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Abstract

Soil mesofauna play important roles in soil food webs, organic matter decomposition,
and nutrient cycling. We quantified mesofauna responses to tillage, liming, fertilisation,
and Geo2 biostimulant application at two Croatian experimental sites differing in soil
type and land-use history: a long-term arable Stagnosol in Caginci and a recently con-
verted Gleysol in KriZevci. Mesofauna were sampled in spring and autumn 2023 and
analysed using generalised linear mixed-effects models (GLMMSs). Seasonal dynamics
exerted the strongest influence on mesofauna communities, with Collembola and Acari
abundances approximately sixfold and sevenfold higher, respectively, in spring than in
autumn. A significant Season x Location interaction for total Acari and Oribatida indicated
a stronger spring increase at Krizevci. Liming increased Mesostigmata (+94%) and total
Acari (+33%), while recommended fertilisation increased Entomobryomorpha (+78%) and
total Collembola (+46%). In contrast, tillage treatments did not significantly affect the
abundance of Acari, Collembola, or their major subgroups. The Collembola:Acari ratio
remained relatively stable (0.56-0.93), suggesting parallel responses of dominant taxa. Over-
all, site-specific conditions and seasonal variation exerted stronger effects on soil mesofauna
communities than the tested management practices, emphasising the importance of local
environmental factors and land-use history in shaping mesofauna community dynamics in
agricultural soils.

Keywords: soil mesofauna; Acari; Collembola; conservation tillage; GLMM; Croatia

1. Introduction

Soil is a fundamental component of terrestrial ecosystems, providing habitat, nutri-
ents and water for diverse biota. Essential ecological processes such as organic matter
decomposition, nutrient cycling and carbon sequestration depend on soil biota. However,
intensive agricultural practices, including deep ploughing and excessive use of agrochemi-
cals, can lead to soil degradation, compaction, loss of organic matter and decreased soil
biodiversity [1].

Soil invertebrates interact within complex soil food webs [2] and are commonly
grouped according to body size into macrofauna, mesofauna and microfauna. Mesofauna
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comprise small (0.1-2 mm) soil-dwelling animals that contribute to the fragmentation
of organic matter, facilitate microbial decomposition processes and nutrient cycling [3,4].
Among these organisms, mites (Acari) and springtails (Collembola) represent the most
abundant and functionally important groups. These groups are also sensitive to environ-
mental changes, making them widely used as bioindicators of soil condition and land-use
intensity [5].

These organisms occupy different trophic positions within soil food webs. Mesostig-
mata mites are primarily predators and are frequently used as indicators of soil food-web
complexity; Oribatid mites contribute to humus formation and nutrient recycling and are
often associated with stable soils rich in organic matter, whereas Prostigmata mites repre-
sent a functionally diverse group that includes predators, fungivores and detritivores [6-9].
Within springtails, Entomobryomorpha are typically associated with surface litter and
respond rapidly to environmental disturbance. Poduromorpha are mainly soil-dwelling
organisms sensitive to soil compaction and structural disturbance; Symphypleona are
mainly epigeal species associated with vegetation structure and surface moisture [4,9-11].

Agricultural management practices can strongly influence soil mesofauna commu-
nities. Intensive soil disturbance associated with conventional tillage can disrupt soil
structure and habitat continuity, often leading to reduced abundance and diversity of soil
microarthropods [12,13]. Such disturbance also redistributes soil organisms between soil
layers and exposes them to unfavourable environmental conditions. In contrast, reduced
or conservation tillage systems characterised by reduced soil disturbance and crop residue
retention frequently promote higher abundance of mites and springtails owing to improved
soil structure, increased organic matter content and greater habitat stability [14-16].

Additionally, soil amendments such as liming, fertilisation and biostimulants may
further influence soil fauna communities by modifying soil physicochemical conditions
and microbial activity [17]. Increased soil pH may favour predatory mites but reduce some
detritivorous microarthropods [18,19], whereas fertilisation and soil biostimulants can
indirectly affect mesofauna by altering microbial biomass and nutrient availability [17,20].
However, responses of soil mesofauna to agricultural practices are often context-dependent
and may vary according to soil properties, climate conditions and land-use history [13-15].
In particular, experimental evidence regarding the combined effects of multiple agricultural
practices on soil mesofauna communities in arable systems remains limited. Understanding
how agricultural practices affect soil biodiversity is therefore important for the development
of sustainable agricultural systems that maintain soil ecosystem functions [21].

The aim of this study was to investigate the responses of soil mesofauna communities
to different agricultural management practices in arable soils. Specifically, we examined the
effects of tillage type (conventional, conservation shallow and conservation deep tillage),
liming, fertilisation intensity and biostimulant application on the abundance and structure
of soil mesofauna communities. Because biostimulants are increasingly incorporated
into sustainable crop management, they were included among the management factors
evaluated in the present field experiment. We hypothesised that (i) conservation tillage
would support higher abundance than conventional tillage, (ii) soil amendments would
elicit taxon-specific responses linked to edaphic context and (iii) seasonal and site effects
would interact to shape community composition.

2. Materials and Methods

2.1. Research Sites, Experimental Design and Treatments

The split-split-plot experiment was conducted at Catinci (CA) (45.6137° N, 17.8627° E)
and Krizevci (KR) (46.0275° N, 16.5590° E), Croatia. The two experimental sites differ in
land-use history and soil characteristics (Table 1, Appendix A Table A1). The Cainci site
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has a history of conventional agricultural use, whereas the KriZevci site had been managed
as grassland and remained undisturbed for at least 15 years before being converted to an
experimental agricultural field in 2021. Mesofauna sampling was therefore conducted after
three years of cultivation at this location. At Catinci, soils are classified as silty clay loam
corresponding to the Stagnosol reference group according to the World Reference Base for
Soil Resources [22]. These soils are characterised by pseudogley horizons with periodic
water saturation below the ploughed layer. In contrast, soils at KriZevci are classified as silt
loam corresponding to the Gleysol reference group, formed under conditions of periodic
groundwater influence [22].

Table 1. Measured soil properties of sampling locations at Cacinci (CA) and Krizevci (KR).
FC—field water capacity; pb—soil bulk density; ci—cumulative infiltration; SOC—soil organic
carbon; SOM—soil organic matter.

KR CA

7.3 12.07 Sand (%)
82.60 53.35 Silt (%)
10.10 34.58 Clay (%)
Silt Silty clay loam Texture
44.59 3491 EC (% vol)
1.39 1.64 pb (g cm—3)
80.04 57.33 ci(emh™)
1.18 1.42 SOC (%)
2.36 2.84 SOM (%)

Hypogley/Gleysol Pseudogley /Stagnosol WRB classification

The experimental design has been described in detail by Jug et al. [23]. The experiment
followed a split-split plot design in which tillage type was applied at the main plot level,
liming at the subplot level, and fertilisation rate and Geo2 application at the sub-subplot
level. The experimental scheme and aerial photo are given in Appendix A Figure Al. Each
treatment combination was represented by two separate plots within the same experimental
area. Briefly, tillage included three treatments: conventional tillage (ST; ploughing to
30 cm), conservation shallow tillage (CTS; loosening to 10 cm with crop residue >30%
retained on the soil surface), and conservation deep tillage (CTD; loosening to 30 cm with
crop residue >30% retained on the soil surface). Within each tillage treatment, liming
was either applied (YL) or not applied (NL). Fertilisation treatments consisted of the
recommended fertilisation rate (F1) and a reduced rate (F0.5; 50% of the recommended
amount). Fertilisers were applied as NPK (0:20:30) and urea (46% N) during autumn in
conjunction with primary tillage, while calcium ammonium nitrate (CAN; 27% N) was
applied before sowing in spring. The biophysical activator Geo2 was either applied (YG)
or not applied (NG). Geo2 is a commercially available granulated mineral soil activator
applied according to the manufacturer’s recommendations (150 kg/ha). It is intended to
improve soil physicochemical properties and stimulate soil microbial activity, potentially
enhancing nutrient availability and soil biological processes. Maize (Zea mays L.) was
grown at both sites during the 2023 sampling year.

2.2. Sampling

Sampling was conducted according to the hierarchical split-split plot design during
two sampling periods, spring (S) and autumn (A) 2023, at both study sites. Each site and
season included 48 samples representing all combinations of tillage, liming, fertilisation
and Geo2 treatments, with two replicate samples per treatment combination in a full
factorial design collected using a metal corer (5 cm diameter). Each core was treated as
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an independent biological replicate. For each treatment combination, one soil core was
collected from each of the two separate plots with the same treatment combination. Thus,
the two replicate samples represented plot-level biological replicates rather than technical
subsamples taken from the same plot. A total of 192 samples were processed. All samples
were placed in labelled plastic bags and stored at 4 °C until further processing (no longer
than ten days). Soil mesofauna was extracted using a Berlese-Tullgren apparatus for
72 h under a temperature gradient of approximately 30-40 °C. Extracted organisms were
preserved in 96% ethanol. Each sample was subsequently transferred to a Petri dish (9 cm
diameter) and scanned using an EPSON Perfection V600 scanner (Seiko Epson Corporation,
Suwa, Nagano, Japan) at a resolution of 3200 dpi [24]. The digital images were analysed
using Image] software (version 1.54k) [25], and the samples were further analysed under
the stereomicroscope.

All organisms were counted and classified into taxonomic groups according to Cole-
man [4]. The total number of Acari, Collembola, Protura, Diplura, Insecta and Myriapoda
were recorded. Some groups were further classified into lower taxonomic levels: mites
into Mesostigmata, Oribatida and Prostigmata; springtails into Entomobryomorpha, Po-
duromorpha and Symphypleona; insects into Coleoptera and Diptera; and Myriapoda into
Symphyla, Diplopoda, Pauropoda and Chilopoda.

2.3. Data Analysis

All statistical analyses were conducted in R [26]. Abundance data were analysed
using generalised linear mixed-effects models (GLMMs) implemented in the glmmTMB
package (version 1.1.14) [27]. As the count data exhibited overdispersion, models were
fitted using a negative binomial error distribution (nbinom?2) with a log-link function.
Separate models were fitted for total Acari, total Collembola, and each major subgroup
(Oribatida, Mesostigmata, Prostigmata, Entomobryomorpha, Poduromorpha, and Symphy-
pleona/Neelipleona).

For each response variable (Y), an initial additive model was fitted:

Y ~ Loc + Sea + Till + Fert + Calc + Geo2 + (1| Plot) + (1 | ObsID) (1)

where Loc (location: Caginci, KriZevci) and Sea (season: autumn, spring) were included
as fixed effects, while tillage, fertilisation, liming (Calc) and GeO, application represented
management treatments. Plot was included as a random intercept to account for the
split-split plot experimental design, representing subplots nested within blocks. An
observation-level random effect (ObsID) was included where necessary to account for
residual overdispersion.

A Season x Location interaction was tested for each response variable using likelihood-
ratio tests and AIC-based model comparison. The interaction term was retained for total
Acari (AAIC = —4.8, p = 0.009) and Oribatida (AAIC = —11.0, p < 0.001), but was not
supported for the remaining taxa (all p > 0.07; Appendix A Table A2) and was therefore
excluded from their final models. Model assumptions were evaluated using the DHARMa
package (version 0.5.0) [28] by inspecting simulated residuals and testing for overdispersion
and zero inflation. No substantial deviations from model assumptions were detected in the
final models. Model coefficients are reported on the log scale. For ease of interpretation,
percentage changes relative to reference levels were calculated as (exp(3) — 1) x 100.
Statistical significance was assessed at o = 0.05. Post hoc estimated marginal means (EMMs)
with 95% confidence intervals were obtained using the emmeans (version 2.0.3) package [29]
where relevant for graphical presentation.
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3. Results
3.1. Abundance and Community Structure

A total of 4809 individuals were extracted from both study sites. Acari represented
the dominant group (56.7%), followed by Collembola (34.4%), whereas other taxa (Insecta,
Diplura, Protura and Myriapoda) together accounted for 8.9% of the community (Figure 1A).
Within Acari, Oribatida was the dominant subgroup (48.4%), followed by Mesostigmata
(4.6%) and Prostigmata (3.7%) (Figure 1B). Among Collembola, Entomobryomorpha was
the most abundant subgroup (24.4%), whereas Poduromorpha (7.5%) and Symphypleona +
Neelipleona (2.5%) occurred at lower proportions (Figure 1C).
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Figure 1. Relative abundance (%) of major soil mesofauna groups across locations and seasons.
(A) Relative abundance of Acari, Collembola, and other mesofaunal groups. (B) Relative abundance
of the dominant mite groups within Acari (Oribatida, Mesostigmata, and Prostigmata). (C) Relative
abundance of the dominant collembolan groups within Collembola (Entomobryomorpha, Poduro-
morpha, and Symphypleona + Neelipleona). KR = Krizevci; CA = Calinci; S = spring; A = autumn.

Total mesofauna abundance varied significantly with location and season (Figure A2).
Abundance was consistently higher in spring than in autumn at both sites (p < 0.001), while
location also had a significant effect (p < 0.001). The interaction between location and season
was not significant. Predicted abundances derived from GLMMs revealed pronounced sea-
sonal patterns across taxa (Figure 2). Total Acari abundance was approximately sevenfold
higher in spring than in autumn ( = 1.95, p < 0.001), whereas total Collembola abundance
was approximately sixfold higher (3 = 1.80 & 0.16, z = 11.49, p < 0.001). Oribatida showed
the strongest seasonal response, with abundances approximately ninefold higher in spring
(z=13.76, p < 0.001).

Site effects were weaker and taxon-specific. Total Acari abundance was significantly
lower at KriZevci (KR) than at Cacinci (CA) (p < 0.01), whereas total Collembola abun-
dance did not differ significantly between sites. Oribatida (p < 0.001), Entomobryomor-
pha (p <0.05) and Symphypleona + Neelipleona (p < 0.01) were less abundant at KR,
while Poduromorpha and Prostigmata were more abundant at KR (p < 0.01) (Figure 1B,C).
Mesostigmata showed no significant differences between locations (Figure 1B).

The Collembola/ Acari ratio varied only slightly and did not differ significantly among
soil management treatments (Table 2). Across treatments, the values indicated relatively
balanced abundances of the two dominant groups. Seasonal means ranged from 0.56 to
0.93, with KR showing a slightly higher ratio in autumn (0.93; 95% CI 0.71-1.22). Slightly
higher values were observed under conventional tillage than under conservation treat-
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ments, whereas liming, fertilisation and Geo2 application produced only minor differences
among treatments.

Location CA @ KR
Oribatida Mesostigmata Prostigmata
2.01
2+
1.54
1.04
14
0.54
Entomobryomorpha Poduromorpha Symphypleona + Neelipleona
64
1.54
44
1.04
24
0.54
T 0+ T T T T
S F S F S

Season (F = autumn, S = spring)

Figure 2. Predicted abundance of Acari and Collembola subgroups across seasons and locations
derived from generalised linear mixed-effects models (GLMMs) fitted with a negative binomial
distribution (nbinom?2, log-link). Models included Location, Season, Tillage, Fertilisation, Liming
(Calc), and Geo?2 as fixed effects and plot identity as a random intercept. Points represent model-
estimated marginal means on the response scale (individuals per sample), and error bars indicate
95% confidence intervals. Location. Cacinci (CA), Krizevci (KR).

Table 2. Estimated marginal means (EMMs) of the log-transformed Collembola:Acari ratio and
back-transformed values across seasons and locations (CA—Catinci, KR—KriZevci).

Season Location EMM (Log Scale)  Ratio (Back-Transformed)
Autumn CA —0.43 +£0.14 0.65 (0.49-0.85)
Spring CA —0.58 £0.14 0.56 (0.42-0.74)
Autumn KR —0.07 £ 0.14 0.93 (0.71-1.22)
Spring KR —041+0.14 0.66 (0.50-0.87)

3.2. Effect of Tillage

Across all treatments and sites, Acari and Collembola remained the dominant compo-
nents of the mesofauna community, whereas other taxa occurred at low abundances and
frequently exhibited zero counts. Consequently, subsequent analyses focused primarily on
these groups and their principal subgroups.

GLMMs detected no significant effects of tillage on total Acari, total Collembola or
their subgroups (all p > 0.05). Season x Site EMMs emphasised that seasonal variation
dominated observed trends, with tillage contrasts remaining within +15% of the reference
treatment for most taxa.

Descriptive patterns suggested site-specific differences: at CA, CTD generally sup-
ported the highest abundances, followed by ST and CTS, whereas at KR the highest values
occurred under CTS and the lowest under ST.

https://doi.org/10.3390/agronomy16141316
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3.3. Effects of Soil Amendments

Responses to soil amendments were taxon- and site-specific and generally weaker
than seasonal effects (Figure 3). Across both sites, liming significantly increased to-
tal Acari abundance (p < 0.05), primarily driven by a positive response of Mesostig-
mata (z = 2.92, p = 0.003), whereas Poduromorpha decreased significantly under liming
(z=—2.68, p=0.007) (Appendix A Table A3). At Cacinci (CA), liming was associated
with higher abundances of several taxa, including Entomobryomorpha, Mesostigmata,
Prostigmata and Oribatida. GLMM analyses confirmed significantly higher abundance of
Mesostigmata (p = 0.046) and total mesofauna abundance (p = 0.0021) in limed plots. In
contrast, Poduromorpha and Symphypleona tended to be more abundant in non-limed
soil. At Krizevci (KR), responses to liming were more variable. Prostigmata showed signifi-
cantly higher abundance in limed soil (p = 0.033), whereas other taxa exhibited only minor
differences between treatments.

Oribatida - - - - -
Mesostigmata - - - - -
Effect
| N
Prostigmata - - - _ _

Entomobryomorpha - - -

Poduromorpha - - -

Symphypleona+Neelipleona - - -

N K © ©
&
v N Qo
& F & O
> S &F S A
& S S

Figure 3. Direction and significance of fixed effects across mesofauna groups based on GLMM
analyses. Arrows indicate statistically significant effects (p < 0.05): T indicates an increase, | indicates
a decrease relative to the referent level, — indicates a non-significant effect. Estimates are derived from
models with a negative binomial error structure and plot identity included as a random intercept.
Location: Krizevci (KR), Cacinci (CA); tillage: ST—convention, CTD—conservation tillage deep,
CTS—conservation tillage shallow. Referent levels: location: KR (KriZevci), season: F (autumn) and
tillage: ST (conventional).

Fertilisation generally increased the abundance of several Collembola groups. Entomo-
bryomorpha abundance was significantly higher under the recommended fertilisation rate
(F1) at both sites (CA: p = 0.021; KR: p = 0.0084), with predicted abundances approximately
78% greater under higher fertilisation (z = 3.30, p = 0.001). Total mesofauna abundance was
also significantly higher under F1 at KR.

In contrast, application of the Geo2 biostimulant produced weak and inconsistent
responses and had no significant effects on the major taxa.

4. Discussion

The results indicate that site characteristics and land-use history were important
factors shaping soil mesofauna communities. Although both experimental sites were
managed under the same experimental design, clear differences in community composition
were observed between Catinci (CA) and Krizevci (KR). The KR site generally supported
a greater number of taxa. These differences likely reflect contrasting soil properties and
previous land management. The CA site has a long history of intensive agricultural use,
which may have favoured taxa tolerant of frequent soil disturbance and mechanical soil
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inversion. In contrast, the KR site had been managed as grassland for more than 15 years
before being converted to agricultural use only three years prior to sampling. Such a
relatively recent transition may allow soil communities to retain characteristics associated
with less intensively disturbed systems. Previous studies have shown that land-use history
can strongly influence soil fauna responses to agricultural management [13,30]. However,
because the two study sites differed simultaneously in soil type, physicochemical properties,
and land-use history, the present design does not allow the effects of land-use history to be
fully separated from those of local edaphic conditions. Therefore, site-related differences
should be interpreted as the combined influence of land-use history and soil properties
rather than as the effect of either factor alone. We further note that cation exchange
capacity and soil organic carbon fractions (labile versus stable) were not determined; soil
characterisation was based on texture, pH (H;O) and total SOC (Appendix A Table A1).

The dominance of Oribatida observed at both sites is consistent with their ecological
traits. Oribatid mites are often well adapted to agricultural environments due to their
protective cuticle, slow life cycle and ability to tolerate disturbance [6,31]. More generally,
soil properties such as texture, bulk density and moisture conditions interact with functional
traits of soil organisms and influence mesofauna community composition in agricultural
soils [11].

Responses of soil mesofauna to the management practices were generally moderate
and taxon-specific. Although descriptive patterns suggested differences among tillage
treatments, statistical analyses did not detect significant effects of tillage on total Acari,
Collembola or their major subgroups. This suggests that the response of soil mesofauna
to tillage may depend strongly on local soil conditions and previous land-use history.
Similar context-dependent responses have been reported by Fiera et al. [32], who found
that tillage intensity significantly affected the composition and activity density of surface-
active Collembola communities in vineyards. Therefore, the absence of significant tillage
effects should be interpreted cautiously. The limited number of sampling periods, together
with the high spatial and temporal variability typical of soil fauna communities, may
have reduced the statistical power to detect small management effects and higher-order
interactions. At the KR site, conservation tillage tended to support higher abundance
than conventional tillage. Reduced soil disturbance can promote soil fauna by maintain-
ing soil structure, organic matter content and pore connectivity, and similar trends have
been reported in studies showing increased abundance of mites and springtails under
reduced or no-tillage systems [15,33]. In contrast, at the CA site several dominant taxa
showed higher abundances under conventional tillage. This pattern may reflect long-term
adaptation of soil communities to repeated disturbance, as intensive management may
favour disturbance-tolerant taxa capable of persisting under continuous mechanical soil
disturbance [6,34].

Liming and fertilisation showed more taxon-specific responses. Increased Mesostig-
mata abundance and total mesofauna abundance under liming at CA suggest that increased
soil pH (from 6.06 to 6.63) may enhance predator activity and trophic interactions. Changes
in soil pH are known to influence the distribution and abundance of soil mites through
effects on microbial activity and nutrient availability [19,35]. Fertilisation may indirectly
stimulate mesofauna populations by increasing microbial biomass and food availability [36].
However, responses differed among taxa, suggesting that fertilisation effects are mediated
by trophic interactions and local soil conditions. These contrasting responses among taxa
likely reflect differences in ecological traits and trophic roles. Collembola, particularly Ento-
mobryomorpha, are closely associated with microbial resources and often respond rapidly
to increases in microbial biomass. In contrast, predatory mites such as Mesostigmata may
respond more indirectly through changes in prey availability within the soil food web.
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Soil organic matter and microbial activity represent key drivers of food availability for
soil fauna [37], and biostimulants may influence these processes by modifying microbial
activity and soil physicochemical properties. However, such responses are often strongly
site-dependent [38], which may explain the limited response observed in this study. The
Geo2 biostimulant showed negligible effects on all mesofauna groups. This result is
consistent with the currently limited experimental evidence on this product’s direct and
indirect effects on soil biota, as controlled field studies remain sparse. Consequently,
the biological mechanisms proposed for this product—stimulation of soil microflora and
humification processes—remain insufficiently characterised under field conditions. The
absence of a detectable mesofauna response may reflect either a genuine lack of effect at the
tested dose and timescale, or the need for longer exposure periods before indirect trophic
pathways propagate to the fauna level.

Despite some taxon-specific responses, the overall structure of the mesofauna commu-
nity remained relatively stable across treatments. The Collembola/Acari ratio showed only
minor variation among management treatments, indicating relatively balanced abundances
of the two dominant groups. Soil mesofauna communities are often considered relatively
resilient to disturbance due to their high functional redundancy, complex trophic interac-
tions and the ability of many taxa to recolonise disturbed habitats [21,39]. Nevertheless,
agricultural intensification can influence the abundance of particular soil fauna groups,
particularly mites and springtails. Large-scale studies have shown that increasing agricul-
tural intensity may simplify soil food webs and reduce biodiversity in important soil fauna
groups such as Collembola and oribatid mites [13]. Differences observed between sites
in the present study further highlight that local environmental conditions may influence
how soil mesofauna responds to agricultural management. Overall, the results suggest
that seasonal dynamics and site-specific conditions acted as stronger effects on mesofauna
communities than the tested management practices.

The present study represents a short-term assessment of soil mesofauna responses
to experimental agricultural management. Because the KR site was converted from grass-
land only three years before sampling, the observed community structure likely reflects
transitional stages of soil ecosystem development. Soil fauna communities often require
several years or even decades to fully respond to land-use changes [13,33]. Soil biodiversity
plays a crucial role in maintaining soil food-web stability and ecosystem functioning [39,40].
Therefore, long-term monitoring and broader studies are needed to better understand how
agricultural practices influence soil biodiversity and ecosystem processes over time.

5. Conclusions

Seasonal dynamics and site-specific conditions had stronger effects on soil mesofauna
communities than the tested management practices. Tillage did not significantly influence
the abundance of Acari, Collembola or their subgroups, although conservation tillage
tended to support higher abundance at one site. Soil amendments showed taxon-specific
responses: liming increased Acari abundance, particularly that of Mesostigmata, while
fertilisation increased Entomobryomorpha abundance. In contrast, the Geo2 biostimulant
produced weak and inconsistent effects. Overall, the results indicate that agricultural
practices in the short term primarily influence the dominance of individual taxa rather than
causing major shifts in mesofauna community structure. These findings highlight the im-
portance of local environmental conditions when evaluating the effects of soil management
on soil mesofauna communities.
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Appendix A

Table Al. Soil physico-chemical parameters included soil texture (sand, silt, clay), soil pH (H,O),
and soil organic carbon (SOC) at two experimental sites: Catinci (CA) and KriZevci (KR), and under
different tillage—conventional tillage system (ST), conservation tillage system-deep (CTD), and
conservation tillage system-shallow (CTS), with the application of liming (YL) or without (NL).
Fertilisation comprised the recommended quantity of NPK, urea and CAN (calcium ammonium
nitrate) (F1) and 50% of the recommended amount (F0.5). The biophysiological soil activator Geo2
was either applied (YG) or not (NG). Parameters are measured at three depths: 0-10, 10-20 and
20-30 cm.

Location Field D(:II:)h Tillage Liming  Fertilisation Geo2 S(?,Z;i ?;:; f‘}/:l )y (I—II)ZI_(I)) S(S/?f
CA 1 0-10 ST NL F0.5 NG 1236 55.82  31.82 5.95 1.25
CA 1 1020 ST NL F0.5 NG 1233 5413 3354 6 1.35
CA 1 20-30 ST NL F0.5 NG 1233 5413 3354 6 1.35
CA 2 0-10 ST NL F1 NG 1236 55.82  31.82 6.04 1.33
CA 2 1020 ST NL F1 NG 1233 5413 3354 5.95 1.53
CA 2 20-30 ST NL F1 NG 1233 5413 3354 5.95 1.53
CA 3 0-10 ST NL F0.5 YG 1236 55.82  31.82 5.95 1.44
CA 3 1020 ST NL F0.5 YG 1233 5413 3354 6.05 1.44
CA 3 20-30 ST NL F0.5 YG 1233 5413 3354 6.05 1.44
CA 4 0-10 ST NL F1 YG 1236 5582  31.82 6.17 1.53
CA 4 1020 ST NL F1 YG 1233 5413 3354 6.18 1.48
CA 4 20-30 ST NL F1 YG 1233 5413 3354 6.18 1.48
CA 5 0-10 CTD NL F0.5 NG 11.81 5414  34.05 6.18 1.55
CA 5 10-20 CTD NL F0.5 NG 1218 5259 3523 6.25 1.38
CA 5 20-30 CTD NL F0.5 NG 1218 5259 3523 6.25 1.38
CA 6 0-10 CTD NL F1 NG 11.81 5414  34.05 6.38 1.46
CA 6 1020 CTD NL F1 NG 1218 5259 3523 6.27 1.38
CA 6 20-30 CTD NL F1 NG 1218 5259 3523 6.27 1.38
CA 7 0-10 CTD NL F0.5 YG 11.81 5414  34.05 6.24 1.55
CA 7 10-20 CTD NL F0.5 YG 12.18 52.59 35.23 6.27 1.55
CA 7 20-30 CTD NL F0.5 YG 1218 5259 3523 6.27 1.55
CA 8 0-10 CTD NL F1 YG 11.81 5414  34.05 6.26 1.42
CA 8 10-20 CTD NL F1 YG 12.18 52.59 35.23 6.24 1.23
CA 8 20-30 CTD NL F1 YG 1218 5259 3523 6.24 1.23
CA 9 0-10 CTs NL F0.5 NG 1155 5464 3381 6.02 1.63
CA 9 10-20 CTS NL F0.5 NG 11.29 54.49 34.22 5.98 1.47
CA 9 20-30 CTs NL F0.5 NG 1129 5449 3422 5.98 1.47
CA 10 0-10 CTs NL F1 NG 1155 5464 3381 5.73 1.35
CA 10 1020 CTS NL F1 NG 1129 5449 3422 5.82 1.25
CA 10 20-30 CTs NL F1 NG 1129 5449 3422 5.82 1.25
CA 11 0-10 CTs NL F0.5 YG 1155 5464 3381 5.83 1.32
CA 11 10-20 CTS NL F0.5 YG 1129 5449 3422 5.75 1.29
CA 11 20-30 CTS NL F0.5 YG 1129 5449 3422 5.75 1.29
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Location Field D(Cell:)h Tillage Liming  Fertilisation Geo2 S(ao/l:;i (So;:)t ((:,}/j )y (I-IIDZPE)) S(f)/)o)C
CA 12 0-10 CTS NL F1 YG 1155 5464 33.81 5.89 1.13
CA 12 10-20 CTS NL F1 YG 1129 5449 3422 5.93 1.12
CA 12 20-30 CTS NL F1 YG 1129 5449 3422 5.93 1.12
CA 13 0-10 CTS YL F1 YG 1155 5464 33.81 6.72 1.26
CA 13 10-20 CTS YL F1 YG 1129 5449 3422 6.87 1.24
CA 13 20-30 CTS YL F1 YG 1129 5449 3422 6.87 1.24
CA 14 0-10 CTS YL F0.5 YG 1155 5464 33.81 7.72 1.33
CA 14 10-20 CTS YL F0.5 YG 1129 5449 3422 7.60 1.32
CA 14 20-30 CTS YL F0.5 YG 1129 5449 3422 7.60 1.32
CA 15 0-10 CTS YL F1 NG 1155 5464 3381 6.23 151
CA 15 10-20 CTS YL F1 NG 1129 5449 3422 6.65 1.47
CA 15 20-30 CTS YL F1 NG 1129 5449 3422 6.65 1.47
CA 16 0-10 CTS YL F0.5 NG 1155 5464 33.81 6.17 1.50
CA 16 10-20 CTS YL F0.5 NG 1129 5449 3422 6.29 1.52
CA 16 20-30 CTS YL F0.5 NG 1129 5449 3422 6.29 1.52
CA 17 0-10 CTD YL F1 YG 11.81 5414  34.05 6.51 1.43
CA 17 10-20 CTD YL F1 YG 1218 5259  35.23 6.61 1.47
CA 17 20-30 CTD YL F1 YG 1218 5259  35.23 6.61 1.47
CA 18 0-10 CTD YL F0.5 YG 11.81 5414  34.05 6.45 1.57
CA 18 10-20 CTD YL F0.5 YG 1218 5259  35.23 6.41 1.55
CA 18 20-30 CTD YL F0.5 YG 1218 5259  35.23 6.41 1.55
CA 19 0-10 CTD YL F1 NG 11.81 5414  34.05 7.04 1.40
CA 19 10-20 CTD YL F1 NG 1218 5259  35.23 7.07 1.38
CA 19 20-30 CTD YL F1 NG 1218 5259  35.23 7.07 1.38
CA 20 0-10 CTD YL F0.5 NG 11.81 5414  34.05 6.46 1.38
CA 20 10-20 CTD YL F0.5 NG 1218 5259  35.23 6.49 1.36
CA 20 20-30 CTD YL F0.5 NG 1218 5259  35.23 6.49 1.36
CA 21 0-10 ST YL F1 YG 1236 55.82  31.82 6.44 1.43
CA 21 10-20 ST YL F1 YG 1233 5413 3354 6.44 1.36
CA 21 20-30 ST YL F1 YG 1233 5413 3354 6.44 1.36
CA 22 0-10 ST YL F0.5 YG 1236 55.82  31.82 6.32 1.48
CA 22 10-20 ST YL F0.5 YG 1233 5413 3354 7.01 1.56
CA 22 20-30 ST YL F0.5 YG 1233 5413 3354 7.01 1.56
CA 23 0-10 ST YL F1 NG 1236 55.82  31.82 6.42 1.66
CA 23 10-20 ST YL F1 NG 1233 5413 3354 6.34 1.44
CA 23 20-30 ST YL F1 NG 1233 5413 3354 6.34 1.44
CA 24 0-10 ST YL F0.5 NG 1236 55.82  31.82 6.21 1.58
CA 24 10-20 ST YL F0.5 NG 1233 5413 3354 6.28 1.56
CA 24 20-30 ST YL F0.5 NG 1233 5413 3354 6.28 1.56
KR 1 0-10 ST NL F0.5 NG 7.84 82.20 9.97 7.44 0.98
KR 1 10-20 ST NL F0.5 NG 7.57 82.06 1037 7.11 1.12
KR 1 20-30 ST NL F0.5 NG 7.57 82.06 1037 7.11 112
KR 2 0-10 ST NL F1 NG 7.84 82.20 9.97 7.24 1.07
KR 2 10-20 ST NL F1 NG 7.57 82.06 1037 7.35 0.95
KR 2 20-30 ST NL F1 NG 7.57 82.06 1037 7.35 0.95
KR 3 0-10 ST NL F0.5 YG 7.84 82.20 9.97 6.79 1.07
KR 3 10-20 ST NL F0.5 YG 7.57 82.06 1037 6.41 1.17
KR 3 20-30 ST NL F0.5 YG 7.57 82.06 1037 6.41 1.17
KR 4 0-10 ST NL F1 YG 7.84 82.20 9.97 6.46 121
KR 4 10-20 ST NL F1 YG 7.57 82.06 1037 6.41 111
KR 4 20-30 ST NL F1 YG 7.57 82.06 1037 6.41 111
KR 5 0-10 CTD NL F0.5 NG 7.91 82.36 9.73 6.22 1.07
KR 5 10-20 CTD NL F0.5 NG 7.86 82.27 9.87 6.20 1.08
KR 5 20-30 CTD NL F0.5 NG 7.86 82.27 9.87 6.20 1.08
KR 6 0-10 CTD NL F1 NG 7.91 82.36 9.73 5.95 1.08
KR 6 10-20 CTD NL F1 NG 7.86 82.27 9.87 6.60 1.04
KR 6 20-30 CTD NL F1 NG 7.86 82.27 9.87 6.60 1.04
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Location Field D(Cell:)h Tillage Liming  Fertilisation Geo2 S(ao/l:;i (So;:)t ((:,}/j )y (I-IIDZPE)) S(f)/)o)C
KR 7 0-10 CTD NL F0.5 YG 7.91 82.36 9.73 6.07 1.26
KR 7 10-20 CTD NL F0.5 YG 7.86 82.27 9.87 6.42 1.20
KR 7 20-30 CTD NL F0.5 YG 7.86 82.27 9.87 6.42 1.20
KR 8 0-10 CTD NL F1 YG 7.91 82.36 9.73 6.57 1.06
KR 8 10-20 CTD NL F1 YG 7.86 82.27 9.87 6.70 1.26
KR 8 20-30 CTD NL F1 YG 7.86 82.27 9.87 6.70 1.26
KR 9 0-10 CTS NL F0.5 NG 7.55 83.61 8.84 6.99 121
KR 9 10-20 CTS NL F0.5 NG 6.82 83.11  10.06 7 1.29
KR 9 20-30 CTS NL F0.5 NG 6.82 83.11  10.06 7 1.29
KR 10 0-10 CTS NL F1 NG 7.55 83.61 8.84 7.01 1.23
KR 10 10-20 CTS NL F1 NG 6.82 83.11  10.06 6.61 1.24
KR 10 20-30 CTS NL F1 NG 6.82 83.11  10.06 6.61 1.24
KR 11 0-10 CTS NL F0.5 YG 7.55 83.61 8.84 6.68 1.13
KR 11 10-20 CTS NL F0.5 YG 6.82 83.11  10.06 6.77 1.24
KR 11 20-30 CTS NL F0.5 YG 6.82 83.11  10.06 6.77 1.24
KR 12 0-10 CTS NL F1 YG 7.55 83.61 8.84 6.85 1.32
KR 12 10-20 CTS NL F1 YG 6.82 83.11  10.06 6.75 1.22
KR 12 20-30 CTS NL F1 YG 6.82 83.11  10.06 6.75 1.22
KR 13 0-10 CTS YL F1 YG 7.55 83.61 8.84 6.45 1.14
KR 13 10-20 CTS YL F1 YG 6.82 83.11  10.06 6.32 1.20
KR 13 20-30 CTS YL F1 YG 6.82 83.11  10.06 6.32 1.20
KR 14 0-10 CTS YL F0.5 YG 7.55 83.61 8.84 6.36 1.24
KR 14 10-20 CTS YL F0.5 YG 6.82 83.11  10.06 6.45 1.15
KR 14 20-30 CTS YL F0.5 YG 6.82 83.11  10.06 6.45 1.15
KR 15 0-10 CTS YL F1 NG 7.55 83.61 8.84 6.55 121
KR 15 10-20 CTS YL F1 NG 6.82 83.11  10.06 6.47 1.47
KR 15 20-30 CTS YL F1 NG 6.82 83.11  10.06 6.47 1.47
KR 16 0-10 CTS YL F0.5 NG 7.55 83.61 8.84 6.53 1.50
KR 16 10-20 CTS YL F0.5 NG 6.82 83.11  10.06 6.47 1.35
KR 16 20-30 CTS YL F0.5 NG 6.82 83.11  10.06 6.47 1.35
KR 17 0-10 CTD YL F1 YG 7.91 82.36 9.73 6.49 1.29
KR 17 10-20 CTD YL F1 YG 7.86 82.27 9.87 6.61 1.23
KR 17 20-30 CTD YL F1 YG 7.86 82.27 9.87 6.61 1.23
KR 18 0-10 CTD YL F0.5 YG 7.91 82.36 9.73 6.61 1.15
KR 18 10-20 CTD YL F0.5 YG 7.86 82.27 9.87 6.67 1.18
KR 18 20-30 CTD YL F0.5 YG 7.86 82.27 9.87 6.67 1.18
KR 19 0-10 CTD YL F1 NG 7.91 82.36 9.73 6.74 1.25
KR 19 10-20 CTD YL F1 NG 7.86 82.27 9.87 6.61 1.23
KR 19 20-30 CTD YL F1 NG 7.86 82.27 9.87 6.61 1.23
KR 20 0-10 CTD YL F0.5 NG 7.91 82.36 9.73 6.47 1.20
KR 20 10-20 CTD YL F0.5 NG 7.86 82.27 9.87 6.63 1.24
KR 20 20-30 CTD YL F0.5 NG 7.86 82.27 9.87 6.63 1.24
KR 21 0-10 ST YL F1 YG 7.84 82.20 9.97 6.74 1.07
KR 21 10-20 ST YL F1 YG 7.57 82.06 1037 6.68 0.97
KR 21 20-30 ST YL F1 YG 7.57 82.06 1037 6.68 0.97
KR 22 0-10 ST YL F0.5 YG 7.84 82.20 9.97 6.63 1.03
KR 22 10-20 ST YL F0.5 YG 7.57 82.06 1037 6.74 1.07
KR 22 20-30 ST YL F0.5 YG 7.57 82.06 1037 6.74 1.07
KR 23 0-10 ST YL F1 NG 7.84 82.20 9.97 7.90 1.25
KR 23 10-20 ST YL F1 NG 7.57 82.06 1037 7.67 1.17
KR 23 20-30 ST YL F1 NG 7.57 82.06 1037 7.67 1.17
KR 24 0-10 ST YL F0.5 NG 7.84 82.20 9.97 7.03 1.20
KR 24 10-20 ST YL F0.5 NG 7.57 82.06 1037 6.93 1.19
KR 24 20-30 ST YL F0.5 NG 7.57 82.06 1037 6.93 1.19
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Table A2. Likelihood-ratio tests of the Season x Location interaction for each analysed mesofauna

response variable. Each interaction model was compared with the corresponding additive model

(Location + Season + Tillage + Fertilisation + Liming + Geo?2) fitted with the same random-effects
structure. x? = likelihood-ratio test statistic; df = degrees of freedom; AAIC = AIC (interaction) — AIC
(additive), with negative values indicating support for the interaction. The interaction was retained
in the final models only for total Acari and Oribatida (p < 0.05).

Response Variable X2 df p-Value AAIC Interaction Retained
Total Acari 6.84 1 0.009 —4.8 Yes
Oribatida 12.97 1 <0.001 —11.0 Yes
Mesostigmata 0.42 1 0.518 +1.6 No
Prostigmata 3.19 1 0.074 —-1.2 No
Total Collembola 1.74 1 0.188 +0.3 No
Entomobryomorpha 0.27 1 0.603 +1.7 No
Poduromorpha 0.57 1 0.450 +1.4 No
Symphypleona + Neelipleona 0.62 1 0.431 +14 No

Table A3. Parameter estimates of the generalised linear mixed-effects models (GLMMs) fitted for each

analysed mesofauna group. Estimates are presented on the log scale together with their standard

errors (SE), z-values and associated p-values.

Group Term Estimate Std. Error z Value Pr(>1zl)
Oribatida (Intercept) 0.7213605401 0.2480277136 2908386848 0.003632986221
Oribatida LocationKR —0.7154306348 0.1602310127 —4.464994778 8.01 x 10~°
Oribatida SeasonS 2.244076444 0.1630573197 13.7625005 428 x 104
Oribatida TillageCTD 0.1865259186 0.1940189653 0.9613798234 0.3363612254
Oribatida TillageCTS 0.04120048493 0.1960177714 0.2101874979 0.8335213368
Oribatida Fertl 0.1782673653 0.1598821887 1.114992024 0.2648538395
Oribatida LimYes 0.1276534062 0.1584674268 0.8055498143 0.4205024725
Oribatida Geo2Yes 0.06650884076 0.158449583 0.4197476542 0.6746698084

Mesostigmata (Intercept) —1.653664454 0.397561087 —4.159522921 3.19 x 107°
Mesostigmata LocationKR 0.3595781424 0.2224241155 1.616632898 0.1059575462
Mesostigmata SeasonS 1463208171 0.2372690068 6.166874428 6.97 x 10710
Mesostigmata TillageCTD 0.1259237439 0.3098326794 0.4064249909 0.6844303604
Mesostigmata TillageCTS 0.3527322543 0.2928201426 1.204603793 0.2283562919
Mesostigmata Fertl —0.2701467383 0.2231300687 —1.210714181 0.2260049656
Mesostigmata LimYes 0.6611677557 0.2262041274 2.922881042 0.003468089867
Mesostigmata Geo2Yes 0.3189842045 0.2248406773 1.418712167 0.1559829486
Prostigmata (Intercept) —1.447608506 0.3806724491 —3.802766681 0.0001430891039
Prostigmata LocationKR 0.7318187138 0.2486257719 2.943454768 0.003245712485
Prostigmata SeasonS 0.7607002154 0.2508421477 3.032585323 0.002424685407
Prostigmata TillageCTD 0.136501791 0.3060170791 0.4460593879 0.6555543478
Prostigmata TillageCTS 0.3445771856 0.2982116229 1.155478724 0.2478944403
Prostigmata Fertl —0.3018258941 0.2468558693 —1.222680648 0.2214503391
Prostigmata CalcYes 0.4001582393 0.251551999 1.590757541 0.1116641518
Prostigmata Geo2Yes 0.4480645726 0.2463963661 1.818470701 0.0689922208
Entomobryomorpha (Intercept) 0.1016110495 0.2549926122 0.3984862487 0.6902717927
Entomobryomorpha LocationKR —0.4305362442 0.175899851 —2.447621427 0.01438026607
Entomobryomorpha SeasonS 1.823095811 0.1778962487 10.24808462 1.21 x 1072
Entomobryomorpha TillageCTD 0.3528142381 0.2103009076 1.677663887 0.09341273318
Entomobryomorpha TillageCTS 0.2118561735 0.2161316518 0.9802181763 0.3269784342
Entomobryomorpha Fertl 0.5763581671 0.1745854847 3.301294882 0.0009623967569
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Group Term Estimate Std. Error z Value Pr(>1zl)
Entomobryomorpha LimYes 0.3253588392 0.1729257261 1.881494712 0.05990465389
Entomobryomorpha Geo2Yes —0.1013264967 0.1711720994 —0.5919568494 0.5538794839

Poduromorpha (Intercept) —1.319653044 0.4117503039 —3.204983777 0.001350700932
Poduromorpha LocationKR 0.9264604604 0.265089965 3.494890727 0.000474255879
Poduromorpha SeasonS 2.241220273 0.2839851033 7.892034641 297 x 10715
Poduromorpha TillageCTD 0.1154238164 0.322934243 0.3574220414 0.7207758784
Poduromorpha TillageCTS 0.1134762845 0.3262851568 0.347782552 0.7280034941
Poduromorpha Fertl —0.1827951507 0.2625240126 —0.6962987838 0.4862417347
Poduromorpha LimYes —0.7194322725 0.2684313614 —2.680134946 0.007359248567
Poduromorpha Geo2Yes 0.1192755887 0.266732395 0.4471732378 0.6547499827
Symphypleona + Neelipleona (Intercept) —1.130481166 0.3983493007 —2.837914273 0.004540937678
Symphypleona + Neelipleona LocationKR —0.8212798007 0.2664931686 —3.081804329 0.00205750037
Symphypleona + Neelipleona SeasonS 0.9074372406 0.2671684911 3.396497981 0.0006825406091
Symphypleona + Neelipleona TillageCTD 0.2872702757 0.3162932801 0.9082402118 0.363751323
Symphypleona + Neelipleona TillageCTS 0.04698201533 0.3288957757 0.1428477311 0.8864104396
Symphypleona + Neelipleona Fertl 0.3321582226 0.2615536873 1.269942803 0.2041050051
Symphypleona + Neelipleona LimYes 0.06796789721 0.2593840006 0.262035812 0.7932938326
Symphypleona + Neelipleona Geo2Yes 0.2109456923 0.2624618744 0.8037193698 0.4215590649

Figure Al. Experimental scheme and aerial photo of the experimental sites. Both locations had the

same experimental scheme.

https://doi.org/10.3390/agronomy16141316


https://doi.org/10.3390/agronomy16141316

Agronomy 2026, 16, 1316 15 of 16

175,000
150,000
125,000
100,000
75,000 o
50,000

I

0

Total abundance (ind. m~2)

%, 1
%
%,
K
5,
%
2

& & & &

Location - Season

Figure A2. Total abundance of soil mesofauna per location and season expressed as the number of
individuals per m2. CA—Caginci, KR—KriZevci.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

FAO and ITPS. Status of the World’s Soil Resources:  Technical Summary; Food and Agriculture Organization
of the United Nations and Intergovernmental Technical Panel on Soils: Rome, Italy, 2015.  Available online:
https:/ /openknowledge.fao.org/server/api/core/bitstreams/81533344-7e7c-473d-96d7-e18de59d6548 / content (accessed on 19
May 2026).

Kudureti, A.; Zhao, S.; Zhakyp, D.; Tian, C. Responses of soil fauna community under changing environmental conditions. J. Arid
Land 2023, 15, 620-636. [CrossRef]

Behan-Pelletier, V.M. Acari and Collembola biodiversity in Canadian agricultural soils. Can. ]. Soil Sci. 2003, 83, 279-288.
[CrossRef]

Coleman, D.C.; Crossley, D.A., Jr.; Hendrix, PF. Fundamentals of Soil Ecology, 2nd ed.; Elsevier Academic Press: Amsterdam, The
Netherlands, 2004; pp. 89-140.

Gerlach, J.; Samways, M.; Pryke, J. Terrestrial invertebrates as bioindicators: An overview of available taxonomic groups. J. Insect
Conserv. 2013, 17, 831-850. [CrossRef]

Behan-Pelletier, V.M. Oribatid mite biodiversity in agroecosystems: Role for bioindication. Agric. Ecosyst. Environ. 1999, 74,
411-423. [CrossRef]

Ruf, A.; Beck, L. The use of predatory soil mites in ecological soil classification and assessment concepts, with perspectives for
oribatid mites. Ecotoxicol. Environ. Saf. 2005, 62, 290-299. [CrossRef] [PubMed]

Karasawa, S.; Hijii, N. Vertical stratification of oribatid (Acari: Oribatida) communities in relation to their morphological and
life-history traits and tree structures in a subtropical forest in Japan. Ecol. Res. 2008, 23, 57-69. [CrossRef]

Potapov, A.M.; Beaulieu, F; Vassilieva, A.B.; Bluhm, S.L.; Degtyarev, M.L,; Devetter, M.; Goncharov, A.A.; Gongalsky, K.B.;
Klarner, B.; Korobushkin, D.L; et al. Feeding habits and multifunctional classification of soil-associated consumers from protists
to vertebrates. Biol. Rev. 2022, 97, 1057-1117. [CrossRef] [PubMed]

Potapov, A.M.; Semenina, E.E.; Korotkevich, A.Y.; Kuznetsova, N.A.; Tiunov, A.V. Connecting taxonomy and ecology: Trophic
niches of collembolans as related to taxonomic identity and life forms. Soil Biol. Biochem. 2016, 101, 20-31. [CrossRef]

George, PB.L.; Keith, A.M,; Creer, S.; Barrett, G.L.; Lebron, I.; Emmett, B.A.; Robinson, D.A.; Jones, D.L. Evaluation of mesofauna
communities as soil quality indicators in a national-level monitoring programme. Soil Biol. Biochem. 2017, 115, 537-546. [CrossRef]
Rusek, J. Biodiversity of Collembola and their functional role in the ecosystem. Biodivers. Conserv. 1998, 7, 1207-1219. [CrossRef]
Tsiafouli, M.A.; Thébault, E.; Sgardelis, S.P.; de Ruiter, P.C.; van der Putten, W.H.; Birkhofer, K.; Hemerik, L.; de Vries, ET,;
Bardgett, R.D.; Brady, M.V,; et al. Intensive agriculture reduces soil biodiversity across Europe. Glob. Chang. Biol. 2015, 21,
973-985. [CrossRef] [PubMed]

Van Capelle, C.; Schrader, S.; Brunotte, J. Tillage-induced changes in the functional diversity of soil biota—A review with a focus
on German data. Eur. J. Soil Biol. 2012, 50, 165-181. [CrossRef]

Betancur-Corredor, B.; Lang, B.; Russell, D.J. Reducing tillage intensity benefits the soil micro- and mesofauna in a global
meta-analysis. Eur. J. Soil Sci. 2022, 73, €13321. [CrossRef]

Jug, D.; Jug, L.; Brozovi¢, B,; Seremesié, S.; Dolijanovi¢, 7.; Zsembeli, ] Ujj, A.; Marjanovic, J.; Smutny, V.; Duskova, S.;
et al. Conservation Soil Tillage: Bridging Science and Farmer Expectations—An Overview from Southern to Northern Europe.
Agriculture 2025, 15, 260. [CrossRef]

Oliveira, E.; Ercole, T.M.; Kleinschmidt Kopke, E.; de Albuquerque, C.; Cezar, R.; Barbosa, ].; Winagraski, E.; Sautter, K.; Prior, S.;
Motta, A.; et al. Fertilizer and Lime Impacts on Edaphic Mesofauna in a Southern Brazil Loblolly Pine System. Sci. Agrar. 2024,
20, 1-9. [CrossRef]

https://doi.org/10.3390/agronomy16141316


https://openknowledge.fao.org/server/api/core/bitstreams/81533344-7e7c-473d-96d7-e18de59d6548/content
https://doi.org/10.1007/s40333-023-0009-4
https://doi.org/10.4141/S01-063
https://doi.org/10.1007/s10841-013-9565-9
https://doi.org/10.1016/S0167-8809(99)00046-8
https://doi.org/10.1016/j.ecoenv.2005.03.029
https://www.ncbi.nlm.nih.gov/pubmed/15979713
https://doi.org/10.1007/s11284-007-0337-4
https://doi.org/10.1111/brv.12832
https://www.ncbi.nlm.nih.gov/pubmed/35060265
https://doi.org/10.1016/j.soilbio.2016.07.002
https://doi.org/10.1016/j.soilbio.2017.09.022
https://doi.org/10.1023/A:1008887817883
https://doi.org/10.1111/gcb.12752
https://www.ncbi.nlm.nih.gov/pubmed/25242445
https://doi.org/10.1016/j.ejsobi.2012.02.005
https://doi.org/10.1111/ejss.13321
https://doi.org/10.3390/agriculture15030260
https://doi.org/10.5380/rsa.v20i2.95791
https://doi.org/10.3390/agronomy16141316

Agronomy 2026, 16, 1316 16 of 16

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

Hagvar, S. Effects of liming and artificial acid rain on Collembola and Protura in coniferous forest. Pedobiologia 1984, 27, 341-354.
[CrossRef]

Urbanowski, C.K.; Turczanski, K.; Andrzejewska, A.; Kamczyg, J.; Jagodziriski, A.M. Which soil properties affect soil mite (Acari,
Mesostigmata) communities in stands with various shares of European ash (Fraxinus excelsior L.)? Appl. Soil Ecol. 2022, 180,
104633. [CrossRef]

Tejada, M.; Benitez, C.; Gémez, I; Parrado, J. Use of biostimulants on soil restoration: Effects on soil biochemical properties and
microbial community. Appl. Soil Ecol. 2011, 49, 11-17. [CrossRef]

Brussaard, L.; de Ruiter, P.C.; Brown, G.G. Soil biodiversity for agricultural sustainability. Agric. Ecosyst. Environ. 2007, 121,
233-244. [CrossRef]

IUSS Working Group WRB. World Reference Base for Soil Resources: International Soil Classification System for Naming Soils
and Creating Legends for Soil Maps, 4th ed.; International Union of Soil Sciences: Vienna, Austria, 2022. Available online:
https:/ /files.isric.org/public/documents/WRB_fourth_edition_2022-12-18.pdf (accessed on 19 May 2026).

Jug, D.; Jug, I.; Radocaj, D.; Wilczewski, E.; Purdevi¢, B.; Jurisi¢, M.; Zsembeli, J.; Brozovi¢, B. Spatio-temporal dynamics of soil
penetration resistance depending on different conservation tillage systems. Agronomy 2024, 14, 2168. [CrossRef]

Potapov, A.M.; Sun, X.; Barnes, A.D.; Briones, M.].I; Brown, G.G.; Cameron, E.K.; Chang, C.-H.; Cortet, ].; Eisenhauer, N.; Franco,
A.L.C; et al. Global monitoring of soil animal communities using a common methodology. Soil Org. 2022, 94, 55-68. [CrossRef]
Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to Image]: 25 years of image analysis. Nat. Methods 2012, 9, 671-675.
[CrossRef] [PubMed]

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2025. Available online: https://www.R-project.org/ (accessed on 19 May 2026).

Brooks, M.E.; Kristensen, K.; van Benthem, K.J.; Magnusson, A.; Berg, C.W.; Nielsen, A.; Skaug, H.].; Maechler, M.; Bolker, B.M.
glmmTMB balances speed and flexibility among packages for zero-inflated generalized linear mixed modeling. R J. 2017, 9,
378-400. [CrossRef]

Hartig, F. DHARMa: Residual Diagnostics for Hierarchical (Multi-Level /Mixed) Regression Models, R Package Version 0.5.0.
2026. Available online: https://github.com/florianhartig/dharma (accessed on 19 May 2026).

Lenth, R.; Piaskowski, J. emmeans: Estimated Marginal Means, aka Least-Squares Means, R Package Version 2.0.3. 2026. Available
online: https:/ /rvlenth.github.io/emmeans/ (accessed on 19 May 2026).

Liiri, M.; Hdsd, M.; Haimi, J.; Setdld, H. History of land-use intensity can modify the relationship between functional complexity
of the soil fauna and soil ecosystem services—A microcosm study. Appl. Soil. Ecol. 2012, 55, 53—61. [CrossRef]

Norton, R.A. Evolutionary aspects of oribatid mite life histories and consequences for the origin of the Astigmata. In Mites:
Ecological and Evolutionary Analyses of Life-History Patterns; Houck, M.A., Ed.; Springer: Boston, MA, USA, 1994; pp. 99-135.
[CrossRef]

Fiera, C.; Ulrich, W.; Popescu, D.; Buchholz, J.; Querner, P.; Bunea, C.I; Strauss, P.; Bauer, T.; Kratschmer, S.; Winter, S.; et al.
Tillage intensity and herbicide application influence surface-active springtail (Collembola) communities in Romanian vineyards.
Agric. Ecosyst. Environ. 2020, 300, 107006. [CrossRef]

Liu, Y;; Song, L.; Wu, D.; Ai, Z,; Xu, Q.; Sun, X.; Chang, L. No tillage increases soil microarthropod (Acari and Collembola)
abundance at the global scale. Soil Ecol. Lett. 2023, 6, 230208. [CrossRef]

Ponge, J.-F. Vertical distribution of Collembola (Hexapoda) and their food resources in organic horizons of beech forests. Biol.
Fertil. Soils 2000, 32, 508-522. [CrossRef]

Manu, M.; Bancila, R.I; Birsan, C.C.; Mountford, O.; Onete, M. Soil mite communities (Acari: Mesostigmata) as indicators of
urban ecosystems in Bucharest, Romania. Sci. Rep. 2021, 11, 3794. [CrossRef] [PubMed]

Zhu, Y.; Bian, H.; Ju, C.; Xu, C.; Zhou, Y.; Zhang, H.; Xu, X. Fertilization alters the abundance but not the diversity of soil fauna: A
meta-analysis. Glob. Ecol. Biogeogr. 2023, 32, 482—494. [CrossRef]

Fageria, N.K. Role of Soil Organic Matter in Maintaining Sustainability of Cropping Systems. Commun. Soil Sci. Plant Anal. 2012,
43,2063-2113. [CrossRef]

Wadduwage, J.; Liu, H.; Egidi, E.; Singh, B.K.; Macdonald, C.A. Effects of biostimulant application on soil biological and
physicochemical properties: A field study. J. Sustain. Agric. Environ. 2023, 2, 285-300. [CrossRef]

Nielsen, U.N. Soil Fauna Assemblages: Global to Local Scales; Cambridge University Press: Cambridge, UK, 2019. [CrossRef]
Bardgett, R.D.; van der Putten, W.H. Belowground biodiversity and ecosystem functioning. Nature 2014, 515, 505-511. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/agronomy16141316


https://doi.org/10.1016/S0031-4056(23)06001-8
https://doi.org/10.1016/j.apsoil.2022.104633
https://doi.org/10.1016/j.apsoil.2011.07.009
https://doi.org/10.1016/j.agee.2006.12.013
https://files.isric.org/public/documents/WRB_fourth_edition_2022-12-18.pdf
https://doi.org/10.3390/agronomy14092168
https://doi.org/10.25674/so94iss1id178
https://doi.org/10.1038/nmeth.2089
https://www.ncbi.nlm.nih.gov/pubmed/22930834
https://www.R-project.org/
https://doi.org/10.32614/RJ-2017-066
https://github.com/florianhartig/dharma
https://rvlenth.github.io/emmeans/
https://doi.org/10.1016/j.apsoil.2011.12.009
https://doi.org/10.1007/978-1-4615-2389-5_5
https://doi.org/10.1016/j.agee.2020.107006
https://doi.org/10.1007/s42832-023-0208-0
https://doi.org/10.1007/s003740000285
https://doi.org/10.1038/s41598-021-83417-4
https://www.ncbi.nlm.nih.gov/pubmed/33589711
https://doi.org/10.1111/geb.13641
https://doi.org/10.1080/00103624.2012.697234
https://doi.org/10.1002/sae2.12057
https://doi.org/10.1017/9781108123518
https://doi.org/10.1038/nature13855
https://www.ncbi.nlm.nih.gov/pubmed/25428498
https://doi.org/10.3390/agronomy16141316

	Introduction 
	Materials and Methods 
	Research Sites, Experimental Design and Treatments 
	Sampling 
	Data Analysis 

	Results 
	Abundance and Community Structure 
	Effect of Tillage 
	Effects of Soil Amendments 

	Discussion 
	Conclusions 
	Appendix A
	References

