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ABSTRACT

1. Evaluation of restoration activities is indispensable to assess the extent to which targets have

been reached. Usually, the main goal of ecological restoration is to restore biodiversity and
ecosystem functioning, but validation is often based on a single indicator, which may or may not
cope with whole-ecosystem dynamics. Network analyses are, however, powerful tools, allowing
to examine both the recovery of various biotic and abiotic properties and the integrated response

at community and ecosystem level.

. We used restoration sites where topsoil was removed from former intensively managed grassland

and seeds were added. These sites were between 3 to 32 years old. We assessed how plants, soil
biota, soil properties, and correlation-based interactions between biotic communities and their
abiotic environment developed over time and compared the results with (i) intensively managed

(not restored), and (ii) well-preserved targeted semi-natural grasslands.

. Plant, nematode, fungal, and prokaryotic diversity and community structures of the restored

grasslands revealed clear successional patterns and followed similar trajectories towards targeted
semi-natural grasslands. All biotic communities reached targeted diversity levels no later than 18

years post restoration.

. Ecological networks of intensively managed and short-term (~4 years) restored grasslands were

less tightly connected compared to those found in mid- and long-term (~18-30 years) restored
and target grasslands. Restoration specifically enhanced interactions among biotic communities,
but reduced interactions between biotic communities and their abiotic environment as well as

interactions among abiotic properties in the short- and mid-term.

. Synthesis and applications: Overall, our study demonstrated that topsoil removal and seed

addition were successful in restoring diverse, tightly coupled and well-connected biotic
communities above- and belowground similar to those found in the semi-natural grasslands that
were restoration targets. Network analyses proved to be powerful in examining the long-term re-

establishment of functionally connected biotic communities in restored ecosystems. Thus, we
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provide an approach to holistically assess restoration activities by notably considering the

complexity of ecosystems, much in contrast to most traditional approaches.

KEYWORDS

Ecological networks; grassland restoration; high-intensity restoration method; long-term

recovery; restoration success; semi-natural grasslands; soil diversity

INTRODUCTION

Terrestrial ecosystems are under pressure globally (Vitousek et al., 1997), as almost 40% were
converted for agricultural and urban use in the last centuries (Foley et al., 2005). Another 30% have
been heavily degraded by unsustainable use of resources, fragmentation, pollution or biological
invasion (Millennium Ecosystem Assessment, 2005). Hence, there is an urgent need to restore these
degraded, damaged, or destroyed ecosystems (e.g., Gann et al., 2019; Temperton et al., 2019), which
recently culminated in the United Nations (UN) proclamation of the “Decade on Ecosystem
Restoration” (2021-2030). This action should consolidate global commitments such as the UN
Sustainable Development Goals for 2030 (United Nations 2015: Goal 15) to halt and reverse land
degradation and the concomitant decline in global biodiversity (Tilman et al., 2001; Kleijn et al.,

2009).

In Northwest and Central Europe, land-use change strongly affected highly diverse but low-
productive ecosystems, such as semi-natural grasslands (Poschlod et al., 2005). During the past
century, these ecosystems were either converted into high-input agricultural areas, or were
completely abandoned due to restricted accessibility (e.g., mountainous or inundated areas; Torok &
Dengler, 2018). In Switzerland, for example, only around 5% of the former semi-natural grasslands
remained as small and highly fragmented remnant patches at the beginning of this century (Lachat et

al., 2010). Hence, it became necessary to restore, actively extend and re-connect these patches by
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creating ecological corridors and stepping stones (Dengler et al., 2014). As most of the remnant
patches were embedded in an otherwise intensive agricultural area, conversion of these became a
frequent restoration practice across Europe (see reviews Klimkowska et al., 2007; Kiehl et al., 2010,
Torok et al., 2011). Yet, agricultural areas typically exhibited soil nutrient surpluses, homogenized soil
conditions and simplified biotic communities (e.g., McLauchlan, 2006; Gossner et al., 2016; Felipe-
Lucia et al., 2020). To overcome the legacy of intensive agriculture, high-intensity restoration
methods, such as topsoil removal or topsoil removal combined with seed addition, proved to be
most successful in restoring oligo- to mesotrophic semi-natural grasslands (e.g., Klimkowska et al.,

2007; Kiehl & Pfadenhauer, 2007; Kiel et al., 2010; Resch et al., 2019).

However, restoration projects using topsoil removal are still rare due to their high costs (Térok et
al., 2011), and most of the research conducted in these systems only looked at short-term (< 10
years) restoration success. Hence, the number of studies that assessed the long-term success of
topsoil removal is scarce, but slowly increasing. Together these studies showed that plant and insect
communities benefit from topsoil removal and seed addition and successfully develop towards the
targeted reference ecosystems [e.g., Kiehl & Wagner, 2006 (study period: 9 yrs); Wubs et al., 2016 (6
yrs); Resch et al., 2019 (22 yrs); Neff et al., 2020 (22 yrs)]. Belowground recovery lagged, however,
behind the aboveground development and did not reach target levels, not even 20 years after
restoration (Frouz et al., 2009; Geissen et al., 2013; Resch et al., 2021). Thus, it has been argued that
topsoil removal and seed addition create a mismatch between aboveground and belowground
properties (Kardol et al., 2009). Moreover, a delayed belowground recovery may result in poorly re-
established ecological interactions between below- and aboveground properties, which in turn may
entail negative long-term effects on the provisioning of key ecosystem functions (Geissen et al.,
2013). Yet, whether topsoil removal and seed addition are successful in restoring both species-rich
and diverse biotic communities and ecological interactions characteristic for oligotrophic grasslands,

is unknown. Finally, most studies almost exclusively focused on the recovery of plant communities,
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while the concurrent recovery of soil biotic communities was widely neglected (but see Kardol et al.,

2009; Frouz et al., 2009; Wubs et al., 2016).

In the present study, we analysed diversity and community structure of plants and selected soil
biota (nematodes, fungi, prokaryotes) to assess if restoration is successful in re-establishing above-
and belowground diversity and ecological interactions. We used eight restoration sites, where topsoil
was removed and seeds were added between 3 to 32 years ago, and compared them with intensively
managed agricultural areas and targeted semi-natural grasslands. We addressed the following
guestions: (i) Do diversity and community structure of plants, soil nematodes, fungi and prokaryotes
develop towards target after restoration, and if so, how fast? (ii) Do ecological interactions between
biotic and abiotic properties develop away from intensively managed and towards targeted semi-
natural grasslands? and (iii) Do we find a mismatch between aboveground and belowground

recovery, and if so, does it persist in the long-term?

MATERIAL AND METHODS

Study area and experimental design

The study was conducted in and around two nature reserves, Eigental and Altldufe der Glatt,
which were located approximately 5 km apart (47°27  to 47°29° N, 8°37" t0 8°32" E, 417 to 572 m
a.s.l., Canton of Zurich, Switzerland; see Figure S1 and S2, and Table S1 in Supporting Information).
Sampling permits for the two nature reserves were issued by the Nature Protection Agency of
Canton Zurich and driving permits by the city of Kloten (Eigental) and the township of Oberglatt
(Altldufe der Glatt). Mean annual temperature and precipitation were 9.8 £ 0.6 °C and 990 + 168 mm,
respectively (Kloten climate station 1988-2018; MeteoSchweiz, 2019). The reserves were established
in the late 1960ies to protect small remnants of semi-natural grasslands isolated between intensively
managed farmland, forests, residential areas and the airport of Zurich (Figure S1). Since the late

1980s, numerous restoration projects were initiated to expand and re-connect these remnants. In
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120  total, 16 hectares of former intensively managed grasslands were restored. To facilitate the re-

121  establishment of targeted grasslands, topsoil removal (upper 10 to 25 cm of the A horizon) was

122 combined with the application of fresh, seed-containing hay and hand-collected seeds from target
123 plant species. Seeding material was always collected from the same nearby semi-dry and semi-wet
124  grassland sites (I. to IV.; Figure S1) located within a radius of 7 to 30 km of the restoration sites (Table
125  S2) and therefore contained native plant species of local and regional provenance. In the rare

126 occasion when non-native species appeared, they were removed manually. The seeding material was
127  generally applied over two consecutive years following topsoil removal. Five years after initial topsoil
128 removal, plant biomass harvest started and still continues once a year in late summer or early

129 autumn (Table S1). The restoration aimed at restoring oligo- to mesotrophic grasslands classified as

130  Mesobromion (semi-dry) and Molinion (semi-wet) meadows (Delarze et al., 2015).

131 For this study, we used a space-for-time approach based on eight restoration sites that were

132 between 3 and 32 years old (Figure S1 and S2). We measured recovery and restoration success by
133 comparing the restored grasslands with intensively managed and semi-natural grasslands. Using a
134  space-for-time approach requires high similarities in historical properties of the site, such as soil

135 conditions and management regimes, to assure that temporal processes are appropriately

136 represented by spatial patterns (Walker et al., 2010). This was the case in our study. The restored
137 sites had similar soil conditions (i.e., soil type, structure, water availability) as the targeted semi-
138 natural grasslands, while they shared the same agricultural legacy with intensively managed

139 grasslands, i.e., biomass harvest and fertilization (manure and/or slurry) three to five times a year as

140  well as tillage (Table S1).

141 We randomly established three 5 m x 5 m (25-m?) plots for plant identification, and three2 mx2 m
142 (4-m?) subplots for soil biotic and abiotic data collection at least 2 m away from the 25-m? plots in
143 each restoration site. Sites of similar age were grouped into four age classes: Y.4 (3 & 4 years after
144  restoration), V.18 (17 & 19 years), ¥.24 (23 & 25 years), and Y.30 (27 & 32 years). Six intensively

145 managed (/nitial) and six semi-natural grassland (Target) sites complemented the experimental set-
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up, for a total of 36 plots. All plots were sampled under similar conditions, i.e., day of the year, air
temperature, soil moisture, and time since last rain event, in June/July 2017 (intensively managed

and semi-natural plots) and 2018 (restored plots).

Collection of plants and selected soil biota data

Plant species cover (in %) was visually estimated in each 25-m? plot in mid-June (Braun-Blanquet,
1964; nomenclature: Lauber & Wagner, 1996). We calculated Shannon diversity and assessed plant
community structure.

We included soil microbes (fungi, procaryotes) and nematodes in our study as they represent the
majority of soil biotic diversity and abundance (Bardgett & van der Putten, 2014), cover various
trophic levels of the soil food web (Bongers & Ferris, 1999), and play key roles in soil functioning and
ecosystem processes (Bardgett & van der Putten, 2014). In particular, soil nematodes were found to
be well suited belowground indicators to evaluate recovery/development after restoration (e.g.,
Frouz et al. 2008; Kardol et al., 2009; Resch et al., 2019). No ethical approval is needed for the
collection of soil nematodes in Switzerland (invertebrate animals). We randomly collected ten
undisturbed soil cores (2.2 cm diameter x 12 cm depths) with a soil core sampler (Giddings Machine
Company, Windsor, USA) in the 4-m? subplots to assess soil nematode and microbial (fungal,
prokaryotic) diversities and community structures. For soil nematodes, eight of the soil cores were
combined and gently homogenized, placed in coolers and stored at 4 °C and transported to the
laboratory (Netherlands Institute of Ecology, NIOO, Wageningen, Netherlands) within three days
after collection. Free-living nematodes were extracted from 200 g of fresh soil using Oostenbrink
elutriators (Oostenbrink, 1960). After extraction, each sample was divided into three subsamples,
two for molecular identification and one to determine nematode abundance (see Resch et al., 2019).
For the molecular work, two subsamples were stored in 70% ethanol (final volume 10 mL each) and
transported to the laboratory at the Swiss Federal Research Institute WSL (Birmensdorf, Switzerland).
Each subsample was reduced to roughly 200 pL by centrifugation and removal of the supernatant.

The remaining ethanol was vaporized (65 °C for 3 h). Thereafter, 180 uL ATL buffer solution (Qiagen,
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Hilden, Germany) was immediately added and samples were stored at 4 °C until further processing.
From these samples, nematode metagenomic DNA was extracted using the DNeasy Blood & Tissue
Kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol, except for the incubation
step which was run at 56 °C for 4 h. PCR amplification of the V6-V8 region of the eukaryotic small-
subunit (18S) was performed with 7.5 uL of genomic DNA template (ca. 1 ng/pL) in a 25 pl reaction
mixture, containing 5 uL PCR reaction buffer, 2.5 mM MgCl;, 0.2 mM dNTPs, 0.8 uM of each primer
(NemF: Sapkota & Nicolaisen, 2015; 18Sr2b: Porazinska et al., 2009), 0.5 pL BSA, and 0.25 pL GoTaq
G2 Hot Start Polymerase (Promega Corporation, Madison, USA). Amplification was using an initial
DNA denaturation step of 95 °C for 2 min, followed by 35 cycles at 94 °C for 40 sec, 58 °C for 40 sec,
72 °Cfor 1 min, and a final elongation step at 72 °C for 10 min. Filtering, dereplication, sample
inference, chimera identification, and merging of paired-end reads was implemented using the
DADA2 pipeline (v.1.12; Callahan et al., 2016) to finally assign amplicon sequence variants (ASVs) as

taxonomic units.

We combined and homogenized the remaining two soil cores to assess soil microbes, placed them
in coolers (4 °C) and transported them to the laboratory at WSL. Metagenomic DNA was extracted
from 8 g sieved soil (2 mm) using the DNAeasy PowerMax Soil Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s protocol. PCR amplification of the V3-V4 region of the small-subunit
(16S) of prokaryotes (i.e., bacteria and archaea) and the ribosomal internal transcribed spacer region
(ITS2) of fungi was performed with 1 ng of template DNA using PCR primers and conditions as
previously described (Frey et al., 2016). PCRs were run in triplicates, pooled and sent to the Genome
Quebec Innovation Centre (Montreal, QC, Canada) for barcoding using the Fluidigm Access Array
technology (Fluidigm) and paired-end sequencing on the lllumina MiSeq v3 platform (lllumina Inc.,
San Diego, USA). Quality filtering, clustering into operational taxonomic units (OTUs, 97% similarity

cutoffs) and taxonomic assignment were performed as previously described (Resch et al., 2021).

Taxonomic classification of nematode, prokaryotic and fungal sequences was conducted querying

against the most recent versions of PR? (v.4.11.1; Guillou et al., 2013), SILVA (v.132; Quast et al.,
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2013), and UNITE (v.8; Nilsson et al., 2019) reference sequence databases. Taxonomic assignment
cutoffs were set to confidence rankings > 0.8 (below ranked as unclassified). Prokaryotic OTUs
assigned to mitochondria or chloroplasts as well as OTUs or ASVs assigned to other than Fungi or
Nematoda were manually removed prior to data analysis. The three datasets were filtered to discard
singletons and doubletons. Taxonomic abundance matrices were rarefied to the lowest number of
sequences per community to achieve parity of the total number of reads between samples
(Prokaryotes: 10,929 reads; Fungi: 18,337 reads; Nematodes: 6,662 reads). We calculated Shannon
diversity and assessed community structures for soil nematodes, prokaryotes and fungi based on

their relative abundances of ASV or OTU at the taxon level.

Collection of soil physical and chemical properties

We randomly collected one undisturbed soil core (5 cm diameter, 12 cm depth) per 4-m? subplot
using a steel cylinder that fit into the soil corer. The cylinders were capped to avoid disturbance
during transport and used to measure field capacity, rock content, and fine earth density as
previously described (Resch et al., 2021). We randomly collected another three soil cores (5 cm
diameter, 12 cm depths) in each 4-m? subplot to determine soil chemical properties. The cores were
pooled, dried at 60 °C for 48 h, and passed through a 2 mm sieve. We measured soil pH (CaCl,) on
dried samples, total nitrogen (N) and organic carbon (C) concentrations on dried and fine-ground
samples (< 0.5 mm; for details see Resch et al., 2021). We calculated total N and organic C pools after

correcting its concentration for soil depth, rock content and fine earth density.

Statistical analysis

We used Shannon diversity of plant, nematode, fungal and prokaryotic communities, and soil

properties to evaluate if restoration activities succeeded in re-establishing the biotic and abiotic

Page 10 of 48
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properties similar to those of the targeted semi-natural grasslands. Effects of time since restoration
were assessed using generalized linear mixed effects models with a gamma distribution and an
identity link function (Table S3). Normality and homogeneity of Pearson residuals were assessed
visually and with Shapiro—Wilk and Levene’s tests. Wald-type Chi-square-Tests were used to test for
the overall effect of time since restoration (Anova Type ll). Significant differences between the
different aged restoration, Initial and Target plots were identified using least square means, while
post hoc p-values were adjusted for multiple comparisons using the Bonferroni correction-method in
combination with the false discovery rate approach. To account for the nested structure of the plot
arrangement, we used effect of time since restoration as fixed effect and clusters of study areas and

restoration sites as random effects (Figure S1, Table S3).

We used principal coordinate analyses (PCoA) based on Bray-Curtis dissimilarity matrices to assess
differences in the community structure of plant, nematode, fungi and prokaryote taxa. Dissimilarity
matrices of soil biotic communities were based on square root transformed relative abundances per
taxonomic unit. To test for significant effect of time since restoration, we conducted permutational
multivariate analysis of variance (PerMANOVA) with 10,000 iterations. Values of the first two
ordination axes (PCoA.1, PCoA.2) were used to visualize plant, nematode, fungi and prokaryotic
community structures. To further visualize differences in community structures, we extracted within-
and between-community Bray-Curtis dissimilarity distances and compared dispersions (i.e., standard
deviations) of within-community distances of initial/restored grasslands with the respective

between-community distances of initial/restored-to-target grasslands.

We used network analyses to evaluate the effect of restoration on ecological interactions
between biotic communities and their abiotic environment. These interactions were based on
pairwise correlations between biotic and abiotic properties using non-parametric Spearman rank
correlations. We used the two ordination axes (PCoA.1, PCoA.2) of plant and soil biotic communities
as biotic, and total N pool, organic C pool, pH, bulk density and field capacity as abiotic properties.

Interactions between PCoA.1 and PCoA.2 axes within the same biotic community were excluded due
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to orthogonality (Risch et al., 2018). We classified ecological interactions at three levels: 1) all
possible interactions between biotic communities and abiotic properties, 2) biotic-biotic (i.e.,
between biotic communities), abiotic-biotic (i.e., between biotic communities and abiotic
properties), or abiotic-abiotic (i.e., between abiotic properties) interactions, and 3) interactions

related to only plants, nematodes, fungi, or prokaryotic communities and abiotic properties.

Ecosystem coupling was calculated as the average correlation strength between biotic
communities and abiotic properties (Risch et al., 2018; Ochoa-Hueso et al. 2021) for the different
aged restoration, Initial and Target grasslands. In total, we considered 74 interactions (24 biotic-
biotic, 40 abiotic-biotic, 10 abiotic-abiotic). We assessed overall ecosystem coupling as well as biotic-
biotic, abiotic-biotic, and abiotic-abiotic coupling. The average strengths of coupling were then
compared against a randomly generated null model derived from the same dataset to test if
correlations only happened by chance. Finally, we calculated one-tailed p-values (permutation tests n
=999) to test whether properties were significantly and positively coupled in restored, initial and

target grassland (Table S4).

We only used significant Spearman’s rank correlation coefficients (rho < |0.4501], p < 0.005;
Graham, 2003) to assess strength and structure of the ecological networks. We calculated the
number of significant interactions, the summed interaction strength (i.e., connectedness) as well as
network connectance (i.e., proportion of significant interactions of all possible interactions; Table 1,
Table S5). We used weighted and undirected network graphs based on biotic and abiotic properties
to visualize interaction strength and network structure for the different aged restoration, initial and
target grasslands. All statistical analyses and graphical outputs were performed in R version 3.6.0 (R

Core Team, 2019). A full list of all R packages and functions used can be found in Table S6.

RESULTS
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Restoration had an immediate positive effect on plant diversity, with H-values similar to Target
already 4 years after topsoil removal (Fig. 1a). Restoration had a short-term negative effect on soil
nematode diversity, with significantly lower values in Y.4 compared to /nitial, Target and all other
ages of restoration (Fig. 1b). Soil fungal and prokaryotic diversities did not differ between restored,
Initial or Target grasslands at any time (Figs. 1c-d). The structure of all plant and soil biotic
communities significantly differed from Initial already 4 years after restoration, and after 18 years
they could no longer be statistically distinguished from Target (Figs. 1e-l). Hence, plant and soil

communities were successfully restored in the mid- to long-term.

Soil N and organic C pools were severely reduced by topsoil removal (approx. 60%) in the short-
term, but recovered over time, reaching Target levels 30 years post restoration (Table S3). Soil pH
was slightly higher after restoration, but not significantly different from Target (Table S3).

Restoration did not have a strong impact on bulk density and field capacity (Table S3).

Restoration changed the overall degree of ecosystem coupling and led to greater coupling within
mid- and long-term restored grasslands that was similar to Target (Fig. 2a, Table S4). This trend was
mainly driven by biotic-biotic coupling, which reached highest values 18- and 24-years after
restoration (Fig. 2b). In Initial and short-term restored grasslands, biotic communities were not
coupled (biotic-biotic coupling not different from null model; Fig. 2b, Table S4). Abiotic-biotic
coupling was highest in Target and 30 years post restoration, while all other ages of restoration
showed abiotic-biotic coupling more similar to Initial (Fig. 2c). Only Initial, Y.24 and Y.30 featured

significant abiotic-abiotic coupling (Fig. 2d, Table S4).

Ecological networks strongly differed between Initial, restored and Target over time (Fig. 3, Table
1, Table S5). Ecological networks were less tightly connected in Initial compared to those found in
mid- and long-term (Y.18-30) restored grasslands and Target (Table 1). Yet, restoration had a short-
term (Y.4) negative effect on ecological networks as the number of interactions, connectedness and

connectance were lower than in Initial (Fig. 3, Table 1), related to reduced abiotic-abiotic and abiotic-
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biotic interactions (Fig. 3, Table 1). Biotic-biotic interactions were, in general, lowest in Initial,
increased immediately after restoration and even exceeded Target values in mid- and long-term

restored grasslands (Fig. 3, Table 1, Table S5).

DISCUSSION

Over time, topsoil removal with seed addition succeeded in re-establishing diverse, tightly
coupled and well-connected plant and soil biotic communities that were similar to those found in
targeted grasslands. Thus, the disruptive effects of topsoil removal on soil diversity, community
structure, and ecological interactions only prevailed in the short-term. Therefore, our study
underlines the importance of reducing soil fertility (topsoil removal) to allow restored ecosystems to
enter into a new trajectory towards the targeted oligotrophic ecosystem, even at the cost of breaking

the existing ecological interactions right after restoration.

We detected that plants and soil biota developed in parallel towards the targeted ecosystems
after restoration, but ecological interactions between abiotic and biotic properties were not well re-
established shortly after restoration (Y.4). This is similar to earlier findings where a mismatch
between the development of plants and soil organisms was found in year 5 after restoration (Kardol
et al., 2009). Fully functional connections between plants and soil communities likely only emerge
after longer time scales. In fact, diversity and community structures of all biotic communities reached
Target levels 18 years post restoration. Our study is the first to show that the restoration of semi-
natural grasslands using topsoil removal and seed addition benefits both, the primarily targeted plant
community as well as soil nematode and microbial communities in the long-term. A timeframe of 10

to 25 years is, however, necessary (Delarze et al., 2016).

We showed that soil abiotic properties, in particular soil N and organic C pools, recovered rather
slowly compared to the soil biota, which is in line with results reported from other short- to mid-term

studies (Kiehl & Pfadenhauer, 2007; Frouz et al., 2009; Kardol et al., 2009; Geissen et al., 2013). After
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the initial reduction in these pools by topsoil removal, it took two decades to restore levels similar to
those found in intensively managed grasslands and another decade until Target levels were reached.
Nevertheless, our results emphasize the positive effects of high-intensity restoration methods to

restore important soil functions over time, and thereby revealed their potential contribution to help

mitigating future global change effects.

Restoration using topsoil removal to permanently reduce soil nutrient surpluses is discussed quite
critically, as it is thought that the soil systems are unable to recover from such severe interventions
(Geissen et al., 2013). However, several studies showed that soils and their biotic communities can
recover after topsoil removal in the long-term (Frouz et al., 2009; Wubs et al., 2016; Resch et al.,
2019). Here we show for the first time that topsoil removal also allows for successful restoration of
ecological interactions, which are key for maintaining ecosystem multifunctionality (Morrién et al.,

2017; Risch et al., 2018; Resch et al., 2021).

Our findings also confirm that intensive agricultural practices simplify biotic communities, i.e.
reduce species numbers, and thus, reduce ecological interactions (Gossner et al., 2016; Felipe-Lucia
et al., 2020). Topsoil removal, as expected, destroyed these interactions, but this disruption only
persisted in the short-term. In the mid- to long-term, above- and belowground communities
including their associated biotic and abiotic interactions swiftly developed towards Target grasslands,
but still differed from Target. The restored systems had for example higher biotic-biotic and abiotic-
abiotic but lower abiotic-biotic coupling, resulting in higher overall network strength and
connectance. Hence restoration allowed the re-creation of a highly diverse grassland ecosystem with
strong ecological interactions, even though some properties might slightly differ from Target. Tightly
coupled and well-connected ecosystems are more resistant to stress or invasion, and thus more
resilient (Morrién et al., 2017; Risch et al., 2018; Felipe-Lucia et al., 2020). This will allow them to
better withstand future global change impacts. Hence, our restored grasslands, even though
potentially representing an alternative state of the targeted grasslands (Suding et al., 2004; Gann et

al., 2019), might be well or even better suited to cope with future challenges than the well-preserved
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Target grasslands. We are positive that the restored grasslands can not only fulfil their roles as
ecological corridors and serve as stepping stones to successfully re-connect remnants of semi-natural
grasslands, but also provide important ecological functions and services for the surrounding
agricultural areas (Felipe-Lucia et al., 2020; Resch et al., 2021). We would also like to emphasize that
future restoration targets should primarily focus on increasing biodiversity and ecosystem

functioning in general, independent of whether all species of the target ecosystem will re-establish.

Overall, our study demonstrated that high-intensity restoration methods, such as topsoil removal
and seed addition, are successful in converting former intensively managed grasslands into species-
rich, tightly coupled and well-connected grassland ecosystems in the long-term. However, the time
necessary to reveal the positive effects - high levels of biodiversity and ecosystem functioning -
clearly exceed the common evaluation period of restoration projects, which is usually between 3 and
6 years. Thus, we strongly recommend that future monitoring of restoration activities covers several
decades and incorporates above- and belowground properties equally to allow for a comprehensive
assessment and to capture different “recovery speeds” characteristic for plant and soil communities.
Such an approach is not necessarily much more costly compared to the assessment of plant species
richness that is typically used in restoration monitoring. Specific combinations of low-cost measures
of above- and belowground properties might even be better indicators for restoration success (Resch
et al,, 2021). Further, our study also indicates that topsoil removal is a successful method that helps
to restore intensively used agricultural areas of low ecological value entering into a new trajectory.
Given that more tightly coupled and well-connected ecological networks together with higher
biodiversity levels and greater soil N and C storage pools are desirable features of sustainable
ecosystems, we encourage land managers to use topsoil removal combined with addition of local

seeds to achieve their restoration targets.
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549  Table 1: Effect of time since restoration on ecological interactions overall and interactions among
550 abiotic and biotic properties. Network analyses were based on absolute Spearman rank correlations
551 (rho: |0.4501|, P <0.005; Fig. 2); # = number of significant interactions; Z = Connectedness (summed
552  interaction strengths); Cnct. = Connectance (proportion of significant interactions of all possible

553 interactions); Initial = intensively managed grasslands; Y.4-30 = restored grasslands; Target = semi-

554  natural grasslands.

All biotic-biotic abiotic-biotic abiotic-abie®ie

# 2 Cnct. # 2 Cnct. # 2 Cnct. # 2 Cnct.

Initial 39 26.3 527 8 53 333 21 155 525 6 5.0 60.0

Y.4 32 215 43.2 11 6.8 458 17 11.6 425 4 3.1 40.0
Y.18 48 35.6 64.9 24 18.1 100.0 20 14.5 50.0 4 3.0 40.0
Y.24 47 35.2 63.5 24 19.2 100.0 16 11.2 40.0 7 4.8 70.0
Y.30 48 34.6 64.9 21 155 87,5 21 145 525 6 4.6 60.0
Target 47  32.7 63.5 17 127 708 25 17.1 62.5 5 2.9 50.0
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556 FIGURE LEGENDS

557

558 Figure 1: Effect of time since restoration on biodiversity (a-d), community structure (e-h), and

559 distance to target communities (i-1) for plants, nematodes, fungi and prokaryotes in intensively

560 managed (/nitial), restored (Y.4-30), and semi-natural grasslands (Target). H-value = Shannon

561 diversity (mean # SE). Different lower-case letters indicate significant differences between different
562 aged restoration, Initial and Target plots; Community Structure = Principal coordinate analyses

563  (PCoA); Distance to Target = Bray-Curtis dissimilarity (mean + SD) between initial/restored and Target

564  (grey-shaded area) communities.

565

566 Figure 2: Effect of time since restoration on ecosystem coupling: All interactions (a; n = 74), biotic-
567 biotic interactions (b; n = 24), abiotic—biotic interactions (c; n = 40), and abiotic—abiotic interactions
568 (d; n=10). Red line = null model below which coupling is random; Red dashed lines =

569 maximum/minimum coupling values; Error bars = 95% confidence interval of the mean. Notations
570 above the confidence intervals indicate p-values of permutation-based differences from the null

571 model: ns = not significant, + = 0.05-0.1, * = 0.05-0.01, ** <0.01 (Table S3). Background points =

572  individual interactions between abiotic—abiotic (yellow), abiotic-biotic (blue), and biotic—biotic

573 (magenta) properties. Initial = intensively managed grasslands; Y.4-30 = restored grasslands; Target =
574  semi-natural grasslands.

575

576 Figure 3: Effect of time since restoration on ecological interactions (Spearman rank correlation)
577 between biotic and abiotic properties: plant, soil nematode, fungal and prokaryotic communities and
578  soil properties. An interaction stands for a significant pairwise correlation between single nodes,

579  while the size of each node is proportional to its number of interactions. The thickness of the

580 interactions is scaled to interaction strength (i.e. rank coefficient). Soil properties and biotic
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communities are color-coded. The thickness of the outer circle is scaled to the summed interaction
strength within biotic communities or soil properties to illustrate the connectedness within the group
(Table S4). Initial = intensively managed grasslands; Y.4-30 = restored grasslands; Target = semi-
natural grasslands; PCoA.1, PCoA.2 = principal coordinate axis 1 and 2; Total N = total nitrogen pool (t
ha® 12cm™); Organic C = organic carbon pool (t ha 12cm™); pH = soil pH (CaCl,); BD = bulk density (g

cm3); FC = field capacity (%).
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