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1. Introduction

The sustainability of conventional agricultural practices is a topical concern,
particularly in the context of climate change. Conventional agriculture is facing a necessary
transition to sustainable agriculture, with a growing population associated with the increase of
food demand but also an increasing demands to reduce environmental impacts (Foley et al.,
2011; Seufert et al., 2012; Powlson et al., 2014; Gurr et al., 2016). Regarding food demand,
conservation agriculture has been advanced as a reliable alternative through the value and
stability of the yields (Pittelkow et al., 2015; Knapp and van der Heijden, 2018). Moreover,
potential advantages as the promotion of functional soil biodiversity (van Capelle et al., 2012)
as well as soil and water preservation (Giller et al., 2015; Hu et al., 2016; Parihar et al., 2016)
have been underlined. By definition, conservation agriculture is based on three main
principles: minimum mechanical soil disturbance, greater than 30 % permanent soil organic
cover and plant species diversification (Giller et al., 2015; Reicosky, 2015; FAO, 2019).
Regarding this, one key component of the conservation agriculture strategy is the introduction
of temporary grassland into an annual crop rotation, as temporary grassland decrease soil
disturbance and enhance soil cover and crop diversification (Lemaire et al., 2015; Martin et
al., 2020). The interest of temporary grassland had been underlined by several works:
temporary grassland may improve a number of ecosystem services including soil structure
maintenance linked to the decrease of erosion risk, water regulation, pathogen regulation and
biodiversity conservation (Schwartz et al., 2003; van Eekeren et al., 2008; Christensen et al.,
2009; Postma-Blaauw et al., 2010; Conant et al., 2017; Loaiza Puerta et al., 2018; Sirimarco
et al., 2018; Martin et al., 2020). If the effect of grassland introduction have been studied, it is
also very important to take into account the legacy effect of temporary grassland.

Grassland legacy effects refer to all changes in soil properties achieved through the

introduction of grassland, which are passed on to the following crops. The strength of



grassland legacy effects for successive crops in a rotation system is controversial and likely to
depend on i) the duration of the grassland phase (number of years) and management (i.e.,
seeding, mowing, grazing, and fertilization), ii) the consecutive management practices of the
annual crop rotation (i.e., tillage, fertilization, pesticides), and iii) soil properties such as
organic matter content and soil structure (van Eekeren et al., 2008; Christensen et al., 2009;
Carter and Blair, 2012; Crotty et al., 2016; Panettieri et al., 2017). Such practices, linked to
grassland phase or annual crop phase, can either maintain or decrease the legacy effects of
grassland (Postma-Blaauw et al., 2010; Crotty et al., 2016; Panettieri et al., 2017; Creme et
al., 2018). Compared to an annual crop rotation without grassland, van Eekeren et al. (2008)
observed several benefits remaining after three years of crops preceded by three years of
grassland: soil organic matter (SOM) and bulk density were 1.7 times higher and 1.1 times
lower, respectively, whereas earthworm abundance was 6.2 times higher, and soil structure
remained improved, with a higher percentage of crumbs and sub-angular blocky elements. As
possible consequence of grassland legacies on soil properties, Christensen et al. (2009)
observed that grassland introduction into an annual crop rotation increased yield and nitrogen
(N) content in the grain of the following crops.

Although these interesting previous studies gave information about the interest of
grassland introduction and/or potential legacy effect of grassland on soil, most of them focus
on few soil properties and moreover do not provide links with soil ecosystem services.
However, it has been demonstrated that the investigation of a wide range of soil properties
can provide a better comprehensive view of soil functioning (Scharenbroch et al., 2005;
Teague et al., 2011; Stauffer et al., 2014). Therefore, in this study, we assessed the impact of
grassland introduction and duration of grassland in an annual crop rotation, by assessing a
broad spectrum of soil parameters (physical, chemical, biological) linked to several soil

ecosystem services. In this context, the objectives of the present study were to evaluate (a) the



effects of grassland introduction in crop rotation, and (b) the legacy effects of the duration of
grassland phases during annual crop rotation on different ecosystem services. For that
purpose, we selected and assessed five ecosystem services serving as proxies characterizing
grassland production systems. Each service was determined by measuring at least one
representative parameter: (i) soil structure maintenance (aggregate stability), (ii) water
regulation (saturated hydraulic conductivity), (iii) soil biodiversity conservation (microbial
biomass and microbial metabolic activity as well as bacterial, fungal, arbuscular mycorrhizal
fungal, springtail, enchytraeid and earthworm communities), (iv) pathogen regulation (soil
suppressiveness to Verticillium dahliae), and (v) forage production (quantity and quality).
Services (i) to (iv) can be assigned to regulating services, and forage production (service v) to
provisioning service (Swinton et al., 2007; Dominati et al., 2010). We hypothesized that
grassland introduction improves all five ecosystem services compared to an annual crop
rotation without grassland and that the longer the duration of grassland in the crop rotation the

stronger is the positive grassland legacy.

2. Materials and methods
2.1. Site description and experimental design

The experimental site is part of the Agro-ecosystems, Biogeochemical Cycles and
Biodiversity long-term observatory on environmental research (SOERE ACBB), managed by
the French National Institute of Agricultural Research and Environment (INRAE), located in
Lusignan, France (46°25'12.91"” N; 0°07'29.35"” E). The climate of the experimental site is
oceanic with mean annual precipitation of 797 mm and mean annual temperature of 11.9 °C,
with a monthly minimum of -3 °C and a monthly maximum of 27.8 °C (data from Météo
France, 2007-2017). The site is plane with a very slight slope (0.6 %). The soil is a Plinthic

Cambisol (IUSS Working Group, 2015) with a silt loam soil texture (Moni et al., 2010).



Before the setup of the experimental site in 2005, the area had been under
conventional agricultural management for at least 70 years (INRAE archive). In 2017, three
treatments were compared (Table 1): (i) a fertilized annual crop rotation with grain maize,
winter wheat and winter barley (AC), (ii) a three-year-old grassland preceded by three years
of crop, three years of grassland and three years of crop (3G, i.e. 50% of grassland in the crop
rotation), and (iii) a three-year-old grassland preceded by three years of crop and six years of
grassland (6G, i.e. 75% of grassland in the crop rotation). The three treatments were
replicated in four random plots of 4000 m™ each; for more details see Kunrath et al. (2015).

Crops were sown following ploughing (mouldboard ploughing) to a depth of 25 cm:
grain maize was sown in April, harvested in October; wheat was sown in October and
harvested in July; barley was sown in November and harvested in July. After barley harvest,
soil was bare until sowing of grain maize in April. For maize, firstly, crop residues were
crushed and distributed on soil surface at the plot level by mechanical work until the next
main crop was planted. Secondly, the remaining crop residues were buried as evenly as
possible in the ploughed soil horizon. For wheat and barley, crop residues (straw) were
exported. Grasslands were sown in spring, following ploughing to a depth of 25 cm (with a
plough), and harvested (mown) three or four times per year (depending on their productivity).
Grasslands were not ploughed neither tilled during the grassland phase (i.e., during three or
six years). Grasslands were sown as a mixture of perennial ryegrass (Lolium perenne cv.
Milca), tall fescue (Festuca arundinacea cv. Soni) and cocksfoot (Dactylis glomerata cv.
Ludac). N was added by applying mineral fertilizer. On average over the experimental period,
annual N application on grasslands was 167 kg-ha™ (divided among applications performed
after cutting). For annual crops, N application rates and timing were adjusted each year using
the PC-AZOTE program (Angevin, 1999; Senapati et al., 2016). On average over the

experimental period, N application on annual crops was 106 kg-ha™. Fungicides, herbicides



and slug pellets were occasionally applied in the crop phases, while herbicides were only
applied at grassland seeding. For wheat and barley a spring herbicide (tribenuron-methyl and
thifensulfuron-methyl at 0.0070 kg-ha™) and a spring fungicide was applied (fluxapyroxad
and metconazole at 0.9 I-ha™). For corn, only a spring herbicide was applied (mesotrionex at
0.5 I-ha™ and nicosulfuron at 0.3 I-ha™®). Occasionally, slug pellets (metaldehyde at 5 kg-ha™)

were applied.

2.2. Soil sampling, measurement of chemical and physical properties

Sampling of soil physical and chemical parameters was performed in April 2017
before sowing maize in AC (bare soil) and during the grassland phases of 3G and 6G. For soil
chemical parameters, one soil sample was collected in each of the four plots per treatment
with a split corer (5 cm of diameter) at three depths: 0-10, 10-20 and 20-30 cm
(Supplementary Fig. S1). For the soil physical parameter (e.g., aggregate stability), one soil
sample of 1 kg was collected per plot with a spade at two depths: 0-10 and 10-20 cm
(Supplementary Fig. S1). Soil samples were then transported to the laboratory in plastic boxes
to preserve soil structure.

Prior to soil chemical analyses, samples were sieved (mesh size 2 mm), dried (105 °C
for 24 hours) and ball-milled. Total carbon (C) and total N were measured by dry combustion
(Elementar Vario El, Heraeus, Hanau, Germany). Since no carbonates were detectable using
the Scheiber method (Allison, 1960; Blume et al., 2010; Amelung et al., 2018), total C
corresponds to soil organic C. The pH values were determined in distilled water in a soil-to-
water ratio of 1:2.5. Cation exchange capacity was determined using an inductively coupled
plasma-optical emission spectroscopy (ICP-OES, Spectro, Kleve, Germany) following the
method of Konig and Fortmann (1996) and total phosphorus (P) was determined by

inductively coupled plasma-atomic emission spectroscopy (ICP-AES, Thermo Fischer



Scientific GmbH, Dreieich, Germany), following the method of the Environmental Protection
Agency (1997).

Saturated hydraulic conductivity was measured according to the Beerkan Estimation
of Soil Transfer (BEST) protocol (Lassabatére et al., 2006) using a ring with an inner
diameter of 30 cm, inserted to a depth of approximately 2 cm into the soil surface to avoid
lateral loss of water. On each plot, one infiltration run was performed (Supplementary Fig.
S1). A known volume of water was poured in the cylinder to cover the soil by 1 cm,
measuring the elapsed time for its complete infiltration. Then, an identical volume of water
was poured into the cylinder and infiltration time was measured again. The procedure was
repeated until the difference in infiltration time between consecutive trials became negligible,
suggesting a practically steady-state infiltration (Lassabatére et al., 2006). The BEST
procedure of Bagarello et al. (2014) was applied to obtain the soil saturated hydraulic
conductivity at each infiltration point.

Aggregate stability was measured in the laboratory on one air-dried soil sample per
plot (Supplementary Fig. S1) as described by Le Bissonnais (1996; AFNOR X31-515 2005;
ISO 10930 2012). In this method, three procedures were applied to aggregates in order to
distinguish mechanisms of breakdown: slaking due to fast wetting (FW) occurring during
heavy storms on dry soils; microcracking due to slow wetting (SW) occurring during low-
intensity rain and mechanical breakdown by shaking aggregates after prewetting (MB)
corresponding to aggregate behaviour during continuously wet periods. For the three
procedures (FW, SW and MB), aggregate stability was measured on 5 g of selected
macroaggregates (3-5 mm size fraction); thereafter, residual macroaggregates were dried at 40
°C for 48 h and gently sieved through a six-sieves column (2.00, 1.00, 0.50, 0.20, 0.10 and
0.05 mm) by running 20 identical helicoidal movements. The results were expressed as the

resulting fragment size distribution and as the mean weight diameter (MWD), which is the



sum of the mass fraction (M) remaining on each sieve after sieving multiplied by the mean
aperture (A) of the adjacent sieves. Aggregate stability was expressed by calculating the mean
weight diameter (MWD, mm) of soil macroaggregates as follows: MWD = X (M x A)/100
(Le Bissonnais, 1996). Soil water content (WC) was measured by oven drying 10 g of fresh
soil sample at 105 °C for 24 h. Bulk density was measured with cylinders down to 30 cm

depth and averaged for 0-30 cm values.

2.3. Soil sampling for biological analysis

Sampling of soil biological parameters was performed in April 2017 before tillage and
sowing of maize in AC (bare soil) and during the grassland phases of 3G and 6G. Microbial
biomass C was measured from four soil samples collected per plot, one in each corner of a 20
x 20 m square established in the plot (Supplementary Fig. S1). In each sample, microbial
biomass was measured at three depths: 0-10, 10-20 and 20-30 cm. In the laboratory, soil was
sieved through 2 mm mesh and microbial biomass C was measured by chloroform-
fumigation-extraction (Vance et al., 1987). Briefly, for each sample two portions of 10 g
field-moist soil were used, one was fumigated with ethanol-free CHCI3, while the other was
not fumigated. Both portions were extracted with 0.5 M K,SO, and afterwards the organic C
in each extract was determined (multi N/C 2100S, Analytik Jena, Germany). Microbial
biomass C was calculated as Ec/kec, where Ec = (organic C extracted from the fumigated
portion) — (organic C extracted from the non-fumigated portion) and kgc = 0.45 which is the
extractable part of microbial biomass C (Wu et al., 1994; Joergensen and Mueller, 1996).

Microbial functional diversity, expressed as ability of microbial community to use
different organic substrates as energy source, was measured from four soil samples collected
per plot, one in each corner of a 20 x 20 m square (Supplementary Fig. S1). In each sample,

microbial functional diversity was measured at two depths: 0-15 and 15-30 cm. In the



laboratory, soil was sieved through a 2 mm mesh and the functional microbial diversity in the
soil samples was assessed by measuring C utilization patterns of fourteen different organic
substrates with the MicroResp™ assay (Campbell et al., 2003). The organic substrates used
for the analyses were: D-glucose, D-galactose, D-fructose, L-arabinose, L-trehalose, L-
arginine, L-lysine, L-alanine, y-amino-butyric acid, L-cysteine, citric acid, oxalic acid, a-
ketoglutaric acid, L-malic acid and water as control. Briefly, soil and substrate mixtures were
incubated for 6 h at 25°C and the amount of CO,-C released between TO (incubation start) and
T6 (after 6 h of incubation) was measured with an indicator gel which changes its color
according to the amount of CO, released. Color change during incubation was measured at
570 nm using a microplate reader. Substrate utilization pattern given by the amount of CO,-C
metabolised from each organic substrate was used to compare treatments.

For soil microbial diversity analysis, soil samples were collected at four points per
plot, with samples of approximately 10 g taken with a single-use spoon from a depth of
approximately 5 cm (Supplementary Fig. S1). Soil DNA was extracted from 5 g dry soil from
each sample using the PowerMax® soil DNA isolation kit (MoBio laboratories, Inc;
Carlsbad, CA, USA), according to manufacturer instructions with some modifications:
combining a 30 s vortex shaking followed by an incubation step at 60°C while shaking at 100
rpm, and drying the samples for 10 min at room temperature under a fume hood before adding
the final elution buffer (Gazol et al., 2016). The same DNA extracts were used for analyzing
Arbuscular Mycorrhizal Fungi (AMF), total fungal and bacterial communities.

To characterize bacterial communities, the V4-V5 hypervariable region of 16S rRNA
was amplified using primers 515F and 926R (Walters et al., 2016), whereas for the fungal
internal transcribed spacer 2 (ITS2) region the primers ITS86(F) / ITS4(R) (Toju et al., 2012)
were used. The amplified libraries were paired-end sequenced using an Illumina sequencing

platform (V3, PE 2 x300 bp) by the Integrated Microbiome Resource (IMR) at Dalhousie



University (Canada). For AMF, the primers WANDA (Dumbrell et al., 2011) and AML2 (Lee
et al., 2008) were used to amplify 18S rRNA gene, sequenced on an Illumina MiSeq platform
with 2 x 300 bp paired-end sequencing chemistry at Asper Biogene (Tartu, Estonia).

Amplicon sequence variants (ASVs) libraries for the 16S rRNA gene (bacteria) and
ITS (fungi) were checked with FastQC v0.11.8 (Andrews et al., 2014) and aggregated in a
single report using MultiQC software v1.8 (Ewels et al., 2016). Short-length, poor-quality and
PCR adapter sequences were removed by the Trimmomatic tool v0.39 (Bolger et al., 2014) in
order to reduce noise. Filtered reads were processed within QIIME2 (Quantitative Insights
Into Microbial Ecology 2) v.2019.10 (Bolyen et al., 2019). An Operational Taxonomic Unit
(OTU) table was generated using the DADA2 workflow and de novo clustering with V-
SEARCH (Rognes et al., 2016) at 99 % identity to collapse very close sequences and create a
non-redundant OTU table. The taxonomic assignment was performed by g2-vsearch QIIME2
plugin to Silva 132 and UNITE databases for bacteria and fungi, respectively at a 97 %
similarity.

AMF sequence data were processed following Vasar et al. (2021). Reads were
demultiplexed into samples based on double barcodes and allowing for one barcode and one
primer mismatch on both reads. Following the removal of barcode and primer sequences, only
pairs where both reads had average quality scores of > 30 were retained. Paired-end reads
were combined with FLASh (v1.2.10; Mago¢ and Salzberg, 2011), using the default
thresholds: overlap between 10 - 300 bp and overlap identity at least 75 %. Orphan reads were
removed. Putative chimeric sequences were identified and removed using VSEARCH
(v2.14.1, Rognes et al., 2016) in database mode. Sequences were identified using a BLAST+
search (v2.5.0, Camacho et al., 2009) against AM fungal virtual taxa (VT; phylogenetically
defined taxonomic units) in the MaarjAM database (Opik et al., 2010), with 97 % identity and

95 % alignment thresholds.
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Springtails (collembolans) were sampled according to the ISO 23611-2 standard
(2006) at the four corners of the 20 x 20 m square outlined in each plot using a split corer (5
cm of diameter) over 5 cm total depth (Supplementary Fig. S1). Samples were transferred to
the laboratory and extracted by high gradient heat extraction (Kempson et al., 1963). Animals
were collected in diethylene glycol-water solution (1:1) and stored in 70 % ethanol until
identification. If possible, springtails were identified to species following the keys of Hopkin
(2007) and Fjellberg (1998, 2007). Springtails were assigned to ecological groups using a
trait-based approach. As described by Vandewalle et al. (2010), each species received a score
between 0 and 4 for 5 morphological traits according to the level of adaptation to soil
environment. The scores were then summed, resulting in a maximum score of 18 for species
being well adapted to the soil environment and O for species being well adapted to the above
ground environment. Subsequently, each species was assigned to one of the following
ecological categories: epi-edaphic (score between 0 and 6), hemi-edaphic (score between 7
and 12) and eu-edaphic (score between 13 and 18). The springtail community was
characterized by its total abundance, abundance per ecological category, species richness and
evenness index.

Enchytraeids were sampled according to the ISO 23611-3 standard (2019) in the four
corners of the 20 x 20 m square outlined in each plot using a split corer (5 cm of diameter) to
a depth of 30 cm (Supplementary Fig. S1). After extracting the soil samples for 48 h by a wet
funnel technique, the individuals were counted and identified in vivo to species and assigned
to one of the following ecological categories: opportunistic species, litter dweller, soil dweller
and deepness dweller (Graefe and Schmelz, 1999). The enchytraeid community was then
characterized by its total abundance, abundance per ecological category, species richness and

gvenness index.
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Earthworms were sampled according to the 1SO 23611-1 (2018) standard, which
combines two sampling methods: a physical (hand-sorting) and chemical (AITC application)
extraction. In each plot, earthworms were sampled at the four corners of the 20 x 20 m square
outlined in the plot (Supplementary Fig. S1). At each of the four sampling points, first,
earthworms were extracted from a block of soil (area 25 x 25 cm, depth 20 cm) by hand-
sorting. Second, the earthworms from below 20 cm depth were expelled from the soil by
applying 2.5 | allyl isothiocyanate (AITC) solution (94 mg-I™) in the pit left by hand-sorting.
The earthworms coming to the surface were collected for 30 min. In the laboratory,
earthworms were counted, identified to the species and assigned to one of the following
ecological categories: epigeic, epi-anecic (Lumbricus rubellus rubellus, Lumbricus centralis
and Lumbricus terrestris), strict-anecic (Aporrectodea longa longa and Aporrectodea giardi)
and endogeic (Bouche, 1977; Hoeffner et al., 2019). The earthworm community was
characterized by its total abundance, abundance per ecological category, species richness and
evenness index.

For soil suppressiveness, four soil samples (20 x 20 cm) were collected per plot at a
depth of 0-20 cm (Supplementary Fig. S1). In the laboratory, soil samples from the same plot
were joined to obtain a composite sample for each plot, air dried, sieved though a 4-mm mesh,
and stored at 5 °C until use. A soil suppressiveness experiment with the soilborne pathogen
Verticillium dahliae (fungal pathogen) was conducted using the model pathosystem V.
dahliae-defoliating pathotype/watermelon cv. ‘Sugar baby’. The pathogenicity test was
performed under growth chamber conditions highly conducive for disease development as
described in Jiménez-Fernandez et al. (2015). To determine the capability of each treatment to
reduce disease development, seeds of watermelon were sown in soil inoculated with the
pathogen; non-inoculated soil was also used to determine the plant growth in the absence of

the pathogen (4 plants/treatment). Each treatment was repeated three times (12
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pots/treatment). Disease development was assessed weekly in each individual plant by the
incidence (0 = plant with no symptoms, 1 = plant showing symptoms) and severity of the
disease assessed by visual observation of foliar symptoms (wilting, yellowing and necrosis) in
each individual plant using a O to 4 rating scale according to the percentage of foliage with
disease symptoms (0=0 %, 1=1 to 25 %, 2= 26 to 50 %, 3=51 to 75 %, and 4=76 % dead
plant). The final number of infected plants, as determined by vascular isolation of the
pathogen from main stem, for each treatment was recorded at the end of the experiment
(Jiménez-Fernandez et al., 2015). Additionally, plant physiological variables including plant
height and fresh weight were measured for all treatment combinations at the end of the

experiment (3 months).

2.4. Grassland forage production and quality

Forage production was measured the year before sampling of soil physical, chemical
and biological parameters. In 2016, the grass was cut twice (May and June). Aboveground
biomass was estimated by cutting an area of 1.5 x 5.0 m with an experimental harvester
(Haldrup, Germany). The grass harvested was dried in an oven at 70 °C and weighed to
determine dry matter content and then ground for chemical analysis. Total C and N
concentrations were determined by the Dumas method using an elemental analyser (Carlo

Erba EA 1108, Milan, Italy).

2.5. Statistical analyses
Statistical analyses were performed with the R software 3.2.3 (R. Core Team, 2019).
We tested residuals for normality (Shapiro test) and homogeneity of variance (Bartlett test);

when data deviated from ANOVA assumptions, we used appropriate transformations,
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specifically log and square-root transformations. Significance was evaluated in all cases at P
<0.05

Soil physico-chemical parameters (C, N and P content, cation-exchange capacity, pH,
soil moisture, and bulk density) were analyzed by two-way ANOVAs followed by Tukey
HSD tests for post hoc pairwise comparisons to inspect for effects of treatments (AC, 3G and
6G) and blocks for each depth (0-10, 10-20 and 20-30 cm) on each physico-chemical soil
parameter. Saturated hydraulic conductivity also was analyzed by two-way ANOVA followed
by Tukey HSD tests for post hoc pairwise comparisons to inspect for effects of treatments
(AC, 3G and 6G) and blocks on saturated hydraulic conductivity. Aggregate stability (SW,
FW and MB) was analyzed by two-way ANOVAs followed by Tukey HSD tests for post hoc
pairwise comparisons to inspect for effects of treatments (AC, 3G and 6G) and blocks for
each depth (0-10 and 10-20) and each aggregate stability measure. Regarding soil biological
conservation, first OTUs and species richness were determined for each sampling. We further
calculated Piclou's evenness (J') as follows: J' = H’ / In N, where N represents the total
number of OTUs or species and H’ represents the Shannon-Wiener diversity index. Second,
we used individual linear mixed-effects models (“nlme” package), followed by Tukey HSD
tests for post hoc pairwise comparisons, to inspect for effects of the three treatments (AC, 3G
and 6G) and blocks on the abundance and diversity of each organism group (bacteria, fungi,
AMF, springtails, enchytraeids and earthworms). The non-independence of samples within
plots was addressed by specifying a nested design in the random effect of the model. Third, in
order to compare the structure of bacterial, fungal, AMF, enchytraeid, springtail, and
earthworm communities between the treatments (AC, 3G and 6G) a data matrix of pairwise
compositional distances among samples was calculated using Bray-Curtis dissimilarity. Non-
Metric Multi-Dimensional Scaling (NMDS, “vegan” package) was used to identify the best

low-dimensional representation of the distance matrix. The null hypothesis of no difference
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among crop rotation treatments in bacterial, fungal, AMF, enchytraeid, springtail, and
earthworm communities was inspected by permutational multivariate analysis of variance
(PERMANOVA, “vegan” package) run on the Bray-Curtis distance with 1000 permutations
per analysis. Soil suppressiveness was analyzed by individual one-way ANOVAs followed by
Tukey HSD tests for post hoc pairwise comparisons to inspect for effects of treatments (AC,
3G and 6G) on final severity, infected plants, plant height-V. dahliae, plant weight-V. dahliae,
plant height-control and plant weight-control. Forage production and quality were analyzed
by individual two-way ANOVAs followed by Tukey HSD tests for post hoc pairwise
comparisons to inspect for effects of treatments (AC, 3G and 6G) and blocks on forage

production and quality (C and N content).

3. Results

In 2017, C (0-10 and 10-20 cm depth) and N (0-10 cm depth) contents were
significantly higher in 6G than in the AC treatment; however, they did not differ between 3G
and 6G treatments (Table 2). Conversely, pH was significantly higher in AC than in 6G
treatment, while again there was no difference between 3G and 6G treatments (Table 2). P
content, cation-exchange capacity and bulk density were not different between the treatments

regardless of soil depth (Table 2).

3.1. Effects of temporary grassland introduction

In comparison to annual crop rotation, the introduction of either 3 or 6 years of
grassland in the rotation promoted soil structure maintenance and some biodiversity
conservation indicators, but decreased soil suppressiveness (Tables 3, 4, 5 and 6, Fig. 1).
Compared to the annual crop rotation, both grassland treatments significantly increased

aggregate stability with slow wetting (depth 0-10 cm) by at least 38 % and tended to increase

15



aggregate stability with fast wetting by at least 22 % (P = 0.064, depth 0-10 cm); no effect
was observed at deeper strata (10-20 cm; Table 3). Both grassland treatments significantly
increased microbial biomass (depth 10-20 cm) by at least 29 % and eu-edaphic springtail
abundance by at least 79 %, permitted the development of litter dweller enchytraeids, which
were absent in the annual crop and tended to increase AMF abundance by 58 % (significantly
for the grassland with a medium percentage in the crop rotation; Tables 4 and 5). Moreover,
grassland treatments increased earthworm total abundance (almost solely due to increased
numbers of anecic earthworms) and richness by at least 34 % and 19 %, respectively (Table
5).

Conversely, the introduction of grassland into an annual crop rotation decreased the
abundance of opportunistic enchytraeid species, especially in the grassland with a medium
percentage (50 %) of grassland in the crop rotation, where abundance significantly decreased
by 91 % (Table 5). In addition, both grassland treatments significantly reduced soil
suppressiveness to an introduced soilborne pathogen (Table 6). At the end of the experiment,
the final disease severity level increased by at least 90 % and the percentage of infected plants
increased by at least 80 % for both grassland treatments. Interestingly, although there were no
effects of grassland introduction on growth of watermelon plants when grown on V. dahliae
infested soil, grassland introduction significantly increased the growth of the plants by at least
21 % and 28 % in length and weight, respectively, when grown on a non-infested soil (Table
6).

Beyond these effects, grassland introduction did not detectably modify (i) bacterial,
fungal and enchytraeid species richness (Tables 4 and 5), (ii) bacterial, fungal, springtail,
enchytraeid and earthworm evenness (Tables 4 and 5), and (iii) microbial metabolic activity
(Supplementary Table S1). Furthermore, grassland introduction significantly changed the

community composition of bacteria, fungi, AMF (composition of OTUs) and earthworms

16



(composition of species; Fig. 1a, b, ¢ and f), while it did not affect springtail and enchytraeid
communities (composition of species; Fig. 1d and e). In addition, grassland introduction did
not impact water regulation as saturated hydraulic conductivity was not significantly different
between the annual crop and the two grasslands, with values of 1.31 + 0.23 (£ SE) and 1.40 £

0.16 (+ SE) mm s™ respectively (Table 3).

3.2. Grassland legacy effects

A comparison of the two grassland treatments, which allowed the assessment of
legacy effects (50 % grassland vs 75 % grassland of grassland in the crop rotation), showed
that legacy effects significantly impacted soil structure maintenance and biodiversity
conservation for some indicators (Tables 3, 4 and 5, Fig. 1). Regarding soil structure
maintenance, higher grassland percentage (75 %) in the crop rotation significantly increased
aggregate stability with respect to mechanical breakdown (depth 10-20 cm) by 16 %, while
with slow and fast wetting no difference was observed (Table 3). Regarding biodiversity
conservation, higher grassland percentage (75 %) in the crop rotation significantly increased
AMF evenness by 24 %, microbial biomass (depth 20-30 cm) by 18 %, epi-edaphic springtail
abundance by 71 %, total springtail richness by 32 % and litter dweller enchytraeid abundance
by 84 % compared to the lower grassland percentage (50 %) in the crop rotation (Tables 4 and
5). In addition, AMF communities (composition of OTUs) were significantly different
between the two grassland treatments (Fig. 1c).

Despite these positive impacts, increasing grassland percentage in the crop rotation did
not impact global indicators of biodiversity conservation (i.e., total abundance, richness and
biomass; except microbial biomass 20-30 cm depth) (Tables 4 and 5). Furthermore, it did not
impact finer indicators of soil biodiversity such as the evenness of bacteria, fungi, springtails,

enchytraeids and earthworms (Table 5) as well as the community composition (OTUs or
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species) of bacteria, fungi, springtails, enchytraeids and earthworms (Fig. 1a, b, d, e and f).
Between the two grassland treatments there was no difference in soil suppressiveness, with
final disease severity ranging from 2.4 to 2.7 and the final percentage of infected plants
ranging from 90 % to 100 %. Similarly, growth of the test plant used for the soil
suppressiveness was not affected by the grassland treatments (Table 6). In addition, the
increase in grassland percentage in the crop rotation did not modify water regulation and
forage production and quality. Within each grassland treatment saturated hydraulic
conductivity ranged from 0.8 to 2.2 mm s* (Table 3), and mean aboveground forage
production was 3.3 + 0.4 (+ SE) t ha ', mean forage C content was 440.7 + 1.0 (+ SE) mg-g™
and mean forage N content was 20.0 + 0.5 (+ SE) mg-g™ (Table 7).

The extent of the grassland legacy effect on biodiversity conservation was partly
combined with the effect of grassland introduction in the annual crop rotation. On the one
hand, compared to the annual crop rotation, grassland introduction with a medium percentage
(50%) of grassland in the annual crop rotation significantly decreased opportunistic
enchytraeid species abundance by 91 % (Table 5) and tended to decrease fungal richness (P =
0.074, Table 4). Additionally, springtail and enchytraeid communities were significantly
different in grassland with a medium percentage (50 %) of grassland in the crop rotation
compared to the annual crop rotation (Fig. 1d and e). On the other hand, compared to the
annual crop rotation, including grassland with a higher grassland percentage (75 %) in the
crop rotation significantly increased microbial biomass (depth 0-10 cm) by 30 % and AMF

richness by 29 % (Table 4).

4. Discussion
4.1. Grassland introduction increased biodiversity conservation and soil structure

maintenance
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We hypothesized that grassland introduction in an annual crop rotation would boost
ecosystem services in general. Contrary to this generalization, we observed variable effects
depending on the assessed ecosystem service. Regarding biodiversity conservation, regardless
of the duration of the grassland phase in the rotation, grassland introduction significantly
increased microbial biomass (10-20 cm depth), earthworm richness and abundance, especially
anecic earthworms. Moreover, grassland introduction permitted the presence of litter dwelling
enchytraeids, propped up abundances of eu-edaphic springtails and tended to increase AMF
abundance. For microbial biomass and AMF abundance as well as for anecic earthworm
abundance and biomass, these findings are consistent with those of previous studies (Postma-
Blaauw et al., 2010; Cluzeau et al., 2012; Linsler et al., 2015; Banerjee et al., 2019) and could
be related to the cessation of soil tillage which is known to detrimentally affect anecic
earthworms (Briones and Schmidt, 2017) and AMF abundance (Valyi et al., 2015). Moreover,
the supply of food resources (i.e., plant materials) and the low level or absence of pesticide
application may also have beneficially affected microbial biomass, AMF abundance and
earthworms (Wardle, 1992; Pelosi et al., 2013; Banerjee et al., 2019). Regarding litter
dwelling enchytraeids, our findings are consistent with their diet consisting mainly of
decomposed plant materials (Graefe and Schmelz, 1999; Gajda et al., 2017), which can
accumulate at the soil surface with grassland introduction. Grassland could also provide a
physical good habitat for litter dwellers by creating a densely rooted, crumbly top-soil layer
with high organic matter content and low bulk density. Surprisingly, among springtail
ecological groups, only eu-edaphic springtails benefitted from grassland introduction.
Considering that they live deeper in the soil profile, this group should be least sensitive to
changes in plant coverage. However, of the springtail ecological groups eu-edaphic species
may benefit most from root resources (Scheunemann et al., 2015) and have been shown to be

able to switch to feeding on roots rather than soil organic matter resources when roots are in
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ample supply (Endlweber et al., 2009). In fact, van Eekeren et al., (2008) observed that
compared to an annual crop rotation, the number of roots in autumn from 0 to 10 cm in a 3-
year temporary grassland increased by 83 %. Such dense roots and root resources presumably
provided additional food supply, particularly to eu-edaphic springtails. Moreover, their low
abundance under annual crops could be explained by their restricted dispersal capacity
(Chauvat et al.,, 2014), which could make them more vulnerable to predation and
environmental conditions when they are forced to be on the soil surface during soil ploughing
under annual crops. Conversely, both grassland treatments tended to decrease opportunistic
enchytraeid species with a medium percentage of grassland having the lowest values of all
treatments. Our findings hence contrast those of van Eekeren et al. (2008) and Postma-Blaauw
et al. (2010) who reported that the introduction of grasslands into an annual crop rotation had
either no effect or a positive effect on soil biodiversity, including enchytraeid. Opportunistic
enchytraeid species are pioneer species with a high reproduction rate, able to thrive in
disturbed environments with unbalanced food resources (Jansch et al., 2005); in more stable
and structured environments such as grasslands they are reduced potentially due to
competition with other more specialized or more demanding species (Graefe and Schmelz,
1999). Overall, our study documented that the introduction of grassland, even if it is a species
poor grassland (with three plant species sown) and functionally homogeneous grassland, into
an annual crop rotation, positively impacts biodiversity conservation on global parameters
(total abundance, biomass and diversity), and also on finer parameters such as functional
categories and species or OTU composition.

Despite changes in microbial biomass (10-20 cm depth) and bacterial and fungal OTU
composition between grasslands and the annual crop rotation, microbial metabolic activity
was not affected by the introduction of grassland. In the present study, increasing the biomass

and modifying the diversity of soil microorganisms through the introduction of grassland into
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the annual crop rotation did not result in changes in organic substrate utilization pattern.
Potentially, this was due to functional redundancy between and/or within bacterial and fungal
OTUs (Rousk et al., 2009; Souza et al., 2015; Mendes et al., 2015; Banerjee et al., 2016).
More than that, Ros et al., (2006) suggested that CLPP should be combined with other
methods to analyze microbial community structure and functional diversity in order to assess
the impact of land management on soil microbial metabolic activity.

Regarding pathogen regulation, both types of grassland introduction (50% or 75%)
decreased soil suppressiveness to V. dahliae. The effects of agricultural management practices
(especially soil rotations) on soil suppressiveness to soilborne plant pathogens and their
interactions with soil biotic and abiotic factors are not fully understood (Weller et al., 2002).
Indeed, soils with similar physicochemical characteristics may correlate in different ways
with soil suppressiveness depending on the pathogen, the crop plant assessed, and the
previous history of host plants cropped (Janvier et al., 2007; Schlatter et al., 2017). In our
study, the annual crop rotation showed higher soil suppressiveness to V. dahliae, as indicated
by the lower disease severity level and lower number of infected plants. Potentially, this was
due to differences in fungicide application in the annual crop treatment, which may have
altered overall fungal richness and community structure, as was observed in our study,
including other fungal pathogens as well as potential fungal competitors/antagonists of V.
dahliae (Bending et al., 2007; Mommer et al., 2018). V. dahliae cannot be reached by many
fungicides during its parasitic phase inside the plants; however, a residual fungicidal effect
against V. dahliae conidia inoculated on the soil cannot be ruled out, which may have resulted
in a lower inoculum potential for the AC treatment compared to the grassland treatments
where no fungicide was applied (Rampersad, 2010). In addition, the annual crop soils
exhibited lower C and N concentrations, and higher pH, parameters that may have influenced

pathogen germination and activity in the soil immediately after inoculation and before the

21



plant vascular infection occurred (Jones and Woltz, 1972). Korthals et al. (2014) highlighted
that the influence of soil biota on disease suppressiveness to V. dahliae may exceed that of
soil chemical variables, suggesting that the different bacterial and fungal communities
(including AMF) in the annual crop and grassland treatments accounted for the
suppressiveness effect (Postma et al., 2008). However, further studies are needed to determine
whether specific microorganisms are responsible for the disease suppressiveness effect
observed.

Regarding water regulation, values of the saturated hydraulic conductivity in our study
were similar to those observed in previous studies (Lamandé et al., 2003; Schwartz et al.,
2003; Gonzalez-Sosa et al., 2010). Neither type of grassland introduction modified saturated
hydraulic conductivity, contrasting previous studies showing pronounced positive effects of
grassland introduction (Schwartz et al., 2003; Bodhinayake and Si, 2004; Jarvis et al., 2013).
Moreover, the lack of effects was unexpected as introduction of grassland was associated with
higher abundances of a number of organisms including earthworms, which are recognized to
increase hydraulic conductivity due to their burrows functioning as preferential water flow
paths (Weiler and Naef, 2003; Blouin et al., 2013; Fischer et al., 2014). However, higher
earthworm abundance does not necessarily indicate a higher number of burrows (Péres et al.,
2010) and a resulting increase in saturated hydraulic conductivity. Identical rates of saturated
hydraulic conductivity in the crop rotation and both grasslands could be explained by a
balance between the effect of tillage in the annual crop rotation, which aerates the soil and
creates porosity, and biological action. Indeed, previous studies reported that plough-till
systems may increase hydraulic conductivity compared to no-till systems as due to increases
in inter-aggregate flow-active porosity and pore continuity (Lipiec et al., 2006; Blanco-

Canqui et al., 2017).
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Regarding soil structure maintenance, both grassland introductions into an annual crop
rotation increased aggregate stability with slow wetting (0-10 cm depth). Aggregate stability
with slow wetting can be enhanced by the action of polysaccharides secreted by bacteria,
which attenuate micro cracking of aggregates (Chenu, 1989; Le Bissonnais, 1996; Abiven et
al., 2007). In our study, the significant higher values of aggregate stability with slow wetting
(0-10 cm depth) in both grasslands might be related to the slight increase of microbial
biomass in grassland treatments compared to that of the annual crop treatment (0-10 cm
depth; Péres et al., 2013; Linsler et al., 2015) certainly due to the presence of permanent grass
roots (Péres et al., 2013). Compared to the annual crop, both grassland introductions tended to
increase aggregate stability with fast wetting (especially 0-10 cm depth), which is commonly
linked to the action of fungi and root biomass to enmesh a large number of particles able to
resist aggregate disruption (Chenu, 1989; Le Bissonnais, 1996; Abiven et al., 2007; Péres et
al., 2013). As we observed an increase in AMF abundance in both grassland treatments
(significant in the grassland with a medium percentage of grassland in the annual crop
rotation) we hypothesized that, apart from the effect of grass roots, the highest levels of AMF
hyphae measured in both grassland treatments could improve aggregate stability with fast
wetting. However, it is possible that the increase of AMF hyphae measured was not enough to
increase significantly aggregate stability with fast wetting. Again, overall, grassland
introduction, even if it is a species poor grassland (with three plant species sown) and
functionally homogeneous grassland, into an annual crop rotation, improved soil stability

which limit soil compaction and/or erosion.

4.2. Grassland legacies last for a long time

We hypothesized that the longer the duration of grassland in the crop rotation, the

greater is the positive grassland legacy. Contrasting with this expectation, we observed a long-
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lasting grassland legacy effect on biodiversity conservation for some biological parameters
and on soil structure maintenance, but not on pathogen regulation (soil suppressiveness),
water regulation (saturated hydraulic conductivity) and forage production (quantity and
quality). In the literature, it is demonstrated that the legacy effect of grasslands on biodiversity
conservation for the successive crops varies among studies. For example, Postma-Blaauw et
al. (2010) noticed a short term legacy effect from 1 to 3 years for a broad range of soil biota
(abundance of earthworms, enchytraeids, microarthropods, nematodes and protozoa as well as
fungal and bacterial biomass), while Creme et al. (2018) found that microbial biomass still
benefited from the previous grassland after three years of crops. In our study, the legacy effect
of increased grassland permanence in the crop rotation had a positive effect on microbial
biomass (especially in 20-30 cm depth), AMF richness and evenness, as well as epi-edaphic
springtail abundance, total springtail richness and enchytraeid litter dweller abundance.
Presumably, these effects were due to increased plant residues and diversity as well as by
lower levels of soil disturbance in the treatments with increased grassland permanence
(Wolters, 1991; Bardgett and Cook, 1998; Graefe and Schmelz, 1999; Oehl et al., 2003; Valyi
et al.,, 2015). Notably, a grassland legacy effect was also observed for AMF OTU
composition, which was significantly different between the two grassland treatments. This
could be linked to the speed of development of crop specialist species vs grassland species: as
soon as grassland is introduced, the AMF OTUs specialized on the crop decreased;
conversely, the return of the OTUs specialized on grassland presumably takes much longer
(Valyi et al., 2015; French et al., 2017).

Interestingly, bacterial, fungal and earthworm communities were not affected by the
percentage of grassland duration. For earthworms, these findings could be explained by their
high colonization and foraging capacity compared to the other organisms studied (Eijsackers,

2011), allowing them to return to a stable state, close to that in permanent grassland, after at
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least three years of grassland (van Eekeren et al., 2008; Postma-Blaauw et al., 2010). For
bacteria and fungi, changes in their communities have been observed depending on the
composition of the organic matter to be degraded (Hossain et al., 2010; Pascault et al., 2010;
Urbanova et al., 2015; Hoeffner et al., 2018). However, in our study, the similarity of plant
materials deposited on the soil and the legacy of the SOM kept from year to year may have
led to a relatively similar molecular composition of SOM (Panettieri et al., 2017; Creme et al.,
2018). Panettieri et al. (2017) observed at the same study site that with respect to SOM, the
grassland footprint was still dominant after three years of continuously cropping the
grassland. Given this, the similarity of bacterial and fungal communities between these two
grasslands could be explained by the similarity in molecular composition of the SOM.
Overall, our findings emphasize that the value of extending grassland duration in the crop
rotation for biodiversity conservation does not apply to all organisms or to all indicators
within a considered group of organisms.

Regarding soil structure maintenance, increasing the percentage of grassland in the
crop rotation increased aggregate stability under mechanical breakdown (10-20 cm depth), but
did not affect aggregate stability under slow and fast wetting tests (0-10 and 10-20 cm depth).
Our findings hence contrast those of Abiven et al. (2007), who reported in controlled
conditions that aggregate stability under mechanical breakdown test was correlated with fast
wetting, and both were linked to the mechanical actions of fungi or roots (Chenu, 1989; Le
Bissonnais, 1996; Abiven et al., 2007; Peres et al., 2013). In line with our results, Abiven et
al. (2007) observed that aggregate stability with mechanical breakdown was linked to fungal
hyphal length, which in our study could be associated with the increase in AMF abundance in
grassland treatments. In addition, aggregate stability with mechanical breakdown could be
related to enchytraeids, especially soil dwellers and litter dwellers, and to springtails which

also increased with the percentage of grassland in the crop rotation. Indeed, enchytraeids and
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springtails are also known to contribute to the stability of soil aggregates (Marinissen and
Didden, 1997; Maal} et al., 2015; Lehmann et al., 2017). For example, under controlled
conditions, springtails and AMF have been observed to increase the amount of water-stable
aggregates, and springtail effects were similar to those of AMF (Siddiky et al., 2012).
Interestingly, we observed no legacy effect on aggregate stability with slow and fast wetting
(0-10 and 10-20 cm depth), which might reflect that whatever the duration of grassland in the
rotation, plant roots stabilize soil particles directly by releasing material or enmesh soil
particles promoting soil aggregation (Burri et al., 2009; Fattet et al., 2011). Overall, the
benefit of increasing the duration of grassland in the crop rotation is remarkable but limited to
certain aggregative processes and to deep depth.

Surprisingly, increasing the percentage of grassland in the crop rotation did not modify
forage production (quantity and quality), while abundance/biomass of a large number of
organisms known to affect plant growth increased with the percentage of grassland. In
particular micro-organisms, enchytraeids and springtails (Filser, 2002; Gange, 2000; Partsch
et al., 2006) tended to be or were significantly more abundant in the treatment with a high
percentage of grassland in the crop rotation. In the present study, both grasslands exported
between 3.15 and 3.53 t DM ha * yr'!, which is much lower than the 7.7 t DM ha™* yr*
predicted in the same French district (Graux et al., 2020). However, the INRAE experimental
sites receive only N fertilization, and deficiency in other macronutrients (e.g. P, K, S, Ca, Mg)
may limit plant growth (Maathuis, 2009) and thus explain the lack of effect of the grassland
duration on forage production; furthermore, climate properties may also play a role (Fay et al.,
2003).

Overall, our findings suggest that grassland introduction promotes a wide range of
services and may last for almost a decade. Thus, to evaluate the effect of agricultural practices

on soil properties it is necessary to take into account legacy effects and consider long time
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steps. From a policy point of view, temporary grassland in Europe is cultivated and reseeded
at least every five years due to the cross-compliance obligations of the Common Agricultural
Policy (CAP). From this perspective, these obligations do not sufficiently contribute to the
objective of halting and reversing the loss of biodiversity, nor do they lead to sufficient
improvement of ecosystem services such as soil structure maintenance. Therefore, we
recommend that the CAP should recognize the need for greater flexibility in farmers’
decision-making. Instead of imposing the permanent preservation of formerly temporary
grasslands, policy should rather leave room for or even incite increasing grasslands in

rotations through environmental measures.

5. Conclusions

Using a multi-ecosystem services approach, our study argues for extending the
duration of grassland within annual crop rotation systems. The introduction of grassland, even
a species poor grassland (with three plant species sown) and functionally homogeneous
grassland, into an annual crop rotation, as well as the legacy effects of long-time grassland in
the rotation, improve soil structure maintenance and substantially enhance habitat suitable for
soil biodiversity conservation. While the service of soil suppressiveness decreased, water
regulation was not affected by grasslands in the crop rotation. Although responses to
grasslands in the rotation are complex and vary among ecosystem services, our results
highlight that ecosystem services provision is regulated over long time periods. The positive
grassland legacy effects are more pronounced and longer lasting with the introduction of six
years of grassland in the rotation. Therefore, including six years of grassland into the crop
rotation compared to three years seems to be advantageous for benefitting from increased
provisioning of ecosystem services, and maintaining such long rotations may increase the

provisioning of a wider range of ecosystem services.
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TABLES
Table 1. Experimental design of the study site with the 3 treatments. Annual crops only (AC),
grassland with medium percentage (50 %) of grassland in the rotation (3G) and grassland with

high percentage (75 %) of grassland in the rotation (6G). The vertical bold line indicates the

date of sampling (April 2017).

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

AC Maize Wheat Barley Maize Wheat Barley Maize Wheat Barley Maize Wheat Barley |Maize
3G Maize Wheat Barley Grassland Maize Wheat Barley Grassland Maize
6G Grassland Maize Wheat Barley Grassland
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Table 2. Mean values + standard errors of selected soil variables: carbon (mg-g™), nitrogen
(mg-g™), phosphorus (mg-g™?), cation-exchange capacity (CEC, mmol-kg™), pH (water),
water content (WC, %), bulk density (g-cm®), clay (%), silt (%) and sand (%) by
experimental treatment (n = 4). Annual crops only (AC), grassland with medium percentage
(50 %) of grassland in the rotation (3G) and grassland with high percentage (75 %) of
grassland in the rotation (6G). Sampling was performed in 2017 except for the bulk density
which was performed in 2016. Different letters denote significant differences between
treatments with a > b (Tukey HSD test) at P < 0.05 level. y>-values and associated P-values

are indicated.

Treatments Blocks
AC 3G 6G X’ [ X’ P
Carbon 0-10cm  12.5°+0.7 1442+ 0.6 14.52 £ 0.6 13.77 0.006 10.61 0.008

10-20cm  11.7*+0.8 12.4°+ 0.5 14.12+0.9 16.43 0.004 15.86 0.003

Nitrogen 0-10cm  1.28+0.05 1.432+0.03 1.48+0.03 19.50 0.002 438 0.059
10-20cm  1.25*+0.05 1.30*+0.04 1.452+£0.06 7.80 0.021 4.00 0.070

Phosphorus 0-10cm  0.71*+0.05 0.69:+0.06 0.712£0.05 0.71  0.528 29.74 <0.001
10-20cm  0.722+£0.05 0.700+0.03 0.69:+0.04 0.35 0.720 6.52  0.026

CEC 0-10cm  75.224+5.7 69.42+ 6.1 69.92+2.6 1.10 0.392 6.24 0.028
10-20cm  67.7*+ 7.4 64.3:+52 71.00+2.3 0.33 0.733 0.53 0.679

pH 0-10cm  6.220+0.2 5.920+ 0.1 5.5°+0.1 10.36 0.011 225 0.183
10-20cm  6.12 £ 0.1 6.0:+ 0.1 5.82+0.1 0.81  0.489 043 0.736

wC 0-10cm  18.82+0.7 20.82+ 1.0 2042+ 0.3 211  0.203 1.06 0.432
10-20cm  17.9*+0.7 19.0:0 £ 0.4 19.99+0.5 6.73  0.004 1.60 0.210

Bulk density 0-30cm  1.50+0.01 1.522£0.01 1.51*+0.02 0.11 0.896 0.10 0.954

Clay 0-30cm  19.12+1.2 1652+ 1.9 18.32+0.9 1.75 0.251 0.40 0.760
Silt 0-30cm  65.72+2.7 66.6°+ 2.1 64.92+4.1 024 0.794 3.30  0.099
Sand 0-30cm 1522424 17.0: £ 3.2 16.8:+ 3.9 1.04 0.409 13.21 0.005
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Table 3. Mean values + standard errors of soil aggregate stability measured with SW-slow

wetting (mm), FW-fast wetting (mm) and MB-mechanical breakdown (mm) as well as

saturated hydraulic conductivity rate (mm s™) by experimental treatment (n = 4). Annual

crops only (AC), grassland with medium percentage (50 %) of grassland in the rotation (3G)

and grassland with high percentage (75 %) of grassland in the rotation (6G). Different letters

denote significant differences between treatments with a > b (Tukey HSD test) at P < 0.05

level. y>-values and associated P-values are indicated.

Treatments Blocks
AC 3G 6G x P x P
Slow wetting 0-10 cm 0.432+0.04 0.72>+0.07 0.70>+0.03 9.83 0.007 0.03 0.875
10-20cm  0.5020+0.06 0.57*@+0.12 0.662+0.06 0.83 0470 0.11 0.751
Fast wetting 0-10cm 0.352+0.02 0.500+0.06 0.452+0.03 396 0.064 216 0.180
10-20cm  0.35£0.02 0.5020+0.09 0.432+0.04 243 0.150 5.23 0.052
Mechanical breakdown 0-10cm 1.452+£0.08 1.412+0.12 1.542+0.07 047 0.639 0.83 0.389
10-20cm  1.46*+0.09 1.56*+0.04 1.86*+0.05 9.11 0.009 0.15 0.706
Saturated hydraulic conductivity () 13102023 1.19°£0.18 1.60°+0.18 0.62 0564 0.51 0.497
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Table 4. Mean values + standard errors of bacterial, fungal richness and evenness indexes,
AMF (arbuscular mycorrhizal fungi) sample-based abundance (sequence number per sample),
richness and evenness indexes, and microbial biomass by experimental treatment (n = 24).
Annual crops only (AC), grassland with medium percentage (50 %) of grassland in the
rotation (3G) and grassland with high percentage (75 %) of grassland in the rotation (6G).
Different letters denote significant differences between treatments with a > b (Tukey HSD

test) at P < 0.05 level. y*-values and associated P-values are indicated.

Treatments Blocks
AC 3G 6G 21’ P 21’ P
Bacteria Richness 60.92+3.9 51.00+44 56.72+4.5 391 0.142 0.02 0.881

Eveness 0.952+0.00 0.952+0.01 0.952+0.00 0.53 0.769 0.10 0.752

Fungi Richness 181.22+9.9 146.32£5.3 164.12 £ 6.9 522 0.074 142 0.234
Eveness 0.78+0.01 0.752 £ 0.02 0.752 £ 0.02 202 0364 035 0.555

AMF Abundance 529.2°+143.7  1274.9°+163.3 1030.6**+198.2 12.86 0.002 7.82  0.050
Richness 94>+ 1.3 10.826+ 0.7 13.12+ 0.9 751 0.023 12.04 0.007
Eveness 0.602> + 0.04 0.49°+0.04 0.64*+0.03 10.35 0.006 3.25 0.355

Microbial 0-10 cm 144.5°+ 7.5 171.7%+ 5.9 20622+ 18.5 6.13 0.034 056 0.661
biomass  10-20 cm 120.2°+ 3.1 168.9+ 2.5 181.12+ 10.1 29.24 <0.001 1.63 0.279
20-30 cm 114.9°+ 10.1 131.26+10.0 160.8* +18.1 11.63 0.009 10.15 0.009
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Table 5. Mean abundance (individuals m™), richness and evenness index of springtails (a), enchytraeids (b) and earthworms (c) by
experimental treatment (n = 16) + standard errors. Annual crops only (AC), grassland with a medium percentage (50 %) of grassland in
the rotation (3G) and grassland with a high percentage (75 %) of grassland in the rotation (6G). Different letters denote significant

differences between treatments with a > b (Tukey HSD test) at P < 0.05 level. y>values and associated P-values are indicated.

Treatments Blocks
AC 3G 6G F P F P

(a) Springtail

Abundance Total 125202 + 2778 114592 + 2567 200332+ 4194 283 0.243 0.23 0.63
Epi-edaphic 5475+ 2320 29294 + 753 99742 + 2764 6.39 0.041 547 0.019
Hemi-edaphic 60692 + 1543 33112+ 1429 55172+ 3345 255 0.279 8.74  0.003
Eu-edaphic 976b+ 323 55202 + 1980 45412+ 1284 945 0.009 4.2 0.04

Diversity  Richness 6.82>+ 0.7 5.3*+0.6 7.82+£0.8 6.61 0.037 081 0.367
Eveness 0.82+0.0 0.82+0.0 0.82+0.0 034 0842 199 0.158

(b) Enchytraeid

Abundance Total 168922 + 3668 98462 + 1460 151942 £ 1773 4,09 0129 382 0.281
Opportunisitic species 35652+ 1158 324+ 151 8803> £ 209 21.86 <0.001 7.04 0.071
Litter dweller 0£0 139>+ 95 8802 & 349 476 0.002 018 091
Soil dweller 121312 £ 2468 81022+ 1403 129182 £1602 271 0.257 6.13 0.106
Deepness dweller 13432 £ 493 5562+ 180 5092+ 218 248 0.29 12.34 0.006

Diversity  Richness 7.52+0.8 6.5+ 0.6 831+ 0.5 405 0132 218 0.536
Eveness 0.8:+£0.0 0.9: £ 0.0 0.9:+£ 0.0 071 0703 112 0.774

(c) Earthworm

Abundance Total 321+ 57 488+ 40 4962 + 47 11.11 0.003 0.66 0.882
Epigeic 572+ 17 76 +20 832+ 30 0.09 0.957 3.62 0.306
Epi-anecic 26>+ 7 702+ 12 642+ 9 2586 <0.001 6.4 0.093
Strict-anecic 425+ 10 1412 £ 21 1452+ 15 2223 <0.001 0.05 0.997
Endogeic 1952+ 39 2012 + 31 2042 + 21 015 0926 15 0.682

Diversity  Richness 49°+0.2 6.12+0.3 6.42+0.3 1595 <0.001 5.1 0.165
Eveness 0.9:+0.0 0.9+ 0.0 0.9:+£0.0 094 0.627 112 0.772
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Table 6. Mean values of soil suppressiveness associated variables by experimental treatment
(n = 12) + standard errors: final severity (0-4), infected plants (%), plant height-V. dahliae
(cm), plant weight-V. dahliae (g), plant height-control (cm), plant weight-control (g). Annual
crops only (AC), grassland with medium percentage (50 %) of grassland in the rotation (3G)
and grassland with high percentage (75 %) of grassland in the rotation (6G). Different letters
denote significant differences between treatments with a > b (Tukey HSD test) at P < 0.05

level. F-values and associated P-values are indicated.

AC 3G 6G F P
Final severity 03324023 2.69+033 24204045 17.25 <0.001
Infected plants 16.67°+7.82 98.33:+7.82° 90.48 +8.19 32.85 <0.001

Plant height-V. dahliae 53.182+4.56 48.912+5.97 47.58+6.82 0.29 0.753
Plant weigth-V. dahliae 11.452+1.12 8.552+1.66 8.62:+1.92 130 0.287
Plant height-control 54.580+224 69.332+2.84 70.422+1.71 16.69 <0.001
Plant weigth-control 11.57°+0.62 15962 +0.38 17.772+0.45 40.86 <0.001
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Table 7. Mean annual aboveground forage production (dry matter, t ha™) and above-ground
forage composition (carbon and nitrogen concentrations, mg g™*) by experimental grassland (n
= 4) + standard errors. Grassland with medium percentage (50 %) of grassland in the rotation
(3G) and grassland with high percentage (75 %) of grassland in the rotation (6G). Similar
letters denote no significant differences among treatments (Tukey HSD test) at P < 0.05 level.

x*-values and associated P-values are indicated.

Treatments Blocks
3G 6G ¥ P ¥ P
Forage production 3.53*+0.48 3.152+0.34 1.71 0.282 14.18 0.028
Carbon 43992+ 0.1 442.22+0.1 3.15 0.174 1.13 0.46l
Nitrogen 1.912+£0.03 2.0020+0.06 3.66 0.152 6.32 0.082
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FIGURE

Figure 1. Non-Metric Multidimensional Scaling ordinations showing differences, based on

Bray-Curtis dissimilarity among bacterial (a), fungal (b), arbuscular mycorrhizal fungal

(AMF) (c), springtail (d), enchytraeid (e) and earthworm (f) communities (i.e the composition

of OTUs or species) in crop rotation experimental treatments. Individual points represent

samples and the ellipses represent the bidirectional 95 % confidence interval of treatments.

Significant dissimilarities between treatments were assessed by PERMANOVA. Pseudo F-

values and associated P-values are indicated. Crop rotation experimental treatments: annual

crops only (AC), grassland with a medium percentage (50 %) of grassland duration in the

crop rotation (3G) and grassland with a high percentage (75 %) of grassland duration in the

rotation (6G).
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Graphical abstract

12 years of Without grassland E 50 % of grassland E 75 % of grassland

annual crop rotation D:g:% ! Dﬁg ! .:=
[] Annual crop [J sampling year i SODQQ i 5’[\0@
M Grassland . [

e | Helell | Belel

Structure maintenance - | + | ++
Water regulation 0 | 0 | 0
Biodiversity conservation - | + L+
Pathogen regulation + - | -
Forage production NA 0 | 0

NA: not applicable, 0: no effect, -: service decreased, +/++: service improved
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Highlights
e Five ecosystem services were studied in crop rotations with or without grasslands
e Grassland introduction improves soil structure maintenance and biodiversity
conservation
e Grassland introduction decreases pathogen regulation
e Grassland legacy effect improves soil structure maintenance and biodiversity
conservation

e There is no legacy effect on water and pathogen regulation, nor on forage production
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