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Abstract 16 

1. Successful restoration of semi-natural grasslands on grasslands previously subject to intensive 17 

management needs to overcome manifold barriers. These include high soil fertility, the dominance of 18 

a few fast-growing plant species, degraded soil faunal communities, and missing propagules of the 19 

targeted above- and belowground flora and fauna. A combination of removing the topsoil and 20 

introducing propagules of target plants has become one of the major tools for nature conservation 21 

agencies and practitioners to reduce soil fertility and restore former species-rich grasslands in various 22 

European countries. 23 

2. Using topsoil removal as a restoration measure has provoked an ongoing debate between 24 

supporting nature conservation and rejecting soil protection agencies. Although it favours species-25 

rich plant communities, it strongly disturbs soil communities, and affects physical and chemical soil 26 

properties and processes. Currently, there is a lack of long-term data to assess how restored 27 

grassland ecosystems develop and recover after topsoil removal. Here we used two well-established 28 

bioindicators, soil nematodes and plants, to quantify restoration success of topsoil removal in 29 

comparison with alternative restoration measures and target communities 22 years after 30 

intervention. 31 

3. The nematode community composition indicated reduced nutrient availability in the restored 32 

systems, as was aimed at by topsoil removal. Nevertheless, after this 22-year period following topsoil 33 

removal, nematode composition and structure revealed successful recovery.  34 

4. Plant communities benefitted from the reduction of soil nutrients after topsoil removal as 35 

indicated by higher numbers of plant species and higher Shannon diversity. Furthermore, topsoil 36 

removal strongly promoted the re-establishment of plant species of the target plant community. 37 

5. Synthesis and applications. Overall, our study demonstrates, how a massive intervention by topsoil 38 

removal proved successful in converting intensively managed into species-rich grasslands, in contrast 39 

to the mild intervention by repeated mowing and removing of the harvested plant material. We 40 
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show that, in the long run, potential negative effects of topsoil removal on the soil fauna can be 41 

successfully overcome and plant communities develop into the targeted species-rich grassland.  42 

 43 
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 47 

Introduction 48 

Species-rich, semi-natural oligo- to mesotrophic grasslands are among the most diverse ecosystems 49 

in Northern and Central Europe (Dengler, Janisová, Török, & Wellstein, 2014). Historically, they were 50 

only lightly fertilized with manure and harvested once or twice a year, which also helped preventing 51 

shrub and tree invasion (Poschlod & WallisDeVries, 2002). However, as many temperate grasslands 52 

worldwide, they suffer from degradation and biodiversity loss due to high-input farming, 53 

abandonment, or urban sprawl (Török & Dengler, 2018). The remaining areas are often small, 54 

fragmented and isolated, and many plant and animal species specialized to inhabit these oligotrophic 55 

ecosystems went locally extinct (Fischer & Stöcklin, 1997). In Switzerland, 99% of the species-rich 56 

grasslands were lost by the late 19th century and further fragmentation and degradation of the few 57 

remnants became highly visible in the 1970s (Gimmi, Lachat, & Bürgi, 2011). Although conservation 58 

efforts increased, the loss of these grasslands did not stop (Gattlen, Klaus, & Litsios, 2017). As a 59 

counter measure, restoration of species-rich grasslands gained support in conservation management, 60 

not only in Switzerland but also in many other European countries. Abandoned, previously 61 

intensively managed grassland became a major source to expand and reconnect the remnants of 62 

species-rich grasslands (Kardol & Wardle, 2010). However, these areas generally are highly enriched 63 

in soil nutrients due to excessive use of mineral fertilizer and manure, are dominated by a few fast-64 
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growing plant species and have degraded soil faunal communities. They contain soil communities 65 

that are dominated by bacteria, while fungi and larger soil biota are relatively scarce (Kardol & 66 

Wardle, 2010; De Deyn et al., 2003). In addition, propagules of the target vegetation are expected to 67 

be virtually missing in the soil seed bank due to the long and intense agricultural use (Stöcklin & 68 

Fischer, 1999; Bossuyt & Honnay, 2008). Together, these factors cause severe constraints that need 69 

to be overcome for successful conversion into semi-natural grasslands (Kiehl & Wagner, 2006).  70 

Many studies have shown that a mild intervention, such as repeated mowing and removing of the 71 

harvested plant material, are rarely successful to overcome these constraints (e.g., Marss, Snow & 72 

Evans, 1998). A combination of removing the topsoil - typically between 20 to 50 cm (e.g., Frouz et 73 

al., 2009) - and introducing propagules of target plant species proofed, in contrast, successful (e.g., 74 

Kiehl & Pfadenhauer, 2007) and became a promising tool for nature conservation agencies and 75 

practitioners in various European countries (Kiehl, Kirmer, Donath, Rasran, & Hölzel, 2010). However, 76 

in Switzerland, its implementation provoked an ongoing debate between nature conservation (pro) 77 

and soil protection (contra) agencies as topsoil removal - although favouring species-rich plant 78 

communities - strongly reduces soil communities, and affects physical and chemical soil properties 79 

and the processes that emerge from them (Geissen et al., 2013). The opponents fear that systems 80 

are unable to overcome the negative effects of topsoil removal and therefore may not reach the 81 

targeted above- and belowground community composition in the long-term (Suding, 2011). 82 

However, there is a lack of data about the long-term recovery of restored grasslands. In the few 83 

cases where long-term data is available, the focus was primarily on aboveground properties such as 84 

plant communities (Kiehl, Kirmer, Donath, Rasran, & Hölzel, 2010). Soil communities were neglected 85 

despite their importance for decomposition processes and nutrient flows (Bardgett & van der Putten, 86 

2014). Since recovery times of the above- and belowground communities differ considerably (Kardol, 87 

Newton, Bezemer, Maraun, & van der Putten, 2009b), it is essential to assess the composition of 88 

belowground communities in addition to the vegetation. Only such comparisons will allow to validate 89 

the long-term success of restoration measures (Havlicek, 2012). 90 
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Here we chose to use the soil nematode and plant community composition and structure to assess 91 

long-term success of different restoration methods including topsoil removal. Soil nematodes are 92 

excellent bioindicators for soil quality and ecosystem functioning as their community composition is 93 

very sensitive to nutrient enrichment and management changes (Bongers & Ferris, 1999; Yeates & 94 

Bongers, 1999). In addition, changes in nematode community compositions are known to take place 95 

considerably faster than the ones of plant communities, as soil nematodes are known to be fast 96 

colonizers (Bongers, 1990; Bongers & Ferris, 1999). Furthermore, nematodes operate at various 97 

trophic levels of the soil food web, so that quantifying structure and composition allows evaluating 98 

developments in food web complexity and ecosystem maturity after disturbances (Bongers & Ferris, 99 

1999; Ferris, Bongers, & de Goede, 2001). 100 

We chose three restoration methods representing increasing intervention levels for soil, flora and 101 

fauna, namely 1) “Harvest only” to gradually reduce soil nutrients through multiple hay harvests per 102 

year, 2) “Topsoil” removal to reduce soil nutrients and remove undesirable propagules from the soil 103 

seed bank, and 3) “Topsoil+Propagules” where topsoil removal was combined with the introduction 104 

of propagules of the target vegetation. Restoration success was compared to 1) intensively managed 105 

grasslands (“Initial”) and 2) species-rich ancient grasslands (“Target”). Evaluation took place 22 years 106 

after restoration measures were implemented. 107 

According to the literature, we expected that the restoration success will considerably differ between 108 

our three restoration treatments as detailed in the following: 109 

i. “Harvest only”: A minor reduction in soil nutrients and missing niches in the established above- and 110 

belowground communities will hamper recolonization by targeted plant and animal species. In 111 

addition, ongoing disturbance due to multiple hay harvests each year will result in higher numbers of 112 

bacterivorous as well as stress-indicating soil nematodes. 113 

ii. “Topsoil”: Missing propagules of the target vegetation are expected to hamper the recolonization 114 

of targeted plant species. Thus, plant communities will differ from the ones of the target grassland 115 
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ecosystem. For soil nematodes, we expect that 22 years will be sufficient to successfully re-establish 116 

food webs with a complexity comparable to the ones in targeted semi-natural grasslands. However, 117 

differences in the plant communities will lead to a different soil nematode community compared to 118 

the targeted species-rich grasslands. 119 

iii. “Topsoil+Propagules”: Reduced soil nutrients, suitable niches for the recolonization of oligotrophic 120 

grassland communities and the presence of target plant propagules will foster a successful re-121 

establishment of a plant and animal community comparable to the target ecosystem. Similar to the 122 

“Topsoil” treatment, we expect that 22 years are sufficient to re-establish complex soil nematode 123 

food webs with a composition that is most similar to the one of the target systems. At the same time, 124 

we expect to find the highest richness of targeted plant species in this treatment. Consequently, 125 

“Topsoil+Propagules” is expected to be the restoration measure most successful in re-establishing a 126 

species-rich grassland system, both in terms of nematode and plant richness. 127 

 128 

Materials and Methods 129 

Study area and experimental settings 130 

The study was conducted in a nature reserve (Eigental: 47° 27’ to 47° 29’ N, 8° 37’ E, 461 to 507 m 131 

a.s.l.) that is located on the Swiss Central plateau close to Zurich airport (Canton Zurich, Switzerland). 132 

The mean annual temperature in this area ranges from 8.9 to 10.6 °C, mean annual precipitation 133 

from 910 to 1260 mm [10-year average (2007-2017); MeteoSchweiz, 2018]. The main soil types are 134 

calcaric to gleyic Cambisol and Gleysols (see Table S1 in Supporting Information). The reserve was 135 

established in 1967 to protect small remnants of oligotrophic semi-natural grasslands (roughly 12 136 

ha). The plant community can be characterized as Molinion and Mesobromion (semi-wet to semi-137 

dry), depending on the site-specific groundwater level and slope inclination (Table S1; Delarze, 138 

Gonseth, Eggenberg, & Vust, 2015). These remnants represent species-rich islands in an otherwise 139 

intensively managed agricultural landscape. Semi-natural grasslands covered an area of 60,000 ha in 140 
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the Canton Zurich in 1939, however, by 2005 only roughly 600 ha remained (Baudirektion Kanton 141 

Zürich, 2007). In 1990, the government of Canton Zurich decided to enlarge the nature reserve 142 

Eigental. The goal was to incorporate eleven patches of 20 ha adjacent intensively farmed land and 143 

transform these patches into semi-natural grasslands. The patches had a different agricultural 144 

history, ranging from permanent (no tillage for >50 years) to temporary grassland (as part of crop 145 

rotation; last tillage <5 years, Table S1). On all freshly integrated patches fertilization was stopped in 146 

1992 and from then on biomass was harvested three times a year and removed. After 5 years 147 

without noticeable effects on vegetation composition, the Nature Conservation Agency of Canton 148 

Zurich decided to increase the restoration efforts. In 1995, a large-scale experiment was initialized to 149 

evaluate if certain treatments can facilitate restoration within a reasonable timeframe of 5 to 10 150 

years after treatment implementation. 151 

The three restoration treatments used were:  152 

i. “Harvest only”: Plots are being mowed two to three times a year and the biomass is removed. 153 

ii. “Topsoil”: Topsoil was removed to a depth of 10 to 20 cm, depending on the depth of the O and A 154 

horizon, in four randomly selected areas within each of the eleven patches in late autumn 1995. The 155 

size of each topsoil removal area depended on individual patch size and was between 2700 and 7000 156 

m2.  157 

iii. “Topsoil+Propagules”: Propagules from target vegetation were added on half of the area where 158 

topsoil was removed, using fresh, seed-containing hay originating from a mixture of semi-dry to 159 

semi-wet species-rich grasslands of local provenance (within a radius of 7 km). Hay applications were 160 

conducted twice in 1995 and 1996. Repeated applications were chosen to account for the low 161 

quantity of available plant material per transfer, since area ratio between receptor and donor sites 162 

was roughly 1:1. In addition, hand-collected propagules from 15 selected target species (Table S5) of 163 

regional provenance (within a radius of 30 km) were equally applied in 1996 and 1997.  164 

“Topsoil” and “Topsoil+Propagules” plots are mowed once a year, and the biomass is removed. 165 

Mowing on these plots started five years after the treatment was implemented.  166 
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Eleven permanent plots of 5 m x 5 m were randomly established in each treatment to monitor the 167 

vegetation development. The experiment was complemented with 11 control plots that represent 168 

the initial state of intensively managed grasslands, further referred to as “Initial”, and 11 control 169 

plots that represent the targeted state of donor sites for “Topsoil+Propagules”, further referred to as 170 

“Target”. Consequently, the experiment consists of 55 plots (5 treatments x 11 replicates). 171 

Management of intensively used grasslands includes mowing and fertilizing (manure) between two 172 

to five times a year, as well as different tillage regimes (no tillage for >50 years; last time of tillage <5 173 

years; Table S1).  174 

Nematode and plant sampling 175 

Soil nematodes were sampled in 2 m x 2 m plots, randomly established at least 2 m away from the 176 

vegetation plots. We collected eight soil cores with a 2.2 cm diameter soil core sampler (Giddings 177 

Machine Company, Windsor, CO, USA) to a depth of 12 cm (representing the majority of the plant 178 

rooting system) in each plot at the beginning of July 2017. The eight cores within each replicate plot 179 

were combined, gently homogenized, placed in coolers and transported to the laboratory of NIOO in 180 

Wageningen, the Netherlands, within one week. Free-living nematodes were extracted from 200 g of 181 

fresh soil using Oostenbrink elutriator (Oostenbrink, 1960) and concentrated, resulting in 6 mL 182 

nematode solution. The nematode solution was subdivided into three subsamples, two for 183 

morphological identification and quantification, and one for molecular work (not used in this study). 184 

For morphological identification and quantification, nematodes were heat-killed at 90 °C and fixed in 185 

4 % formaldehyde solution (final volume 10 mL per subsample). All nematodes in 1 mL of 186 

formaldehyde solution were counted, and a minimum of 150 individuals per 1 mL sample (or all if 187 

less nematodes were present) were identified to family level using Bongers (1988). We then 188 

extrapolated the numbers of each nematode taxa identified to the entire sample and expressed 189 

them per 100 g dry soil for further analyses.  190 

We calculated number of nematode taxa and Shannon diversity and assessed nematode community 191 

composition. In addition, we classified the nematode taxa into feeding types (herbivores, 192 
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bacterivores, fungivores, omni-carnivores), structural and functional guilds (Table S4). Structural 193 

guilds assign nematode taxa according to life-history traits into five colonizer-persister (C-P) classes, 194 

ranging from one (early colonizers of new resources) to five (persisters in undisturbed habitats; 195 

Bongers 1990). C-P classes can be categorized as indicators for nutrient-enriched (C-P1), stressed (C-196 

P2) and structured (C-P3 + C-P4 + C-P5) soil conditions (Ferris, Bongers, & de Goede, 2001). 197 

Functional guilds assign nematode taxa according to their C-P classification combined with their 198 

feeding habits (Ferris, Bongers, & de Goede, 2001). Based on the structural and functional guild 199 

classification we calculated five additional indices to assess soil nutrient status, disturbance and food 200 

web characteristics using NINJA (Sieriebriennikov, Ferris, & de Goede, 2014). 1) The Maturity index 201 

indicates the degree of different environmental perturbations (e.g., tillage, nutrient enrichment, 202 

pollution) and is used to monitor colonization and subsequent succession after disturbances 203 

(Bongers, 1990). 2) The ratio between the Plant Parasite (C-P of herbivorous nematodes only) to 204 

Maturity index is used to monitor the recovery of disturbed habitats incorporating information of 205 

life-history traits for all feeding types (Bongers, van der Meulen, & Korthals, 1997). 3) The Enrichment 206 

index indicates nutrient-enriched soils and agricultural management practices (Ferris, Bongers, & de 207 

Goede, 2001). 4) The Structure index provides information about the succession stage of the soil 208 

food web and therefore correlates with the degree of maturity of an ecosystem (Ferris, Bongers, & 209 

de Goede, 2001). 5) The Channel index provides information about the predominant decomposition 210 

pathways, where higher values stand for a higher proportion of energy transformed through the slow 211 

fungal decomposition channel (Ferris, Bongers, & de Goede, 2001). In addition, the Structure and 212 

Enrichment indices can be displayed in a biplot where nematode assemblages are plotted along a 213 

structure (x-axis) and enrichment (y-axis) trajectory (increasing index values). Each biplot quadrat 214 

reflects different levels of disturbance, soil nutrient pools and decomposition pathways (Ferris, 215 

Bongers, & de Goede, 2001).  216 

The plant surveys were conducted on the 25 m2 permanent plots in June 2017. Plant species cover 217 

was visually assessed according to the semi-quantitative cover-abundance scale of Braun-Blanquet 218 
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(1964; nomenclature: Lauber & Wagner, 1996). We calculated number of species and Shannon 219 

diversity, and assessed plant community composition. We also counted the number of target species 220 

(all species recorded in the eleven target plots plus propagules of species applied by hand, resulting 221 

in a total of 143 species) and categorized plant species into species of concern based on their red list 222 

status in Switzerland as well as their protection status in Switzerland and the Canton Zurich (Moser, 223 

Gygax, Bäumler, Wyler, & Palese, 2002; Table S5). Furthermore, we calculated indicator values for 224 

soil moisture and soil nutrients for each species according to Landolt et al. (2010; Table S5). 225 

Statistical analyses 226 

We assessed treatment differences in soil nematode and plant properties using generalized linear 227 

models for abundance-based data, zero-inflated negative binomial regression models for 228 

enrichment-indicating soil nematodes, and beta regression models for proportional data. Nematode 229 

and plant properties were response variables, treatment the explanatory variable (fixed factor). We 230 

plotted standardized residuals for number of nematode and plant taxa against plot coordinates to 231 

assess potential spatial autocorrelation among plots (Figs S1 A-B). As there was no spatial 232 

autocorrelation, we did not need to correct our models. We used analyses of Deviance (ANOVA type 233 

II test) to analyze the overall treatment effects on all univariate variables. Significant differences 234 

between treatments were identified using least square means for treatment levels. Post-hoc pairwise 235 

comparisons were adjusted for multiple testing using the Tukey correction-method. Normality and 236 

homogeneity of Pearson residuals were checked visually and with Shapiro-Wilk and Levene`s tests. 237 

Variables were transformed if necessary following suggestions explored via Tukey`s Ladder of Power 238 

transformation. In cases of heterogeneity of Pearson residuals (e.g., Shannon diversity index 239 

analyses) Generalized Least Squares models with weighted treatments effects were used, which 240 

allowed to account for different variances between the treatments (Zuur, Ieno, Walker, Saveliev, & 241 

Smith, 2009).  242 

We assessed soil nematode and plant community composition using family data (nematodes) and 243 

individual species data (plants). Additionally, we used community structure based on feeding types 244 
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and C-P classes to describe treatment-specific nematode assemblages and interpret food web 245 

complexity (Ferris, Bongers, & de Goede, 2001). Plot-level differences in community composition and 246 

structure for nematodes and plants were calculated based on Bray-Curtis dissimilarity, followed by 247 

Permutational Multivariate Analysis of Variance (PERMANOVA) with 10,000 iterations to assess 248 

overall treatment effects. Pairwise comparisons were adjusted with the Bonferroni correction-249 

method. A Principle Coordinate Analyses (PCoA) was used to visualize nematode and plant 250 

community composition patterns. All statistical analysis and graphical outputs were performed in R 251 

version 3.4.0 (R Core Team, 2017). A full list of packages and functions can be found in 252 

Supplementary material Table S3.  253 

 254 

Results 255 

Soil nematodes 256 

Species number and Shannon diversity of soil nematodes did not significantly differ between our 257 

three restoration treatments or between these treatments and “Target” (Figs 1A-B, Table 1). Yet, the 258 

nematode community composition in “Topsoil”, “Topsoil+Propagules” and “Target” significantly 259 

differed from “Initial”, while “Harvest only” was not significantly different from any other treatment 260 

(Fig. 2A, Table 2, Table S2). The intermediate position of ”Harvest only” can be attributed to 261 

abundances of Cephalobidae (bacterivores), Dolichodoridae (herbivores), Aphelenchidae (fungivores) 262 

and Aporcelaimidae (omnivores) similar to “Initial”, while Tripylidae (omnivores) and Nygolaimidae 263 

(carnivores) were missing from both “Initial” and “Harvest only” (Table S4). Overall, we identified 39 264 

nematode families, of which 13 were herbivores, 13 bacterivores, nine omni-carnivores and four 265 

fungivores (Table S4).  266 

Total nematode abundance was significantly lower in “Topsoil” and “Topsoil+Propagules” than in 267 

“Initial” (Fig. 3A, Table 1). Herbivorous nematode abundance did not show a strong response to our 268 

treatments and only differed between “Initial” and “Topsoil” (Fig. 3B, Table 1, Figure S2). 269 
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Bacterivorous nematodes were significantly more abundant in “Initial” than in “Topsoil”, 270 

“Topsoil+Propagules” and “Target”, but not in “Harvest only”, while fungivores abundance did not 271 

differ among the treatments (Figs 3C-D, Table 1). Omni-carnivores were significantly more abundant 272 

in “Harvest only” and “Target” than in “Initial” and “Topsoil+Propagules” (Fig. 3E, Table 1). The 273 

overall composition of different feeding types did not significantly differ among treatments (Fig. 3F, 274 

Table 2, Table S2). Herbivores and bacterivores were numerically dominant in all treatments, 275 

averaging 3320 and 815 individuals per 100 g of dry soil, respectively. Omni-carnivores (520 276 

individuals) and particularly fungivores (480) were much less abundant. 277 

The nematode communities also noticeably differed with regard to structural guilds. Enrichment and 278 

stress tolerators (C-P1, C-P2) were most abundant in “Initial”, while structure indicators (C-P3 to C-279 

P5) were most abundant in all other treatments (Figs 4A-C, Table 1, Figure S2). The C-P structure of 280 

the nematode assemblages significantly differed between “Initial” and all other treatments (Fig. 4D, 281 

Table 2, Table S2). “Harvest only” and “Target” supported the most long-lived, stress-intolerant C-P5 282 

nematodes, while “Topsoil” and “Topsoil+Propagules” showed higher numbers of C-P4 nematodes 283 

(intermediate succession; Fig. 4D, Figure S2). 284 

The five nematode indices calculated based on structural and functional guilds significantly differed 285 

between “Initial” and all other treatments, except for the Channel index (Figs 5A-E, Table 1). The 286 

decreased Enrichment index and increased Structure index found in all restoration treatments 287 

compared to “Initial” indicate reduced nutrient availability and increased stability of soil conditions 288 

(Figs 5C-D). Plotting the Structure against the Enrichment index (Ferris, Bongers, & de Goede, 2001) 289 

revealed that the food webs in our “Initial” plots were “maturing” with moderate disturbance levels, 290 

nutrient enriched soils and bacterial dominated decomposition channels (Fig. 5F). All other 291 

treatments had “structured” food webs, characterized by undisturbed, fertile soils with bacterial or 292 

fungal dominated decomposition channels (Fig. 5F). 293 

Plants 294 



  13 

Number of plant species, Shannon diversity and community composition significantly differed 295 

between our treatments (Figs 1A-B, Fig. 2B, Table 1-2, Table S2). We found more plant species in 296 

“Topsoil” (45 species) and “Topsoil+Propagules” (46) than in “Initial” (14) and “Harvest only” (29), 297 

but a similar number compared to “Target” (42; Fig. 1A). Plant diversity was significantly lowest in 298 

“Initial” (Fig. 1B). “Topsoil” and “Topsoil+Propagules” were more diverse than “Target” but similar to 299 

“Harvest only” (Fig. 1B). Plant communities in all restoration treatments significantly differed from 300 

“Initial” and “Target”. However, the plant compositions of “Topsoil” and “Topsoil+Propagules” were 301 

not different, but differed from “Harvest only”, which took an intermediate position between the 302 

two topsoil removal treatments and “Initial” (Fig. 2B, Table 2, Table S2). The differences in plant 303 

community composition were driven by species richness (Fig. 1A) as well as number of species of 304 

high conservation value (Fig. 6B). A similar number of target species were found in 305 

“Topsoil+Propagules” compared to “Target”. All the other treatments had significantly less target 306 

species and their numbers dropped significantly from “Topsoil” to “Harvest only” to “Initial” (Fig. 6A). 307 

Surprisingly, a lot of species of concern were also found in “Topsoil”, suggesting that the introduction 308 

of target plant propagules may not necessarily be needed (Fig. 6B, Table S5). Furthermore, eight of in 309 

total 32 species of concern were unique to “Target” plots, while another eight species of concern 310 

were found in our topsoil removal treatments but not in “Target” (Table S5). In addition, several non-311 

target species established in the restoration plots, such as Carex hirta, Juncus inflexus, J. 312 

subnodulosus, Poa pratensis, and P. trivialis (Table S5), suggesting that recruitment from the soil seed 313 

bank might have happened. The analysis of the indicator value for soil moisture revealed that 314 

conditions were significantly wetter in the two topsoil removal treatments than in “Target” (Fig. 6C, 315 

Table 2). Furthermore, both topsoil removal treatments led to plant communities with lower nutrient 316 

demand according to the indicator values than “Initial” and “Harvest only”. The very low soil nutrient 317 

level indicated for “Target” was, however, not reached by removing the topsoil (Fig. 6D, Table 2). 318 

 319 

Discussion 320 
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Numerous studies assessed the development of plant and animal communities after abandoning 321 

intensively managed grassland (e.g., Hanel,  2010; Morriën et al., 2017). However, comprehensive 322 

assessments of topsoil removal on ecosystem properties are scare (Kardol et al., 2008; Kardol, 323 

Bezemer, & van der Putten, 2009a), especially considering the long-term development of 324 

belowground fauna (Frouz et al., 2009; Wubs, van der Putten, Bosch, & Bezemer, 2016). In our 325 

experiment, we used soil nematodes and plants as biological indicators for assessing the long-term 326 

success of three restoration measures of increasing intervention level: i) “Harvest only”, ii) removal 327 

of the topsoil (“Topsoil”), and iii) removal of the topsoil and introduction of target plant propagules 328 

(“Topsoil+Propagules”).  329 

Soil nematode communities recover fast after perturbation 330 

As expected, 22 years after the massive intervention of removing the O and A horizon in our 331 

“Topsoil” and “Seeding” treatments, we no longer found differences in the structure of the soil 332 

nematode food webs compared to the one in “Target” grassland systems. Surprisingly and contrary 333 

to our expectations, however, the soil nematode community compositions did not differ between 334 

our three restoration treatments and therefore changes in the abiotic conditions (e.g., decrease of 335 

soil nutrients) preponderated biotic constraints (e.g., differences in plant community composition).  336 

All of our restored treatments were surrounded by intensively managed grasslands as well as 337 

species-rich grasslands. Consequently, these ecosystems may have served as sources for soil 338 

nematodes to recolonize the restored treatments as shown by Frouz et al. (2009). These authors did 339 

not find any differences in the nematode feeding type structure between intensively managed 340 

grasslands and natural heathland. Finding no differences in the community compositions of our 341 

restoration treatments could also be associated with a shift of the dominance patterns in the 342 

established communities (Kardol, Newton, Bezemer, Maraun, & van der Putten 2009b) rather than 343 

colonization of new taxa during secondary succession. Nevertheless, we need to acknowledge that 344 

similarities in soil nematode community compositions of our study might, at least in part, could be 345 
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due to the chosen level of nematode identification (family). Differences in the community 346 

compositions between our treatments may be found at lower taxonomic levels.  347 

Frouz et al. (2009) also showed that the depth of topsoil removal plays a crucial role in preserving 348 

local source populations of soil fauna: a removal of the upper 10 to 15 cm compared to 40 to 50 cm 349 

allowed survival of a local source population in deeper soil layers, which then can recolonize the 350 

newly created habitats. We removed the top 10 to 20 cm, which might have preserved the local 351 

source population allowing for vertical recolonization of our plots. In addition, our restored 352 

treatments featured characteristic groundwater fluctuations of semi-dry to semi-wet grasslands, 353 

which could have facilitated vertical recolonization of soil nematodes.  354 

Colonization by soil nematodes mainly occurs passively though dispersal mechanisms such as wind-355 

blown soil material from nearby surrounding, runoff, transport via farm machinery or introduction of 356 

plant material (Yeates, 1978; Norton & Niblack, 1991). Although active movement of soil nematodes 357 

is limited to a few centimetres per year (Norton & Niblack, 1991), over the course of 22 years 358 

recolonization from the surrounding is highly possible.  359 

Generally, it has been shown that soil nematodes are sensitive indicators to distinguish between 360 

management practices. Different intensities of mowing and fertilization resulted in different soil 361 

nematode community compositions (Freckman & Ettema, 1993; Bongers & Ferris, 1999; Yeates & 362 

Bongers, 1999). In our study, we found no differences in nematode communities between 363 

treatments with intense mowing regimes “Initial” (mowed 2-5 times per year) and “Harvest only” 364 

(mowed 2-3 times per year), which contrasts the above-mentioned studies. However, a reduction in 365 

soil nutrients resulted in significantly different nematode community structure compared to “Initial”, 366 

similar to findings in other studies (Cesarz et al., 2015; Morriën et al., 2017). Therefore, differences in 367 

the nematode community compositions and structures found between intensively and less-368 

intensively managed grasslands seem to be driven by the excessive nutrient supply rather than by 369 

different sources of disturbance (e.g., mowing frequencies, tillage).  370 
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Plant community recovery depends on nutrient reduction  371 

Plant communities of all three restoration treatments significantly differed from the ones in 372 

intensively managed grasslands (“Initial”) and successfully developed towards the “Target” 373 

community. “Harvest only”, however, was much less successful than “Topsoil” and 374 

“Topsoil+Propagules”, especially considering number of plant species in general, target species or 375 

species of concern. 22 years after restoration, the composition of the vegetation in “Harvest only” 376 

still resembled partly the one in “Initial” (e.g., Kiehl & Wagner, 2006). These differences in long-term 377 

development of the plant communities among our treatments were similar to other findings (see 378 

review Kiehl, Kirmer, Donath, Rasran, & Hölzel, 2010). However, in our study, adding propagules 379 

(“Topsoil+Propagules”) did not add much to re-establish a plant community similar to “Target” 380 

vegetation compared to no propagule addition (“Topsoil”). Plant species number and even richness 381 

of species of concern did not differ between “Topsoil” and “Topsoil+Propagules”. This was surprising 382 

as numerous studies showed that missing propagules of target plants may critically hamper 383 

successful restoration (e.g.,  Pfadenhauer & Klötzli, 1996; Stöcklin & Fischer, 1999). Two different 384 

mechanisms might be responsible for the patterns observed. 1) The soil seed bank might play a more 385 

important role than expected, as suggested by the species of concern established in the topsoil 386 

removal plots but missing in “Target”, and by plant species that established and are known to build a 387 

persistent seed bank, for example, Juncus spp. (Bossuyt & Honnay, 2008). 2) As our restoration 388 

patches were closely interlocked with patches of the target vegetation, it is possible that re-389 

establishment of species-rich communities in “Topsoil” was more effective than in other studies 390 

where restoration sites were more strongly isolated from source areas (Bakker & Berendse, 1999).  391 

Generally, the plant community in “Topsoil” and “Topsoil+Propagules” indicated successful reduction 392 

of the nutrient pool, but simultaneously resulted in an increase in soil moisture by lowering the soil 393 

surface in relation to the groundwater level, which is in accordance with previous studies (e.g., 394 

Patzelt, Wild, & Pfadenhauer, 2001). Since topsoil removal depended on the depth of the O and A 395 

horizons, the impact on groundwater level varied from restoration patch to restoration patch, which 396 
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also led to higher heterogeneity in plant community composition in “Topsoil” and 397 

“Topsoil+Propagules” compared to “Target”. As a consequence, plant communities found in 398 

“Topsoil” and “Topsoil+Propagules” still differed from the one in the “Target” grasslands 22 years 399 

after starting the restoration.  400 

Overall, our study demonstrated that in contrast to low levels of intervention (“Harvest only”), 401 

massive interventions such as topsoil removal are successful in converting intensively managed 402 

grasslands into species-rich grasslands, both above- and belowground. However, our study also 403 

showed that restoration of “Target” vegetation might be unfeasible even in the long-term due to 404 

topsoil removal induced changes in groundwater level. Yet, topsoil removal did not have a long-term 405 

negative effect on the soil nematode community composition and structure. 406 
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Figure 1: Treatment effects on species number (A) and Shannon diversity (B) of soil nematode and 553 

plant communities. Different capital letters indicate significant differences between treatments. “I” = 554 

“Initial”; “H” = “Harvest only”; “Ts” = “Topsoil”; “TsP” = “Topsoil+Propagules”; “T” = “Target”.   555 

 556 

Figure 2: PCoA biplots of treatment effects on soil nematode (A) and plant community composition 557 

(B). Single plot coordinates=filled symbols; treatment ellipses=dashed; standard error 558 

ellipses=shaded.  559 

 560 

Figure 3: Treatment effects on individual nematode feeding type abundances (mean ± SE; A-E) and 561 

feeding type composition (%; F). Untransformed data used for all feeding types except for omni-562 

carnivores (E; log transformed). Different capital letters indicate significant differences between 563 

treatments. “I” = “Initial”; “H” = “Harvest only”; “Ts” = “Topsoil”; “TsP” = “Topsoil+Propagules”; “T” = 564 

“Target”.  565 

 566 

Figure 4: Treatment effects on individual nematode indicator abundances (mean ± SE; A-C) and 567 

structural guild composition (%; D). Untransformed data used for all indicators except for enrichment 568 

indicators (A; square root transformed). Different capital letters indicate significant differences 569 

between treatments. “I” = “Initial”; “H” = “Harvest only”; “Ts” = “Topsoil”; “TsP” = 570 

“Topsoil+Propagules”; “T” = “Target”.  571 

 572 

Figure 5: Treatment effects on individual nematode indices (mean ± SE; A-E) and the food web 573 

structure (F). Food web analyses show the relationship between Enrichment and Structure index (%; 574 

F). Each quadrat represents different stages of ecosystem maturity indicated by different levels of 575 

disturbance, nutrient availability and decomposition channels (Ferris, Bongers, de Goede, 2001). 576 
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Unfilled symbols represent single plot values (n=54), filled symbols represent average values per 577 

treatment. Different capital letters indicate significant differences between treatments. “I” = “Initial”; 578 

“H” = “Harvest only”; “Ts” = “Topsoil”; “TsP” = “Topsoil+Propagules”; “T” = “Target”. 579 

 580 

Figure 6: Treatment effects on number of target plant species (A), presence of species of concern 581 

proportional to the total number of plant species (B), as well as plant species indicator values for soil 582 

moisture (C) and soil nutrients (D) according to Landolt et al. (2010; mean ± SE). Different capital 583 

letters indicate significant differences between treatments. “I” = “Initial”; “H” = “Harvest only”; “Ts” = 584 

“Topsoil”; “TsP” = “Topsoil+Propagules”; “T” = “Target”. 585 

 586 

Table 1: Treatment effects on soil nematode and plant community characteristics. Degrees of 587 

freedom: numerator=4, denominator=50 (plants), 49 (nematodes). Abundance data of soil 588 

nematodes expressed as individuals per 100 g dry soil. Transformation: Omni-Carnivores (log 589 

transformed), Enrichment indicators (square root transformed). Bold numbers indicate significance 590 

at 5% level. 591 

 592 

Table 2: Community composition and pairwise comparisons of treatment dissimilarities for soil 593 

nematodes and plants using Bray-Curtis dissimilarity matrices based on abundance data. “Overall”: 594 

overall treatments differences in community composition; “Treatment”: pairwise comparison of 595 

treatment dissimilarities; “C-P” – Colonizer-persisters. Bold numbers indicate significance at 5% level. 596 

Different capital letters indicate significant differences between treatments (for full statistical output 597 

see Table S2). 598 

  599 



  26 

 600 

 601 

 602 

 603 

 604 

 605 

 606 

Figure 1: Treatment effects on species number (A) and Shannon diversity (B) of soil nematode and 607 

plant communities. Different capital letters indicate significant differences between treatments. “I” = 608 

“Initial”; “H” = “Harvest only”; “Ts” = “Topsoil”; “TsP” = “Topsoil+Propagules”; “T” = “Target”.   609 
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Figure 2: PCoA biplots of treatment effects on soil nematode (A) and plant community composition 618 

(B). Single plot coordinates=filled symbols; treatment ellipses=dashed; standard error 619 

ellipses=shaded.  620 
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 640 
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Figure 3: Treatment effects on individual nematode feeding type abundances (mean ± SE; A-E) and 642 

feeding type composition (%; F). Untransformed data used for all feeding types except for omni-643 

carnivores (E; log transformed). Different capital letters indicate significant differences between 644 

treatments. “I” = “Initial”; “H” = “Harvest only”; “Ts” = “Topsoil”; “TsP” = “Topsoil+Propagules”; “T” = 645 

“Target”.   646 

(F) 
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 660 

Figure 4: Treatment effects on individual nematode indicator abundances (mean ± SE; A-C) and 661 

structural guild composition (%; D). Untransformed data used for all indicators except for enrichment 662 

indicators (A; square root transformed). Different capital letters indicate significant differences 663 

between treatments. “I” = “Initial”; “H” = “Harvest only”; “Ts” = “Topsoil”; “TsP” = 664 

“Topsoil+Propagules”; “T” = “Target”.  665 
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 686 

Figure 5: Treatment effects on individual nematode indices (mean ± SE; A-E) and the food web 687 

structure (F). Food web analyses show the relationship between Enrichment and Structure index (%; 688 

F). Each quadrat represents different stages of ecosystem maturity indicated by different levels of 689 

disturbance, nutrient availability and decomposition channels (Ferris, Bongers, de Goede, 2001). 690 

Unfilled symbols represent single plot values (n=54), filled symbols represent average values per 691 

treatment. Different capital letters indicate significant differences between treatments. “I” = “Initial”; 692 

“H” = “Harvest only”; “Ts” = “Topsoil”; “TsP” = “Topsoil+Propagules”; “T” = “Target”. 693 

(F) 
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 706 

Figure 6: Treatment effects on number of target plant species (A), presence of species of concern 707 

proportional to the total number of plant species (B), as well as plant species indicator values for soil 708 

moisture (C) and soil nutrients (D) according to Landolt et al. (2010; mean ± SE). Different capital 709 

letters indicate significant differences between treatments. “I” = “Initial”; “H” = “Harvest only”; “Ts” = 710 

“Topsoil”; “TsP” = “Topsoil+Propagules”; “T” = “Target”. 711 
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Table 1: Treatment effects on soil nematode and plant community characteristics. Degrees of 713 

freedom: numerator=4, denominator=50 (plants), 49 (nematodes). Abundance data of soil 714 

nematodes expressed as individuals per 100 g dry soil. Transformation: Omni-Carnivores (log 715 

transformed), Enrichment indicators (square root transformed). Bold numbers indicate significance 716 

at 5% level. 717 
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  732 

Variable Treatment overall 

  F-value p-values 
Nematodes   

Species number  2.4282 0.060 
Shannon diversity  0.5870 0.673 
Total nematode abundance  3.5198 0.013 
Herbivorous nematode abundance  2.5306 0.052 
Bacterivorous nematode abundance  8.0608 <.001 
Fungivorous nematode abundance  0.4029 0.806 
Omni-Carnivorous nematode abundance  4.4063 0.004 
Enrichment indicator abundance  9.7294 <.001 
Stress tolerance indicator abundance  9.0416 <.001 
Structure indicator abundance  5.4075  0.001 
Maturity index 16.3470 <.001 
Plant parasite to Maturity index 16.9040 <.001 
Enrichment index  4.3307 0.005 
Structure index 15.5620 <.001 
Channel index  2.8798 0.032 

Plants   

Species number  37.8400 <.001 
Shannon diversity  14.4540 <.001 
Target species  48.1010 <.001 
Species of concern  19.0790 <.001 
Soil moisture indicator  4.0901 0.006 
Soil nutrient indicator  71.6390 <.001 
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Table 2: Community composition and pairwise comparisons of treatment dissimilarities for soil 733 

nematodes and plants using Bray-Curtis dissimilarity matrices based on abundance data. “Overall”: 734 

overall treatments differences in community composition; “Treatment”: pairwise comparison of 735 

treatment dissimilarities; “C-P” – Colonizer-persisters. Bold numbers indicate significance at 5% level. 736 

Different capital letters indicate significant differences between treatments (for full statistical output 737 

see Table S2). 738 

Variable Overall Treatment 

 F-value p-value Initial Harvest only Topsoil Topsoil+Propagules Target 

Nematodes        

Families  2.3520 <.001 A       AB B B B 
Feeding types  2.3527 0.010 A  A A A A 
C-P classes  5.3779 <.001 A  B B B B 

Plants        

Species  10.2020 <.001 A  B C C D 
 739 


