. While extensively studied for their potential 
in biological pest control in agriculture, their utilization in ecological restoration, particularly in ex-coal mining land 
revegetation, remains a relatively unexplored area, and a promising avenue for research and practical implementation. 
The diversity and abundance of entomopathogenic microbial are subject to environmental factors (Fatu et al, 2020). 
Factors such as soil physicochemical properties which can fluctuate significantly in mining-affected areas, play pivotal 
roles in shaping microbial community structure (Mudrak et al, 2021). 

The specific objectives of this study are to identify the diversity of nematodes and soil microbes on revegetated ex-
coal mining land, screen for entomopathogenic nematodes and microbes, and analyze their relationships with the 
chemical fertility status of the land. 
 

MATERIALS AND METHODS 
 

Experimental site 
The study was conducted at two locations, in post-coal mining and non-mining areas, in the Pendingin Subdistrict of 

Sanga-Sanga, in Kutai Kartanegara District, East Kalimantan Province, Indonesia. The post-coal mining area located at the 
coordinate S 00040'29.7 "E 117016'09.8") has been revegetated with oil palm plantation. The non-mining area, as a 
control, located at the coordinate S 00041'41.3 "E 117015’54.9", is cultivated with rubber plant.  

 
Sample collection 

The sampling method used in this study refers to the standard method of ISPM (International Standards for 
Phytosanitary Measure), which is an international standard  guide to conduct surveys in the field. Soil samples were 
taken randomly at ten sampling point in each experimental sites. The soil samples were taken at four levels of depth 
from soil surface, 0-30 cm, 30-60 cm, 60-80 cm, 80-100 cm. After removing the gravel, and plant debris, the soil samples 
then were composited for each level of soils’s depth and taken 1 kg for microbial extraction and identification especially 
for fungi, bacteria, and nematodes in laboratory. In addition, the the soil physicochemical properties were also analyzed 
in this study.  

 
Fungal and Bacterial Isolation and Identification 

For fungal isolation, 10 grams of soil samples were dissolved in a liter of distilled water. An ose needle was dipped in 
the soil solution, and then inoculated on the Potato Dextrose Agar (PDA) media. A week after, the microbes were 
isolated and observed Mycobacteria observations were carried out using microscope to identify the type, color, and 
shape of bacteria, as well as its colony following the procedure of Hucker's with minor modification (Hucker, 1921) 
Fungal identification was conducted by observing the morphological characteristics of fungi using a microscope. Conidia 
density was calculated using the Neubauer type haemocytometer.  

Bacteria isolation was carried out by dissolving 10 grams of soil samples in a liter of distilled water. An ose needle was 
dipped in the soil solution, and then inoculated on the Nutrient Agar (NA) media. Two days after, the microbes were 
isolated and observed bacteria observations were carried out using microscope to identify the type, color, and shape of 
bacteria, as well as its colony following the procedure of Hucker's with minor modification (Hucker, 1921). 

 
Entomopathogenic fungal and bacterial screening  

Entomopathogen fungi and bacteria was selected using mealworms (Tenebrio mollitor L.), larvae aged 30-40 days 
(Figure 1.) One milliliter of each fungus and bacteria isolates were inoculated to mealworms. Only fungi and bacteria that 
can cause mortality to mealworms was considered in the data of this study to screen the entomopathogen bacteria and 
fungi.  
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Figure 1.  Mealworms, Tenebrio mollitor L. larvae 30-40 days 

Nematodes Isolation and identification 
Nematodes isolation was carried out using Baermann funnel method with minor modification. This method is 

considered as the most effective in nematode isolation (van den Hoogen etal., 2020). A silicone hose wasattached to the 
funnel.  The end of the hose is tied using a Gauze rubber band and placed on the top of the funnel. The Baermann-funnel 
apparatus was installed in a horizontal position without buckling the silicon hose. Fifty grams of soil for each sample was 

placed on the filter paperthen wrapped the soil to cover its entire surface. The water was added slowly into the funnel to 

submerge the sampel, until the sample saturate, to create a moist environment that stimulate nematodes to migrate 
toward the water source. The funnel was incubated for 3x24 hours and the water released from the bottom of the 
funnel. The water was collected in a film tube / fial. The collected water then was passed through a fine sieve to separate 
the nematodes from the water and debris. Formalin (5%) was added as much as 1 drop and fixed for 15 minutes.  
 
Entomopathogenic nematodes screening 

Entomopathogenic nematodes were screened by bait trap using mealworms (Figure 1). The mealworms larvae (3-5 
larvae) were placed in a plastic container and mixed with ± 150 g of moist soil containing nematodes. The container is 
then inverted so that the larvae are covered with soil, then placed at room temperature. 

After 3-4 days, if the larvae show death, the larval cadaver is removed and rinsed with sterilized distilled water. 
Entomopathogenic nematode trapping was then continued using the White trap method to release entomopathogenic 
nematodes from the cadaver's body. Nematodes were observed and calculated using a stereo microscope. Identification 
of soil nematodes and entomopathogenic nematodes genus were carried out by morphological observations. 
 

Soil physicochemical analysis  

Samples were analyzed for their chemical and physical properties including organic C, total N, available P 

(Bray), available K (Morgan), Ca
++

, Mg
++

, K
+
, Na

+
, CEC (Cation Exchange Capacity); Base saturation (BS) Al saturation, 

pH and soil texture.  The soil physicochemical analysis was conducted based on the general procedure developed in the 

Soil Laboratory, Faculty of Agriculture, Mulawarman University, Samarinda, Indonesia. 

 

Data analysis:  

Data collected were analyzed descriptively to find out the role of soil microbes in supporting the recovery of post-

coal mining land and the relationship between the diversity of soil microbes and the chemical fertility status of the study 

site. 

 

RESULTS  

Fungi diversity and density 
Higher fungi diversity was observed in non-mining compared to ex-mining land, in which five fungi genera was found in 

non-mining, and four genera in ex-mining (Figure 2, Table 1). The fungi diversity in ex-coal mining and non-mining land 

were different in every soil layer observed in this study (Table 1). As an example, Penicillium sp. which was found in 

every soil layer of post coal mining land was not present in non-mining land. On the other hand, Mucor sp. which was 

found in non-mining land was absence in coal mining land. In addition, Aspergillus was observed as abundant fungi which 

was found in almost all soil layer either in ex-coal mining land or in non-mining land. Besides its diversity, the fungal 

density in non-mining was also considerably higher (ranging from 2.6-7.2 x 10
5 

cfu.g
-1

) than that of ex-coal mining land 

(ranging from 1.4-3.8 x 10
5 

cfu.g
-1

) in every soil depth layer. The deeper the soil layer, the fewer fungal populations were 

detected. Among all the fungi identified in the ex-mining and non-mining land, only Trichoderma was screened as 

entomopathogenic fungi. Tricodherma was observed in the digestive system of deceased mealworms, the larvae of T. Mollitor.  
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Table 1. Fungi diversity and density at different soil depth layer, and screening of entomopathogenic fungi in ex-mining and non-
mining land in Pendingin, Sanga-Sanga subdistrict, Kutai Kartanegara Regency  

 
Soil depth layer 

 

Fungal population density  
Genera/species 

cfu/g 

                   Non-mining land 

1. 0-30 7.2 x 10
5 

Aspergillus 
Trichoderma* 
Penicillium  

2. 30-60 5.4 x 10
5 

 
Aspergillus 
Trichoderma* 
Penicillium 
 

3. 60-80 3.2 x 10
5
 

Trichoderma* 
Phytium 
Penicillium 

4. 80-100  2.6 x 10
5
 

 
Aspergillus 
Penicillium 
 

                 Post-coal-mining land 

1. 0-30 3.8 x 10
5
 Aspergillus 

2. 30-60 2.2 x 10
5
 

Trichoderma sp.* 
 
Aspergillus niger 
Trichoderma* 
 

3. 60-80 1.8 x 10
5
 

Aspergillus sp. 
Mucor sp. 
 

4. 80-100 1.4 x 10
5
 

Aspergillus niger 
Aspergillus flavus. 

*Entomopathogenic fungi that successfully kill mealworms by entering through their digestive system (acting as a stomach poison). 

 

Figure 2. Fungi diversity: A. Trichoderma: conidia (a), hialin (b), conidiofor (c); B. Phytium: oogonium (a), hyphae (b); C. Penicillium: 
conidium (a), phialide (b), metula (c), stipe (d); D. A. niger: conidia (a), conidiofor (b); E. A. flavus: conidia (a), phialide (b), 
vesicle (c), stipe (d); F. Mucor sp.: sporangium (a), sporangiofore (b), hyphae (c) 

Enthomopatogenic Bacteria 
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Two family of bacteria, Azotobacteraceae and Bacillaceae were observed in both non-mining and ex-coal mining land 

(Figure 3). However, in the deeper layer of subsoil of ex-coal mining land, only Azotobacteraceae was present, either in 

60-80 cm or in 80-100 cm. Interestingly, all of the bacteria in the family of Azotobacteraceae in this study was noticed as 

coccus gram positive bacteria, except in ex-coal mining land, there were coccus gram negative Azotobacteraceae in the 

soil depth of 30-60 cm and 60-80 cm. The bacteria population was denser in non-coal-mining (4.2 – 9.6x10
6
) compared to 

ex-coal mining land (1.4 – 5.1x10
6
). The bacteria population was decreased in line with the soil depth layer in the two sites 

of experiment (Table 2). In this study, only Bacillaceae bacteria, observed in the digestive system of deceased T. Mollitor 

larvae, were identified as entomopathogenic bacteria in both ex-mining and non-mining lands. 
  

Table 2.   Bacteria diversity and density at different soil depth layer, and screening of entomopathogenic bacteria in ex-mining and 

non-mining land in Pendingin, Sanga-Sanga subdistrict, Kutai Kartanegara Regency 

No 
Soil Depth layer 
 

Bacterial population 
density  Family 
cfu/g 

 Non-mining land   

1. 0-30 9.6 x 10
6 

- Coccus, gram (+): Azotobacteraceae 

- Bacil, gram (+): Bacillaceae* 

 

2. 30-60 5.5 x 10
6 

 

- Coccus, gram (+): Azotobacteraceae 

- Bacil, gram (+): Bacillaceae* 

 

 

3. 60-80 4.5 x10
6
 

- Coccus, gram: (+) Azotobacteraceae 

- bacil, gram (+): Bacillaceae* 

 

4. 80-100  4.2 x 10
6
 

- Coccus, gram (+): Azotobacteraceae 

- Bacil, gram (+): Bacillaceae 

 Post-coal-mining land   

1. 0-30 5.1 x 10
6
 

- Coccus, gram (+): Azotobacteraceae 

- Basil, gram (+): Bacillaceae* 

 

2. 30-60 4.9 x 10
6
 

- Coccus, gram: (+) Azotobacteraceae 
- Basil, gram (+): Bacillaceae* 

 

3. 60-80 1.6 x 10
6
 

 
- Coccus, gram: (+): Azotobacteraceae 

4. 80-100 1.4 x 10
6
 

 
- Coccus, gram: (+): Azotobacteraceae 

    

*Entomopathogenic bacteria that successfully kill mealworms by entering through their digestive system (acting as a stomach poison). 

 

Figure  3. Bacteria (left to right: A. Bacillaceae, and B. Azotobacteraceae) 

Enthomopatogenic Nematoda 
A high genetic diversity of nematodes was observed in both non-mining and ex-mining lands (Table 3). Among the fifteen 

genera (Figure 4), six namely Heterodera, Heterorhabditis, Hoplolaimus, Pratlyenchus, Radopholus, and Rotylenchus 

were present in both  non-mining and ex-coal mining lands.. Conversely, Dorylaimus, Meloidogyne, Rotylenchulus, and 

Tylenchus were found only in non-mining area, while Longidorus, Rhabditis, Steinernema, and Xiphinema were exclusive 

to ex-mining land.  The number of nematode populations was notably higher in ex-coal mining compared to non- mining 

land. It was also observed that the deeper the soil layer, the greater the number of isolated nematodes, found in both non-
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mining and ex-coal mining lands (Table 3). Among all the nematodes diversity identified in this study, only 

Heterorhabditis and Steinernema were screened as entomopathogenic nematodes. 
Table 3. Nematode diversity and density at different soil depth layer, and screening of entomopathogenic nematode in ex-mining and 

non-mining land in Pendingin, Sanga-Sanga Subdistrict, Kutai Kartanegara Regency 

No Soil Depth layer 
Nematoda 

Genus  
Population/ kg soil 

 Non-mining land   

1. 0-30 1.1 x10
2
 

Heterodera 
Meloidogyne 
Tylenchus 
Heterorhabditis* 
 

2. 30-60 1.2 x 10
2 

Heterorhabditis* 
Pratlyenchus 
Heterodera 
Radopholus 
Hoplolaimus 
 

3. 60-80 4 x 10
2 

Pratylenchus 
Heterodera 
 

4. 80-100  2 x 10
2 

Rotylenchus 
Rotylenchulus 
Dorylaimus 
 

 Post-coal-mining land   

1. 0-30 5.1 x 10
2 

Heterodera 
Xiphinema 
 

2. 30-60 7.0 x 10
2
 

Heterorhabditis* 
Steinernema 
Radopholus 
Rhabditis 
 

 
3. 

60-80 8.0 x 10
2
 

Steinernema* 
Hoplolaimus 
Rotylenchus 
 

4. 80-100 9.2 x 10
2
 

Pratylenchus 
Longidorus 

    

*Entomopathogenic nematodes obtained from the cadavers of deceased mealworms  
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Figure 4. Nematodes (left to right: A. Hoplolaimus, B. Pratylenchus, C. Tylenchus, D. Heterorhabditis, E. Steinernema, F. Dorylaimus, G. 
Xiphinema, H. Heterodera, I. Rhabditis, J. Radopholus, K. Longidorus, L. Rotylenchus, M. Rotylenchulus, N. Helycotylenchus, O. 
Aphelenchus) 

 

 

 
 

Soil physicochemical properties 

 

In general, soil nutrient content in non-mining land was higher compared to post-coal mining (Table 4). There was also 

variation of the nutrient content in different soil depth layer. Most of the nutrient were available more in the subsoil part, 

compared to topsoil, as observed in available K, Ca++. Mg++, K++, and Na+, as well as base saturation in non-mining 

land. On the contrary, that phenomenon was in the reverse condition in post-coal mining land.  

Aluminium content seemed to be higher in the post-coal mining than that of the non-mining land. The aluminium 

content tends to decrease as the soil layer gets deeper on non-coal mining land, but tends to be higher on the deeper soil 

layers on post-coal mining land. The pH status in both of non-mining and post-coal mining land was in the range of 4.02-

4.9 and 3.19-4.19, respectively, showing the higher acidity of post-coal mining land.  

Soil texture is determined by the proportion of mineral components in the soil. Among all these mineral particles, silt is 

a dominant soil texture compared to clay and sand, either in non-mining and post-coal mining land, in the top soil or 

subsoil. However, the relative proportions of different mineral particles (sand, silt, and clay) were varied in each soil layer 

resulted in distinct soil texture.  

 
Table 4. Soil physicochemical properties of the non-mining and ex-coal-mining land in Kutai Kartanegara Regency, East Kalimantan 

No. Soil Parameter Unit 

Non-coal Mining Land                                Ex-coal Mining Land 

R1 0-30 R2 30-60 
R3 

60-80 
R4 80-

100 
S1 0-30  

S2 30-
60 

S3 60-
80 

S4 
80-100 

1. Carbon organic % 7.65 4.64 4.14 3.41 3.80 3.74 1.38 0.86 

2. Nitrogen total % 0.41 0.24 0.51 0.14 0.17 0.15 0.16 0.19 

3. Ratio C/N - 18.66 19.33 8.12 24.36 22.35 24.93 8.63 4.53 
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4. 
Available P 
(Bray1) 

Ppm 19.39 12.60 13.38 20.26 5.11 4.03 0.96 4.12 

5. 
Available K 
tersedia (Morgan) 

Ppm 110.45 214.54 170.21 234.33 209.22 81.56 82.09 143.28 

6. Al
3+ 

(Morgan)
 

 4.00 2.20 2.10 3.10 2.00 6.80 5.10 8.40 

7. H
+ 

(Morgan)
 

 3.46 1.80 1.70 2.66 1.66 6.20 4.46 4.26 

8. Ca
++ 

meq/100 g 0.63 1.67 0.83 1.19 1.95 0.79 0.52 0.61 

9. Mg
++ 

meq/100 g 0.48 1.25 0.68 0.98 1.01 0.48 0.37 0.49 

10. K
+ 

meq/100 g 0.30 0.65 0.48 0.91 0.67 0.20 0.26 0.40 

11. Na
+ 

meq/100 g 0.04 0.38 0.28 0.29 0.34 0.11 0.02 0.12 

12. CEC meq/100 g 8.91 7.95 6.07 9.13 8.16 8.58 10.73 14.28 

13. BS % 16.3 49.7 37.4 36.9 48.7 18.4 10.9 11.3 

14. Al Saturation % 44.89 27.67 34.60 33.95 26.21 46.64 47.53 58.82 

15. pH – 4.02 4.62 4.54 4.90 3.56 3.35 4.19 3.19 

16. 
 

Clay 
% 

14.77 36.54 20.07 23.21 28.72 16.54 23.94 32.85 

17. Silt % 34.48 58.18 55.30 35.43 67.66 64.75 33.70 35.54 

18. Sand % 50.75 5.28 24.63 41.36 3.62 18.71 42.36 31.61 

19. Texture  SiCL SiCL SiL L SiCL SiL L CL 

 
DISCUSSION 

 
The most concern of land degradation impact in post-mining area in agriculture sector is the reduction of biodiversity 

and soil fertility. Mining activities often lead to the destruction of natural habitats and ecosystems result in the 
deracination and decline of plant and animal species, leading to a loss of biodiversity which further negatively affects 
agricultural productivity. In addition, post-mining land undergoes physical and chemical changes that render it unsuitable 
for agriculture, since it reducing soil porosity and aeration due to the alteration of soil structure, lacks the organic matter 
and nutrients due to the topsoil removal, introducing contaminants including heavy metals and toxic chemicals, reducing 
organic matter and soil nutrients, altering the pH of the soil, making it more acidic or alkaline, which can be detrimental 
to plant growth (Prince et al., 2018; Janečková et al, 2023).  

Efforts to address the loss of arable land in post-mining areas involve comprehensive reclamation and rehabilitation 
practices that aim to restore soil fertility, structure, water-holding capacity and repair the quality of the environment and 
ecosystem as mentioned in the regulation issued by the Minister of Energy and Mineral Resources Regulation 7/2014 
and Regional Regulation East Kalimantan 8/2013 (Yulianingrum 2023). These efforts may include topsoil replacement, 
planting vegetation, and ongoing monitoring to ensure the land can support agriculture practices. To achieve normal 
criteria for fertile soil supporting agricultural activities, maintenance of microbial community structures is very 
important.  
 
Entomopathogen microbial diversity and density  

In this study, it was clearly observed that the nematodes and soil microbial diversity in post-coal mining is diverse with 

the non-mining land. The soil fungi diversity and density in post-coal mining was considerably lower compared to the non-

mining land (Table 1). This situation was not only observed in fungi, but also in soil bacteria (Table 2), showing a low 

biodiversity of microorganisms in post-coal mining even after reclamation process. A significant reduction of microbial 

diversity due to coal mining practices after land restoration was also observed in the previous study conducted by de 

Quadros et al. (2016). In their study, the post-coal mining land has been restored for several years (3-19 years) by 

replacing the soil layers, applying limestone to raise the pH to 6.0, and revegetating the land with grasses. Even after a 

completion of reclamation process in many years, the composition of the microbial diversity and biomass of post-mined 

sites was significantly lower from the control (unaltered sites). A similar results were also found in different studies 

comparing the microbial diversity and density in reclamation and re-vegetation post-coal mine with undisturbed sites 

resulted in the significant declines in microbial community structure and diversity (Li et al, 2014; Upadhyay et al., 2014) 

as also showed in this current study. 

A reduction of microbial (bacteria and fungi) diversity and density was also observed in the deeper layer of soil either 

in post-coal mining or non-mining land (Table 1 and Table 2), in which the microbes decrease as the depth of the soil layer 
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increases. A similar remark was also reported in a study of Upadhyay et al., (2014) revealed that the rhizospheric soils 

showed greater diversity in both bacteria and fungi compared to the non-rhizospheric soil. This outcome is supported by 

the recent studies concluded that soil microbial diversity decreasing along with the soil depth (Wang et al, 2021; Guo et 

al., 2021) 

It is well known that the topsoil is the most biologically active and favorable layer for microorganisms compared to the 

subsoil layer. The topsoil contains the highest concentration of organic matter, providing food source and nutrients for 

microorganisms (Bahram et al., 2018). In addition, the uppermost layer of soil or also known as A-horizon is well-aerated 

and has a suitable moisture content, moderate temperature providing a suitable environment for a wide range of 

microorganisms (Liu et al., 2019; Aquado et al, 2023). Furthermore, there is an interaction between microorganisms and 

plant roots which are more abundant in the top layer of soil. Plant roots release root exudates and provide energy source 

for many soil microorganisms, thereby contributing to a more active microbial community (Zhalnina et al, 2018; Zhou et 

al, 2020). Therefore, the vegetation types, plant species, and climated will influence the soil microbial diversity and 

community composition (Li et al., 2022; Sopialena and Palupi, 2017). 

One of the crucial roles of microorganisms in agriculture is as biological control agents, suppress the pest population, 

using natural enemies. The use of biological control is considered as the most prudent manner to control pest since it can 

reduced reliance on chemical pesticides, specific pest targeting, long-term pest management, environmentally friendly, 

cost-effective, safe for human health, and supporting the sustainable agriculture (Boro et al, 2022). Therefore, besides 

observing the genetic diversity and density of the microorganisms in the ex-mining and non-mining land, this study also 

focus on screening entomopathogenic nematodes and microbial, as biological control suppressing insect population. 

Insects are the largest and most diverse group of organisms included as one of the most common and economically 

significant types of plant pests (García-Lara, 2016), causing significant damage of any crop plant species 

(Manosathiyadevan, 2017).  

Among all microbes, only Trichoderma (fungi) and Bacillaceae (bacteria) were identified as entomopathogenic 

microorganisms in this study, present in both ex-mining and non-mining lands. Trichoderma can indirectly act as an 

entomopathogen by producing insecticidal secondary metabolites, antifeedant compounds, and repellent metabolites 

(Poveda, 2021). This is due to Trichoderma's ability to produce metabolites such as citric acid (Vinale et al., 2012), as well 

as enzymes like urease, cellulase, glucanase, and chitinase (Carlile et al., 2001), which can negatively affect insects and 

even cause death when they enter the body. On the other hand, bacteria from the Bacillaceae family, particularly Bacillus 

thuringiensis, have received significant attention as entomopathogens. This bacterium is capable of producing 

proteinaceous protoxin crystals with insecticidal properties. When ingested by insects, these crystals disintegrate in the 

stomach and are broken down by host proteases to produce an active poison known as endotoxin, which ultimately leads to 

insect death (Deka et al., 2021). 

On the contrary to the fungi and bacteria, nematodes were noticed more abundant in the post-mining than in the non-

mining land, in term of diversity and density. The nematodes were also observed more in the deeper layer of soil (Table 3). 

Most of the studies observed that the vertical distribution of nematode communities is decreasing from the topsoil layer to 

the sub soil layer (Cheng et al, 2021; Suyadi et al. 2021). However, it is also explained that the distinct characteristics of 

soil at different layers cause variations in soil nematode communities (Liu et al., 2022). It means that differences in soil 

nematode diversity and density in different soil depths might be influenced by soil variables. In a study of (Ilieva-Makulec 

et al., 2015), the number of nematode diversity varied in different experimental sites, in which the nematode generic 

richness is higher in the topsoil, while in different habitat, the nematode diversity was significantly lower in the topsoil and 

the highest in the subsoil. The nematode abundance and distribution are influenced by many factors, such as soil 

properties, climate and environmental conditions, land use and management, plant species and root exudates, predation 

and competition, succession and ecosystem development (Ilieva-Makulec et al., 2015; Zhang, 2020; Cheng et al, 2021; Li 

et al., 2022)  

Nematodes may be classified into three main groups: saprophagous (living on dead organic matter), predators 
(feeding on small animals, including other nematodes), and parasites (infesting insects, animals, human, fungi and higher 
plants) (Pant et al., 1998). Among the fifteen nematodes identified in this study, Heterodera, Meloidogyne, Tylenchus, 
Pratlyenchus, Radopholus, Hoplolaimus, Rotylenchus, Rotylenchulus, Xiphinema, and Longidorus were plant-parasitic 
nematodes. Meloidogyne, Radhopholus, and Rotylenchulus were the top three genera of plant-parasite nematodes 
observed in East Kalimantan (Suyadi & Rosfiansyah, 2017). Dorylaimus and Rhabditis, on the other hand, were non-plant-
parasitic nematodes; Dorylaimus functions as an omnivore in the rhizosphere, and Rhabditis as a bacteriovore. In this 
study, only Heterorhabditis and Steinernema were screened as entomopathogenic nematodes, as also observed in 
previous studies (Bhat et al., 2020; Julià et al., 2023).  

.  

 

Relation of soil physicochemical properties and microbial community  
The physicochemical properties of post-mining soil are considerably different from those of non-mining land (Table 

4). The different characteristics of post-mining land arise from the significant alterations in soil properties, structure, and 
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chemical composition due to mining activities. The mining process disrupts the natural soil structure, leading to soil 
compaction, which reduces pore spaces and affects water infiltration and root penetration (Yuningsih et al., 2021). 
Additionally, the removal or burying of topsoil (due to improper reclamation processes) results in a significant reduction 
in the organic content of the soil (especially in the root growth layer), leading to nutrient loss and further diminishing soil 
fertility. Furthermore, the mining process can expose rocks and minerals that, when weathered, can alter the soil's pH, 
leading to acid mine drainage and significantly lowering the soil pH (Herman et al., 2024). These conditions make the soil 
ecosystem in post-mining land unconducive for microbial communities, which contrasts with the conditions in non-
mining land. 

Soil is a medium for plant growth and also acts as an environment for microbial growth, determining the quality of 
growing soil microbes and plants. The interactions between soil microbes and plants play a crucial role in soil health and 
fertility. Fertile soil typically is a supply of organic matter for microbial activity. Soil status encompasses a wide range of 
physical, chemical, and biological properties that influence the habitat and conditions for soil microorganisms. A healthy 
soil status with sufficient organic matter and nutrient availability ensures that microorganisms have the resources they 
need to thrive (Kaur et al., 2022) The presence of high organic matter in soil is characterized by several physicochemical 
parameters, such as pH levels, cation exchange capacity (CEC), soil organic carbon (SOC) content, and nutrient content 
especially nitrogen, phosphorus, and potassium (Dandwate, 2020) 

In this study, the soil acidity is included as acid soil either in post-coal mining or non-mining land with minor variation 
in every soil depth layer. However, it is examined that soil pH in the post-mining land was considerably lower, in the 
range of 3.19-4.19, compared to non-mining in the range of 4.02-4.9. Related to the lower pH in post-mining land, 
aluminium content is also higher in this land than that of the non-mining (Table 4) since the acidic soils enhance 
aluminum solubility and availability. Furthermore, soil pH is positively correlated with another soil property, basic 
saturation (BS), which was observed higher in the non-mining land (Table 4).  

Soil pH strongly influences microbial communities. Acidic or alkaline soils can limit the diversity and activity of 
microorganisms, impacting nutrient availability and overall soil. Soil pH is a critical factor that affects the activity and 
diversity of soil microorganisms. Different microbial species have specific pH preferences, and soil pH can influence their 
metabolic activities. Soil pH outside the optimal range for specific microbes can limit their growth and activity (Wang et 
al, 2019). Maintaining an appropriate pH level is essential for a diverse and active microbial community. 

Soil organic matter in the non-mining land was presumably higher in this study, characterized by the higher soil 
organic carbon (SOC) and nutrient content than that of the post-coal mining land, beside the pH level (Table 4). Higher 
organic matter are associated with high SOC, as carbon is a fundamental component of organic materials, mainly occurs 
via the microbial breakdown, partial decay, and conversion of deceased organic materials (Lefèvre et al, 2017) This 
activity co-related with nutrient availability, as organic matter decomposes, it releases nutrients into the soil, 
contributing to the soils overall fertility and health (Gerke, 2022) 

All over, soil physicochemical properties play a significant role in shaping the composition and activity of the microbial 
community (Brahmaprakash, 2021). Changes in these properties can influence the composition and activity of the 
microbial community, subsequently impacting nutrient cycling, organic matter decomposition, and overall soil fertility 
(Leiva et al, 2020; Kaur et al., 2022) as clearly shown in this study. A higher microbial community was observed in the 
higher physicochemical of soil properties, which was shown in the non-mining land, compared to the post-coal mining 
land. Fertile soil is characterized by a well-balanced and diverse microbial community that supports plant growth by 
providing essential nutrients and improving soil structure. The composition and diversity of the soil microbial community 
are important factors in maintaining soil health which further supporting plant growth and health (Wang and Li, 2023). 
The increasing microbial population (both types and numbers) causes the dynamics of the soil to be better and become 
naturally healthy (Bertola et al., 2021). The ability to change soil biological properties in a positive direction can increase 
the population of microbes, included entomopathogen microbial, that benefit plants, and make plants grow healthy 
without the need for the use of artificial fertilizers and pesticides.  
 

.  

CONCLUSION 
 
 

The microbial diversity in post-coal mining is diverse with the non-mining land. The entomopathogenic fungi and 
bacteria diversity and density in ex-coal mining was considerably lower compared to the control, non-mining land. The 
microbial (bacteria and fungi) diversity and density reduced in the deeper layer of soil either in post-coal mining or non-
mining land, in which the microbes decrease as the depth of the soil layer increases. On the contrary to the fungi and 
bacteria, entomopathogen nematodes were noticed more abundant in the post-mining than in the non-mining land, in 
term of diversity and density. The nematodes were also observed more in the deeper layer of soil. Variations in the soil 
nematode communities might be due to the distinct characteristics of soil at different layers. The fertility of soil was 
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observed lower in the ex-coal mining land characterized by several soil physicochemical properties, in which lower soil 
pH, basic saturation, soil organic carbon (SOC) and nutrient content were examined, causing the lower microbial 
community compared to non-mining land. 
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Abstract. Sopialena, Rosfiansyah, Suryadi A. 2024. Assessment of nematode and microbial diversity and screening of entomopathogens 

in revegetated post-coal-mining land in Kutai Kartanegara District, East Kalimantan, Indonesia. Biodiversitas 25: 2921-2930. Post-

coal-mining management should strive toward site revegetation. The success of such revegetation efforts is largely determined by the 

soil's fertility status, which encompasses physical, chemical, and biological components. Biological fertility is indicated by the presence 

and abundance of soil microbes and nematodes. The objective of this study was to identify the diversity of nematodes and soil microbes 

in ex-coal-mining land revegetated with oil palm in Kutai Kartanegara District (East Kalimantan, Indonesia), to screen for 

entomopathogenic nematodes and microbes, and to analyze their relationships with the chemical fertility status of the land. As a control, 

non-mining land was also investigated. The results showed that microbial diversity and density (including fungi and bacteria) in the ex-

coal-mining area were significantly lower compared to the control. Additionally, a decrease in microbial diversity and density was found 

in deeper soil layers of both post-mining and non-mining lands. In contrast, soil nematodes were more abundant in post-mining land, 

both in terms of diversity and density, and were also more plentiful in the deeper soil layers. Among the nematodes and microbes 

studied, only Heterorhabditis and Steinernema (nematodes), Trichoderma (fungi), and Bacillaceae (bacteria) were identified as 

entomopathogens, causing death in Tenebrio molitor L. larvae. Overall, soil fertility in ex-coal-mining land was observed to be lower, 

characterized by decreased soil pH, basic saturation, Soil Organic Carbon (SOC), and nutrient content, which contributed to a reduced 

microbial community compared to non-mining land. 

Keywords: Entomopathogen, Kutai Kartanegara, nematodes, post-coal mining, soil microbes, Trichoderma 

INTRODUCTION 

Coal mining activities in Kutai Kartanegara District, 

East Kalimantan, Indonesia, have experienced rapid 

growth in recent years, with both large-scale and 

small-scale operations, including those with mining 

authorities. However, this expansion has come at a 

significant cost to the environment, resulting in 

widespread damage. This damage manifests in the 

form of arid and infertile post-mining lands or 

artificial "craters" with unclear purposes. While some 

efforts have been made to rehabilitate these ex-coal-

mining lands, they remain sporadic and insufficient, 

allowing environmental degradation to outpace 

recovery efforts. 

Rehabilitating these lands is essential to mitigating 

the adverse environmental impacts of coal mining. 

The success of land recovery can be evaluated by 

assessing the diversity of soil microbes, which serves 

as an indicator of biological fertility. Soil microbes 

play a pivotal role in converting potential chemical 

fertility into actual fertility. Moreover, their activities 

gradually enhance the physical properties of the soil, 

further improving physical fertility (Cui et al. 2021). 

However, the restoration of ex-coal-mining lands 

faces numerous challenges, including the need to 

address soil degradation, erosion, and biodiversity loss 

resulting from mining activities (Ahirwal et al. 2016). 

To address these challenges, it is crucial to consider the 

role of soil microbes, including entomopathogenic 

microbes, which are an integral part of soil 

ecosystems (Boucias and Pendland 2018). 

The roles of nematodes and microbes in ex-mining 

lands are fundamental to ecological restoration 

efforts, improving soil health, supporting plant 

growth, and maintaining ecological balance. These 

microorganisms can significantly impact the success 

of revegetation and restoration projects in post-

mining landscapes. The presence of nematodes and 

microbes in the soil benefits plant health during 

revegetation endeavors (Guo et al. 2021; Li et al. 

2022). Furthermore, these microorganisms support 

plant establishment and growth. Healthy and robust 

plant growth, in turn, stabilizes the soil, prevents 

erosion, and enhances biodiversity, all of which are 

important for the overall success of revegetation 

projects (Mensah 2015). The presence of microbial 

diversity in mining-affected areas can be influenced 

by factors such as soil type, climate, land 

management practices, as well as the host plants’ 

root exudate composition (Sasse et al. 2017; Santoyo 

2022). Consequently, understanding and managing 

the diversity of these microorganisms are critical for 

the success of revegetation efforts. 

 Entomopathogenic microbes, which encompass 

various taxonomic groups, including bacteria, fungi, 

nematodes, and viruses, are known to regulate insect 

populations and play a vital role in ecological 

processes (Deka et al. 2021). One of the most 

remarkable contributions of entomopathogenic 
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microbes during revegetation is their role as natural 

pest controllers (Vega et al. 2009). These 

microorganisms serve as natural enemies of various 

insect pests that could harm newly planted 

vegetation (Shrestha et al. 2020). By infecting and 

eliminating these pests, entomopathogens help 

regulate insect populations and protect the restored 

vegetation (Rozpądek et al. 2019). In regions where 

entomopathogens thrive, the risk of pest outbreaks 

is reduced, safeguarding the overall health of the 

revegetated land (Koskella et al. 2020). 

Entomopathogenic microbes, such as fungi and 

bacteria are natural antagonists of insects and play a 

pivotal role in regulating insect populations in 

terrestrial ecosystems. While extensively studied for 

their potential in biological pest control in 

agriculture, their utilization in ecological restoration, 

particularly in ex-coal-mining land revegetation, 

remains a relatively unexplored area, and a 

promising avenue for research and practical 

implementation. The diversity and abundance of 

entomopathogenic microbes are subject to 

environmental factors (Fatu et al. 2020). Factors such 

as soil physicochemical properties, which can 

fluctuate significantly in mining-affected areas, play 

pivotal roles in shaping microbial community structure 

(Mudrak et al. 2021). 

The objective of this study was to identify the 

diversity of nematodes and soil microbes on 

revegetated ex-coal-mining land, to investigate for 

entomopathogenic nematodes and microbes, and to 

analyze their relationships with the chemical fertility 

status of the land.  

MATERIALS AND METHODS 

Experimental sites 

The study was conducted at two locations, in post-

coal mining and non-mining areas, in the Pendingin 

Subdistrict of Sanga-Sanga, in Kutai Kartanegara 

District, East Kalimantan Province, Indonesia. Oil 

palm plantations were planted in a post-coal mining 

area (00°40'29.7"S 117°16'09.8"E), while rubber 

plantations were cultivated in a non-mining area 

(00°41'41.3"S 117°15’54.9"E) used as a control. 

Sample collection 

The sampling method used in this study was the 

standard method of ISPM (International Standards 

for Phytosanitary Measure). Soil samples were taken 

randomly at ten sampling points at each 

experimental site. The soil samples were taken at 

four levels of depth (0-30 cm, 30-60 cm, 60-80 cm, 

and 80-100 cm) from the soil surface. After removing 

the gravel and plant debris, soil samples were 

composited for each level of soil depth, and 1 kg of 

soil was collected for microbial extraction and 

identification of fungi, bacteria, and nematodes in 

the laboratory. In addition, physicochemical 

properties of soil were also analyzed in this study.  

Fungal and bacterial isolation and identification 

For both fungal and bacterial isolation, 10 g of soil 

samples were dissolved in a liter of distilled water. 

Then 1 ml of soil solution was taken and diluted in 

steps from 10-1 to 10-3 to determine the CFU value of 

each sample, by repeating 2 times each dilution from 

three dilution levels. An inoculating needle was 

dipped in the soil solution, and then inoculated on 

Potato Dextrose Agar (PDA) medium to culture fungi, 

while another inoculating needle was dipped in the 

same solution and applied to Nutrient Agar (NA) 

medium to culture bacteria. After one week of 

culturing for fungi, or two days for bacteria, the 

microbes were isolated and observed under a 

microscope to identify the type, color, and shape of 

individual bacteria and fungi, as well as that of their 

colonies, following Hucker's procedure with minor 

modifications (Hucker 1921). The number of 

microorganisms (fungi and bacteria) present in each 

test sample as a weighted average of two 

consecutive dilutions was calculate using the 

following equation (Matuurin and Peeler 2001): 

 

  
∑ 

[(      )   (        )   ( ) 
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Where: N = Number of colonies per ml or g of 

product; ΣC = Sum of all colonies on all plates 

counted; n1 = Number of plates in first dilution 

counted; n2 = Number of plates in second dilution 

counted; d = Dilution from which the first counts 

were obtained 

Entomopathogenic fungal and bacterial screening  

Entomopathogenic fungi and bacteria were selected 

using mealworm (Tenebrio molitor L.) larvae 30-40 

days of age (Figure 1). One milliliter of each fungal 

and bacterial isolate was inoculated to mealworms. 

Only fungi and bacteria that could cause mortality to 

mealworms were considered entomopathogens in 

the present study.  

Isolation and identification of nematodes 

Nematode isolation was carried out using the 

Baermann funnel method with minor modifications. 

This method was considered the most effective in 

nematode isolation (van den Hoogen et al. 2020). 

 

 

 

 

 

Figure 1. Mealworm (Tenebrio molitor L.) larvae at 30-40 

days of age 

Briefly, a silicone hose was attached to a funnel, then 

the end of the hose was tied using a gauze rubber 

band and placed on top of the funnel. The Baermann 

funnel apparatus was installed in a horizontal 

position without buckling the silicon hose. Fifty 

grams of soil for each sample was placed on the filter 

paper, and the soil was wrapped to cover its entire 

surface. The water was added slowly into the funnel 

to submerge the sample, until the sample was 

saturated, to create a moist environment that 

stimulated nematodes to migrate toward the water 

source. The funnel was incubated for 3×24 hours and 

the water released from the bottom of the funnel. 

The water was collected in a film tube/vial. The 

collected water then was passed through a fine sieve 

to separate the nematodes from the water and 

debris. Up to 1 drop of formalin (5%) was added and 

fixed for 15 minutes.  

Entomopathogenic nematode screening 

Entomopathogenic nematodes were screened by bait 

trap using mealworms. The mealworm larvae (3-5 

larvae) were placed in a plastic container and mixed 

with ~150 g of moist soil containing nematodes. The 

container was then inverted so that the larvae were 

covered with soil, then placed at room temperature. 

After 3-4 days, if larval mortality was observed, the 

larval cadaver was removed and rinsed with sterilized 

distilled water. Entomopathogenic nematode 

trapping was then conducted using the White trap 

method to release entomopathogenic nematodes 

from the cadaver's body. Nematodes were observed 

and counted using a stereo microscope. 

Identification of soil nematodes and 

entomopathogenic nematodes to genus level was 

carried out through morphological observations. 

Physicochemical analysis of soil 

Samples were analyzed for their chemical and 

physical properties, including organic C, total N, 

available P (Bray), available K (Morgan), Ca++, Mg++, 

K+, Na+, CEC (Cation Exchange Capacity), Base 

Saturation (BS), Al saturation, pH, and soil texture. 

The soil physicochemical analysis was conducted 

based on the general procedure developed in the Soil 

Laboratory, Faculty of Agriculture, Universitas 

Mulawarman, Samarinda, Indonesia. 

Data analysis 

Data collected were analyzed descriptively to 

uncover the role of soil microbes in supporting the 
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recovery of post-coal-mining land and relationship 

between the diversity of soil microbes and chemical 

fertility status of the study site. 

RESULTS AND DISCUSSION 

Fungal diversity and density 

Result showed that higher fungal diversity was 

observed in the non-mining land compared to the ex-

mining land, with five fungal genera found in non-

mining, and four genera in ex-mining soil (Figure 2 

and Table 1). The fungal diversity in ex-coal mining 

and non-mining land was different in every soil layer 

observed in this study (Table 1). Penicillium sp., 

which was found in every soil layer of post coal-

mining land, was not present in the non-mining land 

soil. On the other hand, Mucor sp., which was found 

in the non-mining land soil, was absent in coal-

mining land soil. In addition, Aspergillus was found 

abundant in almost all soil layers in both ex-coal-

mining and non-mining land. Fungal density in non-

mining land soil was also significantly higher (ranging 

from 2.6-7.2×105 cfu.g-1) than in soil of ex-coal-mining 

land (ranging from 1.4-3.8×105 cfu.g-1) at every soil 

depth layer. The deeper the soil layer, the fewer 

fungal populations were found. Among all the fungi 

identified in the ex-mining and non-mining land, only 

Trichoderma was screened as an entomopathogenic 

fungi. Trichoderma was observed in the digestive 

system of deceased T. molitor mealworm larvae.  

 

 

 

Table 1. Fungal diversity and density at different soil depth layers, and screening of entomopathogenic fungi in ex-mining and non-

mining land in Pendingin, Sanga-Sanga subdistrict, Kutai Kartanegara District, Indonesia 

 

Soil depth layers (cm) 
Fungal population density 

Genera/species (cfu/g) 

Non-mining land 

0-30 7.2 x 10
5 

Aspergillus, Trichoderma*, Penicillium  

30-60 5.4 x 10
5 

Aspergillus, Trichoderma*, Penicillium 

60-80 3.2 x 10
5 

Trichoderma*, Pythium, Penicillium 

80-100 2.6 x 10
5 Aspergillus, Penicillium 

 

Post-coal-mining land 

0-30 3.8 x 10
5 

Aspergillus, Trichoderma *  

30-60 2.2 x 10
5 

Aspergillus niger, Trichoderma* 

60-80 1.8 x 10
5 

Aspergillus sp., Mucor sp. 

80-100 1.4 x 10
5 

Aspergillus niger, Aspergillus flavus 

Note: *Entomopathogenic fungi 
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Figure 2. Fungal diversity: A. Trichoderma: conidia (a), hyalin (b), conidiophore (c); B. Pythium: oogonium (a), hyphae (b); C. 

Penicillium: conidium (a), phialide (b), metula (c), stipe (d); D. A. niger: conidia (a), conidiophore (b); E. A. flavus: conidia (a), phialide 

(b), vesicle (c), stipe (d); F. Mucor sp.: sporangium (a), sporangiophore (b), hyphae (c) 

 

 

 

Figure 3. Bacteria (left to right: A. Bacillaceae, and B. 

Azotobacteraceae) 

 

Entomopathogenic bacteria 

Two bacterial families, Azotobacteraceae and 

Bacillaceae, were observed in the soils of both non-

mining and ex-coal-mining land (Figure 3). However, 

only Azotobacteraceae was present in the deeper 

subsoil layers (60-80 cm or 80-100 cm) of the ex-coal-

mining land. Interestingly, all Azotobacteraceae 

observed in this study were identified as coccus 

Gram-positive bacteria, except in the ex-coal-mining 

land, in which coccus Gram-negative 

Azotobacteraceae were found at the soil depths of 

30-60 cm and 60-80 cm. The bacterial population was 

denser in non-coal-mining (4.2-9.6×106) compared to 

ex-coal-mining land (1.4-5.1×106). Bacterial 

population decreased along with soil depth at both 

experimental sites (Table 2). In this study, only 

Bacillaceae bacteria, observed in the digestive 

system of deceased T. molitor larvae, were identified 

as entomopathogenic bacteria in both ex-mining and 

non-mining lands. 

Entomopathogenic nematodes 

A high genetic diversity of nematodes was observed 

in both non-mining and ex-mining land. Among the 

fifteen genera identified (Figure 4), six—namely 

Heterodera, Heterorhabditis, Hoplolaimus, 

Pratylenchus, Radopholus, and Rotylenchuswere 

present in both non-mining and ex-coal-mining lands. 

Conversely, Dorylaimus, Meloidogyne, Rotylenchulus, 

and Tylenchus were found only in non-mining area, 

while Longidorus, Rhabditis, Steinernema, and 

Xiphinema were exclusive to ex-mining land. The 

number of nematode populations was notably higher 

in ex-coal-mining compared to non-mining land. It 

was also observed that the deeper the soil layer, the 

greater the number of isolated nematodes, as found 

A B C 

D E F 

A B 
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in both non-mining and ex-coal-mining land (Table 3). 

Despite the high nematode diversity, only 

Heterorhabditis and Steinernema were identified as 

entomopathogenic nematodes. 

Physicochemical properties of soil 

In general, soil nutrient content was higher in non-

mining land compared to post-coal mining land 

(Table 4). There was also a variation in the nutrient 

content at different soil depth layers. Most of the 

nutrients were more abundant in the subsoil 

compared to the topsoil, as observed in the available 

K, Ca++. Mg++, K++, and Na+, as well as base 

saturation in non-mining land. In contrast, the 

reverse phenomenon was observed in post-coal-

mining land.  

Aluminum content was found to be higher in post-

coal-mining than non-mining land. Moreover, the 

aluminum content tended to decrease with 

increasing soil depth on non-coal-mining land, while 

tending to be higher in the deeper soil layers on post-

coal-mining land. The pH status of non-mining and 

post-coal-mining land was in the range of 4.02-4.9 

and 3.19-4.19, respectively, showing higher acidity in 

post-coal-mining land.  

Soil texture was determined by the proportion of 

mineral components in the soil. Among these mineral 

particles, silt, rather than clay or sand, was the 

dominant soil texture in topsoil and subsoil of both 

non-mining and post-coal-mining land. However, the 

relative proportions of different mineral particles 

(sand, silt, and clay) varied in each soil layer, resulting 

in distinct soil textures.  

Table 2. Bacterial diversity and density at different soil depth layers, and screening of entomopathogenic bacteria in ex-mining and 

non-mining land in Pendingin, Sanga-Sanga subdistrict, Kutai Kartanegara District, Indonesia 

 

Soil depth layers (cm) 

Bacterial population density 

Family 

cfu/g 

Non-mining land 

0-30 9.6 x 10
6 

- Coccus, Gram (+), Azotobacteraceae 

- Bacilli, Gram (+), Bacillaceae* 

30-60 5.5 x 10
6 

- Coccus, Gram (+), Azotobacteraceae 

- Bacilli, Gram (+), Bacillaceae* 

60-80 4.5 x10
6
 - Coccus, Gram (+) Azotobacteraceae 

- Bacilli, Gram (+), Bacillaceae* 

80-100 4.2 x 10
6
 - Coccus, Gram (+): Azotobacteraceae 

- Bacilli, Gram (+): Bacillaceae 

Post-coal-mining land 

0-30 5.1 x 10
6
 - Coccus, Gram (+); Azotobacteraceae 

- Bacilli, Gram (+); Bacillaceae* 

30-60 4.9 x 10
6
 - Coccus, Gram (+) Azotobacteraceae 

- Bacilli, Gram (+); Bacillaceae* 

60-80 1.6 x 10
6
 - Coccus, Gram (+); Azotobacteraceae 

80-100 1.4 x 10
6
 - Coccus, Gram (+); Azotobacteraceae 

   

Note: *Entomopathogenic bacteria 
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Table 3. Nematode diversity and density at different soil depth layers, and screening of entomopathogenic nematodes in ex-mining 

and non-mining land in Pendingin, Sanga-Sanga Subdistrict, Kutai Kartanegara District, Indonesia 

 

Soil depth layers (cm) 
Nematodes 

Genus Population/ kg soil 

Non-mining land 

0-30 1.1 x10
2
 Heterodera, Meloidogyne, Tylenchus, Heterorhabditis* 

30-60 1.2 x 10
2 

Heterorhabditis*, Pratlyenchus, Heterodera, Radopholus, Hoplolaimus 

60-80 4 x 10
2 

Pratylenchus, Heterodera 

80-100 2 x 10
2 

Rotylenchus, Rotylenchulus, Dorylaimus 

Post-coal-mining land 

0-30 5.1 x 10
2 

Heterodera, Xiphinema 

30-60 7.0 x 10
2
 Heterorhabditis*, Steinernema, Radopholus, Rhabditis 

60-80 8.0 x 10
2
 Steinernema*, Hoplolaimus, Rotylenchus 

80-100 9.2 x 10
2
 Pratylenchus, Longidorus 

Note: *Entomopathogenic nematodes  

 

 

Discussion 

The greatest concern regarding land degradation 

impacts of post-mining areas for the agriculture 

sector is the reduction of biodiversity and soil 

fertility. Mining activities often lead to the 

destruction of natural habitats and ecosystems, 

resulting in the deracination and decline of plant and 

animal species, and leading to a loss of biodiversity 

that also negatively affects agricultural productivity. 

In addition, post-mining land undergoes physical and 

chemical changes that render it unsuitable for 

agriculture, such as reduced soil porosity and 

aeration due to the alteration of soil structure, a lack 

of organic matter and nutrients due to the topsoil 

removal, introduced contaminants such as heavy 

metals and toxic chemicals, and altered soil pH—

more acidic or alkaline—which can all be detrimental 

to plant growth (Prince et al. 2018; Janečková et al. 

2023).  

Efforts to address the loss of arable land in post-

mining areas involve comprehensive reclamation and 

rehabilitation practices that aim to restore soil 

fertility, structure, and water-holding capacity, and 

to repair the quality of the environment and 

ecosystem, as mentioned in the regulation issued by 

the Minister of Energy and Mineral Resources 

Regulation 7/2014 and Regional Regulation East 

Kalimantan 8/2013 (Yulianingrum 2023). These 

efforts may include topsoil replacement, 

revegetation, and ongoing monitoring to ensure the 

land can support agriculture practices. Furthermore, 

to achieve normal criteria for fertile soil supporting 

agricultural activities, maintenance of microbial 

community structures is very important.  

Microbial entomopathogen diversity and density  

In this study, it was observed that the nematode and 

soil microbial diversity in post-coal-mining land 

clearly differed to that in the non-mining land. Fungal 

diversity and density in post-coal-mining land soil 
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was considerably lower compared to the non-mining 

land. This situation was also observed in soil bacteria, 

which showed low biodiversity in post-coal-mining 

land even after the completion of the reclamation 

process. A significant reduction of microbial diversity 

due to coal mining practices after land restoration 

was also observed in a study conducted by de 

Quadros et al. (2016). In their study, post-coal-mining 

land had undergone different durations of 

restoration (3-19 years), which involved replacing the 

soil layers, applying limestone to raise the pH to 6.0, 

and revegetating the land with grasses. Even after 

the completion of the reclamation process after 

many years, the composition of the microbial 

diversity and biomass of post-mined sites was 

significantly lower than that of the control (unaltered 

sites). Similar results were also found in different 

studies comparing the microbial diversity and density 

in reclaimed and revegetated post-coal-mining sites 

with that in undisturbed sites, both of which 

reported significant declines in microbial community 

structure and diversity (Li et al. 2014; Upadhyay et al. 

2014). 

A reduction of microbial (bacterial and fungal) 

diversity and density was also observed in the deeper 

layers of soil in both the post-coal-mining and non-

mining-land, in which the microbes decreased as the 

depth of the soil layer increased. A similar 

observation was studied by Upadhyay et al. (2014), 

who reported that rhizospheric soils showed greater 

diversity in both bacteria and fungi compared to non-

rhizospheric soil. This outcome is supported by 

recent studies concluding that soil microbial diversity 

decreases along with the soil depth (Guo et al. 2021; 

Wang et al. 2021). 

It is well known that topsoil is the most biologically 

active and favorable layer for microorganisms. 

Compared to the subsoil layer, topsoil contains the 

highest concentration of organic matter, providing 

food and nutrients to microorganisms (Bahram et al. 

2017). In addition, the uppermost layer of soil, also 

known as A-horizon, is well-aerated and has 

adequate moisture content and moderate 

temperatures, providing a suitable environment for a 

wide range of microorganisms (Liu et al. 2019; 

Aguado et al. 2023).  
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Figure 4. Nematodes (left to right: A. Hoplolaimus, B. Pratylenchus, C. Tylenchus, D. Heterorhabditis, E. Steinernema, F. Dorylaimus, G. 

Xiphinema, H. Heterodera, I. Rhabditis, J. Radopholus, K. Longidorus, L. Rotylenchus, M. Rotylenchulus, N. Helicotylenchus, O. 

Aphelenchus) 

 

 

Table 4. Physicochemical properties of soil in non-mining and ex-coal-mining land in Kutai Kartanegara District, East Kalimantan, 

Indonesia 

 

Soil parameters Units 

Non-coal mining land                                       Ex-coal mining land 

R1 0-30 R2 30-60 R3 60-80 R4 80-100 S1 0-30 S2 30-60 S3 60-80 S4 80-100 

Carbon organic % 7.65 4.64 4.14 3.41 3.80 3.74 1.38 0.86 

Nitrogen total % 0.41 0.24 0.51 0.14 0.17 0.15 0.16 0.19 

Ratio C/N - 18.66 19.33 8.12 24.36 22.35 24.93 8.63 4.53 

A B C D E 

F G H I J 

K L M N O 
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Available P (Bray1) Ppm 19.39 12.60 13.38 20.26 5.11 4.03 0.96 4.12 

Available K 

Available (Morgan) 
Ppm 

110.45 214.54 170.21 234.33 209.22 81.56 82.09 143.28 

Al
3+ 

(Morgan)
 

 4.00 2.20 2.10 3.10 2.00 6.80 5.10 8.40 

H
+ 

(Morgan)
 

 3.46 1.80 1.70 2.66 1.66 6.20 4.46 4.26 

Ca
++ 

meq/100 g 0.63 1.67 0.83 1.19 1.95 0.79 0.52 0.61 

Mg
++ 

meq/100 g 0.48 1.25 0.68 0.98 1.01 0.48 0.37 0.49 

K
+ 

meq/100 g 0.30 0.65 0.48 0.91 0.67 0.20 0.26 0.40 

Na
+ 

meq/100 g 0.04 0.38 0.28 0.29 0.34 0.11 0.02 0.12 

CEC meq/100 g 8.91 7.95 6.07 9.13 8.16 8.58 10.73 14.28 

BS % 16.3 49.7 37.4 36.9 48.7 18.4 10.9 11.3 

Al Saturation % 44.89 27.67 34.60 33.95 26.21 46.64 47.53 58.82 

pH – 4.02 4.62 4.54 4.90 3.56 3.35 4.19 3.19 

Clay % 14.77 36.54 20.07 23.21 28.72 16.54 23.94 32.85 

Silt % 34.48 58.18 55.30 35.43 67.66 64.75 33.70 35.54 

Sand % 50.75 5.28 24.63 41.36 3.62 18.71 42.36 31.61 

Texture
*
  SiCL SiCL SiL L SiCL SiL L CL 

Note: 
*
Soil Texture, SiCL = Silty Clay Loam; SiL = Silty Loam; CL = Clay Loam; L = Loam 

 

 

 

Furthermore, there is an interaction between 

microorganisms and plant roots, which are more 

abundant in the top layer of soil. Plant roots release 

root exudates and provide energy to many soil 

microorganisms, thereby contributing to a more 

active microbial community (Zhalnina et al. 2018; 

Zhou et al. 2020). The vegetation types, plant 

species, and climate all influence the soil microbial 

diversity and community composition (Li et al. 2022; 

Sopialena and Palupi 2017). 

One of the key roles of microorganisms in agriculture 

is as agents of biological control, a process that 

harnesses natural enemies to suppress pest 

populations. The use of biological control agents is 

considered the most prudent manner of controlling 

pests as it can reduce our reliance on chemical 

pesticides, and because it is a long-term, specific pest 

targeting, environmentally friendly, cost-effective 

approach that is safe for human health and supports 

sustainable agriculture (Boro et al. 2022). Therefore, 

besides observing the genetic diversity and density of 

the microorganisms in the ex-mining and non-mining 

land, this study also focused on screening 

entomopathogenic nematodes and microbes as 

potential biological control agents for suppressing 

insect populations. Insects are the largest and most 

diverse group of organisms included as one of the most 
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common and economically significant types of plant 

pests (García-Lara 2016), causing significant damage 

to many crop plant species (Manosathiyadevan 

2017).  

Among all microbes, only Trichoderma (fungi) and 

Bacillaceae (bacteria) were identified as 

entomopathogenic microorganisms in the present 

study, in both ex-mining and non-mining lands. 

Trichoderma can indirectly act as an 

entomopathogen by producing insecticidal secondary 

metabolites, antifeedant compounds, and repellent 

metabolites (Poveda 2021). This is due to 

Trichoderma's ability to produce metabolites such as 

citric acid (Vinale et al. 2012), as well as enzymes like 

urease, cellulase, glucanase, and chitinase (Carlile et 

al. 2001), which can negatively affect insects and 

even cause death when they enter the body. On the 

other hand, bacteria from the Bacillaceae family, 

particularly Bacillus thuringiensis, have received 

significant attention as entomopathogens. This 

bacterium is capable of producing proteinaceous 

protoxin crystals with insecticidal properties. When 

ingested by insects, these crystals disintegrate in the 

stomach and are broken down by host proteases to 

produce an active poison known as endotoxin, which 

ultimately leads to insect death (Deka et al. 2021). 

In contrast to the fungi and bacteria, nematodes 

were found to be more abundant in the post-mining 

than in the non-mining land in terms of their 

diversity and density. Additionally, more nematodes 

were observed in the deeper soil layers. Most related 

studies have observed that the vertical distribution 

of nematode communities decreases from the 

topsoil layer to the subsoil layer (Cheng et al. 2021). 

This variation in soil nematode communities may be 

explained by the distinct characteristics of soils at 

different layers (Liu et al. 2022). The differences in 

soil nematode diversity and density at different soil 

depths observed in this study might be influenced by 

soil variables. The amount of nematode diversity 

varied in different experimental sites (Ilieva-Makulec 

et al. 2015). Results showed that nematode generic 

richness was higher in the topsoil of one site, while in 

a different habitat, nematode diversity was 

significantly lower in the topsoil and highest in the 

subsoil. Overall, it is likely that nematode abundance 

and distribution are influenced by many factors, such 

as soil properties, climate and environmental 

conditions, land use and management, plant species 

and root exudates, predation and competition, and 

succession and ecosystem development (Ilieva-

Makulec et al. 2015; Zhang 2020; Cheng et al. 2021; 

Li et al. 2022).  

Nematodes may be classified into three main groups: 

saprophages (living on dead organic matter), 

predators (feeding on small animals, including other 

nematodes), and parasites (infesting insects, animals, 

human, fungi and higher plants) (Pant et al. 1998). 

Eleven of the fifteen nematodes identified in this 

study, namely Heterodera, Meloidogyne, Tylenchus, 

Pratlyenchus, Radopholus, Hoplolaimus, Rotylenchus, 

Rotylenchulus, Xiphinema, and Longidorus were 

plant-parasitic nematodes. 

Meloidogyne, Radopholus, and Rotylenchulus were 

the top three genera of plant-parasite nematodes 

observed in East Kalimantan (Suyadi and Rosfiansyah 

2017). Dorylaimus and Rhabditis, on the other hand, 

were non-plant-parasitic nematodes. Dorylaimus 

functions as an omnivore in the rhizosphere, and 

Rhabditis as a bacterivore. In this study, only 

Heterorhabditis and Steinernema were identified as 

entomopathogenic nematodes, as also observed in 

the previous studies (Bhat et al. 2020; Julià et al. 

2023).  

Relation of soil physicochemical properties and microbial 

community  

The physicochemical properties of post-mining soil 

were considerably different from those of non-

mining soil in this study. The different characteristics 

of post-mining land arise from the significant 

alterations in soil properties, structure, and chemical 

composition due to mining activities. The mining 

process disrupts the natural soil structure, leading to 

soil compaction, which reduces pore spaces and 

affects water infiltration and root penetration 

(Hermansyah et al. 2021). Additionally, the removal 

or burying of topsoil (due to improper reclamation 
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processes) results in a significant reduction in the 

organic content of the soil (especially in the root 

growth layer), leading to nutrient loss and further 

diminishing soil fertility. Furthermore, the mining 

process can expose rocks and minerals that, when 

weathered, can alter the soil's pH, leading to acid 

mine drainage and significantly lowering the soil pH 

(Herman et al. 2024). These conditions make the soil 

ecosystem in post-mining land unconducive for 

microbial communities, which contrasts with the 

conditions in non-mining land. 

Soil is a medium for plant growth and also acts as an 

environment for microbial growth, determining the 

quality of growing soil microbes and plants. The 

interactions between soil microbes and plants play a 

crucial role in soil health and fertility. Fertile soil is 

typically a source of organic matter for microbial 

activity. Soil status encompasses a wide range of 

physical, chemical, and biological properties that 

influence the habitat and conditions for soil 

microorganisms. A healthy soil status with sufficient 

organic matter and nutrient availability ensures that 

microorganisms have the resources they need to 

thrive (Kaur et al. 2022). The presence of high 

organic matter in soil is characterized by several 

physicochemical parameters, such as pH levels, 

Cation Exchange Capacity (CEC), Soil Organic Carbon 

(SOC) content, and nutrient content, especially of 

nitrogen, phosphorus, and potassium (Dandwate 

2020). 

It was also observed that soils in both post-coal 

mining and non-mining land were found to be acidic, 

with minor variations at every soil depth layer. 

However, soil pH in the post-mining land was 

considerably lower, in the range of 3.19-4.19, 

compared to that in the non-mining land (4.02-4.9). 

Related to the lower pH in post-mining land was the 

aluminum content, which was higher than that in the 

non-mining land as acidic soils enhance aluminum 

solubility and availability. Furthermore, soil pH is 

positively correlated with another soil property, Basic 

Saturation (BS), which was observed to be higher in 

the non-mining land.  

Soil pH strongly influences microbial communities. 

Acidic or alkaline soils can limit the diversity and 

activity of microorganisms, impacting nutrient 

availability and overall soil. It is a critical factor that 

affects the activity and diversity of soil 

microorganisms. Different microbial species have 

specific pH preferences, and soil pH can influence 

their metabolic activities. Soil pH outside the optimal 

range for specific microbes can limit their growth and 

activity (Wang et al. 2019). Therefore, maintaining an 

appropriate pH level is essential for a diverse and 

active microbial community. 

Soil organic matter was higher in non-mining land in 

this study, as characterized by the higher Soil Organic 

Carbon (SOC) and nutrient content than that of post-

coal-mining land, as well as by the pH level. Higher 

organic matter content is associated with high SOC, 

which, as carbon is a fundamental component of 

organic materials, mainly occurs via the microbial 

breakdown, partial decay, and conversion of 

deceased organic materials (Lefèvre et al. 2017). This 

activity is co-related with nutrient availability; that is, 

as organic matter decomposes, it releases nutrients 

into the soil, contributing to the soil’s overall fertility 

and health (Gerke 2022). 

Overall, soil physicochemical properties play a 

significant role in shaping the composition and 

activity of the microbial community (Dasgupta and 

Brahmaprakash 2021). A larger microbial community 

was observed alongside the higher physicochemical 

soil properties of the non-mining land, rather than in 

the post-coal-mining land. Changes in these 

properties can influence the composition and activity 

of microbial community, subsequently impacting 

nutrient cycling, organic matter decomposition, and 

overall soil fertility (Leiva et al. 2020; Kaur et al. 

2022). Fertile soil is characterized by a well-balanced 

and diverse microbial community that supports plant 

growth by providing essential nutrients and 

improving soil structure. The composition and 

diversity of the soil microbial community are 

important factors in maintaining soil health that also 

support plant growth and health (Wang and Li 2023). 
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The increasing microbial population (both in diversity 

and abundance) causes the dynamics of the soil to 

improve and become healthier naturally (Bertola et 

al. 2021). The ability to change soil biological 

properties in a positive direction can increase the 

population of microbes, including entomopathogenic 

microbes, which benefit plant growth and reduce the 

need for artificial fertilizer and pesticide use.  

In conclusion, the results showed that microbial 

diversity in post-coal-mining land differed from that 

in non-mining control. The entomopathogenic fungal 

and bacterial diversity and density in ex-coal-mining 

soil was considerably lower compared to that in the 

non-mining land. The microbial (bacterial and fungal) 

diversity and density were lower in deeper layers of 

soil in both post-coal-mining and non-mining land, 

and tended to decrease soil layer depth increased. In 

contrast to fungi and bacteria, entomopathogenic 

nematodes were observed to be more abundant in 

the post-mining than in non-mining land in terms of 

their diversity and density. Additionally, nematodes 

were more abundant in the deeper layers of soil. Soil 

fertility was found to be lower in ex-coal-mining land, 

as characterized by several soil physicochemical 

properties, of which the lower soil pH, basic 

saturation, Soil Organic Carbon (SOC) and nutrient 

content detected likely supported a smaller microbial 

community compared to the non-mining land. 
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