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Abstract

Soil organisms are impacted by a wide range of physical and chemical disturbances in intensive
cropping systems. The development of cropping systems less disturbing to soil biodiversity requires to
understand the consequences of various practices on soil organisms. However, most studies
characterize the effects of cropping systems by distinguishing between the main types of systems (i.e.
conventional, organic, conservation) without taking into account the diversity of applied practices. In
this study, we aimed to describe cropping systems and their effects on soil mesofauna using indicators
of practice intensity previously developed by agronomists. Mesofauna sampling was conducted in
autumn 2020 and 2021 over 21 fields under conventional, conservation or organic systems, either
long-established (> 7 years) or in transition (< 3 years). Primary indicators and composite indexes were
computed to determine the intensity of tillage, pesticide treatments and organic inputs, and used as
predictors for mesofauna density and Collembola species diversity. In 2020, mesofauna density was
lower in organic than in conventional systems, and both did not differ significantly from conservation
systems. In 2021, Collembola density tended to be the highest in long-established conservation

systems. Transitioning organic systems had a low mesofauna density. Using composite indexes,



mesofauna density and Collembola diversity were observed to decrease under high tillage and low
pesticide treatment intensity, while we found no clear effect using the organic input intensity index.
Overall, practice intensity indicators and indexes were useful to explain the effects of cropping systems
on soil mesofauna density and diversity. In particular, the tillage intensity index showed a major impact
of tillage on soil mesofauna. However, the significance of the effects of practice intensity on mesofauna
varied between years. Future studies are thus necessary to fully assess the relevance of intensity

indicators and indexes in assessing the effects of cropping systems on soil biodiversity.
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systems in transition

1. Introduction

The transition toward sustainable agroecosystems involves redesigning cropping systems using
agroecological principles, such as enhancing soil biodiversity and ecosystem functioning (Altieri, 1989;
Wezel et al., 2009). Soil organisms, and more specifically those belonging to the mesofauna, are key
actors of agricultural soil functioning and associated ecosystem services as they are notably involved
in litter decomposition, nutrient cycling, and climate and pest regulation (Crossley et al., 1992; Lavelle
et al.,, 2006). Soil mesofauna includes numerous organisms ranging from 0.1 to 2 mm, mostly
microarthropods, living in the surface litter and in the soil porosity (Swift et al., 1979; Lavelle and Spain,
2001). Collembola and Acari constitute a large part of soil microarthropods and play an essential role
in soil organic matter decomposition (Moore et al., 1993; Chassain et al., 2021), nutrient dynamics
(Mebes and Filser, 1998) and soil microstructure formation (Rusek, 1998). Collembola in particular are
considered to be relevant bioindicators of soil disturbances due to their high abundance and diversity
and their sensitivity to land-use change and intensity (Ponge et al., 2003; Socarras and Izquierdo, 2014),

physical soil degradation (Bispo et al., 2009) and chemicals (Cortet et al, 1999; Joimel et al., 2022). In



addition, they are a well-documented group in terms of species identification in temperate areas
(Potapov et al., 2020).

Mesofauna abundance and diversity are lower in agroecosystems than in any other ecosystems
(Santorufo et al., 2015; Joimel et al., 2017). Cultivated soils are characterized by regular and significant
physical and chemical disturbances caused by agricultural practices. Consequently, soils of the most
intensive cropping systems have been reported to have particularly low abundance and diversity of
microarthropods (Winter et al., 1990; Bedano et al., 2006; Tsiafouli et al., 2015). Yet, it remains unclear
if some practices are more disruptive than others within cropping systems, and how practices interact
and influence soil organisms.

Alternative systems, such as systems under organic and conservation agriculture, have been developed
to offset the drawbacks of intensive management. Organic farming is based on the ban of synthetic
inputs (i.e. pesticides, mineral fertilizers) (Stanhill, 1990), while conservation agriculture relies on no-
tillage, permanent soil cover and diversification of the crop rotation (FAO, 2022). These alternatives
were both reported to benefit soil mesofauna, in particular microarthropod abundance, compared to
conventional systems (Christel et al., 2021). A large part of studies are focusing on organic systems,
showing benefits of organic farming on soil microarthropod abundance or richness (Doles et al., 2001;
Bettiol et al., 2002; Bengtsson et al., 2005), even if no or negative effects were also reported (Schrader
et al., 2006; Potapov et al.,, 2022). Comparatively, less studies were conducted on conservation
agriculture (Christel et al., 2021), which was found to have a positive effect on soil mesofauna
abundance (Ayuke et al., 2019; Menta et al., 2020; Dulaurent et al., 2022). Overall, higher densities of
several soil fauna groups were previously observed in conservation than in organic systems (Henneron
et al., 2015), but more studies are required to generalize the effects of these alternative systems on
the abundance and diversity of soil mesofauna (Christel et al., 2021). In addition, little is known about
the response of mesofauna to the transition from conventional to alternative systems or from one

alternative to another (Filser et al., 1995, 2002; Jabbour, 2008; Coller et al., 2022).



Previous studies also reported effects of specific agricultural practices on soil mesofauna, in particular
the impact of frequent and deep tillage (Kladivko, 2001; Miyazawa et al., 2002), pesticide treatment
applications (Cortet et al., 2002; Miyazawa et al., 2002) and organic or inorganic fertilizer applications
(Miyazawa et al., 2002; Reeleder et al., 2006). Reported negative effects of tillage on microarthropods
(Wardle, 1995; van Capelle et al., 2012; Moradi et al., 2013) could be explained by physical
disturbances of soil causing direct (e.g. physical injuries) and indirect damage (e.g. destruction of
microhabitats, drying of soil surface, changes in spatial distribution of the trophic resource) to
microarthropods (Kladivko, 2001; Dang et al., 2015; Tsiafouli et al., 2015). Reduced or no-tillage
practices (i.e. one of the components of conservation agriculture) were reported to have a positive
effect on mesofauna abundance and variable results on diversity (Brennan et al., 2006; Tabaglio et al.,
2009; Betancur-Corredor et al., 2022). However, absence of or positive effects of tillage were also
observed on soil mesofauna (van Capelle et al., 2012; Rieff et al., 2020). Chemical disturbances due to
pesticides could have direct (e.g. survival, reproduction) and indirect (e.g. changes in the food
resource) effects on soil microarthropods, especially on Collembola (Cortet et al., 2002; Joimel et al.,
2022). In contrast, the effect of fertilization and organic inputs on mesofauna depend on the type of
inputs and is more ambiguous (Kanal, 2004; Zhu et al., 2023). Organic inputs generally tend to increase
mesofauna density, whereas mineral fertilizers may have a neutral or a negative effect (Miyazawa et
al., 2002; Hu et al., 2022; Betancur-Corredor et al., 2023). Exports of crop residues, which represent
another source of organic matter, were alternatively found to have negative or no effect on
microarthropod density (Werner and Dindal, 1990; Brennan et al., 2006; Coulibaly et al., 2017). Lastly,
crop rotation and diversification were found to have variable or no influence on microarthropod
density and diversity (Osler et al., 2008; Twardowski et al., 2016; Moos et al., 2020).

Overall, the observed variability in mesofauna density and diversity is large in agricultural areas,
probably due to the large panel of applied practices (Bengtsson et al., 2005). In most cases, studies on
agricultural soils assessed biodiversity by comparing fields assigned to different cropping systems (i.e.

conventional, integrated, organic, no-tillage, conservation) or considering only one practice (e.g.



tillage). However, the first approach conduces to a poor level of definition of applied practices, while
the second gives a partial description of the studied system. In addition, tillage is often defined
according to broad categories (conventional, reduced, no-tillage), thus merging practices without
taking into account the parameters involved in the intensity of soil disturbances (e.g. depth or
frequency of tillage). Similarly, pesticide treatments are often considered by comparing the
presence/absence of treatments instead of considering separately products with different targets (e.g.
herbicides, fungicides, insecticides) and application parameters (e.g. number, doses, frequency and
timing).

Agronomists highlighted the usefulness of an approach by indicators describing the practices applied
in cropping systems on a continuous or a semi-quantitative scale (Armengot et al., 2011; Bockstaller et
al., 2015; Biichi et al., 2019). These indicators can be computed for each field using data on applied
practices, preferably based on information that are easy to obtain (Biichi et al., 2019). They can be
considered as both a measure of practice intensity and a measure of the related disturbances. They
have the advantage to provide one value per field instead of grouping fields into systems, thus
switching from a discrete to a continuous variable. In soil ecology, some authors already stated the
interest of using indicators of the intensity and frequency of soil disturbances to compare the effects
of different managements on soil organisms (Gareau et al., 2019; Masin et al., 2020). However, to our
knowledge, this type of indicators was rarely used to assess the effects of cropping systems on soil
organisms, more particularly for mesofauna. We found only one study using crop management
descriptors to assess cropping system effects on microarthropods (Ferraro and Ghersa, 2007a).
Therefore, in our study, we used practice intensity indicators to assess the effect of physical and
chemical disturbances on soil mesofauna, and to investigate whether they provide additional insight
compared to defined broad categories of cropping systems.

In this context, the objectives of this study were 1) to assess if alternative cropping systems, long-
established or in transition, had beneficial effects on soil mesofauna density and Collembola diversity,

and 2) to test whether the use of primary indicators and composite indexes of practice intensity



(tillage, pesticide treatments, organic inputs) helps to further explain the effects of cropping systems
on soil mesofauna. The study focuses on the density of total soil mesofauna, and on the species
richness of Collembola due to their status of bioindicators and their relatively high density. More
detailed results on the taxonomic and functional diversity of Collembola are provided in Chassain et
al. (2023). We hypothesized that systems with lower physical (i.e. tillage) and chemical (i.e. pesticide
treatments) disturbances, namely conservation and organic systems, could present higher density of
soil mesofauna as well as a higher Collembola species diversity compared to conventional systems. We
assumed that these differences may vary between long-established and transitioning alternative

systems.

2. Materials and methods

2.1 Study sites

The study was conducted in autumn 2020 and 2021 over 21 fields owned by farmers located in the
Paris basin, France. Climate is temperate with mean annual precipitations of 600 to 700 mm and a
mean annual temperature of 11°C. In France, the year 2020 was marked by a particularly hot and dry
summer (June to August), whereas summer 2021 was the coolest and rainiest since 2014. The autumn
(September to November) was slightly warmer and humid in 2020 than 2021 (MeteoFrance.com). All
fields were cropped with winter wheat in 2020-2021, whereas they were cropped with various crops
or cover crops (e.g. rapeseed, barley, alfalfa) in 2019-2020 and in 2021-2022 (Table 1).

Among the 21 fields of the study, 12 belonged to systems established since seven to more than 20
years in conventional (Conv, n = 6 fields), organic (OA, n = 3) or conservation agriculture (CA, n = 3),
and nine where in transition since 2 to 3 years from conventional to conservation (Conv-CA, n = 3),

conventional to organic (Conv-OA, n = 3) or conservation to organic agriculture (CA-OA, n = 3) (Table



1). On each field, three plots were delimited for sampling, spaced from each other by 25 m and located

25 m apart from the field margins and outside of tractor traffic tracks to avoid bias.

2.2 Agricultural practices

Detailed information on the applied practices was collected by conducting an interview of farmers.
Indicators of practice intensity were selected to describe the cropping system applied to each field
following Blichi et al. (2019). We decided to use indicators that were easy to obtain and that
contributed to differentiate cropping systems. Selected indicators belonged to four categories: soil
physical disturbances (tillage), chemical crop protection (pesticide treatments), fertilization and
organic inputs, and crop diversification (Table 2). Additional information on practices not included in
the indicators is provided in Table S1.

As our objective was to assess the effects of practices on soil organisms, we computed 2020 and 2021
indicators by considering all practices occurring during the previous crop cycle (i.e. from the soil
preparation and sowing in autumn 2019 or 2020) and until the sampling date (i.e. beginning of new
crop cycle in autumn 2020 or 2021) (Fig. S1). In addition, several indicators accounted for practices
applied over the last five years (2016-2020 and 2017-2021 for the first and second sampling
respectively).

Primary indicators represented the intensity of practices associated to tillage (nbDTill: deep tillage,
nbSTill: surface tillage, soilP: type of tillage over 5 years), pesticide treatments (nbHerb, nbFung,
nbinsect: herbicide, fungicide and insecticide applications) and organic inputs (nbOrg: organic
amendments, nbRes: crop residue retention, gminN: mineral nitrogen fertilizers inputs), and the crop
diversification (nbCrop: crop diversity over 5 years) (Table 2).

Composite indexes were computed for tillage intensity (Itill) and organic input intensity (lorg) by an
additive combination of primary indicators following Biichi et al. (2019). Primary indicators were first

normalized to obtain values between 0 and 1:



| Ui = Inin
normi — 1 1
(Imax - Imin)

where lnormi is the normalized primary indicator, Ii is the indicator value for the field i, Imin and Inax are
the minimal and maximal indicator values within all fields. Then, the composite indexes were

computed by an additive combination of the normalized indicators such as:

nbDTill,orm + nbSTill,orm + (1 — S0ilPyorm)

Itill =
‘ 3

where [till is the composite index for tillage intensity and nbDTillnorm, NbSTillnorm and soilPnorm are
respectively the normalized values of the number of deep tillage, surface tillage and average type of
tillage over five years (Table 2), and:

nbO07gnorm + NbRES,orm
2

lorg =
where lorg is the composite index for organic input intensity and nbOrgnorm and nbResnom are
respectively the normalized values of the number of organic amendments (i.e. number of times organic
matter was applied to the field) and of the number of times crop residues were retained over 5 years
(Table 2). The composite index for pesticide treatment intensity (Itreat) was the sum of pesticide
treatments applied over the period such as:

Itreat = nbTreat, yrm

where Itreat is the composite index for pesticide treatment intensity and nbTreatnorm is the normalized
value of the total number of pesticide treatment applications (i.e. number of products applied over
the period including herbicides, fungicides, insecticides, molluscicides and growth regulators). Each
product was considered as a separated treatment even when applied together with other products.
We did not consider molluscicides as an individual treatment indicator as they were rarely applied. For
comparison, we calculated the treatment frequency index (TFI), a common index used by farmers and
agronomists in order to assess the intensity of treatments over a crop cycle (Jgrgensen and Kudsk,
2006). The TFI for each treatment was calculated as the ratio of the applied dose over the
recommended dose, multiplied by the ratio of the treated surface over the field surface. The total TFI
was the sum of the TFI of products applied over the crop cycle. However, as Itreat and TFl appeared to
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be highly correlated (Spearman correlation, cor = 0.9, P < 0.001 in 2020 and 2021) and as TFI was
missing for two fields, we used only Itreat for the following parts of the study. For all the indexes, a

higher value indicates greater intensity of the practices in question.

2.3 Soil and mesofauna sampling

Samplings were conducted from October 19™" to December 2™ in 2020 and from October 25" to
November 22" in 2021. They took place minimum one week after sowing to allow the mesofauna
population to partially recover after tillage and other mechanical operations related to sowing. All
samples were collected between crop rows. To limit the effect of the sampling time, we tried to sample
simultaneously fields belonging to different cropping systems. However, on average, organic fields
were sampled later than conventional and conservation fields as organic systems rely on late sowing
to compensate for the absence of pesticide treatments.

Composite soil samples were collected at 0-10 cm depth for each plot (i.e. three sampling areas per
field) by mixing eight soil cores obtained with an auger. Before analyses, samples were kept at 4°C. Soil
water content was assessed by drying fresh soil at 105°C for 48h. In 2020, a fraction of sampled soils
was sieved at 4 mm, air dried and analyzed for main soil characteristics by the INRAE laboratory of
Arras (i.e. clay, silt, sand, organic matter, C, N, Al, Ca, Fe, K, Mg, Mn, Na and P total contents, pH, cation
exchange capacity). In addition, bulk density was assessed by collecting a soil core (10 cm in diameter,
10 cm high) at 0-10 cm depth in each plot (i.e. three cores per field), which was dried (105°C, 48h) and
weighed.

Mesofauna was sampled at 0-4 cm depth in each plot (i.e. three samples per field) using small soil
cores (5 cm in diameter, 4 cm high). Soil cores were kept at 4°C no longer than 8 days before extraction.
Mesofauna was extracted using MacFayden extractor and following the NF/ISO 23611-2 norm. A
gradient of temperature from 25°C to 45°C was progressively applied to the samples during the eight

days of extraction.



Mesofauna organisms were sorted under binocular into Collembola, Acari suborders and other
mesofauna groups (e.g. small Myriapoda, Coleoptera and Diptera larvae, enchytraeids). Collembola
were identified at the species level using phase-contrast microscope and identification keys (Bretfeld,
1999; Potapov, 2001; Hopkin, 2007). They were grouped into eco-morphological groups (euedaphic,
hemiedaphic, epedaphic), which correspond to their vertical distribution in soil combined with
morphological properties (Gisin, 1943). Densities of mesofauna groups were obtained by dividing
abundance by the area of soil extraction (0.0025 m?). The values of the three plots were averaged to
obtain one value per field.

The taxonomic diversity of Collembola was estimated by calculating the number of species, the
Shannon index and the Pielou’s evenness index. We calculated the ratio Acari/Collembola as a measure
of disturbance. A low ratio was previously reported to be related to high disturbances as Acari were

suggested to be less tolerant to disturbances than Collembola (Bachelier, 1963; Joimel et al., 2017).

2.4 Statistical analyses

A principal component analysis (PCA) was performed on primary practice indicators to assess their
ability to distinguish between the different cropping systems. To further detect clusters of fields with
similar practices, a Ward hierarchical clustering with bootstrapped P-values was conducted using
primary practice indicators. Differences in practice intensity indicators between cropping systems
were assessed with an analysis of variance (ANOVA) followed by a Tukey HSD post-hoc test (P < 0.05).
The effects of practice intensity on soil mesofauna were assessed with generalized linear models (GLM)
including the three intensity indexes together (i.e. Itill, Itreat and lorg - continuous variables) and their
interactions as explanatory variables. However, few interaction effects were observed for the three
composite indexes regarding soil mesofauna (Table S2), and our dataset is considered as small for
models including numerous explanatory variables. Thus, we decided to set the focus on the simplest

models, looking at each intensity index or indicator separately. In addition, we considered the effects
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of practice intensity on soil mesofauna for the two sampling years together and separately (for models
combining the two years see Table S8; for models used for separate years see the following paragraph).
As the effects of Itill, Itreat and lorg on soil mesofauna were consistent when analyzing years either
separately or together, we mainly examined results for the two years separately.

Effects of cropping systems, practice intensity and soil properties on soil mesofauna were assessed
separately for the two sampling years and using mean values at the field level. The normality and
homogeneity of variances were tested with a Shapiro-Wilk test (a > 0.05) and a Bartlett test (a > 0.05).
Linear models were used to assess the relations between practice intensity indexes as explanatory
variables (i.e. either Itill, Itreat, lorg or primary indicators separately - continuous variables) and soil
properties as response variables (i.e. each soil parameter separately - continuous variables).
Generalized linear models (GLM) with a quasi-Poisson family and an identity link (i.e. accounting for
overdispersion of data) were used to assess the relations between cropping systems (i.e. system
categories - discrete variable), practice intensity indexes (i.e. either Itill, Itreat, lorg or primary
indicators separately - continuous variables) or soil properties (i.e. each soil parameter separately -
continuous variables) as explanatory variables, and soil mesofauna density (i.e. total mesofauna,
Collembola and Acari groups) or Collembola richness as response variables. GLM with a Gaussian family
and an identity link were used to assess relations with Shannon or Evenness indexes as response
variables. Tukey HSD post-hoc tests were performed when comparing cropping systems in order to
determine significant pairwise differences.

Since the gradients of tillage and pesticide treatment intensity were correlated, we compared results
with and without fields showing zero tillage or pesticide use. GLM assessing the relations between
pesticide treatment intensity (Itreat) and soil mesofauna were performed either including or excluding
all organic fields as Itreat was equal to zero. Similarly, GLM assessing the relations with tillage intensity
(Itill) were performed either including or excluding fields under conservation systems for which Itill

was equal to zero or very low.
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All the analyses were performed using R software version 3.6.3 (R Development Core Team 2020) and
the stats (R Development Core Team 2020), ade4 (Dray and Dufour, 2007), pvclust (Suzuki et al., 2019),

vegan (Oksanen et al., 2022) and multcomp (Hothorn et al., 2022) packages.

3. Results

3.1 Indicators of practice intensity

Mean values of primary indicators and composite indexes are presented for each system (Table 3) and
for each field (Table S3, Fig. S2). As shown by the PCA based on primary indicators (Fig. 1), organic
systems were clearly separated from conventional and conservation systems both of which overlapped
in 2020 (total inertia: axis 1 = 41.6%, axis 2 = 19.0%) and in 2021 (axis 1 = 47.7%, axis 2 = 15.4%). This
is confirmed by cluster analyses, which showed all organic fields to be part of the same cluster in both
years and to be significantly separated from conservation and conventional fields, except for one
conventional field in 2020 (Fig. S3). In addition, the first axis of the PCA opposed cropping systems with
high use of herbicides to those with numerous tillage intervention in both years. The second axis was
mainly associated with the number of times crop residues were retained over 5 years (Fig. 1).
Composite indexes ltill, Itreat and lorg were significantly different between systems (Table 3). We
found no significant difference between conventional and organic systems for tillage intensity (ltill),
between conventional and conservation systems for pesticide treatment intensity (Itreat), nor in the
three long-established systems for organic input intensity (lorg) (Table 3). Organic input intensity (lorg)
was significantly higher in OA and CA-OA than in Conv-CA (Table 3).

Tillage intensity was higher in organic fields than in most conventional fields in both years (Fig. S2).
Primary indicators of tillage practices, nbDTill, nbSTill and soilP, followed a similar trend to that
observed for Itill (Table 3). Pesticide treatment intensity varied over a large range of values for

conventional and conservation systems (Fig. S2). Primary indicators of pesticide treatments, nbHerb,
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nbFung and nblnsect, followed a similar trend to that observed for Itreat (Table 3). Organic input
intensity was higher in OA and CA-OA than in most conventional and conservation fields (Fig. S2).
Primary indicators showed organic amendments (nbOrg) to be significantly more numerous in long-
established organic systems than in conventional and conservation systems in both years, and a trend
for more mineral nitrogen inputs (gminN) in conventional than in long-established conservation
systems in 2021 (Table 3, Fig. S2).

Regarding transitioning systems, all intensity indexes were similar between Conv and Conv-CA,
whereas Itreat was higher in Conv than in Conv-OA and in CA than in CA-OA in both years (Table 3). In

addition, nbOrg was lower in Conv than in Conv-OA in both years (Table 3).

3.2 Soil properties and effects of abiotic parameters on soil mesofauna

Field soils were silty or clayey, with a pH ranging from 5.6 to 8.1 and a bulk density between 1.1 and
1.5 g.cm™ at 0-10 cm depth (Table 1). We observed no significant difference in soil properties at 0-10
cm depth between cropping systems (Table S4) and few effects of practice intensity on soil properties
(Table S5). Increases in tillage intensity (Itill) and organic input intensity (lorg) were associated to a
decrease in the soil C/N ratio (Table S5). In addition, organic input intensity had a positive effect on
the CEC, and Ca and Mg contents (Table S5).

Soil mesofauna density was not significantly related to the soil water content (GLM, P > 0.05) nor to
the crop type in 2021 (GLM, P > 0.05). In addition, measured soil properties had few effects on

mesofauna density, and each effect was observed either in 2020 or in 2021 (Table S6).

3.3 Effects of cropping systems and practice intensity on mesofauna density
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Mesofauna density was on average lower in 2020 (20 462 + 22 286 ind.m™) than in 2021 (32 249 + 22
440 ind.m™) with a large variability between fields (Fig. 2). Very few organisms were collected in
organic systems in 2020, in particular in Conv-OA (Fig. 2).

Total mesofauna and Acari (total, Oribatida, Gamasida) densities were significantly lower in OA and
Conv-OA than in Conv in 2020, but we observed no significant difference between systems in 2021
(Fig. 2a and b, Table 4). Collembola density was significantly higher in Conv and Conv-CA than in Conv-
OA in 2020, and in CA than in CA-OA systems in 2021 (Fig. 2c) corresponding to effects observed on
hemiedaphic species (Table 4). In addition, Collembola density tended to be higher in CA than in Conv
in 2021 (P = 0.09). Euedaphic species (i.e. species associated to the upper mineral layer of soil) were
less present but their density was significantly higher in Conv than in Conv-OA in 2020, and in OA than
in CA-OA in 2021 (Table 4). Epedaphic species (i.e. species associated to the soil surface and litter layer)
density did not differ significantly between systems. The ratio Acari/Collembola was significantly
higher in CA-OA than in other systems, except Conv-OA, in 2021 (Table 4).

Tillage intensity (Itill) and pesticide treatment intensity (Itreat) demonstrated significant effects on soil
mesofauna density (Fig. 2, Table 5). An increase in Itill was related to a decrease in total mesofauna
and Collembola (epedaphic) densities in both years (Fig. 2, Table 5a and b) and of Acari (total,
Gamasida) in 2020 only (Fig. 2, Table 5a). Primary indicators of tillage, nbDTill, nbSTill and soilP,
impacted the density of many mesofauna groups in both years (Table 5). Inversely, all mesofauna
groups had a significantly higher density as Itreat increased in 2020 (Fig. 2, Table 5a). Among primary
indicators, nbHerb was significantly related to the largest number of mesofauna groups (Table 5a).
Epedaphic Collembola represented the only group for which density was significantly impacted by Itill
and Itreat in both years (Table 5a and b). In contrast, we found no clear effect of organic matter input
intensity (lorg) on mesofauna parameters. A decrease in nbOrg and an increase in gminN had a positive
effect on Acari and Collembola densities in 2020 (Table 5a). An increase in nbRes had a positive effect
on Gamasida and epedaphic Collembola densities in 2020 (Table 5a). Overall, total mesofauna and

Acari densities responded to the same primary indicators.
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We observed similar effects of Itill on soil mesofauna either including or excluding fields under
conservation systems (Table S7). Besides, Itreat effects were similar either including or excluding fields
under organic systems for Collembola density, whereas we observed no effect of Itreat on Acari density
when excluding organic fields (Table S7).

Effects of Itill, Itreat and lorg on soil mesofauna density were consistent when analyzing years either
separately (Table 5) or together (Table S8). When the two years were analyzed together, the
interaction between ltill and year was significant for epedaphic Collembola density and the interaction

between Itreat and year was significant for Gamasida (Table S8).

3.4 Effects of cropping systems and practice intensity on Collembola species richness

A total of 30 and 43 Collembola species were collected in 2020 and 2021 respectively. Collembola
species collected in each system are reported in Table S9. Collembola species richness and Shannon
index were significantly higher in Conv, CA and Conv-CA than in Conv-OA in 2020, but we observed no
difference between systems in 2021 (Table 4).

Collembola species richness significantly decreased as tillage intensity (Itill) increased in 2020, with a
similar trend in 2021, and increased as pesticide treatment intensity (Itreat) increased in 2020 only
(Table 5). Organic input intensity (lorg) had no effect on Collembola species richness (Table 5).
However, in 2020, species richness increased as nbOrg decreased (Table 5a). Shannon index followed
a similar trend to that observed for species richness. Pielou’s evenness index increased as lItreat
decreased in 2020 (Table 4). All diversity values are reported at the field level in Table S10.

We observed similar effects of Itill and Itreat on Collembola richness either including or excluding fields
under conservation and organic systems respectively (Table S7). In addition, Itill and Itreat had
significant effects on Collembola richness when analyzing years together, with a significant interaction

between Itreat and year (Table S8).
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4. Discussion

4.1 Limited influence of soil properties on the relations between practice intensity and soil mesofauna

Agricultural practices have been reported to impact soil properties more than microarthropods (Reilly
et al., 2023). Reduced tillage can notably increase SOC content (Dupla et al., 2022), mostly in the upper
soil layer (Dimassi et al., 2014; Nunes et al., 2020). However, in our study, practice intensity had little
effects on soil properties, and despite a decrease in soil C/N as tillage (Itill) and organic input intensity
(lorg) increased, we found no effect on SOC or TN content. A positive effect of organic inputs on SOC
could be observed when applied over a longer time span than in our study (e.g. 10 years) (Dupla et al.,
2022). Various soil properties can also vary with the number of crops or cover-crops in the rotation
(Ferraro and Ghersa, 2007b; Dupla et al., 2022), but we did not observe such effect.

Many soil properties can influence soil mesofauna, especially microarthropods (Mantoni et al., 2021).
Previous studies mostly reported an influence of soil organic matter, C and N content (Kautz et al.,
2006; Potapov et al., 2017) and pH (van Straalen and Verhoef, 1997; Martins da Silva et al., 2016).
However, soil mesofauna density and diversity were poorly explained by soil properties at 0-10 cm
depth in our study. We found only few effects for different groups and these were not observed in
both years. This could be partly due to the low variability of soil properties between fields and could

be different under more variable conditions.

4.2 Relevance of practice intensity indicators to assess the effects of cropping systems on soil

mesofauna

Intensity indicators confirmed that at least part of the observed variability in the effects of cropping
systems on soil mesofauna could be explained by the diversity of applied practices. Indeed, primary

indicators (e.g. nbOrg) and composite indexes of the intensity of tillage (Itill), pesticide treatments
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(Itreat) and organic inputs (lorg) revealed a gradient of practice intensity with a high variability of
practices even within categories of cropping systems (i.e. tillage in conventional and organic systems,
pesticide treatments in conventional and conservation systems). It is also noteworthy that primary
indicators of practice intensity allowed differentiating cropping systems in our study as in Bichi et al.
(2019), thus showing the robustness of this approach for comparing cropping systems including both
long-established and transitioning systems.

Composite indexes and primary indicators allowed to observe the effects of practices on mesofauna
density and Collembola species diversity (e.g. significant negative effect of Itill on mesofauna density
in both years), which were hidden when fields were grouped into system categories. Mesofauna
density and diversity were associated to Itill and Itreat, while no clear relation was observed with lorg.
However, effects of organic inputs on soil mesofauna could be observed using primary indicators of
organic amendments (nbOrg) and in a lower extent of residue retention (nbRes). Effects were also
observed when using an indicator of inorganic inputs (gminN). This illustrated that organic and
inorganic inputs can have opposite effects on soil mesofauna (Kanal, 2004; Betancur-Corredor et al.,
2023; Zhu et al., 2023), and that primary indicators could currently be more relevant than a composite

index to describe organic input and fertilization effects on soil organisms.

4.3 Effects of cropping systems on soil mesofauna: systems versus practice intensity

Mesofauna density and Collembola diversity were observed to vary between the different cropping
systems categories. In particular, mesofauna density tended to be higher in conservation than in
conventional systems in 2021, especially for Collembola. This is in agreement with reported benefits
of conservation systems compared to conventional systems regarding mesofauna (Brennan et al.,
2006; Coulibaly et al., 2022; Dulaurent et al., 2022). The trend observed in our study could be
associated with a low tillage intensity in conservation systems, whereas the limited significance could

be related to the lack of difference for other practices between conservation and conventional fields.
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Our results did not point toward benefits of organic agriculture on soil mesofauna density and
diversity, contrary to several previous studies (Hole et al., 2005; Christel et al., 2021). They showed a
lower mesofauna density in long-established organic than in conventional systems in 2020, and no
difference in 2021. These negative or neutral effects of organic systems on soil mesofauna compared
to conventional systems were previously reported, especially for Collembola (Alvarez et al., 2001; Filser
et al.,, 2002), and could be explained by higher disturbances related to tillage in organic systems
(Mazzoncini et al., 2010). In line with this, we observed that all organic fields had a high tillage intensity,
while this was more contrasted for conventional systems. The variability of the effects of organic
systems on soil mesofauna could also be associated with a larger annual variability of mesofauna
density in organic systems than in the other systems. Indeed, we observed very low mesofauna
densities in all organic fields in 2020, and high variability between fields in 2021. Contrary to results
reported for other soil organisms (Henneron et al., 2015), mesofauna density and Collembola diversity
were not significantly different between long-established organic and conservation systems. However,
despite the absence of significant difference, we observed on average more Collembola in long-
established conservation than organic systems in both years.

The use of practice intensity indicators to characterize cropping systems revealed that mesofauna
density and Collembola species richness were higher under lower physical disturbances (i.e. tillage
intensity) but not under lower chemical disturbances (i.e. pesticide treatment intensity) contrary to
our original hypothesis. This was consistent with the average higher density observed in conservation
than in organic systems, the first being commonly associated to the absence of tillage and high
pesticide treatment intensity, and the latter to the absence of treatments and high tillage intensity.
Similar effects of tillage and pesticide treatment intensity were observed when removing conservation
or organic systems respectively, showing that these effects were not only associated to system
categories (i.e. tillage effect associated to conservation systems and pesticide effects to organic
systems). However, cautions should still be observed when considering the effects of pesticide

treatment intensity on Acari as these were only observed when including organic fields in the analyses.
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Overall, indicators and indexes were useful to determine the factors explaining changes in soil
mesofauna density and diversity within all fields, including intermediate cropping systems that could
not be correctly attributed to arbitrary system categories.

In the literature, tillage was often the main factor impacting soil mesofauna (Ferraro and Ghersa,
2007a; Coudrain et al., 2016; Coulibaly et al., 2017), while pesticides were designated as a second order
factor of influence on microarthropods (Cortet et al., 2002). In our study, we surprisingly found
pesticide treatments to be positively related to soil mesofauna, including Collembola and Acari. Ferraro
and Ghersa (2007a) observed similar results for Acari, while they reported negative effects on
Collembola. Pesticide treatments could have both direct and indirect effects on soil organisms, the
latter being most probably at the origin of the positive effect we observed. The main pesticides used
in the studied field crops were herbicides, which caused an increase in dead weed biomass at the soil
surface, providing more food for decomposers (Wardle et al., 1999). Herbicides are also known to be
used as an energy source by some species of micro-organisms (Neher, 1995; Vieublé Gonod et al.,
2006; Walder et al., 2022). This process could lead to an increase in microbial biomass and grazing
activity of microarthropods (Hendrix and Parmelee, 1985), but must be treated with cautions as the
quantity of herbicides applied to the field (i.e. few g or L.ha) represents a relatively little quantity of
carbon. Pesticide treatments could also decrease the pool of predators, thus increasing the number of
mesofauna preys (Bengtsson et al., 2005). Moreover, we observed that the number of pesticide
treatments, especially herbicides, was inversely related to the number of tillage interventions (Pearson
correlation from -0.62 to -0.42). This illustrated that cropping systems rely on an equilibrium between
tillage and pesticide treatments to manage weeds and pests. Therefore, the observed positive effect
of pesticide treatment intensity could be partly associated with the positive effect of a lower number
of tillage interventions.

Practices related to fertilization and organic inputs had variable effects on mesofauna density. We
observed a negative effect of organic amendments (nbOrg) and a positive effect of mineral nitrogen

inputs (gminN) on microarthropod density, which contrasts with previous studies (Miyazawa et al.,
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2002; Betancur-Corredor et al., 2023). Organic amendments tended to increase in line with tillage
interventions, because tillage is often used to bury organic matter. Thus, the negative relation between
organic matter inputs and soil mesofauna could also be related to the negative effects of tillage. In
addition, we observed that mesofauna density was related to organic amendments in 2020, when all
field were cropped with wheat, but not in 2021, when fields were cultivated with various crops. In line
with this, previous studies have shown that different wheat varieties had a similar influence on
mesofauna density (Salmon et al., 2021), while fertilization had less effect on mesofauna than crop
type (Bandyopadhyaya et al.,, 2002; Gergdcs et al.,, 2022). However, contrary to previous studies

(Menta et al., 2020), we observed no effect of crop type on soil mesofauna.

4.4 Effects observed on soil mesofauna during the transition toward alternative systems

Long-established and transitioning alternative systems had similar mesofauna density and Collembola
species richness, in particular regarding conservation systems. This suggests rapid changes in
mesofauna communities after conversion. However, in transitioning organic systems, the mesofauna
density remained low in both years and tended to be lower than in long-established organic systems.
Collembola species richness was particularly low in transitioning organic systems in 2020, but this was
mostly explained by the very low abundance of Collembola in the samples. We suggest that a transitory
negative effect on mesofauna has occurred during the first years of the transition to organic systems,
thus contradicting previously reported increase in Collembola and Acari densities during this transition
(Werner and Dindal, 1990; Filser et al., 2002; Schrader et al., 2006). In particular, the decrease in
Collembola density could be related to an increase in competition or predation by other organisms
following the transition to organic agriculture (Filser et al., 2002), which could be caused by increased
tillage and lower pesticide treatment intensity.

Systems in transition from conservation to organic agriculture presented a very high Acari/Collembola

ratio in both years, significant in 2020 only, which could indicate that they provided a better
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environment for soil mesofauna. However, it was mainly due to a very low Collembola density in both
years and suggested that this transition may cause important changes in the soil mesofauna
community. To our knowledge, no other study was conducted on the effects of the transition from
conservation to organic systems on soil biodiversity. More research is required to assess changes

occurring at a longer term and on other groups of soil organisms.

4.5 Limitations and perspectives on the use of practice intensity indicators in ecology

Primary indicators and composite indexes enabled us to better consider the variability of practices
within different cropping systems. Nevertheless, these could still be improved to better understand
the effects of practices on soil organisms. For instance, the overall fertilization and organic input effect
on mesofauna depends on the nature of the applied fertilizers or residues (i.e. mineral or organic
nature of fertilizers, type and composition of fertilizers or residues) and the doses and frequency of
application (Weil and Kroontje, 1979; Miyazawa et al., 2002; Song et al., 2016). Tillage and pesticide
treatment indexes could also rely on further information. In particular, few studies were conducted on
the effect of the timing of tillage on soil fauna nor on the duration of recovery after tillage (Schmidt
and Curry, 2001; Roger-Estrade et al., 2010). Gathering more information on agricultural practices
requires high data collection effort, which is complex to handle, but could be of importance for the
development of future cropping systems.

Our results were based on a limited number of samples. However, while the number of fields seemed
low when comparing different cropping systems, it was satisfactory when using continuous intensity
indicators and regressions. Indicators could thus represent a solution to overpass the limitations
inherent to many ecological studies (i.e. time and labor constraints).

Taking into account the interactions between the three composite indexes did not reveal any
combined effects on mesofauna density. This could be due to the relatively small number of samples,

and we cannot exclude the possibility that interactions between different practices may influence

21



mesofauna. For instance, combination of tillage and organic matter inputs were reported to benefit
soil organisms (Jabbour et al., 2016), in particular Acari (Miyazawa et al.,, 2002). Therefore, we
encourage future studies to assess conjointly the effect of different practices on soil biodiversity.

A large inter-annual variability in mesofauna density and diversity was observed in our study, as
previously reported for microarthropods (Tabaglio et al., 2009; Gergdcs et al., 2022). These variations
could be partly due to climatic conditions (Taylor et al., 2004; Salmon et al., 2021), whose effects could
be more or less significant depending on the cropping system (Meyer et al., 2021). Seasonal variability
was reported to be even larger than variability between years (Berg and Bengtsson, 2007) and could
be especially important regarding Collembola in transitioning systems (Werner and Dindal, 1990).
Therefore, long-term studies with several sampling times throughout the year are required to assess

more precisely the effects of practice intensity on soil mesofauna.

5. Conclusion

Conventional, organic and conservation agriculture differ broadly in terms of tillage, pesticide
treatments and organic inputs, but the great variability observed in situ within each of these practices
made difficult to compare cropping systems and to study their effects on soil biodiversity. Taking into
account the intensity of various practices via composite indexes seemed relevant to better understand
the effects of cropping systems on soil organisms, especially mesofauna, with the long-term objective
to develop alternative and agroecological systems relying on strong soil biodiversity. Composite
indexes for tillage intensity and pesticide treatment intensity revealed effects of these practices on
mesofauna density and diversity, while the composite index for organic input intensity considered in
our study appeared to be less adapted to understand effects of associated practices on soil mesofauna.
Future studies, focusing on different groups of soil organisms and different seasons, are necessary to

further assess the potential of intensity indicators for investigating the effects of cropping systems on
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soil biodiversity. This will ultimately help the development of sustainable cropping systems relying on

strong soil biodiversity and functioning.
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Table 1. Cropping system, location, crop and soil properties (0-10 cm depth) for the 21 fields of the

study. Age corresponds to the number of years since conversion to the current system in 2020.

Crop Crop Clay Silt  Sand SOM pH BD

. . Crop 2019-
System  Field Region Age 2020 2020- 2021- gkgl gke! gkgl gkel g.cm3
2021 2022
Conv A5 Eure-et-Loir 20 rapeseed wheat  barley 206 448 52 245 6.8 1.3
A9 Yvelines 20 faba. wheat rapeseed 208 402 187 185 6.8 1.3
A10  Eure-et-Loir 20 rapeseed wheat alfalfa 220 442 47 209 72 13
Al12  Yvelines 20 rapeseed wheat  cover 221 352 164 233 7.4 1.3
Al6  Essonne 20 rapeseed wheat  mustard 284 338 67 242 8.1 14
A21  Eure-et-Loir 20 rapeseed wheat  barley 340 226 238 329 8.0 1.2
CA A2 Essonne 17 faba. wheat  cover 210 381 119 335 6.3 1.3
A8 Essonne 7 rapeseed wheat  mustard 193 364 183 240 5.6 1.5
Al7  Yvelines 10 barley wheat rapeseed 228 349 203 364 8.1 1.2
Conv-CA A1l Eure-et-Loir 3 rapeseed wheat  wheat 151 474 56 195 6.8 1.3
Al4  Yvelines 3 barley wheat  cover 175 385 120 320 6.8 1.2
Al5  Yvelines 3 faba. wheat  wheat 193 395 92 281 7.0 14
OA A3 Essonne 20 alfalfa wheat  wheat 158 409 196 175 6.5 14
Ad Yvelines 19 triticale, peas wheat  bare 426 237 93 344 7.9 1.1
All  Yvelines 20 rapeseed wheat  cover 253 350 120 270 7.3 1.2
Conv-OA A7 Yvelines 2 cover wheat rye 172 481 63 22.3 6.6 1.2
A18  Yvelines 3 alfalfa, wheat  wheat bare 196 455 68 239 6.8 1.2
A19  Yvelines 2 grass wheat  clover 280 264 262 238 7.7 1.3
CA-OA A6 Essonne 2 lentil wheat  bare 277 378 29 21.0 6.6 13
Al3  Yvelines 2 maize wheat rye, lentil 248 412 75 334 69 1.2
A20 Eure-et-Loir 2 triticale, faba.  wheat  cover 204 407 49 16,9 7.5 1.4

faba.: faba beans, Conv: conventional agriculture, CA: conservation agriculture, OA: organic agriculture, Conv-CA: transition
from conventional to conservation (< 3 years), Conv-OA: transition from conventional to organic (< 3 years), CA-OA: transition
from conservation to organic (< 3 years), SOM: soil organic matter, BD: bulk density.
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Table 2. Primary indicators and composite indexes of practice intensity used to characterize cropping
systems. Composite indexes are given in bold. Time represents the time span in which data were
collected to compute the indicator, either one year (1 y) from beginning of the previous cropping cycle
until the sampling date, or five years (5 y) to account for the crop succession temporal scale. Indexes

are adapted from Biichi et al. (2019).

Category Name Time Content
(a) Soil physical nbDTill ly Number of deep tillage (i.e. ploughing, > 15 cm depth)
disturbances (tillage) nbSTill ly Number of surface tillage (i.e. all shallow tillage activities < 15

cm depth such as mechanical weeding, stubble incorporation,
stones removal, seedbed preparation and rolling)

soilP 5y Type of tillage in the last 5 years, calculated as the average of
annual tillage weight (plough = 0.5, reduced tillage = 3, no-till
=5)
Itill Average of standardized tillage indicators
(b) Chemical crop nbHerb 1y Number of herbicide treatments
protection (pesticide nbFung 1y Number of fungicide treatments
treatments) nbinsect 1y Number of insecticide treatments
Itreat Total number of pesticide treatments: herbicides, fungicides,
insecticides, molluscicides and growth regulators
TFI Treatment frequency index comprising herbicides, fungicides,

insecticides, molluscicides and seed treatments applied
during the crop cycle (from sowing to harvest)

(c) Fertilization and nbOrg 5y Number of organic amendments in the last 5 years
organic inputs nbRes 5y Number of times crop residues were retained in the last 5 years
lorg Average of standardized indicators of organic matter inputs

gminN ly Quantity of mineral nitrogen fertilizers inputs (kg N.ha™)

(d) Crop diversification nbCrop 5y Number of different crops in the last 5 years
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Table 3. Primary indicators and composite indexes of practice intensity in different cropping systems in 2020 and 2021. Values are means + standard deviations.

Normalized values are presented for Itill, Itreat and lorg. Different lower-case letters and bold values indicate significant differences between systems (ANOVA,

P <0.05).
2020 2021
Conv CA Conv-CA OA Conv-OA CA-OA Conv CA Conv-CA OA Conv-OA CA-OA
nbDTill 0.7+0.8 0 0 1.7+0.6 1.7+0.6 1.0+£1.0 0.7+0.8 0 0 1.3+0.6 1.3+0.6 0.3+0.6
nbSTill 53+3.1 0.7+1.2 0.3+0.6 6.3+25 3.7+1.2 7.0£4.6 4.0+2.5 abc Oc 03106bc 7.711.2ab 7.0+2.7 abc 83+59a
soilP 2.0£1.0bc 49+0.2a 38+04ab 13+13c 15+x1.0bc 2.3+0.8hc 2.0+1.1bc 49+0.2a 4.1+0.6ab 13+13¢c 15+1.0c 2.3+0.8bc
Itill 0.5+0.2ab 0.0+0.1c 0.1+0.0bc 0.7%0.3a 0.6+0.1a 0.6+0.2ab 0.4+0.2ab 0b 0.1+0.1b 0.7+0.1a 0.6+0.2a 0.4+0.1ab
nbHerb 5.2%+19a 6.3t4.0a 5.3+0.6a Ob Ob Ob 7.8+1.2a 6.0+2.7a 6.3+3.5a 0Ob 0Ob Ob
nbFung 0.8+0.4 0.3+0.6 1.0£1.0 0 0 0 1.8+0.4b 1.7+1.5bc 33+0.6a Oc Oc Oc
nbinsect 1.3*1.0ab Ob 23+0.6a Ob Ob Ob 0.8+0.8 0.7+1.2 20+£2.0 0 0 0
Itreat 0.7+0.2a 0.6+0.4a 0.8+0.0a Ob Ob 0Ob 0.8+0.1a 0.6+0.3a 0.8+0.3a 0Ob 0Ob Ob
TFI 50+x14a 3.1+x19a 6.4+0.0a 0b 0b 0b 94+16a 59+4.2ab 6.6+0.0ab 0Ob 0b 031+05b
nbOrg 0.8+1.0c 0.7+0.6¢c 1.0+t1.0bc 5.0+1.7a 3.3+x0.6ab 2.310.6bc 0.8+1.0c 0.7+0.6¢c 1.0+ 1.0 bc 50+x1.7a 3.3+0.6ab 3.0+ 1.0 abc
nbRes 4.7+0.8 5.0+£0.0 2721 40+1.7 27+1.2 5.0+£0.0 4.7+0.8 5.0+£0.0 27+2.1 40+1.7 27+1.2 4.7 +£0.6
lorg 0.5+0.1ab 0.6+0.0ab 0.3+0.2b 0.81t0.2a 0.5%0.2ab 0.7+0.0a 0.5+0.1ab 0.6+0.0ab 0.310.2b 0.8+0.2a 0.5+0.2ab 0.7+0.2a
gminN 129 £ 67 109 £ 95 6970 0 0 0 198 +41a 130+40b 187 £ 24 ab Oc Oc Oc
nbCrop 3.2+0.8 3.3+0.6 3.7+£0.6 3.7+0.6 3.0+1.0 3.3120.6 35+1.1 3.7+£0.6 3.7+£0.6 3.7+£0.6 3.7+1.2 3.7+£0.6

Conv, CA and OA: conventional, conservation and organic agriculture, Conv-CA, Conv-OA and CA-OA: transitioning systems (initial-recent system), nbDTill: nb of deep tillage, nbSTill: nb of surface
tillage, soilP: type of tillage (5 y), Itill: tillage intensity index, nbHerb: nb of herbicides, nbFung: nb of fungicides, nbinsect: nb of insecticides, Itreat: pesticide treatment intensity index, TFI:
treatment frequency index, nbOrg: nb of organic amendments (5 y), nbRes: nb of times crop residues were retained (5 y), lorg: organic input intensity index, gminN: quantity of mineral nitrogen
(kg N.ha1), nbCrop: nb of crops (5 y).
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Table 4. Effects of cropping systems on the density of mesofauna groups (10? ind.m), the ratio Acari/Collembola and the Collembola diversity in studied
cropping systems in 2020 and 2021. Values are means * standard deviations. Different lower-case letters and bold values indicate significant differences

between cropping systems according to the results of GLM (P < 0.05).

2020 2021
Conv CA Conv-CA OA Conv-OA CA-OA Conv CA Conv-CA OA Conv-OA CA-OA

Acari density

Actinidida 1+2 67 13+23 1+0 0+1 7+3 4+5 0+1 6+11 0+1 0+1 9+8
Gamasida 28%17a 34+24ab 15%12ab 10+7ab 5+2b 9+8ab 22+13 34+10 22+11 44 + 47 18+12 32+11
Oribatida 280+305a 192+91ab 67*56ab 30+28b 24+8b 73 +48 ab 113+ 109 197 +43 207 +£95 188 +201 94 + 61 214+ 126
Collembola density

Epedaphic 29+32a 45+29a 50+57a 10+2a 5+5a 18+16a 45 +58 157 £+ 117 96 + 50 30+13 28 +15 18+3
Euedaphic 8+8a 3+3ab 4*+4ab 1+1ab 0+1b 3*+2ab 3+5ab 4+4ab 8*9ab 21+20a 2+2ab 0+0b
Hemiedaphic 17+12a 20+12a 21+7a 8+8ab 1+1b 5+2ab 28+26ab 166+104a 78+80ab 84+94ab 28+30ab 9+3b
Other organisms 6+5a 3t1ab 4+3ab 2t1ab 0x1b 2+1ab 47 6+2 616 6+3 3+3 24
Ratio A/C density 5.5+4.0 40+1.7 1.3+0.3 2.1+0.8 6.2+5.1 7.9+10.3 24+10b 1.1+*09b 1.7+09b 14+0.8b 39+39ab 9.2+53a
Collembola diversity

Richness 8.0+3.0a 9.7+49a 103+21a 5.7+06ab 27+06b 6.3121ab 7.7+4.1 13.3+1.2 123+3.1 13.3+4.2 9.0+1.7 8.0+1.0
Shannon 1.7+05a 18*05a 19+0.2a 15%0.2ab 09+0.2b 1.6+0.3ab 1.5+0.5 19+0.2 1.7+0.2 2.0+0.5 1.8+0.1 1.8+0.2
Evenness 0.8+0.1 0.8+0.0 0.8+0.1 0.9+0.0 09+0.1 0.9+0.1 0.8+0.2 0.7+0.1 0.7+0.0 0.8+0.2 0.8+0.1 0.9+0.1

Conv, CA and OA: conventional, conservation and organic agriculture; Conv-CA, Conv-OA and CA-OA: transitioning systems (initial-recent system); Ratio A/C: ratio Acari/Collembola.
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Table 5. Effects of practice intensity on the density of mesofauna groups and Collembola diversity in (a) 2020 and (b) 2021. t-values and P-values were obtained
using GLM for each intensity index or indicator separately. t-values indicate an increase (positive t-values) or a decrease (negative t-values) in density as
practice intensity increases. Bold values indicate significant effects (P <0.05 *, <0.01 **, <0.001 ***). Primary indicators having a significant (P < 0.05) positive

(+) or negative (-) effect on mesofauna variables are reported.

Itill Itreat lorg ) .
: P : P : P Primary indicators
(a) 2020 Acari density (+) nbHerb, gminN ; (-) nbDTill, nbOrg

Actinidida -1.81 0.086 0.86 0.401 2.08 0.051 (-) nbFung
Gamasida -3.99 <0.001*** 3.84 0.001** 0.36 0.723  (+) soilP, nbHerb, nbRes, gminN ; (-) nbDTill, nbOrg
Oribatida -1.96 0.065 2.15 0.044* -0.11 0.913 (+) nbHerb, gminN ; (-) nbDTill

Collembola density (+) soilP, nbHerb, gminN ; (-) nbDTill, nbSTill, nbOrg
Epedaphic -3.36 0.003** 3.27 0.004** -0.16 0.878 (+) soilP, nbHerb, nbRes, gminN ; (-) nbDTill, nbSTill, nbOrg
Euedaphic -0.31 0.759 2.29 0.034* -0.72 0.477  (+) nbinsect, gminN
Hemiedaphic -2.97 0.008** 4.00 <0.001*** -1.43 0.169 (+)soilP, nbHerb ; (-) nbDTill

Other organisms -1.01 0.325 3.53 0.002** 0.87 0.392 (+) nbHerb, nbinsect, gminN

Collembola diversity
Richness -4.47 <0.001*** 4.81 <0.001*** -0.68 0.503 (+)soilP, nbHerb ; (-) nbDTill, nbSTill, nbOrg
Shannon -3.52 0.002** 3.70 0.001** -0.07 0.944 (+)soilP, nbHerb ; (-) nbDTill
Evenness 1.35 0.194 -2.46 0.024* 0.43 0.674 (-) nbHerb, nbFung

(b) 2021 Acari density (+) nbCrop ; (-) nbDTill

Actinidida -0.52 0.607 0.76 0.455 -0.20 0.844 (-) nbinsect, nbOrg
Gamasida -0.19 0.848 -1.05 0.308 2.22 0.039*% n.s.
Oribatida -1.38 0.182 -0.03 0.974 0.18 0.861 (+) nbCrop; (-) nbDTill

Collembola density (-) nbDTill, nbSTill
Epedaphic -4.46 <0.001*** 222 0.039* -0.54 0.593 (+) soilP, nbHerb, nbCrop, gminN ; (-) nbDTill, nbSTill, nbOrg
Euedaphic 0.57 0.577 -0.50 0.623 1.19 0.248 n.s.
Hemiedaphic -1.60 0.125 0.36 0.723 0.69 0.500 (-) nbSTill

Other organisms -1.37 0.187 1.19 0.250 1.01 0.325 (-) nbSTill

Collembola diversity
Richness -1.81 0.087 0.05 0.959 0.33 0.742 ns.
Shannon -0.65 0.524 -1.45 0.164 0.95 0.351 (-) gminN
Evenness 1.28 0.215 -1.58 0.131 0.63 0.533 ns.

Itill: tillage intensity index, Itreat: pesticide treatment intensity index, lorg: organic input intensity index, nbDTill: nb of deep tillage, nbSTill: nb of surface tillage, soilP: type of tillage (5 y), nbHerb:
nb of herbicides, nbFung: nb of fungicides, nbinsect: nb of insecticides, nbOrg: nb of organic amendments (5 y), nbRes: nb of times crop residues were retained (5 y), gminN: quantity of mineral
nitrogen (kg N.ha'1), nbCrop: nb of crops (5 y), n.s.: no significant effect.
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Figure 1. PCA on primary cropping practice indicators in (a) 2020 and (b) 2021. Ellipses represent 95%
confidence estimates for the different cropping systems. Practice indicators are colored according to
their contribution. Conv: conventional agriculture; CA: conservation agriculture; OA: organic

agriculture; Conv-CA, Conv-OA and CA-OA: transitioning systems (initial-recent system).
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Figure 2. Effects of cropping systems and practice intensity on (a) total mesofauna, (b) Acari and (c)
Collembola densities in 2020 and 2021. Significant differences between systems are represented with
different lower-case letters and significant effects of intensity indexes are reported for each year (P <
0.05*%,<0.01**, <0.001***), all according to the results of GLM with a quasi-Poisson error distribution.
Conv, CA and OA: conventional, conservation and organic agriculture, Conv-CA, Conv-OA and CA-OA:

transitioning systems (initial-recent system), Itill: tillage intensity, Itreat: pesticide treatment intensity,

lorg: organic input intensity.
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