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Earthworms support and mediate the provision of many processes in the soil. They are therefore important in
maintaining soil functioning and contribute towards the sustainability of soil management systems. Assessment
of earthworm communities can provide answers regarding the land management conservation efforts and insight
on soil quality. The main aim of this study was to assess the impact of farming (organic vs conventional) and
tillage (no-tillage vs minimum tillage vs conventional tillage) systems on earthworm communities under varying
soil conditions in arable fields across Estonia. To achieve this, we compiled data from studies carried out over a
period of 21 years on Estonian arable fields. While organic farming and conventional farming showed a similar
earthworm abundance, earthworm diversity was significantly higher (p < 0.05) under the organic system. Higher
abundance, species richness, and the proportion of anecic species suggest that a no-tillage system creates the
most favourable habitat conditions for earthworms. Soil texture further influenced the effect of management
system on earthworm abundance and diversity indexes. For example, the differences in earthworm abundance
and diversity between the management systems increased from lighter textured to heavier textured soils. Our
results suggest that soil texture is a major factor influencing earthworm communities in Estonian agricultural
fields and emphasizes the importance of including different soil texture classes when assessing the effects of
agricultural management practices in field-scale studies.

1. Introduction

Intensive agriculture is considered as one of the major threats to soil
biodiversity [1]. Soil organisms mediate a great range of soil processes
such as nutrient transformation, bio-accumulation and food-web
assimilation [2]. Therefore, higher abundance and biodiversity can be
associated with good soil quality [3] and the ability to recover after any
disturbance. Earthworms, commonly described as ecosystem engineers,
have been shown to contribute to water regulation and purification,
nutrient cycling, carbon sequestration and climate regulation, aggre-
gation, bioturbation, fragmentation, and macropore formation [4].
Since soil quality is essential to agriculture, the search for bioindicators
for the assessment of soil management has been a major focus of soil
quality research [5]. Earthworms have been widely recognised as bio-
indicators for agroecosystem management [6-8] and soil quality [9,10]
because of their sensitivity to changes in their environment [11] and
crucial role in soil functioning [4]. Agricultural management practices
such as farming approach (organic vs. conventional) and tillage system
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can greatly influence the soil environment and therefore change the
habitat of soil biota [12]. Organic farming is often assumed to benefit
earthworm communities because it typically relies on the usage of ani-
mal and green manures and diversified crop rotations to maintain soil
health and fertility and does not involve the application of synthetic
pesticides [13]. However, as reviewed by Hole et al., 2005 [14], there
have been reports of organic farming having both positive and negative
effects on earthworms. The main method to control pests and weeds in
organic farming is usually soil tillage, which can counteract the positive
influence of not using synthetic pesticides and relying on organic inputs
for plant nutrition. Conversely, less intensive tillage can impact earth-
worms differently under conventional farming than organic farming
because of interactions between tillage and organic matter management
[12]. It may also be affected by the duration of the specific management
type [12]. Furthermore, earthworms might not have enough food
sources to support large populations under organic farming systems that
do not involve sufficient organic fertilisation and plant residue input.
Reducing tillage intensity to the point of no-tillage has been widely
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recognised to benefit earthworm communities [15]. Tillage injures
earthworms directly, destroys their permanent burrows and changes
their habitat and food accessibility [16]. However, the impact of tillage
can differ between ecological groups, and it has been found that
no-tillage [17] and reduced tillage benefit principally the deep bur-
rowing anecic and surface-dwelling epigeic species [18], whereas
endogeic species can be less responsive. In some cases, endogeic species
can increase under conventional tillage as a result of the better food
supply [16]. However, no-tillage systems have the disadvantage of
increased dependence on pesticides to fight weeds [19] and have been
shown to lead to soil compaction [20], both of which are factors that
could negatively affect earthworms. Therefore, reduced tillage intensity
cannot be said to always favour earthworm abundance relative to con-
ventional soil ploughing [21] and the impact of tillage can be influenced
by confounding factors such as soil texture, farming system, and crop
rotation.

Although a large number of studies have determined the effects of
farming and tillage systems [14,18], most studies have dealt with field
experiments on a specific soil type. Moreover, relatively few studies
have investigated the differences in community composition across
different soil texture classes in large-scale farming systems under field
conditions [22,23]. We combined data from multiple studies carried out
on farm fields across Estonia to examine how earthworm communities
are affected by contrasting agricultural management systems. The
dataset consisted of earthworm community data collected from arable
fields located in 12 of the 15 Estonian counties over a period of 21 years,
covering a wide spatial and temporal range at a national level. By
compiling site-level earthworm data, we aimed to collect information on
how different agricultural management impacts the earthworm com-
munities across and under different soil texture classes. We hypothesised
that (i) the abundance and diversity of earthworm communities are
promoted under organic farming relative to conventional farming, (ii)
that less intensive tillage systems (no-tillage and minimum tillage)
favour earthworm communities relative to conventional tillage, and (iii)
the response of earthworm communities to management depends on soil
texture. The additional aim was to study which soil properties contrib-
uted to characterising earthworm communities in arable landscapes.
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2. Material and methods
2.1. Dataset

The data used for this study were gathered from several soil survey
programs and research projects conducted in Estonia (a list of the
included studies can be found in Annex 1). The main inclusion criteria
for studies was that earthworms were collected from arable farm fields
and that the study either reported farming or tillage systems. We
attempted to include all available data comprising all possible combi-
nations of farming or tillage systems on arable crop fields with different
soil textures. We did not include studies based on field plot experiments,
because of drastic differences in earthworm communities compared to
data from research programmes based on farm fields. The distribution of
sampling points is shown in Fig. 1.

Each site was categorized according to the farming system as organic
or conventional and then assigned to the following soil texture classes:
sand (<10 % clay), loamy sand (10%-20 % clay), loam (20%-50 %
clay), and clay (>50 % clay). When the texture was not mentioned in the
study, it was obtained from the Estonian Soil Map [24]. When known,
the fields were classified according to the tillage system as no-tillage,
minimum tillage (shallow non-inversion tillage), or conventional
tillage (inversion tillage). The dataset did not include the complete
combinations of all farming, tillage and, texture classes; therefore, we
carried out our analyses in two steps: first, we analysed the effect of
farming system irrespective of the tillage system; and then, tillage sys-
tem was included in the analysis (see Section 2.3 for more details). We
were also able to partially compile information regarding the usage of
manure, mineral fertilizers, tillage frequency and study their relation-
ships (Fig. S1) with the earthworm community parameters (abundance,
species richness, Shannon — Wiener index, Simpson’s diversity index,
proportion of dominant species, proportions of ecological groups).

Composite soil samples were collected alongside earthworms at
almost all sites, making it possible to also compile information on soil
properties (soil total nitrogen, soil organic carbon, plant available soil
phosphorus, plant available soil potassium, pH, and soil moisture con-
tent). If soil properties were measured at different depths, the average
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Fig. 1. Location of the sampling sites included in this study (orange dots). Estonian county names are indicated by bold type and the four main cities by population

are indicated in blue.
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value was used. When the soil organic matter was measured, we used the
1.724 conversion factor to convert it to soil organic carbon content.

2.2. Earthworm sampling and classification

The earthworms were typically collected from three randomly
selected sampling points (0.5 m x 0.5 m) on each site in September or
October, during the period when earthworms were active. The earth-
worm extraction method differed depending on the study. The method
was either hand-sorting a 0.5 m x 0.5 m x 0.4 m soil monolith [25],
vermifuge with 15 % mustard solution, or hand-sorting a soil monolith
followed by vermifuge of the bottom of the soil pit (the methodology
used in each study can be found in Annex 1). All studies followed the
same protocol after earthworm extraction. This included washing the
earthworms, keeping them in refrigeration for 48 h and fixing them in
70 % ethanol. All the studies followed Graff [26] and Timm [27] to
identify earthworm species. In most cases studies reported the number of
adults and juveniles. We then calculated the adult/juvenile ratio.
Earthworms were also classified into three morpho-ecological groups
(epigeic, anecic, and endogeic) to assess morpho-ecological community
composition following Hill [28]. More specifically anecic species
included Lumbricus terrestris (Linnaeus, 1758) and Aporrectodea longa
(Ude, 1885). Epigeic species included Lumbricus rubellus (Hoffmeister,
1843), Lumbricus castaneus (Savigny, 1826), Eiseniella tetraedra (Savigny,
1826) and Bimastos rubidus (Savigny, 1826). Endogeic species included
Aporrectodea caliginosa (Savigny, 1826), Aporrectodea rosea (Savigny,
1826), Octalasion cyaneum (Savigny, 1826), Octalasion lacteum (Orley,
1881) and Allolobophora chlorotica (Savigny, 1826).

To compare earthworm community across different agricultural
managements, we used earthworm abundance (individuals per m?) and
species diversity using the Shannon-Wiener index and Simpson’s di-
versity index [29,30]. The function ‘diversity’ from the ‘vegan’ package
[30] for the R programming language was used to calculate the diversity
indexes. Species richness indicates the number of species present in each
sampling point (species per sample). The proportion of the dominant
species represents the proportion of Ap. caliginosa in the earthworm
community.

2.3. Statistical analysis

All statistical analyses were carried out in the R programming lan-
guage [31]. A mixed-effects model was fitted to study the effect of
farming systems with soil texture as an additional fixed factor and with
collection method, crop, year, study and field (nested under study) as
random factors. Since the dataset did not include any organic no-tillage
fields, we excluded all no-tillage fields from the farming system com-
parison. A second mixed model was fitted to study the effect of tillage
system with the same fixed and random factors as the previous but also
including the tillage system. The mixed-effects models were fitted using
the function ‘lmer’ from the ‘lme4’ package [32]. Two different models
were fitted in order to maximize the amount of data used in each model,
as the tillage system was not available for all fields. The significance of
the different factors in the mixed-effects models was determined with
analysis of variance (ANOVA Type III). A post-hoc Tukey HSD (honest
significant difference) was used to analyse the difference between the
levels of the factors, using the package ‘emmeans’ [33]. Non-metric
multidimensional scaling (NMDS) was used to analyse the variability
among the different species, and to relate it to soil chemical properties
and management practices. Soil properties were added post-hoc to the
NMDS plot as vectors according to the relationship between soil prop-
erties and the NMDS scores. For the NMDS analysis, the soil texture was
coded as a numerical variable according to the mean of the clay content
interval in proportion for the soil texture (sand, 5; loamy sand, 15; loam,
35; clay, 75 based on the intervals as described in Section 2.1). The
significance of soil properties in the NMDS analysis is determined based
on 999 random permutations. Spearman’s rank correlation coefficient
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was used to study the relationships between earthworm community
parameters and soil chemical properties. The box plots follow the con-
ventions of Tukey [34], representing the minimum, the 25th percentile,
the median, the 75th percentile, and the maximum values (excluding
outliers).

3. Results
3.1. Overview of the earthworm population on arable fields

A total of 13 species have been identified in Estonia including L.
terrestris, Ap. longa, L. rubellus, L. castaneus, E. tetraedra, B. rubidus,
Dendrobaena octaedra (Savigny, 1826), Eisenia fetida (Savigny, 1826),
Ap. caliginosa, Ap. rosea, O. cyaneum , O. lacteum , and A. chlorotica[27].
B. rubidus was previously recorded as Dendrodrilus rubidus (Savigny,
1862), but recently it has been discovered that Dendrodrilus is nested
within the Bimastos clade, therefore they are treated as synonyms [35].
Overall, 11 out of these 13 species were identified on the arable fields in
the studies included in this review (Fig. 2). The most abundant species
was Ap. caliginosa, followed by Ap. rosea, L. rubellus, Ap. longa,
A. chlorotica, L. terrestris and L. castaneus. It was found that O. cyaneum,
O. lacteum, E. tetraedra and B. rubidus were quite rare in fields included in
this study and are not typical for Estonian arable soils in general, since
these species prefer high-moisture habitats [36-38]. In particular,
E. tetraedra is a semi-aquatic species and is found mostly in riverbanks
and B. rubidus is more frequent in forests with high amounts of leaf litter
[39,40]. O. cyaneum is a relative newcomer to Estonia, and has been
sighted only in a few locations [41].

3.2. The impact of farming system on earthworm communities

Overall, the farming system had a significant impact on the two
considered diversity indexes (for Shannon’s index F = 8.25, p = 0.004;
for Simpson’s diversity index F = 8.62, p = 0.003), proportion of the
dominant species (F = 11.18, p = 0.001) and for the anecic individuals F
=11.43,p =0.001; Table S1). Since soil texture had a significant impact
on almost all earthworm community parameters we compared the
impact of management within the soil texture class (Figs. 3 and 4). The
means of additional earthworm community parameters (biomass,
adults/juvenile ratio and proportions of adult and juvenile earthworms)
can be found in Table S3 and species composition can be found in
Table S4. When including the interaction effect in the model, soil texture
and the interaction of farming and texture described a large amount of
the variability in the dataset and the effect of the farming system alone
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Fig. 2. Mean species abundance across all the fields included in the dataset.
Error bars represent standard error. Earthworm species: LTER — Lumbricus ter-
restris, ALON — Aporrectodea longa, LRUB — Lumbricus rubellus, LCAS — Lumbricus
castaneus, ETET - Eiseniella tetraedra, BRUB — Bimastos rubidus, ACAL — Apor-
rectodea caliginosa, AROS - Aporrectodea rosea, OCYA — Octolasion cyaneum,
OLAC - Octolasion lacteum, ACHL — Allolobophora chlorotica.
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Fig. 3. The effects of farming system and texture and their interaction on the earthworm community based on an analysis of variance (ANOVA) of the mixed effects
model including these two factors. Significance levels are indicated as follows: ***p < 0.001, **p = 0.01, *p = 0.05. A complete summary of the ANOVA output can

be found in Supplementary Table S2.

remained significant only for the abundance of epigeic and anecic spe-
cies. Earthworm abundance did not differ significantly between organic
and conventional farming (Table 1), although when constrained by soil
texture, we found that the mean earthworm abundance tended to be
lower for organic farming on sandy and clay soils (Fig. 4). However,
fields under organic farming had significantly higher earthworm di-
versity and proportion of epigeic and anecic species compared with
conventional farming (Table 1). The dominance of Ap. caliginosa and
proportion of endogeic species was lower under organic farming
compared with conventional farming. The means of additional earth-
worm community parameters can be found in Table S6 and species
composition can be found in Table S7.

Farming systems were next compared within different soil texture
classes. The proportion of dominant species (60 %) was significantly
lower under organic farming compared with conventional (73.16 %) on
loam soil. Moreover, both diversity indexes (with a mean Simpson’s
diversity index of 0.533 and a mean Shannon’s index of 1.027) were
higher for organic farming compared with conventional (0.413 and
0.799, respectively) on loam soil. The opposite trend was found for clay
soil, with a significantly lower proportion of dominant species on con-
ventional fields (46.3 %) compared with organic (88 %). The diversity
indexes tended to be higher under organic farming across all soil texture
classes except clay. In general, the abundance of earthworms and the
values of diversity indexes tended to increase, and the proportion of
dominant species to reduce, as the soil texture became heavier (finer soil
particles).

The abundance of anecic species was significantly higher in organic
fields with a loam texture (Fig. S2), whereas the opposite trend was
apparent for clay soils for epigeic species. The abundance of anecic
species was generally very low in sandy and clayey soils. No significant
differences in morpho-ecological group composition were observed
when comparing farming system within the sand and loamy sand texture

classes.

3.3. The impact of tillage system on earthworm communities

The tillage system had a significant effect on almost all parameters of
the earthworm community (Fig. 5). Earthworm abundance was signifi-
cantly higher in the no-tillage system compared with conventional
tillage with loam texture (Fig. 6). The proportion of dominant species
tended to be lower among less intensive tillage systems across all sites
but was significantly lower on minimum tillage fields (46.3 %)
compared with conventional tillage (94.7 %) with a clay texture.
Furthermore, significantly higher earthworm diversity was found on no-
tillage fields compared with minimum tillage fields with a loam texture.
Species richness and Simpson’s diversity index were also significantly
lower under conventional tillage compared with minimum tillage in
fields with a clay soil.

The abundance of epigeic species was significantly higher under
minimum tillage compared with conventional tillage on clay soil
(Fig. S4). The abundance of anecic species was significantly higher
under the no-tillage system compared with minimum tillage and con-
ventional tillage on loam soil. Endogeic species were significantly more
abundant in the no-tillage system compared with conventional system
on loam soil. However when looking at the proportion of the endogeic
species in the community (Fig. S5), the proportion of endogeic species
was significantly lower under the no-tillage system compared with
conventional tillage.

3.4. Relationships between earthworm communities, soil properties and
management

Soil moisture and phosphorus content were significantly correlated
to most of the parameters describing the earthworm community on
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post-hoc Tukey HSD test.

Table 1

Mean (and standard error) earthworm community indices for the different
farming systems. Different letters indicate significant differences (p < 0.05)
according to a post-hoc Tukey HSD test.

Conventional farming Organic farming

Earthworm abundance, ind. m 2 103.16 + 4.83* 104.64 + 5.93*
Species richness 2.65 + 0.07* 3.01 +£0.1°
Simpson’s index 0.41 + 0.02% 0.46 + 0.02"
Shannon-Wiener index 0.80 + 0.03% 0.88 + 0.04"
Proportion of dominant species, % 75.43 + 1.1° 67.92 + 1.43"
Epigeic species, % 4.78 £ 0.53% 6.84 + 0.65"
Endogeic species, % 88.41 + 0.87° 84.39 + 1.08°
Anecic species, % 6.81 + 0.66* 8.76 + 0.89°

arable fields (Fig. 7 andS6), while soil organic carbon and total nitrogen
were the main controlling indicators related to species diversity and
morpho-ecological community composition. Earthworm abundance was

positively correlated with soil moisture content (p = 0.22 p < 0.001) and
in a negative relationship with soil pH (p = —0.21, p = 0.002) and
phosphorus content (p = —0.25, p < 0.001). Biodiversity indexes were
positively correlated with soil organic carbon (for Simpson’s diversity
index p = 0.17; p = 0.010; for Shannon’s index p = 0.19, p = 0.005),
total nitrogen (for Simpson’s diversity index p = 0.23, p < 0.001; for
Shannon’s index p = 0.24, p < 0.001), pH (p = 0.19; p = 0.006) and soil
moisture content (for Simpson’s diversity index p = 0.31, p < 0.001; for
Shannon’s index p = 0.33, p < 0.001) and negatively with soil phos-
phorus content (for Simpson’s diversity index p = —0.30; p < 0.001; for
Shannon’s index p = —0.28, p < 0.001). The NMDS analysis of earth-
worm abundance data did not show clear clustering of sites based on
farming system (Fig. S7; k = 2, stress = 0.16); however, it revealed a
slight differentiation between conventional tillage and no-tillage sys-
tem. This trend was parallel with an increase in earthworm abundance.
The main factors that grouped the no-tillage fields were species (i.e., Ap.
longa, L. rubellus, and L. terrestris). Soil texture (p = 0.001), soil total
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Fig. 5. The effects of tillage system, farming system, soil texture, and the interaction of tillage system and soil texture on earthworm community based on an analysis
of variance (ANOVA) of the mixed effects model including these three factors. Significance levels are indicated as follows: ***p < 0.001, **p = 0.01, *p = 0.05. A

complete summary of the ANOVA output can be found in Supplementary Table S5.

nitrogen (p = 0.022), soil pH (p = 0.046) and plant available phosphorus
content (p = 0.001) were significant soil factors. Regardless of man-
agement, these data suggest that some species were sensitive to a very
fine or coarse soil texture (Table S4, Table S7), as L. terrestris was rare
and Ap. longa was absent in both soil texture classes and L. castaneus and
A. chlorotica were absent only in sandy soils.

4. Discussion
4.1. The effect of farming system on earthworm communities

Earthworm abundance was not significantly different between con-
ventional and organic farming systems. This supports the findings of
previous studies [23,42] that the farming system had no clear effect on
earthworm abundance or diversity. The contradictory findings for the
effects of farming system on earthworms present in the literature might
be related to differences in the use of organic amendments [23,42] and
the possibility that responsible pesticide use does not have a harmful
effect on earthworms [23]. Although the abundance was not signifi-
cantly different between farming systems, we found that the diversity of
earthworm species was higher under organic than under conventional
farming, partially confirming our hypothesis. Several authors have
found higher earthworm diversity in organic systems compared with
conventional systems [8,14,43]. This could be because species such as L.
castaneus and A. chlorotica are more common in organic systems as these
species are known to be sensitive to pesticide use [44].

The endogeic species Ap. caliginosa was dominant in both farming
systems across different texture classes, but their dominancy was lower
in organic farming than in conventional farming. Another possible
explanation is that the high disturbance of earthworm habitat causes the
community to shift towards a simpler composition. This community
consists of only a few stress-tolerant species, mainly comprising Ap.
caliginosa but also Ap. rosea and L. rubellus [8,45]. This suggests that,
despite the similar earthworm numbers, the widespread adoption of

conventional farming system in Estonia could possibly lead to a slightly
less diverse earthworm community, with a higher proportion of domi-
nant species that are adapted to pesticides and other stressors.

Our results also suggest that the farming system had modified the
morpho-ecological group composition of the earthworm community,
since organic fields had a significantly higher proportion of epigeic and
anecic species. This supports the results of Henneron et al. [46]. Epigeic
and anecic species are likely to be the most sensitive to pesticide ap-
plications and other intensive agricultural operations since they feed
mostly on plant litter [47]. Furthermore, the higher proportion of
epigeic species in organic farming could be related to the potentially
higher use of green and animal manure and more frequent inclusion of
leys in crop rotations, increasing earthworm food supply and generally
creating more favourable habitat conditions [47,48]. Since
morpho-ecological groups of earthworms support different soil func-
tions, lower proportions of epigeic and anecic species in conventional
fields could also impact provision of the ecosystem services they support
[49]. However, we found that on clay soils the proportion of epigeic
species was relatively high on fields under conventional farming. This
could be related to differences in soil tillage since tillage frequency can
be higher on organic fields, as it is one of the main measures to fight
weeds and plant pathogens.

4.2. The effect of tillage system on earthworm communities

The tillage system had a significant impact on both earthworm
abundance and diversity, with higher abundance in less intensive tillage
systems, confirming our hypothesis. No-tillage also had significantly
higher diversity of earthworms. The means of diversity and the pro-
portion of dominant species under no-tillage and minimum tillage fol-
lowed the same trend when compared with conventional tillage;
however, the differences were not significant, likely due to the high
variability in these fields. This agrees with previous studies that showed
intensive tillage has a negative effect on earthworm communities [16,
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18]. Besides injuring earthworms directly, tillage changes the habitat
and relocates food sources. Furthermore, the layer of plant residues on
no-tillage fields protects the soil from moisture loss during periods of
drought [50], therefore also prolonging the period during which
earthworms can be active and reproduce.

When examining the morpho-ecological groups of earthworms, we
found that the proportion of epigeic species tended to be larger in less
intensive tillage systems (with significant differences among tillage
systems on clay soils) compared with conventional tillage. In addition,
the proportion of anecic species was significantly higher on loam soil
with no-tillage compared with minimum and conventional tillage. The
main contributors to this finding were the epigeic species L. rubellus and
the anecic species Ap. longa and L. terrestris, which tended to be more
abundant under the no-tillage system. This agrees with the results of
several authors who have found that reducing tillage intensity was
beneficial, especially for the epigeics and anecics [18,51], mostly due to
better food availability, but also likely because these morpho-ecological
groups are the most vulnerable towards mechanical soil disturbance
[52].

The accumulation of plant residues at the soil surface mainly benefits
epigeic species and anecic species. However, some studies have associ-
ated a higher abundance of endogeic species, including the dominant
species Ap. caliginosa, with the incorporation of plant residues under
conventional tillage [53]. In these cases, conventional tillage is likely to
have, increased the food availability for this morpho-ecological group
that feed on soil organic matter by ingesting soil. Insufficient food re-
sources could also partially explain the lower proportion of endogeic
species in no-tillage fields, since it has been well documented that
no-tillage does not always translate into a higher organic carbon stock
compared with conventional tillage [54,55]. Therefore, the stratifica-
tion of organic matter or higher soil density under no-tillage could
potentially result in a shift in the proportions of the different earthworm
morpho-ecological groups [53].

4.3. Earthworm communities and soil properties

It is well known that soil pH is one of the main soil factors influencing
earthworm abundance and activity [56], and in general, earthworm
abundance tends to increase with soil pH [57-59]. However, we found a
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negative correlation between earthworm abundance and soil pH when
looking at the associations of the indicators throughout the whole
dataset (Fig. 7). Moreover, as shown in the NMDS analysis (Fig. S7), pH
was a significant factor determining species composition. In an extensive
global meta-analysis, Briones et al. [18] similarly found higher earth-
worm numbers in the most acidic soils category with a pH below 5.5.
The authors attributed this to higher organic matter accumulation in
reduced tillage systems, which might result in soil acidification and
explained that a lower pH might not have a detrimental effect on
earthworms because the chemical bonding of organic substrates and
clay particles can improve nutrient availability. Similarly, the negative
relationship between earthworm abundance and soil phosphorus was
probably not because of a causal relationship between the two param-
eters, but a consequence of differences in management. While the
no-tillage system favoured large earthworm populations, the value of
the soil phosphorus content and soil pH tended to be lower on these
fields (Fig. S8), leading to this negative relationship.

Soil texture was a major factor determining earthworm communities
on Estonian arable fields. The overall mean earthworm abundance and
diversity tended to increase, and the proportion of dominant species
reduced towards finer soil texture. This was likely because of the higher
water-holding capacity [60] and organic matter content [61] in
fine-textured soils, which provided food sources and better habitat
conditions for earthworms supporting large and diverse earthworm
communities [62]. This supported the results of the correlation analysis,
which showed that soils with higher organic carbon and total nitrogen
content had higher earthworm diversity, a lower proportion of the
dominant species, and a higher proportion of epigeic species in the
community. Therefore, the relationships between soil properties and the
earthworm community can also be largely attributed to the effect of soil
texture, since fine-textured soils are able to store and protect more
organic carbon and nitrogen [63]. Anecic species were observed to be
sensitive to soil texture as they were almost absent in very coarse and
fine-textured arable soils. This could be related to moisture dynamics as
fine-textured soils are more prone to periods of waterlogging and
compaction, leading to anaerobic conditions [64]. Epigeic species L.
castaneus and endogeic A. chlorotica were absent in coarse-textured soils
as they are known to be more sensitive to drier conditions [56,65,66].

Differences in earthworm community parameters between con-
trasting farming systems tended to increase as soil texture became finer,
suggesting that the ecological tolerance of agricultural activity in the
earthworm community can vary with soil texture. Although it was not
possible to compare all the combinations of tillage systems and soil
texture, we noticed that, similarly to the trend observed for farming
system, the differences in earthworm abundance between less intensive
(no-tillage or minimum tillage) and conventional tillage increased as the
soil texture became finer. This supports the findings of Briones et al. [18]
and Joschko et al. [67], that the earthworm community benefits from
reducing soil tillage more notably in fine-textured soils. The more pro-
nounced response of the earthworm population to differences in man-
agement in fine-textured soils could be related to the interaction
between soil texture and management and the differences in community
composition of earthworms. Soil physical properties are more respon-
sive to tillage systems in fine-textured soils [50], which could partly
explain the significance of the interaction between soil texture and
management and earthworm abundance/diversity. Moreover, earth-
worm communities are less diverse in sandy soils, consisting of only a
few tolerant species, while finer soils are more likely to provide suitable
habitat conditions for sensitive species [62]. It is also possible that in
sandy soils, the effect of other management practices such as crop
rotation [59] or other soil properties might have a greater influence on
earthworm communities than tillage or farming system.

5. Conclusions

This study combined data from multiple studies carried out within a
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period of 21 years on Estonian arable fields. It was found that while
differences in earthworm communities between organic and conven-
tional farming were small, higher diversity, the proportion of epigeic
and anecic species and lower proportion of the dominant species Ap.
caliginosa suggest better ecological conditions under organic farming.
Furthermore, the effect of farming systems on earthworm communities
was different depending on soil texture, with larger differences in more
fine-textured soil classes. A similar trend was observed when comparing
fields with different tillage systems, in which differences between the
tillage systems increased towards heavier textured soils. No-tillage fields
had higher earthworm abundance, species richness and proportion of
anecic species in the community indicating favourable habitat condi-
tions compared to other tillage systems. Comparing the effect of man-
agement practice across different soil texture classes revealed the
resilience of earthworms to agricultural activity, implying that the ef-
fects of farming and tillage systems on the earthworm community is
dominated by soil texture. Therefore, our results emphasize the impor-
tance of including different soil texture classes in future monitoring
schemes that use earthworms as bioindicators when assessing the land
management conservation efforts as the earthworm community in some
areas might be less resilient towards intensive management systems.
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