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a Faculty of Natural Resources & Marine Sciences, Tarbiat Modares University, 46417-76489, Noor, Mazandaran, Iran
b Grupo de Ecoloxía Animal (GEA), Universidade de Vigo, Vigo, E-36310, Spain
c Key Laboratory of Wetland Ecology and Environment, State Key Laboratory of Black Soils Conservation and Utilization, Northeast Institute of Geography and 
Agroecology, Chinese Academy of Sciences, Changchun, 130102, China
d State Environmental Protection Key Laboratory of Wetland Ecology and Vegetation Restoration, School of Environment, Northeast Normal University, Changchun, 
130117, China
e Key Laboratory of Vegetation Ecology, Ministry of Education, Northeast Normal University, Changchun, 130024, China
f Jilin Provincial Key Laboratory of Animal Resource Conservation and Utilization, Northeast Normal University, Changchun, 130117, China

A R T I C L E  I N F O

Keywords:
Anecic
Earthworms
Endogeic
Epigeic
Litter decomposition
Mountain areas
Soil function

A B S T R A C T

Earthworms are known as the intestines of the Earth. Despite this, there is not much information available 
regarding the effects of different combinations of earthworm ecological categories (i.e., epigeic, anecic, and 
endogeic) on litter decomposition rates and soil properties changes, particularly in mountainous regions. These 
ecological categories differ in their functional traits, including feeding behavior, burrowing activity and life 
history. The current study was conducted in the Kojur region (covered by Berberis integerrima Bunge. and Cra
taegus melanocarpa M.B.) in northern Iran, where Eisenia fetida (epigeic), Lumbricus terrestris (anecic), and Perelia 
kaznakovi (endogeic) are the most common representatives of the soil earthworms. The experiment comprised 
eight different treatments [epigeic – anecic – endogeic (Ep-An-En), epigeic – anecic (Ep-An), epigeic – endogeic 
(Ep-En), anecic – endogeic (An-En), epigeic (Ep), anecic (An), endogeic (En), and control treatment (soil without 
earthworms) (WE)]. Our findings showed that the maximum rates of litter decomposition were viewed in the 
following order of treatments: Ep-An-En, Ep-An, Ep-En, An-En, Ep, An, En, and control treatment. Moreover, we 
found that the combined treatments with different earthworm ecological categories led to an increase in soil 
aggregate stability and soil porosity. Likewise, it appears that the joint presence of the three earthworm 
ecological categories stimulated other soil fauna (acarina, collembola, nematode and protozoa), as well as fungal 
and bacterial populations, and the activities of enzymes such as urease, acid phosphatase, arylsulfatase and 
invertase, leading to higher values after one year, accompanied by an increase in soil fertility. Taken together, 
the present study provides evidence that different earthworm ecological categories, when present together, can 
contribute positively to ecosystem services through their impact on soil properties, which is highly significant for 
nutrient cycling and the stability of mountainous ecosystems.

1. Introduction

Earthworms and their soil activities are among the most influential of 
all terrestrial invertebrate soil biota (Phillips et al., 2019). Charles 
Darwin spent years of his life studying earthworms' effects on the for
mation and transformation of humus and soil transport. In the Northern 
Hemisphere, the family Lumbricidae comprises around 200 earthworm 
species (Kooch and Hosseini, 2015; Kooch, 2023), whose impact on soil 

properties largely depends on their differences in functional traits, 
including feeding behavior, burrowing activity and life history (Blouin 
et al., 2025). Earthworm burrows vary in volume, orientation, tortuos
ity, stability and connectivity (Edwards and Bohlen, 1996; Palm et al., 
2013; Phillips et al., 2021). Some of the most important characteris
tics are summarized by Bouche (1975) in a classification system of 
earthworms into three ecological life types: anecics, endogeics and 
epigeics. Anecic earthworms create permanent, vertical burrows down 
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to a 3 m depth. They collect their food from the litter layer at the soil 
surface, so their burrows connect soil surface with deeper soil layers. In 
comparison, endogeic and epigeic earthworms burrow horizontally. 
Endogeics rarely come to the soil surface searching for food mainly in 
the upper soil layer (10–30 cm). In contrast to anecics, they have a 
highly branched, less stable burrow system (with species-specific dif
ferences). The epigeics live and feed in the topsoil without any specific 
burrow system. Due to these different activity patterns, these three 
ecological these three ecological groups play different roles in soil 
functioning. (Palm et al., 2013; Bottinelli and Capowiez, 2021; Kooch 
and Kuzyakov, 2024; Kooch, 2025; Liu et al., 2025).

For instance, Crumsey et al. (2013) observed that the combined 
presence of epigeic and endogeic species (Eisenia fetida, Lumbricus ter
restris and Aporrectodea trapezoids) led to higher microbial activities and 
higher carbon dioxide emission from a forest soil. Likewise, Hoeffner 
et al. (2019) reported that the addition of both epigeic and anecic 
earthworms resulted in higher activities of soil enzymes. In their meta- 
analysis, Huang et al. (2020) acknowledged that earthworms from all 
three categories increased plant residue decomposition and soil carbon 
storage. Song et al. (2025) also indicated that the joint action of epigeic 
and anecic species was accompanied by an increase in soil labile organic 
carbon. Taken together, the above mentioned studies provided evidence 
that different ecological categories influence soil chemical and (micro) 
biological properties to varying degrees, but such effects will depend on 
the environmental conditions of the region (i.e., climate, litter quality 
and soil texture) (Wan et al., 2025; Zhao et al., 2025). Nevertheless, 
most research on earthworm effects has primarily focused on temperate 
ecosystems, while semi-arid regions has received less attention.

To fulfil this knowledge gap, in the present study we evaluated the 
impact of three earthworm ecological groups, each representing a 
different ecological group (epigeic, anecic, and endogeic), under single- 
species and combination treatments in litter decomposition and soil 

properties under field conditions in a mountainous region in northern 
Iran. We hypothesized that: (1) the rate of litter decomposition will be 
enhanced in treatments in which two or three earthworm ecological 
categories are present; (2) after one year, the distinct feeding strategies 
and burrowing behaviours of earthworms in treatments with mixed (two 
or three) ecological categories will increase soil porosity and aggregate 
stability; and (3) these activities are expected to positively influence the 
abundance and activity of other soil biota and, hence soil fertility.

2. Materials and methods

2.1. Study area

This investigation was conducted in the Peydeh region, within the 
Kojour district of Nowshahr County, Mazandaran Province in northern 
Iran (Fig. 1A). This region exhibits a semi-arid mountainous climate, 
with an elevation averaging 1600 m above sea level, an annual precip
itation of 370 mm, and an annual potential evapotranspiration of 1300 
mm. The mean monthly minimum temperature is 5 ◦C in January/ 
February, and the mean monthly maximum temperature is 22 ◦C in 
July/August (Fig. 1B). B. integerrima and C. melanocarpa account for 55 
and 35% of the plant community, respectively. The vegetation cover of 
Rhamnus pallasii L. constitutes approximately 5% of the study area, 
while other plant species including Thymus transcaspicus Klokov., 
Astragalus gossypinus Fisch., Medicago minima L., Bromus danthoniae 
Trin., and Festuca ovina L., each represent less than 1% of the surveyed 
area. In addition, litter mass was found within a range of 5 to 8 kg m− 2, 
with a mean earthworm densities of two to four individuals per square 
meter (Ghaderi, 2024). This density falls within the range reported for 
similar semi-arid mountainous ecosystems (Piri et al., 2025).

Fig. 1. Location of the study area in the north of Iran (A), Embrotermic curve based on meteorological data (B), schematic representation of the spatially separated 
earthworm treatments (in distance of at least 500 m from each other), along with a view of soil excavation in 1 × 1-m plots to a depth of 30 cm in the study area (C).
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2.2. Experimental design

In order to study the impact of different earthworm ecological cat
egories on litter decomposition and soil properties, the following species 
were selected: E. fetida (epigeic), L. terrestris (anecic) and P. kaznakovi 
(endogeic). According to Ghaderi (2024) and Sohrabzadeh and Kooch 
(2024), these earthworm species are the most common members of 
the Lumbricidae family in the study area. A total of eight earthworm 
treatments (see Supplementary Table S1 and Fig. 1C) were established in 
the present study: 

(1) Ep–An–En: three earthworms (1 epigeic +1 anecic +1 endogeic; 
n = 10);

(2) Ep–An: three earthworms (1 epigeic +2 anecic, n = 5; and 2 
epigeic +1 anecic, n = 5);

(3) Ep–En: three earthworms (1 epigeic +2 endogeic, n = 5; and 2 
epigeic +1 endogeic, n = 5);

(4) An–En: three earthworms (1 anecic +2 endogeic, n = 5; and 2 
anecic +1 endogeic, n = 5);

(5) Ep: three epigeic earthworms (n = 10);
(6) An: three anecic earthworms (n = 10);
(7) En: three endogeic earthworms (n = 10);
(8) WE: control soil without earthworms (n = 10).

To conduct this research, a series of field surveys were carried out in 
the study area in early May in 2024 to collect specimens with approxi
mately uniform biomass of the above-mentioned earthworm species (see 
Table 1). Subsequently, soil excavation was carried out at 80 different 
locations (selecting areas with similar bedrock materials, physiographic 
and climatic conditions, as well as without influence of fertilization, 
degradation and livestock grazing) within 1 × 1 m square plots, down to 
a depth of 30 cm (Fig. 1C). To this end, we collected soil samples at three 
different depths (i.e., 0–10 cm, 10–20 cm, and 20–30 cm); and those 
from the same depth were combined to form a composite sample. At the 
same time, the organic layer on the soil surface (litter) was collected and 
mixed together. In the excavated soil sections, a mesh screen with a 
mesh size of [1 × 1 mm] was placed at the bottom of the pit to prevent 
the entry of other macrofauna, and also to ensure that the studied 
earthworms could not move downwards out of these pits. Following this, 
the mixed soil (MS) from each depth was poured into the pits until they 
were filled. The MS represents the initial homogenized soil prior to 
treatment application, whereas the control treatment corresponds to the 
same soil after one year of field incubation without earthworms. Aiming 
to investigate the rate of litter decomposition in the field, the mixed 
litter was placed in litter bags and secured at the four corners of the 1 m2 

plots. Each litter bag contained 2 kg of litter, enclosed in plastic bags 
with a mesh size of 1 × 1 cm and dimensions of 30 × 30 cm. Based on the 
aforementioned treatments earthworms were then added to the exper
imental plots, and the enclosure was sealed with netting to prevent the 
escape of earthworms (or the entry of other macrofauna) and to ensure 
no additional litter entered the plots.

2.3. Soil sampling and laboratory analyses

Ten replicates of the collected mixed litter were selected and taken to 
the laboratory for chemical analysis. To quantify the content of total 
carbon (C) and other nutrients like nitrogen (N), phosphorus (P), po
tassium (K), calcium (Ca), and magnesium (Mg) in the litter samples, the 
dry combustion method was employed using a Fisons EA1108 elemental 
analyzer (Milan, Italy) (Parsapour et al., 2018). For each treatment and 
time interval (90, 180, 270, and 360 days after the establishment of the 
experiment), one litter bag was transferred from the field to the labo
ratory and weighed. Soil sampling was conducted in June 2024 and one 
year after the experimental set-up (June 2025). At this point in time, 
earthworms were extracted from each of the studied treatments and 
weighed.

Soil bulk density was determined in compliance with the standard 
procedure described by Plaster (1985). Particle density was evaluated 
through the pycnometer technique as stated by Blake and Hartge (1986); 
and soil porosity was assessed based on the eq. 1- 
(bulk density/particle density) (Pires et al., 2014). The mean weight 
diameter (MWD) was calculated as proposed by Kemper and Rosenau 
(1986). The stability of soil aggregates, as well as the percentage of 
macro- and micro aggregates were assessed according to Pojasok and 
Kay (1990), and Cambardella and Elliott (1992). To determine soil 
texture, the hydrometer method was employed following the procedure 
proposed by Bouyoucos (1962). Moisture content was done on oven- 
dried soil samples after 24 h at 105 ◦C (Evett et al., 2009). Soil tem
perature measurements were taken in-situ using a Dostmann digital 
thermometer (Ottersberg, Germany) as described by Zancan et al. 
(2006). A pH and EC meters (Model 901 Orion Ionalyzer) were 
respectively used to measure soil pH and electrical conductivity (EC) in 
1:5 and 1:2.5 water-to-soil ratios. To quantify soil organic carbon (SOC) 
and total nitrogen (N) content, the Walkley–Black wet oxidation tech
nique (Allison, 1975) and semi-micro Kjeldahl procedure were 
employed, respectively. In addition, the C and N stocks were calculated 
based on their concentrations and soil bulk density data (Bremner and 
Mulvaney, 1982; Sariyildiz et al., 2015). Soil ammonium (NH₄+) and 
nitrate (NO₃− ) contents were measured with a colorimetric test ac
cording to Lu (1999); the changes of these two ions over time were also 
calculated to give the net rate of nitrogen mineralization as described by 
Li et al. (2014). The available amount of P (using Olson method), K, Ca 
and Mg (using atomic absorption spectrometry) were determined ac
cording to Bower et al. (1952) and Homer and Pratt (1961).

The cation exchange capacity (CEC) was assessed as indicated by 
Bower et al. (1952). The extraction and refining of fulvic and humic 
acids were done as outlined by Sparks and Bartels (1996). Soil organic 
matter (SOM) fractions including particulate organic matter and nitro
gen (POC and PON), dissolved organic matter and nitrogen (DOC and 
DON), cold and hot-water-soluble for organic carbon and total nitrogen 
along with free and occluded light fractions were determined following 
the procedures of Cambardella and Elliott (1992) and Wang and Wang 
(2011). Soil basal respiration (BR) was measured according to Alef 
(1995); and substrate-induced respiration (SIR) by mixing soil samples 
with 1% (w/w) glucose (Anderson and Domsch, 1990). Soil microbial 
biomass C, N and P (MBC, MBN, and MBP) were analyzed using the 
chloroform fumigation-extraction technique (Brookes et al., 1985). 
Microbiological indices including metabolic coefficient (qCO2, BR/ 
MBC), carbon availability index (CAI, BR/SIR) and microbial ratio 
(MBC/C) were calculated based on Jia et al. (2005). Urease, acid 
phosphatase, arylsulfatase and invertase enzymatic activities were per
formed by colorimetric techniques (Alef and Nannipieri, 1995). The 
method provided by Hutson and Veitch (1987) was used to determine 
the density of acarina and collembola. A modified cotton-wool filter 
method was employed to extract nematodes (Liang et al., 2009); and the 
population densities of soil protozoa were determined as depicted by 
Mayzlish and Steinberger (2004). The agar plate culture method was 
used to count the colony forming units (CFUs) of soil fungal and bac
terial populations (Wollum, 1983).

2.4. Statistical analysis

The first step was to test the normality and homogeneity conditions 
of the data using the Kolmogorov-Smirnov and Levene tests, respec
tively. To examine the changes in the rate of litter decomposition in 
response to the different earthworm treatments, a one-way analysis of 
variance (ANOVA) test was employed with regards to the surveyed 
sampling points. The changes in earthworm biomass at the beginning 
and the end of the study period across the different treatments were 
analyzed using an independent sample t-test. The response of the 
measured soil properties to the proposed treatments and studied depths 
was investigated using a general linear model (GLM) analysis. All 
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Table 1 
Soil microbial properties (mean ± standard error; n = 10) under the activity of the three ecological categories of earthworms at different soil depths.

Soil 
properties

Depth 
(cm)

Ecological categories of earthworms

MS Ep-An-En Ep-An Ep-En An-En Ep An En WE

BR 0–10 0.15 ±
0.02AB

0.31 ± 0.06 
A

0.28 ±
0.06AB

0.24 ±
0.06AB

0.27 ±
0.05AB

0.15 ±
0.05AB

0.20 ±
0.05AB

0.15 ± 0.06AB 0.12 ±
0.02B

10–20 0.10 ± 0.02C 0.25 ± 0.04 
A

0.24 ±
0.04AB

0.22 ±
0.04ABC

0.26 ± 0.04 
A

0.12 ±
0.04BC

0.16 ±
0.03ABC

0.17 ±
0.03ABC

0.10 ±
0.01C

20–30 0.08 ±
0.02AB

0.17 ±
0.04AB

0.17 ± 0.04 
AB

0.18 ± 0.04 
AB

0.20 ± 0.04 
A

0.10 ±
0.01AB

0.13 ±
0.02AB

0.08 ± 0.01B 0.06 ±
0.00B

Mean 0.11 ± 0.01B 0.24 ± 0.03 
A

0.23 ± 0.03 
A

0.21 ± 0.02 
A

0.24 ± 0.02 
A

0.12 ± 0.02B 0.16 ±
0.02AB

0.13 ± 0.01B 0.09 ±
0.01B

SIR 0–10 0.87 ±
0.12DE

1.55 ±
0.09Aa

1.35 ±
0.05ABa

1.04 ±
0.10CD

1.37 ±
0.07ABa

0.92 ±
0.01DE

1.25 ±
0.06BCa

0.83 ± 0.10DE 0.74 ±
0.07E

10–20 0.80 ±
0.07CD

1.24 ±
0.06Ab

1.12 ±
0.10ABb

1.02 ±
0.07ABC

1.19 ±
0.11Aab

0.88 ±
0.07BCD

1.07 ±
0.01ABCab

0.84 ±
0.11CD

0.66 ±
0.07D

20–30 0.66 ± 0.04E 1.14 ±
0.05Ab

1.07 ±
0.05ABb

1.02 ±
0.03ABC

1.04 ±
0.04ABCb

0.90 ±
0.03CD

0.93 ±
0.04BCDb

0.82 ± 0.07D 0.45 ±
0.04F

Mean 0.77 ± 0.05E 1.31 ± 0.05 
A

1.18 ±
0.04AB

1.02 ±
0.04CD

1.20 ±
0.05AB

0.90 ±
0.04DE

1.08 ±
0.05BC

0.83 ± 0.05E 0.62 ±
0.04F

MBC 0–10 168.74 ±
7.59Ba

324.68 ±
30.39 A

279.43 ±
34.47 A

271.72 ±
39.32 A

287.66 ±
36.86 A

229.50 ±
39.44AB

246.26 ±
38.58AB

235.97 ±
13.27AB

151.74 ±
13.15B

10–20 137.50 ±
13.08Cb

315.40 ±
33.63 A

288.20 ±
39.41AB

242.70 ±
34.93AB

282.60 ±
37.02AB

206.30 ±
33.81BC

254.30 ±
37.80AB

223.74 ±
34.93ABC

128.79 ±
9.61C

20–30 112.16 ±
9.77Cb

298.92 ±
22.86 A

215.30 ±
20.37AB

235.50 ±
32.56AB

250.10 ±
33.08AB

202.60 ±
32.76B

219.80 ±
33.41AB

216.43 ±
31.55AB

110.98 ±
3.74C

Mean 139.47 ±
7.21D

313.00 ±
6.45 A

260.97 ±
9.05BC

250.00 ±
20.10BC

273.45 ±
20.13AB

212.80 ±
11.22C

240.12 ±
16.01BC

225.38 ±
6.20BC

130.50 ±
5.32D

MBN 0–10 22.12 ±
1.27Ca

33.42 ±
4.46AB

32.50 ±
2.87ABb

28.37 ±
3.67ABC

23.90 ±
2.13BCa

24.16 ±
3.70BCa

33.92 ±
3.06Aa

21.81 ±
3.69Ca

20.15 ±
0.73C

10–20 18.76 ±
1.49CDab

28.42 ±
2.95 A

25.54 ±
2.54ABab

23.86 ±
2.00ABC

19.12 ±
0.09CDb

19.38 ±
2.00CDab

22.07 ±
1.95BCDb

17.58 ±
2.00CDab

17.11 ±
1.23D

20–30 16.97 ±
1.36DEb

25.54 ±
2.18 A

23.79 ±
1.82ABb

21.05 ±
0.95BC

19.07 ±
0.48CDb

16.17 ±
0.82DEb

18.82 ±
1.60CDb

14.16 ±
1.00Eb

14.36 ±
0.69E

Mean 19.29 ±
0.86D

29.13 ±
1.95 A

27.28 ±
1.53AB

24.42 ±
1.49BC

20.70 ±
0.89CD

19.90 ±
1.51D

24.94 ±
1.75B

17.85 ±
1.50D

17.21 ±
0.67D

MBP 0–10 22.67 ±
2.14C

55.17 ±
7.05 A

51.05 ±
7.56AB

37.88 ±
8.13ABC

42.54 ±
6.92ABC

32.34 ±
8.15BC

37.19 ±
6.91ABC

28.07 ±
8.13C

20.83 ±
2.46C

10–20 19.46 ±
2.18C

47.18 ±
6.58 A

43.43 ±
6.49AB

28.00 ±
7.30BC

41.20 ±
6.25AB

22.04 ±
7.30C

35.25 ±
6.34ABC

18.74 ±
7.28C

18.30 ±
0.95C

20–30 17.91 ±
1.20DE

44.40 ±
2.61 A

38.55 ±
4.80AB

24.10 ±
1.66CD

36.80 ±
4.32AB

18.47 ±
1.67DE

31.47 ±
4.31BC

13.64 ±
1.61E

15.15 ±
1.07DE

Mean 20.01 ±
1.12E

49.15 ±
2.95 A

44.34 ±
3.68 A

29.99 ±
3.71CD

40.18 ±
3.34AB

24.28 ±
3.72DE

34.64 ±
3.35BC

20.15 ±
3.72E

18.09 ±
1.01E

MBC/MBN 0–10 7.46 ± 0.63B 10.11 ±
1.15AB

9.29 ±
1.45AB

10.01 ±
1.39AB

13.15 ±
1.88 A

10.03 ±
1.63AB

7.45 ± 1.03B 12.66 ± 1.39 
A

7.51 ±
0.55B

10–20 8.62 ± 1.15B 10.71 ±
1.70AB

12.60 ±
2.05AB

10.64 ±
1.66AB

15.39 ±
2.16 A

11.35 ±
2.03AB

12.67 ±
2.25AB

13.70 ±
2.35AB

7.77 ±
0.70B

20–30 6.73 ± 0.52C 11.10 ±
0.71ABC

9.75 ±
0.11BC

11.17 ±
0.52ABC

13.29 ±
0.91AB

12.49 ±
0.95AB

13.27 ±
0.19AB

15.35 ± 0.17 
A

7.89 ±
0.48BC

Mean 7.60 ± 0.47C 10.64 ±
0.70B

10.54 ±
0.92B

10.61 ±
0.85B

13.94 ±
1.12 A

11.29 ±
1.12AB

11.13 ±
1.06AB

13.90 ± 1.38 
A

7.72 ±
1.14C

qCO2 0–10 0.83 ± 0.15 1.23 ± 0.42 1.41 ± 0.51 1.21 ± 0.47 1.34 ± 0.49 1.09 ± 0.57 1.55 ± 0.69 0.74 ± 0.32 0.88 ± 0.21
10–20 0.63 ± 0.17 1.22 ± 0.31 1.01 ± 0.15 1.11 ± 0.31 1.02 ± 0.18 0.79 ± 0.09 0.70 ± 0.06 0.96 ± 0.09 0.80 ± 0.03
20–30 0.63 ±

0.12AB
0.58 ±
0.03AB

0.85 ±
0.02AB

0.82 ±
0.03AB

0.92 ± 0.09 
A

0.44 ±
0.05AB

0.69 ±
0.07AB

0.35 ± 0.03B 0.60 ±
0.03AB

Mean 0.70 ± 0.08 1.01 ± 0.18 1.09 ± 0.19 1.05 ± 0.19 1.09 ± 0.18 0.77 ± 0.02 0.98 ± 0.04 0.68 ± 0.05 0.76 ± 0.09
Microbial 

ratio
0–10 77.23 ± 7.79 164.12 ±

35.82
139.26 ±
35.76

130.49 ±
32.86

138.40 ±
32.76

183.64 ±
53.17

159.67 ±
37.18

176.57 ±
32.07

176.57 ±
13.45

10–20 125.82 ±
35.63

139.89 ±
35.62

119.97 ±
21.34

121.16 ±
23.11

113.64 ±
18.00

136.47 ±
25.91

284.10 ±
29.54

159.67 ±
32.08

504.51 ±
28.84

20–30 92.91 ±
10.17AB

125.72 ±
19.02AB

102.36 ±
5.28AB

154.08 ±
6.84AB

153.96 ±
8.95AB

145.22 ±
8.85AB

149.60 ±
1.65AB

171.21 ±
5.08 A

78.75 ±
9.82B

Mean 99.00 ±
12.72

143.24 ±
17.61

120.53 ±
14.54

135.24 ±
15.72

135.24 ±
15.52

155.11 ±
21.50

197.79 ±
44.99

169.15 ±
18.49

227.46 ±
22.13

CAI 0–10 0.15 ± 0.02 0.29 ± 0.07 0.22 ± 0.04 0.26 ± 0.07 0.21 ± 0.05 0.20 ± 0.08 0.17 ± 0.04 0.22 ± 0.09 0.22 ± 0.09
10–20 0.12 ± 0.03 0.28 ± 0.08 0.25 ± 0.04 0.26 ± 0.08 0.25 ± 0.05 0.20 ± 0.09 0.18 ± 0.04 0.22 ± 0.05 0.16 ± 0.04
20–30 0.11 ± 0.02 0.16 ± 0.04 0.18 ± 0.05 0.19 ± 0.04 0.20 ± 0.05 0.11 ± 0.04 0.16 ± 0.04 0.10 ± 0.05 0.14 ± 0.02
Mean 0.13 ± 0.09B 0.24 ± 0.02 

A
0.21 ±
0.05AB

0.24 ±
0.02AB

0.22 ±
0.06AB

0.17 ±
0.03AB

0.17 ±
0.04AB

0.18 ± 0.03AB 0.18 ±
0.03AB

Different capital letters in each line indicate significant differences (p < 0.05) under the activity of different ecological categories of earthworms. Different small letters 
in each column indicate significant differences (p < 0.05) among soil depths. Full names of soil properties: basal respiration (BR), Substrate induced respiration (SIR), 
Microbial biomass C (MBC), Microbial biomass N (MBN), Microbial biomass P(MBP), Metabolic quotient (qco2), Carbon availability index and ecological categories 
used in earthworm treatments: epigeic–anecic–endogeic (Ep-An-En), epigeic–anecic (Ep-An), epigeic–endogeic (Ep-En), anecic–endogeic (An-En), epigeic (Ep), anecic 
(An), endogeic (En), and the control treatment without earthworms (WE).
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statistical computations were undertaken with SPSS version 21. Besides, 
soil data were also subjected to principal component analysis (PCA) to 
identify major patterns of variation. PCA is frequently used as an ordi
nation and data reduction technique to distinguish among treatments 
and to determine the most important parameters to characterize those 
treatments (Jiang et al., 2009). For this, we used PC-Ord version 5.0 
(McCune and Mefford, 1999) as a statistical tool to (1) reduce the 
number of multiple dependent variables, (2) solve problems of multi
collinearity and (3) classify and group soil samples or treatments with 
regards to the measured soil attributes (Bastida et al., 2006). In order to 
explore how the earthworm treatments affected the surveyed soil 
properties, a structural equation model (SEM) was applied using Amos 
20.0.

3. Results

3.1. Litter decomposition and changes in earthworm biomass

After one year, the highest litter decomposition rate was observed in 
the presence of all three earthworm categories (i.e., Ep-An-En treat
ment). In this treatment, the residual litter mass was 3.8 times lower 
than the initial mass at the beginning of the experiment. This reduction 
was less pronounced in the remaining treatments (that is, Ep-An, Ep-En, 
An-En, Ep and An treatments), with litter rates between 2 and 2.5 times 
lower at the end of the experiment; and, the lowest rate was found in the 
control treatment (1.3 times lower after one year; Fig. 2). In addition to 
evaluating the effects of earthworms on litter decomposition, changes in 
earthworm biomass were assessed to determine the establishment and 
persistence of different ecological groups throughout the experiment. 
The greatest increase in earthworm biomass was observed following the 
addition of the three earthworm categories (i.e., Ep-An-En treatment), in 
which the biomass increased by 20% in relation to the original biomass 
at the start of the trial. Moreover, an increase in biomass of 15% was 
found for the anecic species in the anecic treatment, and of 13.5% for the 
endogeic species in the An-En treatment (Supplementary Table S2).

3.2. The influence of earthworms on soil physical properties

While the soil bulk density was not significantly affected by earth
worm presence, the highest particle density was recorded in the control 
treatment and in those treatments comprising a single earthworm 
ecological category, that are Ep, An or En treatments (see 

Supplementary Tables S3, Table S4). After one year, the soil porosity 
increased by 1.3-fold in the Ep-An treatment compared to the MS. The 
highest mean weighed diameter (MWD) was found in the Ep-En treat
ment. Moreover, the Ep-An and Ep-An-En treatments were accompanied 
by an increase of 2.5-times in the soil macro-aggregates compared to the 
control. The soil aggregate stability showed a 2-fold increase in the 
combined presence of epigeic and anecic earthworms in comparison 
with the mixed soil and control treatment. In the case of soil texture, the 
highest sand fractions (31.20%) were recorded in the control and 
endogeic-only treatment groups. The greatest silt and clay contents were 
reported for the mixed soil and when all three earthworm categories 
were present, respectively. The initial mixed soil together with the 
control soil and those treatments including En or Ep earthworms 
exhibited a lower moisture content. Soil temperature was incrementally 
higher (+1 ◦C) in the Ep-An-En treatment, yet mean temperature values 
were not significantly different among the experimental treatments, and 
the highest moisture and temperature values were recorded in the 
topsoil (0–10 cm) (Supplementary Table S3, Table S4).

3.3. The influence of earthworms on soil chemical properties

The presence of earthworms did not induce significant differences in 
soil pH, whereas the greatest EC values were detected in treatments 
containing two or three earthworm ecological categories, with an in
crease of approximately 0.20 dS m− 1 compared with the mixed soil and 
about 0.16 dS m− 1 relative to the control treatment. These differences 
were statistically significant (p < 0.05) (Supplementary Table S3, 
Table S5). The highest level of carbon within soil micro-aggregates was 
attributed to the Ep-An-En treatment and was significantly higher than 
in the other treatments (p < 0.05), whereas the carbon content in soil 
macro-aggregates revealed no statistically significant differences across 
treatments. The Ep-An and Ep-An-En treatments exhibited the highest 
carbon storage in the soil. Likewise, soil nitrogen levels in those treat
ments referring to Ep-An, Ep-En and Ep-An-En increased by two-fold in 
comparison with the mixed soil. An increased nitrogen content in soil 
macro aggregates was associated with the An-En, Ep-En, and Ep-An-En 
treatments. Moreover, the Ep-An-En and Ep-An combinations resulted 
in the highest nitrogen content in microaggregates and soil nitrogen 
stocks, respectively. After one year, the soil C/N ratio showed a signif
icant decrease in the studied treatments, and the lowest C/N ratio was 
reported for the Ep-En treatment, which exhibited a 50% reduction 
compared to the control soil. The greatest nitrogen mineralization rate 
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Fig. 2. Amount of residual litter (42.23% total carbon, 1.05% nitrogen, 3.66% phosphorus, 1.58% potassium, 1.31% calcium, and 0.51% magnesium) under the 
activity of the different ecological categories of earthworms over one year. Different letters in each column indicate significant differences (p < 0.05) for each 
ecological group. Full names of the ecological categories of earthworm treatments epigeic - anecic – endogeic (Ep-An-En), epigeic – anecic (Ep-An), epigeic – endogeic 
(Ep-En), anecic – endogeic (An-En), epigeic (Ep), anecic (An), endogeic (En), and control treatment without earthworms (WE).
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(40.45 mg N kg− 1) and nitrate content (13.97 mg kg− 1) were recorded in 
the Ep-An-En treatment, while the highest soil ammonium content was 
attributed to the Ep-An treatment. Soil available P was about 1.4 times 
higher in the Ep-An, An-En, and Ep-An-En treatments than in the con
trol. The amounts of available soil K and Ca were about 50% higher in 
the presence of all three earthworm categories (Ep-An-En) compared to 
the control soil. Likewise, the highest values for available Mg and soil 
CEC were associated with the Ep-An-En combined treatment. Two 
treatment groups—Ep-An-En and Ep-An— were associated with a sig
nificant increase in the soil fulvic and humic acid contents. The greatest 
values of CWC, HWC, HWN, FLF, CFLF, OFLF, POC, and PON were found 
following the joint addition of all three earthworm categories (Ep-An- 
En), while the highest value for CWN was observed in the Ep-An treat
ment. After one year, the highest POC/PON ratio was recorded in the 
control soil; nonetheless, the highest DOC (41.35 mg kg− 1) and DON 
(18.39 mg kg− 1) levels were attributed to the Ep-An-En treatment. The 
soil OLF and DOC/DON measurements revealed no statistically signifi
cant differences across the treatments under investigation (Supple
mentary Table S3, Table S5).

3.4. The influence of earthworms on soil biological properties

The independent effects of earthworm presence and soil depth on 
most soil biological variables were significant, while this did not occur 
for the interaction between these two factors (Supplementary Table S3). 
The results revealed a pronounced increase in BR and MBP in the 
presence of all three earthworm categories (Ep-An-En) and in the Ep-An 
combined treatment, with a 75% increase compared to the control soil. 
Increased values of SIR, MBC and MBN were also recorded in the Ep-An- 
En treatment, while the lowest levels for these parameters were found in 
the control. Soil in the An-En, En treatments, which containing endogeic 
earthworms had the greatest MBC/MBN ratio, while qCO2, MR, and CAI 
revealed no statistically significant differences among the studied 
treatments. The joint presence of all three earthworm ecological groups 
(Ep-An-En) led to a significant increase in the activities of the targeted 
extracellular enzymes (urease, acid phosphatase, arylsulfatase, and 
invertase); and, lower enzyme activities were registered with increasing 
soil depth across all treatments. An increasing trend with earthworm 
presence was reported for the populations of acarina, nematodes, pro
tozoa, and fungi; while, the density of Collembola and the fungal to 
bacterial ratio did not significantly vary among treatments (Tables 1 and 
2, Supplementary Table S3).

3.5. Relationship between earthworms, litter decomposition, and soil 
properties

The principal component analysis (PCA) revealed substantial dif
ferences in the soil properties in response to the different earthworm 
treatments, with PC1 and PC2 explaining 36.92% and 14.64% of the 
total data variation, respectively (Fig. 3 and Supplementary Table S6). 
The indicators of soil fertility and earthworm density were mainly 
correlated with PC1, whereas the soil physical and chemical properties 
(including bulk density, total N, N stocks, MBC/MBN ratio, MBC/C ratio, 
and CEC) were mainly associated to PC2. Moreover, we found that Ep- 
An-En treatment was accompanied by a higher soil fertility and soil 
biological activity (Fig. 3 and Supplementary Table S6). The principal 
components were found to be positively correlated to the various soil 
properties, including soil stability, macro-aggregate content, total C, 
DOC, Ca, NH4

+, labile SOM fractions, Nmin, earthworm density and 
biomass, as well as to several biological indicators (i.e., total nematode 
abundance, protozoan density, total bacterial count, BR, SIR, MBN, 
MBP, and soil enzyme activities). All the above mentioned soil param
eters were included in the SEM analysis (Supplementary Fig. S1). Such 
analysis revealed that earthworm presence had an indirect impact on the 
physical and chemical properties of the soil, while it had a direct effect 
on the soil biological properties. Besides, the interconnection between 

the studied properties showed that the physical and chemical variables 
exerted the strongest direct impact on the soil biochemical properties, 
while the impact of these properties on the biological parameters was 
mainly indirect (Supplementary Fig. S1). Soil depth also had an indirect 
effect on the measured soil properties.

4. Discussion

4.1. Changes in litter decomposition and earthworm biomass

Earthworms alter ecosystem function by affecting the process of litter 
decomposition and nutrient cycling (Ligrone et al., 2024). In agreement 
with Dechaine et al. (2005) and Huang et al. (2020), in the present study 
earthworm presence was associated with a reduction in residual litter 
levels. Indeed, the lowest amount of litter was observed when all three 
earthworm categories were present. The greater substrate decomposi
tion exerted by epigeic earthworms is likely related to their feeding 
habits, as they are substrate dwellers, while endogeic species often 
preferentially consume the soil itself. Liao et al. (2024) and Patoine et al. 
(2020) also stated that the presence of epigeic earthworms play a more 
prominent role in increasing litter decomposition. Nevertheless, Araujo 
et al. (2004) found no differences in the rate of litter decomposition with 
earthworm presence. Some plausible reasons for these discrepancies 
could be attributed to differences in the amount of available litter, as 
well to the distinct environmental conditions, and the shorter duration 
of their trial. In our study, after one year from the start of the experi
ment, all of the studied treatments experienced an increase in earth
worm biomass. Among them, epigeic earthworms reached the highest 
biomass compared to the endogeic and anecic species. The specificity of 
the epigeic species' ecological niche in the surface soil layer can be 
related to this increase, as this layer contains a high-quality food source 
and a greater amount of organic matter and carrion (Brown, 1995).

4.2. Changes in soil physical properties with earthworm presence

Earthworms cause significant changes in soil physical properties and 
soil structure through their burrowing, feeding and excretion activities 
(Kooch and Jalilvand, 2008). It is likely that the presence of all three 
earthworm ecological categories was accompanied by an increased 
burrowing activity, followed by a decrease in soil bulk density, similar to 
that in Meurer et al. (2020), although this reduction was not statistically 
significant (P > 0.05). Likewise, the lowest particle size distribution was 
reported in the Ep-An-En treatment, which can be attributed to the 
participation of earthworms in the soil formation and decomposition, as 
well as in the transformation of organic matter, thereby affecting various 
soil properties, including particle size (Curry, 2004). Consistent with our 
results, previous studies from Vazquez et al. (2020) and Teutscherová 
et al. (2021) have shown that an increased soil porosity is associated 
with a higher earthworm abundance, which may influence the coarse 
pores through their burrowing activities. In our study, we observed that 
the stability of soil aggregates increased with the combined presence of 
ecological categories of earthworms which concurs with the results of 
Al-Maliki and Scullion (2013). The factors that can be credited with this 
increase are the upsurge in supply of degradable litter and plant remains 
(Kooch and Kuzyakov, 2024). Although soil texture is one of the intrinsic 
characteristics of soil, earthworm activity can change the share of each 
soil texture component (i.e., sand, silt and clay) at different soil layers 
(Brady and Weil, 2008; Binkley and Fisher, 2020; Kooch et al., 2025). In 
this regard, according to our findings, the overall soil texture under the 
studied treatments was the same, but the movement and displacement of 
earthworms from different groups changed the share of each of these 
components at the studied soil depths. In any case, part of these changes 
in different soil layers can also be due to the Lessivage phenomenon (the 
movement of finer particles to lower soil layers due to the soil leaching 
process with scattered rain or melting winter snows) during the one-year 
period of this research (Brady and Weil, 2008). In addition, the positive 
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Table 2 
Soil biological properties (mean ± standard error; n = 10) under the activity of the three ecological categories of earthworms at different soil depths.

Soil properties Depth 
(cm)

Ecological categories of earthworms

MS Ep-An-En Ep-An Ep-En An-En Ep An En WE

Urease 0–10 18.11 ± 1.87CDE 34.17 ± 3.21Aa 25.75 ± 2.30Ba 18.99 ± 0.61CDa 25.97 ± 2.96Ba 14.78 ± 0.61DEa 21.94 ± 2.96BCa 11.54 ± 0.60E 15.08 ± 1.94DE

10–20 16.68 ± 1.43BCD 26.73 ± 2.78Ab 20.56 ± 1.87Bab 18.08 ± 0.40BCab 20.70 ± 1.45Bab 13.26 ± 0.53DEab 15.89 ± 1.55CDb 11.19 ± 0.43E 14.09 ± 1.43CDE

20–30 16.01 ± 1.64BCD 22.03 ± 1.25Ab 18.47 ± 1.07Bb 16.86 ± 0.44BCb 17.72 ± 0.43Bb 12.38 ± 0.42EFb 13.54 ± 0.38CDEb 9.26 ± 0.41F 12.92 ± 2.23DE

Mean 16.93 ± 0.93C 27.64 ± 1.70 A 21.59 ± 1.16B 17.98 ± 0.32C 21.47 ± 1.24B 13.47 ± 0.34DE 17.12 ± 1.26C 10.66 ± 0.33E 14.03 ± 1.07D

Acid phosphatase 0–10 109.71 ± 18.07C 192.81 ± 14.92 A 164.21 ± 18.15AB 124.50 ± 16.03BC 143.50 ± 14.97BC 107.69 ± 16.07C 126.76 ± 14.99BC 98.69 ± 16.07C 101.71 ± 10.34
10–20 101.96 ± 9.23C 180.71 ± 19.42 A 143.94 ± 12.93B 112.60 ± 12.67BC 122.70 ± 12.10BC 95.97 ± 12.71C 106.37 ± 12.10BC 87.34 ± 12.69C 96.37 ± 5.75C

20–30 95.66 ± 9.72DEF 167.61 ± 5.98 A 142.44 ± 3.55AB 90.40 ± 8.94DEF 119.20 ± 8.65BC 74.14 ± 8.94EF 102.88 ± 8.67CD 64.38 ± 8.83F 87.01 ± 5.02C

Mean 102.44 ± 9.15DE 180.38 ± 9.60 A 150.20 ± 8.58B 109.16 ± 7.63CD 128.46 ± 7.07C 92.60 ± 7.64DE 112.02 ± 7.07CD 83.47 ± 7.64E 95.15 ± 4.28DEF

Arylsulfatase 0–10 101.02 ± 5.55Ca 203.62 ± 11.05Aa 162.87 ± 20.80ABa 109.80 ± 14.06C 122.40 ± 23.80BC 91.34 ± 13.94C 103.02 ± 23.73C 84.25 ± 14.05C 93.61 ± 19.97DE

10–20 90.01 ± 5.84BCab 151.03 ± 18.52Ab 104.21 ± 7.02Bb 96.70 ± 10.34BC 106.60 ± 6.34B 78.74 ± 10.35BC 88.65 ± 6.38BC 71.07 ± 10.45C 83.82 ± 6.16C

20–30 79.62 ± 6.20BCDEb 140.65 ± 12.97Ab 98.87 ± 5.99Bb 91.60 ± 7.65BCD 95.50 ± 4.12BC 73.14 ± 7.68DE 76.11 ± 4.20CDE 66.05 ± 7.64E 70.14 ± 4.13BC

Mean 90.22 ± 3.65CDE 165.10 ± 9.57 A 121.98 ± 9.08B 99.36 ± 6.29CD 108.16 ± 8.29BC 81.07 ± 6.24DE 89.25 ± 8.27CDE 73.79 ± 6.31E 82.52 ± 7.08DE

Invertase 0–10 109.82 ± 9.47BC 210.03 ± 11.40 A 187.05 ± 24.55 A 152.70 ±
23.67ABC

200.90 ± 25.65 A 122.24 ± 23.64BC 169.51 ± 25.70AB 112.35 ± 23.61BC 101.66 ± 12.32DE

10–20 104.07 ± 17.06C 195.91 ± 12.67 A 183.61 ± 13.00 A 132.80 ± 8.54BC 161.90 ± 16.24AB 102.78 ± 8.48C 131.51 ± 16.35BC 92.54 ± 8.57C 97.65 ± 9.40C

20–30 92.56 ± 0.63CD 187.44 ± 4.65 A 151.86 ± 2.83ABC 111.20 ± 3.49BCD 167.60 ± 6.18AB 81.24 ± 1.53D 137.65 ± 5.66ABCD 70.57 ± 1.14D 91.04 ± 7.95CD

Mean 102.15 ± 9.23DE 197.88 ± 9.79 A 174.18 ± 10.27AB 132.23 ± 9.71CD 176.80 ± 15.52AB 102.08 ± 9.69DE 146.22 ± 5.38BC 91.82 ± 4.27E 96.78 ± 5.38E

Acarina density 0–10 30,566.59 ±
9966.74AB

50,777.30 ±
2176.95 A

29,595.70 ±
6784.62AB

32,627.80 ±
8203.00AB

49,906.80 ±
6585.83Aa

32,153.10 ±
8204.83AB

49,428.90 ±
6585.87Aa

31,940.80 ±
8202.27AB

22,446.20 ±
3982.70B

10–20 19,452.24 ±
9899.57B

46,100.20 ±
2481.17 A

31,883.100 ±
7575.82AB

24,120.30 ±
9617.44AB

31,876.00 ±
7574.39ABab

23,635.00 ±
9617.17AB

31,399.70 ±
7576.07ABab

23,423.60 ±
9617.84AB

15,419.14 ±
781.30B

20–30 12,664.80 ±
4456.80AB

36,030.00 ±
7856.54 A

18,575.80 ±
9191.69AB

14,474.80 ±
8233.89AB

18,567.80 ±
8189.89ABb

14,012.10 ±
8233.28AB

18,105.70 ±
9189.84ABb

13,773.30 ±
8233.66AB

6227.90 ±
1147.97B

Mean 20,895.21 ±
4934.23BC

44,302.50 ±
2969.52 A

26,684.86 ±
4539.52BC

23,740.96 ±
453.04BC

33,449.96 ±
43.73BC

23,267.03 ±
73.58BC

32,978.10 ± 43.62 
A

23,045.90 ±
43.94BC

14,697.80 ±
43.59C

Total nematode 0–10 176.30 ± 64.48a 365.10 ± 68.21 300.70 ± 78.70a 228.90 ± 68.87 317.10 ± 78.47a 220.56 ± 68.85 308.67 ± 78.47a 185.10 ± 68.49 172.10 ± 29.11a

10–20 76.34 ± 7.48Cab 357.30 ± 81.84 A 183.20 ± 37.33BCab 135.20 ± 25.72BC 216.10 ± 37.99Bab 125.41 ± 25.77BC 206.81 ± 37.96Bab 104.20 ± 26.54BC 75.80 ± 7.27Cb

20–30 45.60 ± 1.67 BCb 301.10 ± 5.49 A 109.30 ± 6.31Bb 105.80 ± 4.05BC 113.70 ± 5.96Bb 97.74 ± 14.04BC 105.71 ± 5.69BCb 65.10 ± 3.86BC 33.00 ± 4.70Cb

Mean 99.41 ± 23.55D 341.13 ± 37.63 A 197.73 ± 32.72 
BCE

156.63 ± 25.97CD 215.63 ± 33.07B 147.90 ±
25.98BCD

207.06 ± 33.05BC 118.13 ± 25.77CD 93.63 ± 14.56D

Collembola 
density

0–10 19,149.50 ±
4524.62

32,386.00 ±
3509.46

28,777.30 ±
7200.86

24,222.70 ±
7252.61

27,993.07 ±
7200.82

23,970.70 ±
7253.31

27,741.50 ±
7200.73

23,902.20 ±
7252.64

15,260.70 ±
1022.58

10–20 16,450.13 ±
6226.42

29,029.30 ±
2639.10

24,186.30 ±
7441.04

23,849.50 ±
8519.69

23,394.40 ±
7441.11

23,587.80 ±
8519.63

23,134.00 ±
7440.99

23,525.90 ±
8519.22

13,541.10 ±
653.79

20–30 10,710.90 ±
468.81

25,118.90 ±
60.23

20,330.60 ±
305.27

16,967.40 ±
569.74

19,550.90 ± 305.69 16,702.60 ±
569.61

19,286.90 ± 305.62 11,146.80 ±
569.64

17,383.85 ±
577.55

Mean 15,436.84 ±
293.18B

28,844.73 ±
541.22 A

24,431.40 ±
317.24AB

21,679.86 ±
575.13AB

23,646.33 ±
317.19AB

21,420.36 ±
575.22AB

23,387.46 ±
317.38AB

21,355.93 ±
575.14AB

13,316.20 ±
712.22B

Protozoa density 0–10 318.89 ± 64.46Ba 517.70 ± 70.87 A 435.50 ± 52.73ABa 376.90 ± 50.49ABa 415.50 ± 51.69ABa 367.50 ± 50.43ABa 405.83 ± 51.60ABa 323.20 ± 51.71Ba 305.80 ± Ba

10–20 164.40 ± 35.75Cb 426.50 ± 29.61 A 349.00 ± 71.82ABa 221.50 ± 49.14BCb 317.20 ±
71.98ABCab

213.35 ± 49.14BCb 308.92 ±
71.98ABCab

158.10 ± 49.71Cb 151.70 ± 35.68Cb

20–30 65.59 ± 1.88Db 387.90 ± 22.41 A 196.80 ± 26.63Bb 127.70 ±
18.91BCDb

164.90 ± 26.68BCb 118.30 ±
19.08BCDb

155.23 ± 26.72BCb 86.00 ± 18.55CDb 53.60 ± 9.99Dc

Mean 182.96 ± 30.84C 444.03 ± 31.54 A 327.10 ± 35.07B 242.03 ± 30.24BC 299.20 ± 35.39B 233.05 ± 30.23BC 289.99 ± 35.39B 189.10 ± 30.13C 170.36 ± 26.32C

Total fungi 0–10 3.82 ± 0.49BCa 6.28 ± 0.46Aa 5.17 ± 0.65ABa 4.84 ± 0.64ABa 5.93 ± 0.46Aa 4.69 ± 0.65ABa 5.77 ± 0.46Aa 4.95 ± 0.57ABa 3.01 ± 0.25Ca

10–20 2.86 ± 0.41ABab 4.43 ± 0.77Ab 4.19 ± 0.37Aa 3.84 ± 0.37ABab 4.09 ± 0.77Ab 3.21 ± 0.30ABb 3.97 ± 0.76Ab 3.73 ± 0.37ABa 2.20 ± 0.36Bab

20–30 2.14 ± 0.45BCb 3.56 ± 0.42Ab 2.73 ± 0.32ABCb 2.54 ± 0.26ABCb 3.22 ± 0.43ABb 2.25 ± 0.32BCb 3.08 ± 0.42ABb 2.27 ± 0.32BCb 1.89 ± 0.24Cb

Mean 2.94 ± 0.28DE 4.76 ± 0.38 A 4.03 ± 0.32ABC 3.74 ± 0.31BCD 4.41 ± 0.38AB 3.38 ± 0.31CD 4.27 ± 0.38ABC 3.65 ± 0.31BCD 2.37 ± 0.18E

Total bacteria 0–10 2.17 ± 0.32ABa 3.31 ± 0.50Aa 2.43 ± 0.50AB 2.27 ± 0.50AB 3.24 ± 0.45Aa 2.23 ± 0.50AB 3.30 ± 0.41Aa 2.54 ± 0.44ABa 1.50 ± 0.13Ba

10–20 1.30 ± 0.40Bab 2.57 ± 0.35Aab 1.75 ± 0.33AB 1.63 ± 0.33AB 2.42 ± 0.35Aab 1.77 ± 0.24AB 2.35 ± 0.34Aab 1.84 ± 0.30ABab 1.13 ± 0.07Bb

20–30 1.18 ± 0.19b 1.83 ± 0.42b 1.41 ± 0.28 1.36 ± 0.25 1.78 ± 0.38b 1.27 ± 0.25 1.64 ± 0.28b 1.24 ± 0.27b 1.04 ± 0.12b

Mean 1.55 ± 0.19C 2.57 ± 0.26 A 1.86 ± 0.22BC 1.75 ± 0.22C 2.48 ± 0.24AB 1.76 ± 0.21C 2.43 ± 0.23AB 1.87 ± 0.21BC 1.22 ± 0.07C

Fungi/Bacteria 
ratio

0–10 2.07 ± 0.37 3.37 ± 0.16 3.08 ± 0.72 3.30 ± 0.85 2.89 ± 0.02 3.32 ± 0.88 2.71 ± 0.06 3.18 ± 0.00 2.18 ± 0.29
10–20 3.65 ± 0.81 2.00 ± 0.42 3.30 ± 0.62 3.51 ± 0.76 2.00 ± 0.45 2.07 ± 0.29 2.01 ± 0.47 3.09 ± 0.86 2.13 ± 0.42
20–30 2.22 ± 0.46 3.93 ± 0.34 3.25 ± 0.33 2.55 ± 0.64 3.36 ± 0.13 2.13 ± 0.21 2.34 ± 0.51 2.77 ± 0.89 2.41 ± 0.72
Mean 2.58 ± 0.34 3.10 ± 0.60 3.21 ± 0.52 3.12 ± 0.43 2.75 ± 0.52 2.51 ± 0.32 2.35 ± 0.41 3.01 ± 0.51 2.24 ± 0.28

Different capital letters in each line indicate significant differences (p < 0.05) under the activity of different ecological categories of earthworms. Different small letters in each column indicate significant differences (p <
0.05) among soil depths. Full name of abbreviations for different ecological categories of earthworms are presented in Table 1.
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correlation between the SOM and the MWD suggests that the more 
organic inputs are added, the more the soil structure and its stability are 
enhanced (Castellanos-Navarrete et al., 2012; Jozefowska et al., 2021; 
Reis et al., 2025). Furthermore, the joint presence of all three earthworm 
categories (Ep-An-En treatment) was accompanied by a higher soil 
moisture, presumably because of increased biodegradation activities, 
which may favour soil porosity and infiltration (Ernst et al., 2009).

4.3. Changes in chemical properties with earthworm presence

Earthworms play a key role in balancing the chemical properties of 
soil, enhancing soil fertility and nutrient cycling, and helping to 
breakdown organic matter within the soil profile (Hoeffner et al., 2021; 
Edwards and Arancon, 2022). The present study showed a positive 
relationship between soil pH and earthworm presence, aligning with the 
findings of Sofo et al. (2023) who attributed this pattern to the positive 
relationship between earthworm burrowing activities and soil pH 
amelioration (Desie et al., 2020). Likewise, soil EC peaked in the Ep-An- 
En treatment. An increased casting activity following the addition of 
different ecological categories may have contributed to add further 
organic material to the soil, thus leading to such increase (Teršič and 
Gosar, 2012; Yan et al., 2023). The same trend was recorded for SOC, 
which could be related to the accelerated decomposition of organic 
matter through the earthworm's activity enhancing soil carbon storage 
in the soil (Blanchart et al., 2009; Ngo et al., 2012; Zheng et al., 2018; 
Gong et al., 2023). Aligning with the findings from Fonte et al. (2007)
and Sruthi and Ramasamy (2018), the greatest carbon content in soil 
macro- and micro- aggregates, as well as the highest soil POC was found 
in the presence of the three earthworm ecological categories. Earth
worms affect the nitrogen cycle through their direct and indirect effects 
on accelerating the decomposition of organic carbon (Ma et al., 2022; Na 
et al., 2022). The availability of nutrients in the surface soil layers and 
the increased activity of earthworms, especially epigeic species, relative 
to the control treatment, are expected to favour nitrogen storage in these 
layers. In fact, a significant positive relationship between earthworm 
activity and increased soil nitrogen content was recorded in the present 
study.

Furthermore, our results revealed that the highest amounts of soil 
DON and PON were observed in the Ep-An-En treatment, similar to that 
reported by Costello and Lamberti (2008) and Xue et al. (2022). Like
wise, the presence of all three earthworm ecological categories led to 
higher amounts of soil ammonium and nitrate. The direct and indirect 

impacts of earthworms and their associated microbiota concerning the 
contribution of SOM to enhancing the rates of nitrogen mineralization is 
of considerable importance, as supported by previous research (Lubbers 
et al., 2011). The greatest soil cation exchange was found in the presence 
of all three ecological groups, which could be due to the increased 
supply and stabilization of SOM alongside improvements in soil 
permeability and structure driven by earthworm activity. All these fac
tors add up to enhance the CEC of the soil in a direct and indirect manner 
(Sruthi and Ramasamy, 2018). The Ep-An-En treatment also resulted in 
a rise in humic acids and SOC content, supporting previous observations 
(Zhang et al., 2011; Li et al., 2023; Qiu et al., 2025).

4.4. Changes in soil biological properties with earthworm presence

In addition to modifying the physical and chemical properties, 
earthworm activities like ingestion, mucus secretion and casting also 
change the biological properties of the soil and its functionality (Sautter 
et al., 2006; Schon et al., 2017). In our study, the joint presence of two- 
and three earthworm ecological categories led to increased values of soil 
basal respiration. These results match with those obtained by Song et al. 
(2020), who attributed such increase to higher levels of DOC and 
chemical oxygen demand (COD). Supporting this, these two variables 
and the soil basal respiration were found to be positively related as 
stated by Yadav and Garg (2011). In line with Fujii et al. (2020), Hoang 
et al. (2017) and Kooch and Kuzyakov (2024) our findings also showed 
that earthworms, particularly in the presence of all three ecological 
categories, promoted soil substrate-induced respiration and microbial 
biomass (that is, MBC, MBN, and MBP). The higher values of these mi
crobial indicators in the soil top layers are presumably related to the 
greater amounts of organic matter and nutrients, which are caused by 
the buildup of litter and organic waste on the soil surface. Moreover, the 
Ep-An-En treatment was accompanied by higher qCO2 values, support
ing the results of Vafa et al. (2016). This can be ascribed to heightened 
earthworm activity, which stimulates the proliferation of more meta
bolically active soil microorganisms, consequently promoting microbial 
growth rate. Elevated CAI levels were also recorded when all three 
earthworm categories were present, which could be linked to the higher 
amount of DOC in the soil.

Soil enzyme activities can act as proxies of soil fertility because they 
contribute to the processes responsible for controlling decomposition 
and, they respond promptly to environmental changes (Kizilkaya et al., 
2010). Soil microorganisms are known to secrete extracellular enzymes 

Fig. 3. Principal component analyses (PCA) to identify the relationships between the activity of different earthworm treatments, soil physicochemical (A) and 
biological properties (B). Full names of abbreviations for different ecological categories of earthworms and soil properties are presented in Table S6.
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to decompose polymerized SOM into small, absorbable molecules to 
meet nutrient and energy needs (Burns et al., 2013). In the present 
study, increased values of urease and invertase activities were reported 
in the Ep-An-En treatment likely due to the positive effect of the three 
earthworm ecological categories on soil microbial biomass and activity. 
Likewise, a higher bacterial and fungal abundance was found when all 
three categories were present, providing evidence about the enhancing 
and synergetic effect of the studied earthworm species on the above
mentioned enzyme activities involved in the breakdown or mineraliza
tion of C and N. It is known that earthworms play a vital role in soil via 
decomposition by increasing nutrient availability and creating favour
able conditions for microbial growth and survival (Zheng et al., 2018; 
Sapkota et al., 2020). Besides, soil enzymes may be also affected by 
changes in the soil physical properties, the chemical structure of organic 
matter that is digested by earthworms, and the C/N ratio of the feeding 
material (Goyal et al., 2005).

Earthworms have a significant impact on above- and below-ground 
soil biodiversity, as well as on ecosystem processes (Eisenhauer et al., 
2010; Frelich et al., 2019; Jochum et al., 2021). Through their bur
rowing behavior and by spreading litter, these organisms distribute 
nutrients horizontally and vertically throughout the soil, which in turn 
affects soil properties and the soil food web (Eisenhauer et al., 2019). In 
line with previous findings, the present study showed that the highest 
density of soil organisms was found in the joint presence of all three 
earthworm ecological groups. Nevertheless, the lower populations of 
nematodes and acarina was reported in habitats with exclusively 
endogeic earthworms likely due to resource competition, which may 
limit their survival or development (Eisenhauer et al., 2010). The 
presence of anecic earthworms in the soil can be beneficial to collembola 
via their burrowing and casting activities (Salmon et al., 2005; 
Gutiérrez-López et al., 2011). Changes in the type of the earthworms 
may explain the differences in protozoa and other organisms found in 
the examined soils. Earthworms are also able to alter soil chemical 
properties including pH and aggregate structure which may affect the 
densities of the bacterial and fungal communities (Gong et al., 2019).

4.5. The relationship between earthworms, litter decomposition, and soil 
properties

Earthworms have a life approach strategy that regulates the physical 
properties of the soil, increases soil porosity and aeration, facilitates the 
entry and retention of water and air, and ultimately leads to the 
improvement of soil compaction and stability (Spurgeon et al., 2013; 
Meurer et al., 2020). Furthermore, we observed that the joint presence 
of the three earthworm ecological categories was related to increased 
values of biological parameters such as soil enzymatic activities, which 
have a central impact on the dynamics of soil processes and plant 
development (Sanchez-Hernandez et al., 2019; Garau et al., 2022; 
Kumar et al., 2023). Overall, our findings showed that with the indi
vidual presence of ecological groups of earthworms was accompanied by 
a reduced soil porosity and leaf-litter breakdown, thus decreasing the 
amount of organic matter and its availability for the soil biota. Indeed, a 
positive relationship was found between SOM and microbial biomass; 
moreover, the fact that the clay content increased with earthworm 
presence supports the reliance of the microbial variables on the physi
ochemical characteristics of the soil. We also observed that the studied 
soil faunal and microbial groups were in general more abundant within 
the 10-cm top layer, which can be attributed to the presence and higher 
activity of epigeic and anecic species in the soil surface owing to the 
increased litter input and more suitable environmental conditions, as 
pointed out by Kooch and Kuzyakov (2024).

5. Limitations of the research and recommendations

Investigating and assessing the influence of different earthworm 
ecological categories on soil properties over longer periods of time, in 

conjunction with the study of seasonal dynamics of soil properties can 
provide a better insight into the role of earthworms as ecosystem engi
neers. However, the mountainous conditions of the study area represent 
a limitation for the performance of deeper studies into this matter. The 
accessibility to various habitats in these areas is relatively more difficult 
compared to lowland and plain areas. Moreover, the specific climatic 
conditions of these regions, particularly snow cover during the cold 
seasons, pose significant challenges to the evaluation of soil property 
dynamics. The nature of this research required extensive fieldwork to 
identify experimental sites with similar environmental conditions, 
including altitude, slope aspect, slope gradient, and vegetation type. 
This study examined soil to a depth of 30 cm because of environmental 
constraints. Given the limited soil depth in the study area, sampling 
beyond 30 cm was not feasible. Additionally, identifying locations 
where pits could be excavated to the desired depth was one of the 
challenges of this research. This sampling depth includes the burrowing 
profiles of epigeic and endogeic earthworms. However, anecic earth
worms typically construct vertical burrows that can extend to depths of 
50–60 cm. Therefore, their deeper burrowing activity may not have been 
fully considered in this study. Another challenge was ensuring earth
worm survival throughout the experimental period. Given the climatic 
conditions of the region, winter snow accumulation was expected to 
pose a threat to earthworm survival. For this reason, a set of three 
additional replicates were taken as potential replacements for each of 
the treatments whenever it was necessary however, after the end of one 
year, all earthworms were present in the plots alive and there was no 
need to use alternative plots. In addition, examining other soil biota (e. 
g., ants, termites among others) in future works could provide a more 
comprehensive assessment of the role of the activity of different groups 
of earthworms on soil functioning. However, they were not considered 
within this study since these soil organisms require specific standardized 
protocols. Furthermore, future studies should evaluate the seasonal 
dynamics of soil physical, chemical, and biological properties in the 
presence of different ecological groups of earthworms to better under
stand their ecological roles and the temporal variability of their effects 
on soil.

6. Conclusions

The findings of this research provide insight into the individual and 
combined effects of earthworm species from different ecological cate
gories on soil properties and plant residue decomposition. As a result, 
the first hypothesis was supported showing that the rate of detritus 
decomposition in treatments with a combination of several earthworm 
ecological groups was higher than that in the control treatment and in 
those treatments comprising a single ecological group. In line with the 
second hypothesis, it is likely that the activity and movement of earth
worms increased soil porosity and led to the formation of calcium-rich 
aggregates (resulting from earthworm cast production), thereby favor
ing the stability of the soil aggregates after one year. Moreover, sup
porting the third hypothesis, the joint presence of the distinct 
earthworm ecological categories also contributed to the establishment 
of other soil fauna and microbial groups such as acarina, nematodes, 
protozoa, fungi and bacteria. In general, it can be stated that the pres
ence of earthworms improved soil conditions. Unfortunately, large areas 
of mountainous habitats in Iran and other parts of the world have been 
degraded to varying degrees under the influence of human pressures. 
Due to the specific climatic and ecological conditions of these areas, 
their natural recovery process is usually slow and requires comple
mentary management approaches. In this context, the managed 
breeding and establishment of different groups of earthworms, along 
with the use of native plant species adapted to the habitat conditions, is 
recommended as a complementary approach to enhance the process of 
improving ecological conditions in these ecosystems. In order to ensure 
the restoration and sustainability of the ecosystem for the future, how
ever, additional studies are necessary to more accurately evaluate the 
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effectiveness of this approach at field scales.
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L., Lincoln, N.K., López-Hernández, D., Loss, S.R., Marichal, R., Matula, R., 
Minamiya, Y., Moos, J.H., Moreno, G., Morón-Ríos, A., Motohiro, H., Muys, B., 
Neirynck, J., Norgrove, L., Novo, M., Nuutinen, V., Nuzzo, V., Rahman, P.M., 
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