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RESEARCH ARTICLE 1 

Changing soil legacies to direct restoration of plant communities 2 

 3 

ABSTRACT 4 

It is increasingly acknowledged that soil biota may influence interactions among plant 5 

species, however, little is known about how to change historical influences of 6 

previous land management on soil biota, the so-called ‘biotic soil legacy effect’. We 7 

used a two-phase plant community-soil feedback approach to study how plant 8 

species typical to original (i.e. undisturbed) and degraded fen meadows may 9 

influence effects of the soil community on Carex species that are dominant in fen 10 

meadows. In phase one, soil from original, degraded, successfully and 11 

unsuccessfully restored fen meadows was conditioned by growing plants typical to 12 

original or to degraded fen meadows. In phase two, interactions between Carex and 13 

neighbouring plant species were studied to quantify plant community-soil feedback 14 

effects in different neighbour plant mixtures. Soil conditioning with plants typical to 15 

original fen meadows resulted in significantly more Carex biomass than with plants 16 

typical to degraded fen meadows. These effects were strongest when the soil 17 

originated from unsuccessfully restored fen meadows. However, biomass of plants 18 

typical of degraded fen meadows was also higher in soil conditioned by typical fen 19 

meadow plants. We conclude that soil legacy effects of plants from degraded fen 20 

meadows can be altered by growing typical fen meadow plant species in that soil, as 21 

this enhances priority effects that favour growth of other typical fen meadow plants. 22 

As also plant species from degraded fen meadows benefitted from soil conditioning, 23 

further studies are needed to reveal if plant species can be chosen that change 24 
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negative soil legacy effects for rare and endangered fen meadow plant species, but 25 

not for plant species that are typical to degraded fen meadows. 26 

 27 

KEYWORDS: fen meadow; grassland; nature restoration; nematode; plant 28 

community-soil feedback; soil biota; soil organisms. 29 

  30 



3 
 

INTRODUCTION 31 

Changing abiotic soil conditions, such as reducing soil fertility and restoring 32 

original groundwater levels, has been shown insufficient to restore the characteristic 33 

plant community of species-rich grasslands (Marrs 1985, Grootjans et al. 2002). 34 

Rather, a combination of physical, chemical and biological measures may be 35 

required to facilitate the return of particular plant species that are typical to specific 36 

grassland communities (Heneghan et al. 2008). Here, we focus on biological 37 

measures, asking whether plants can be used to change the soil community to favour 38 

restoration of flora characteristic of undisturbed, species-rich wet grasslands (Wardle 39 

et al. 2004, Kardol and Wardle 2010). An understanding of how community 40 

interactions can contribute to ecosystem restoration has been identified as a major 41 

challenge for applied ecology (Eviner and Hawkes 2008, Harris 2009, Kardol and 42 

Wardle 2010). 43 

Plants can induce soil legacy effects through changes in the composition of 44 

the associated soil community, which in turn influences the growth of the same or 45 

other plants (Bever 1994, Van der Putten et al. 2013). Belowground legacy effects of 46 

a preceding plant community can influence the outcome of competition between plant 47 

species, enhance plant species diversity by restricting potentially dominant plant 48 

species (De Deyn et al. 2004, Heinze et al. 2015, Jing et al. 2015), and may 49 

influence the success of restoration (Young et al. 2001, Grman and Suding 2010). 50 

Plant-soil feedback effects might be employed to restore the original plant 51 

communities of degraded ecosystems that have become dominated by early 52 

successional plant species (Kardol and Wardle 2010). Inoculation of a target soil 53 

community enhances the succession of grassland on former agricultural land 54 

(Middleton and Bever 2012) and directs plant community development into a specific 55 
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vegetation type (Wubs et al. 2016). In contrast, without soil inoculation it may take a 56 

long time before the soil community responds to a change in plant species 57 

composition (Elgersma et al. 2011). The aim of the present study was to assess if 58 

soil biota may be influenced to contribute to the restoration of degraded fen meadow 59 

associations (Cirsio dissecti-Molinietum) that have largely declined in Europe 60 

(Klimkowska et al. 2007). 61 

Seed availability and establishment is crucial for successful restoration 62 

(Bakker and Berendse 1999). To date, most plant-soil feedback experiments have 63 

tested soil feedback effects on planted seedlings. Much less is known how soil 64 

legacies may affect seed survival and germination. Seed survival and germination 65 

can be affected by belowground saprophytes and pathogens (Gilbert 2002, Wagner 66 

and Mitschunas 2008). However, to our knowledge it is not known if the soil organism 67 

effects on seed survival and germination are general and widespread, or whether 68 

they are specific and an existing plant community may modify them. In our 69 

experiment, we assessed plant-soil feedback effects on both seed germination and 70 

on biomass production of planted seedlings. 71 

Plant-soil feedback experiments may focus on specific effects of certain plant 72 

species on others via a change in the soil community (Bever 1994), or may study 73 

effects caused by a group or community of plant species (e.g. Kardol et al. 2006). In 74 

this study, we focused on plant community-soil feedback effects to plants that are 75 

expected to become dominant in restored fen meadows. In a two-phase plant 76 

community-soil feedback experiment (Bever et al. 1997, Brinkman et al. 2010), we 77 

determined short-term effects of mixtures of plant species typical to original and to 78 

degraded fen meadows on soil nematodes, fungi and arbuscular mycorrhizal fungi. 79 

We assessed the subsequent influence of the soil community on seed germination, 80 
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plant biomass production and the outcome of interspecific interactions between 81 

plants. We tested the hypotheses that: (1) plants typical to original fen meadows 82 

would influence the soil community to the benefit of Carex spp. that are common 83 

matrix species in original fen meadows, and (2) this effect would be more 84 

pronounced in soil from original or successfully restored fen meadows than in soil 85 

from degraded or unsuccessfully restored fen meadows. 86 

METHODS 87 

Fen meadows are moist grasslands used for hay-making that occur on 88 

slightly acid to neutral sandy soils with a low availability of phosphorous (Schaminée 89 

et al. 1996, Grootjans et al. 2002). In winter the groundwater raises to the soil 90 

surface, while in summer the soils dry out superficially. Mowing and supply of base-91 

rich groundwater are crucial to manage the vegetation composition. The vegetation 92 

of fen meadows is dominated by grasses (Graminae), sedges (Cyperaceae) and 93 

rushes (Juncaceae) that typically do not grow taller than 20 cm. Drainage, 94 

acidification and eutrophication are common causes of fen meadow degradation, 95 

initiating disappearance of the original plant community (Klimkowska et al. 2010). 96 

Degraded fen meadows are typically dominated by native, tall, fast-growing and 97 

competitive grasses or sedges (Joyce 2014). Measures that are used to restore fen 98 

meadows include restoration of hydrological conditions, removal of the nutrient-rich 99 

top-soil and introducing seeds by spreading hay collected from original fen meadows 100 

(Klimkowska et al. 2010). Restoration measures are considered successful when the 101 

intended fen meadow vegetation is re-established (Grootjans et al. 2002, Klimkowska 102 

et al. 2007). Restoration efforts are considered unsuccessful when characteristic fen 103 

meadow plants fail to return. Juncus effusus (Soft rush) dominates unsuccessfully 104 

restored fen meadows on former agricultural land (Smolders et al 2008). 105 
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We classified fen meadows based on the presence (+) or absence (-) of a typical fen 106 

meadow vegetation according to Schaminée et al. (1996), and the history of the area: 107 

original (O) or restoration measures taken (R) (see Kemmers et al. 2013). We 108 

compared four meadow types: 109 

• O+: original, undisturbed fen meadow with characteristic vegetation; 110 

• O-: original fen meadow that has degraded and from where the 111 

characteristic vegetation has disappeared due to drainage and/or fertilization; 112 

• R+: successfully restored fen meadow as based on the return of 113 

characteristic fen meadow vegetation; 114 

• R-: unsuccessfully restored fen meadow as based on failure of return of 115 

characteristic vegetation. 116 

There were five replicate fields of each type of fen meadow across the mid 117 

and northeast of The Netherlands [see SUPPORTING INFORMATION — Table S1]. 118 

From these (4×5=) 20 fields, we collected soil for a two-phase plant community-soil 119 

feedback experiment (Bever et al. 1997, Kardol et al. 2006). In the first, soil 120 

conditioning phase of the experiment, mixtures of different plant species were grown 121 

in soils from each fen meadow type, thus possibly stimulating the development of 122 

specific soil communities. In the second phase, the response of seedlings of fen 123 

meadow Carex spp. to conditioned soils was tested for different mixtures of plant 124 

species (Fig. 1). 125 

Soil origin and plants 126 

Soil: In January and February 2008, we collected soil samples from all 20 127 

fields. About 15-20 soil cores of 2.5 cm diameter, 0-20 cm depth were collected 128 

according to a stratified, W-shaped pattern and stored at 4 ºC for a maximum of one 129 

week until further processing. The high soil moisture prohibited gentle separation of 130 
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soil and roots, which is important to protect soil organisms like nematodes. Instead, 131 

the soil samples, including the roots, were cut into 2-3 cm pieces and then 132 

homogenized, removing stones when encountered. Soil samples were taken for 133 

analysis of abiotic characteristics and nematodes [see SUPPORTING 134 

INFORMATION — Appendix S1]. The remaining soil was stored for 2-3 months at 4 135 

°C, coinciding with winter inactivity of the soil biota, until the start of phase 1 of the 136 

experiment. 137 

Plant species: We used mixtures of plant species typical to original and to degraded 138 

fen meadows; in the first phase of the experiment to condition the soil and in the 139 

second phase as competitive neighbourhoods around the phytometers (Fig. 1). As a 140 

mixture of species characteristic of original fen meadows, we used Festuca rubra 141 

ssp. commutata (Chewing’s fescue), Luzula multiflora (Heath wood-rush), Succisa 142 

pratensis (Devil’s bit scabious), and, though only in the first phase of the experiment, 143 

Juncus conglomeratus (Compact rush) (Schaminée et al. 1996). As a mixture of 144 

species characteristic of degraded fen meadows, we used Filipendula ulmaria 145 

(Meadowsweet), J. effusus and Lysimachia vulgaris (Yellow loosestrife) (R.H. 146 

Kemmers, pers. comm.). The species that are characteristic to degraded fen 147 

meadows normally occur at lower soil pH and higher soil fertility than the original fen 148 

meadow species, as indicated by their Ellenberg values [see SUPPORTING 149 

INFORMATION — Table S2]. We used three sedges as phytometers in phase 2 of 150 

the experiment. The three sedges all are dominant in fen meadows, but occur in 151 

other plant associations as well [see SUPPORTING INFORMATION — Table S2]. 152 

The sedges increase in their degree of association to fen meadows in the following 153 

order: Carex flacca (Glaucous sedge), C. panicea (Carnation sedge) and C. hostiana 154 

(Tawny sedge) (Schaminée et al. 1996). 155 
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Seed origin and germination conditions: Seeds of C. hostiana and C. panicea 156 

were collected from a fen meadow close to Wageningen, the Netherlands (52.01 °N, 157 

5.60 °E). The seeds were air-dried at room temperature. Seeds of F. rubra were 158 

obtained from Medigran (Hoorn, The Netherlands) and seeds of the other plant 159 

species from B&T World Seeds (Aigues-Vives, France). The seeds were surface-160 

sterilized in a 2% hypochlorite solution for 1-2 minutes, and then rinsed with 161 

demineralised water. The seeds were sown on sterilized glass beads, moistened with 162 

demineralised water and stratified for 2 weeks at 4 ºC with a 16/8 h light/dark regime. 163 

After stratification, the seeds were germinated at 20-30 ºC with a 16/8 h light/dark 164 

regime. Seeds of J. effusus were germinated at the same greenhouse conditions as 165 

were used for the main experiment. 166 

Feedback experiment: phase 1 167 

The soil collected from each of the five replicate fields of the four field types, 168 

was mixed with sterilized background soil in a proportion of 1:6, based on dry mass, 169 

to avoid confounding effects of differences in soil physics and chemistry among 170 

fields. The background soil was collected from a former agricultural field where in the 171 

previous year the nutrient-rich top soil had been removed, sieved with a 1 cm mesh 172 

size sieve, homogenized and sterilized by γ-irradiation (≥ 25 kGy). This dosage is 173 

known to effectively kill all soil biota (McNamara et al. 2003). Pots with a volume of 174 

4L (21 cm top diameter, 18 cm tall) were filled with the moist soil mixture (equivalent 175 

of 5.70 kg dry mass per pot). To obtain sufficient amounts of conditioned soil, for 176 

each treatment replicate in phase 1 we filled three pots with soil, whereas after 177 

conditioning the soil of the three pots was mixed and used as a substrate in phase 2. 178 

This procedure enabled us to condition ample amounts of soil while keeping the true 179 

replicates (the five fields per field type) independent. The pots were planted with 180 
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either seedlings typical to original or to degraded fen meadows. In spite of seedling 181 

limitation we ensured that at least one seedling of each plant species was planted in 182 

one of the three pots, making sure that all the replicates 1 were planted with the 183 

same number of individuals of a species, as well as the replicates 2 and 3, creating 184 

similar plant configurations among the replicate pots of the fields. This resulted in 40 185 

soil treatments (2 conditioning plant mixtures × 4 field types × 5 replicate fields). 186 

In order to mimic moist fen meadow conditions, the pots were placed in 187 

individual containers with a water level set to 12 cm below the soil surface. Three 188 

times per week, the water table was re-set using demineralised water and weed 189 

seedlings were removed. The pots were placed randomly on trolleys, which were 190 

rotated once every week to minimize effects of differences in microclimate in the 191 

greenhouse. The plants were grown for 20 weeks under controlled greenhouse 192 

conditions at 21/16 ºC with a 16/8 h light regime. If needed, the plants were provided 193 

with extra light to ensure a minimum photosynthetic photon flux rate of 200 µmol m-2 194 

s-1. 195 

At harvest, the plants were clipped at ground level. The clipped shoot 196 

material was separated by species, dried at 70 ºC for at least 48 h and weighed. Soil 197 

samples were taken for analysis of nematodes, ergosterol (an indicator of fungal 198 

biomass other than arbuscular mycorrhizal fungi (AMF)), neutral lipid fatty acids 199 

(NLFA; a measure of AMF) and abiotic soil characteristics [see SUPPORTING 200 

INFORMATION — AppendixS1]. The remaining roots were clipped in 1-2 cm 201 

pieces, mixed with the remaining root zone and bulk soil and stored at 4 ºC for 5-6 202 

weeks until the start of phase 2 of the experiment. 203 

Feedback experiment: phase 2 204 
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Pots with a volume of 0.9L (13 cm top diameter, 11 cm tall) were filled with 205 

an equivalent of 1.16 kg dry soil from phase 1 and placed in individual dishes. After 206 

that, the water level was set to 9 cm below the soil surface to simulate moist fen 207 

meadow conditions. Four seedlings were planted in each pot: one Carex sp. in the 208 

middle as a phytometer, surrounded by neighbourhood plantings of a) three 209 

seedlings of the same Carex species, b) one seedling each of three other plant 210 

species that are typical to original fen meadows or c) one seedling each of three 211 

other plant species that are typical to degraded fen meadows (see description of 212 

Plant species and SUPPORTING INFORMATION —Table S2). This resulted in 360 213 

pots (4 field types × 5 replicate fields × 2 conditioning treatments × 3 Carex species × 214 

3 neighbourhood plantings). The plants were allowed to grow for 14 weeks under the 215 

same greenhouse conditions as in phase 1. At harvest, the soil was washed from the 216 

roots. The roots of the different plant species in each pot were carefully separated. 217 

Shoot and roots were separated, dried at 70 ºC for at least 48 h and weighed. 218 

Germination experiment 219 

The effect of conditioning was tested on seed germination of C. hostiana, 220 

which is the most typical to fen meadows of the three Carex species. Square 221 

containers of 10 cm length × 10 cm width × 6 cm height were filled with an equivalent 222 

of about 0.38 kg dry soil. Only soils were used that originated from O+ and O- fields 223 

and that were conditioned with either plants typical of original or of degraded fen 224 

meadows, resulting in 20 containers (2 field types × 5 replicate fields per field type × 225 

2 conditioning treatments). In every container, 49 seeds of C. hostiana were sown in 226 

a grid pattern. The containers were closed with perforated translucent lids and 227 

stratified at 4ºC for 2 weeks, after which they were transferred to the same 228 
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greenhouse conditions as in phase 2 of the feedback experiment. The emerged 229 

seedlings were counted every 2-3 days during a period of 52 days. 230 

Data analysis 231 

Conditioning soil from each field with two plant mixtures possibly diverged 232 

each soil community into two directions. As these treatments started from the same 233 

soil sample, they were treated as paired observations. 234 

Soil characteristics: Differences in abiotic characteristics and nematode 235 

communities among the field-collected soils from the four types of fen meadows were 236 

analysed, as well as effects of conditioning on abiotic soil characteristics, nematodes, 237 

ergosterol and NLFA [see SUPPORTING INFORMATION — Appendix S1]. 238 

Plant community conditioning effects: At the end of the conditioning phase, the 239 

effects of field type and plant mixture on Phase 1 plant shoot dry biomass were 240 

tested with two-way ANOVA using Statistica. At the end of phase 2, the effect of soil 241 

conditioning on the plants was calculated as a pairwise ratio for each soil origin (field) 242 

and neighbour plant mixture separately: ln [(biomass of Carex when grown in soil 243 

conditioned with plants characteristic of original fen meadows) / (biomass of Carex 244 

when grown in soil conditioned with plants characteristic of degraded fen meadows)]. 245 

Treatment means were based on mean values of the three Carex species. The low 246 

number of replicates did not allow for testing differences among the different 247 

neighbour plant mixtures. Therefore, within each neighbourhood treatment, 248 

differences among field types were tested with one-way ANOVA and Tukey HSD 249 

(P<0.05). The difference of the conditioning effect from zero, representing no 250 

difference between the two conditioning treatments, was tested with t-tests. False 251 

Discovery Rates were controlled with the sharpened method of Benjamini and 252 

Hochberg (2000). This method reduces the chance of making type I errors, while 253 
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having more power than classical Bonferroni-type control of family-wise error rate 254 

(Verhoeven et al., 2005). Further, the correlation between shoot dry biomass in 255 

phase 1 and total dry biomass in phase 2 was tested with Pearson product-moment 256 

correlation using Statistica. 257 

Germination experiment: For each field, pairwise differences were calculated 258 

between germination of C. hostiana seeds in soil conditioned with plants typical of 259 

original and of degraded fen meadows. At each time point, t-tests were used 260 

(Statistica 10) to test if the difference in germination differed from zero. The effect of 261 

field type (O+ and O-) and time was tested with repeated measures ANOVA and 262 

Tukey HSD (P<0.05). 263 

RESULTS 264 

Soil characteristics 265 

Abiotic soil properties did not significantly differ among, but showed high 266 

variance within the four field types [see SUPPORTING INFORMATION — Table 267 

S1]. Soil conditioning by plants from original or degraded fen meadows neither 268 

significantly influenced the concentration of ergosterol, an indicator of fungal 269 

biomass, in the root zone soil, nor the concentration of NH4
+ + NO3

- and Olsen-P 270 

[see SUPPORTING INFORMATION —Table S3]. However, the concentration of the 271 

mycorrhiza-specific neutral lipid fatty acids (NLFA 16:1ω5) was significantly higher in 272 

soils that were conditioned with plants from original than from degraded fen 273 

meadows [see SUPPORTING INFORMATION —Table S3]. These effects of soil 274 

conditioning were independent of field type. 275 

PCA of the nematode community in the field-collected soil did not show a 276 

comprehensible pattern across the different field types [see SUPPORTING 277 

INFORMATION — Fig. S1]. However, nematode density in the field-collected soil 278 
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was 40-fold higher than in the conditioned soil. There were no significant differences 279 

between the two conditioning treatments in the density of endoparasites, 280 

ectoparasites, root hair feeders, bacterial and fungal feeders, and omnivores and 281 

predators [see SUPPORTING INFORMATION —Table S3]. 282 

Plant community conditioning effects 283 

Field source of inoculum did not significantly affect phase 1 shoot biomass 284 

(F3, 16 = 0.46, P = 0.71). The shoot biomass of the plant mixture typical to degraded 285 

fen meadows (average 17.1 g and 95% confidence interval 14.6-19.6 g) was greater 286 

than that of the plant mixture typical to original fen meadows (6.5 g (5.5-7.4 g); F1, 16 287 

= 86.2, P < 0.001). This difference was mainly due to J. effusus, which formed more 288 

biomass than all the other plant species. 289 

The focal Carex plants responded similarly to phase 2 conditioning 290 

treatments, and so were combined in subsequent analyses. The relationship 291 

between shoot biomass in the conditioning phase and total biomass of the Carex 292 

phytometer in the feedback phase was positive (soil conditioned with plants typical to 293 

fen meadows: r2=0.034, t177=2.51, p=0.013; soil conditioned with plants typical to 294 

degraded fen meadows: r2=0.333, t178=9.42, p<0.001).  295 

Soil conditioning with plant species that are typical to original fen meadows 296 

compared to conditioning with plant species typical to degraded fen meadows 297 

significantly increased biomass of Carex phytometers, but only when neighbouring 298 

plants were also characteristic of original fen meadows and when soil originated from 299 

unsuccessfully restored fields (Fig. 2A, Tables 1 and 2). Biomass of neighbouring 300 

plants typical of original fen meadows was not responsive to soil conditioning 301 

treatment (Fig. 2D, Table 1). However, biomass of neighbouring plants typical of 302 

degraded fen meadows and biomass of Carex neighbours was significantly higher in 303 
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soil conditioned with plant species typical of original fen meadows compared to soil 304 

conditioned with plant species typical of degraded fen meadows, although only when 305 

soil originated from original fen meadows (Fig. 2E, F, Table 1). Biomass of Carex 306 

neighbours was also enhanced by conditioning with species of original versus 307 

degraded meadows when soil originated from unsuccessfully restored meadows (Fig. 308 

2F, Table 1). 309 

Germination 310 

Germination rates of C. hostiana over time were overall significantly higher in 311 

soil conditioned by degraded versus original fen meadow species (F19,152=1.80, 312 

P=0.027). However, contrary to our expectations, Tukey HSD did not reveal 313 

significant differences in germination rate at any one individual time point. 314 

Germination rates of C. hostiana did not significantly differ between soil from original 315 

and degraded fen meadows (inoculum from field types O+ and O-: F1,8=0.03, 316 

P=0.86). 317 

DISCUSSION 318 

In support of our first hypothesis, our results show that conditioning soil with 319 

original fen meadow plants promotes the growth of three Carex spp. that are typical 320 

matrix species in fen meadows. However, plants typical of disturbed fen meadows 321 

were also promoted in soil conditioned by original fen meadow plants. Furthermore, 322 

the positive effect of soil conditioning by plants from original fen meadows on Carex 323 

depended on the origin of the soil: the effect occurred only when the soil originated 324 

from unsuccessfully restored fields. This is opposite to our second hypothesis, as we 325 

had assumed that soil conditioning effects would be most positive in soils from 326 

undisturbed original fen meadows. Nevertheless, this result may be of interest for 327 

restoration management, as it shows that plants that are indicative of original fen 328 
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meadows may change negative soil legacy effects, which have been created by plant 329 

species growing in degraded meadows, into effects that benefit typical dominant fen 330 

meadow species. Soil conditioning effects on the phytometer Carex plants could 331 

have acted both directly and indirectly through effects on the surrounding plant 332 

species (Van der Putten and Peters 1997, Kardol et al. 2007, Petermann et al. 2008). 333 

However, the present experimental set-up does not allow separation of direct and 334 

indirect effects. 335 

Original fen meadow plants are classified as later successional plant species, 336 

which usually have a neutral to positive feedback effect (Kardol et al. 2006, Bauer et 337 

al. 2015). Therefore, the lack of effect of soil conditioning on the surrounding plant 338 

species typical to original fen meadows may not be surprising. In contrast, plants 339 

typical to degraded fen meadows are classified as early successional plant species, 340 

which generally experience negative plant-soil feedback effects when grown on self-341 

conditioned soil (Kardol et al. 2006). This is in agreement with the result that soil 342 

conditioning with plants typical to original fen meadows increased the biomass of 343 

neighbour plants typical to degraded fen meadows compared to conditioning with 344 

plants from degraded fields. However, it may limit possibilities for managing 345 

vegetation through influencing soil legacy effects when fen meadow plants not only 346 

promote soil conditions for themselves, but also for plants from degraded fen 347 

meadows, as effects from competition may outweigh soil legacy effects (Peltzer 348 

2001, Sun et al. 2014, Larios and Suding 2015). Plants characteristic for degraded 349 

fen meadows prefer lower soil pH and higher soil fertility than the original fen 350 

meadow plants, as indicated by their Ellenberg values (Databank Ellenbergwaarden; 351 

accessed on 25-4-2017). Changing these abiotic soil conditions combined with 352 
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influencing biotic legacy effects may hold promise as a way to decrease growing 353 

conditions and competitive ability for degraded versus original fen meadow species. 354 

Nutrient depletion in the conditioning phase would have resulted in negative 355 

relationships between biomass in conditioning and feedback phases of the 356 

experiment. Instead, the positive relationship that we found suggests that 357 

conditioning did not influence plant performance through nutrient depletion. 358 

Incorporation of roots from the conditioning phase of the experiment in the soil of the 359 

second phase may have resulted in a transfer of compounds with a negative effect 360 

on plant performance in the feedback phase (Zhang et al. 2016). Juncus effusus, 361 

which constituted the major part of the biomass of the degraded fen meadow plants, 362 

is known to contain such so-called allelopathic compounds (Ervin and Wetzel 2003). 363 

We think that allelopathic effects of roots on Carex spp. are negligible in our 364 

experiment, considering the positive correlation between J. effusus biomass in the 365 

first phase and biomass of Carex spp. in the second phase of the experiment.  366 

We were not able to trace the causes of plant biomass change down to 367 

specific soil biota. Nevertheless, our plant community-soil feedback approach 368 

suggests that adverse soil biota play a role in the feedback effect between plant 369 

species from degraded and original fen meadows. When soils are taken out of 370 

agricultural production to restore species-rich grasslands, over successional time 371 

fast-growing pathogenic fungi are replaced by slow-growing beneficial fungi (Hannula 372 

et al. 2017). In our experiment, conditioning with later-successional plants from 373 

original fen meadows may have decreased the density of pathogenic soil fungi, while 374 

increasing beneficial fungi such as mycorrhiza. It is unclear if the phytometer Carex 375 

benefited from the higher mycorrhizal biomass that we found in soils conditioned with 376 

plants typical to original than to degraded fen meadows. Carex spp. are not 377 
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mycorrhiza-dependent (Brundrett 2009), although association with mycorrhizae has 378 

been occasionally reported (Harley and Harley 1987, Muthukumar et al. 2004). 379 

Our results have been obtained under controlled conditions that differ from 380 

those in the field, where water availability and other abiotic conditions can fluctuate 381 

and the presence of aboveground biota may influence the effect of soil biota on 382 

plants (Heinze et al. 2016). Moreover, soil collection, processing and conditioning 383 

had a substantial impact on nematodes and possibly also on other soil biota. In 384 

addition, we only found differences in mycorrhiza between the two conditioning 385 

treatments, perhaps because these changes may take more time to develop 386 

(Kulmatiski and Beard 2011). We expect that the low nematode densities in our 387 

conditioned soils had less pronounced effects on plant biomass than would have 388 

higher densities in field-collected soil. Still, our results provide new insights into why 389 

unsuccessful nature restoration may become a self-reinforcing process (Yelenik and 390 

D'Antonio 2013). Compared to plant species from original fen meadows, plant 391 

species from degraded fen meadows may create adverse biotic conditions in the soil 392 

that not only reduce the performance of themselves, but also of Carex species that 393 

are matrix plants in original fen meadow vegetation. Our results suggest that such 394 

negative legacy effects of soil biota from plant species that are typical of disturbed 395 

fen meadows may be altered by growing certain plant species that are typical to 396 

original fen meadows, as they can transform adverse legacy effects into positive 397 

effects. To make these results applicable for the practice of nature restoration, the 398 

challenge will be to identify plant species that can create such a change in soil biota 399 

that they enhance growth conditions of an original fen meadow plant community, 400 

whereas reducing conditions for plant species typical of disturbed fen meadows. In 401 

order to further develop such approaches, more studies on plant-soil feedback need 402 
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to be carried out in the context of ecological restoration (Eviner and Hawkes 2008, 403 

Kardol and Wardle 2010). 404 

CONCLUSION 405 

Growth conditions for Carex spp. that are common matrix plant species in fen 406 

meadows can be improved by growing fen meadow plant species in degraded fen 407 

meadow soils. However, plant species from degraded fen meadows may also benefit 408 

from those soil conditioning treatments. In order to make these insights applicable to 409 

fen meadow restoration, plant species need to be identified that create positive soil 410 

legacy effects to original fen meadow plant species, while creating adverse 411 

conditions for plant species from degraded fen meadows. We propose that such 412 

approach might be applied as well in the restoration of other degraded ecosystems. 413 

SUPPORTING INFORMATION 414 
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FIGURE LEGENDS 569 

Figure 1. Experimental design. Soil was sampled from five fields each of four field 570 

types: original with characteristic fen meadow vegetation (O+; fields 1-5), original, but 571 

with degraded vegetation (O-; fields 6-10), successfully restored to characteristic fen 572 

meadow vegetation (R+; fields 11-15), unsuccessfully restored (R-; fields 16-20). In 573 

the first phase of the experiment, all the soils were conditioned with a mixture of 574 

plants characteristic to either original or to degraded fen meadows; as an example, 575 

the treatment of soil from field 1 is shown. In the second phase of the experiment, 576 

Carex flacca, Carex hostiana and Carex panicea were each grown surrounded by 577 

conspecifics or by plants characteristic to either original or to degraded fen meadows 578 

(see text and Table S2 for a list of plant species). 579 

Figure 2. Effect of soil conditioning on Carex (upper row; A-C) and surrounding plant 580 

species (lower row; D-F) when grown in soil originating from different field types. The 581 

conditioning effect (mean ± S.E.) was calculated as log (total biomass when grown in 582 

soil conditioned with a mixture of plants characteristic of original fen meadows) / 583 

(total biomass when grown in soil conditioned with a mixture of plants characteristic 584 

of degraded fen meadows). The soil inoculum originated from four field types: original 585 

with characteristic fen meadow vegetation (O+), original, but with degraded 586 

vegetation (O-), successfully restored to characteristic fen meadow vegetation (R+), 587 

and unsuccessfully restored (R-). The plants used as surrounding neighbours were: a 588 

mixture of plants characteristic of original fen meadows (A, D), a mixture of plants 589 

characteristic of degraded fen meadows (B, E), and the same plant species (Carex 590 

monoculture; C, F). Asterisks indicate a significant difference from zero (n = 3 591 

species averages; ** P<0.01 remaining significant after control of False Discovery 592 
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Rate). Different letters indicate significant differences among the field types within a 593 

neighbour plant mixture. 594 

 595 



Table 1. Results of t-tests analyzing if effects of soil conditioning on Carex and 
surrounding plant species differed from zero (df=2). P-values in bold are significant 
after sharpened control of False Discovery Rate of all tests (Benjamini and Hochberg, 
2000). 

 
Plant mixture 

 
Soil origin 

Carex Surrounding 
t P t P 

Original O+ 6.16 0.025 1.66 0.239 
 O- 8.92 0.012 0.99 0.427 
 R+ 3.75 0.064 9.31 0.011 
 R- 14.43 0.0048 0.06 0.956 
Degraded O+ 0.83 0.493 24.79 0.0016 
 O- 1.16 0.366 3.11 0.090 
 R+ 0.81 0.504 3.22 0.084 
 R- 2.47 0.132 2.98 0.097 
Monoculture O+ 0.89 0.470 11.22 0.0079 
 O- 2.26 0.152 4.46 0.047 
 R+ 3.87 0.061 3.40 0.077 
 R- 2.40 0.138 23.36 0.0018 
 

  



Table 2. Results of ANOVA testing the effect of field type (O+, O-, R+ and R-) on the 
conditioning effect on Carex and surrounding plants. 

 
Plant mixture 

Carex Surrounding plants 
F3,8 P F3,8 P 

Original 22.92 0.0003 2.04 0.187 
Degraded 0.50 0.691 0.65 0.606 
Monoculture 0.50 0.695 2.21 0.162 
 

  



 

 

Figure 1. 

  



 

 



Appendix S1. Analysis of soil characteristics. 

 

Field-collected soil 

Abiotic soil characteristics: A sample of 0.2 kg of field-collected soil was dried at 

105 ºC to determine soil moisture. For further characterization, the soil was sieved 

(0.5 cm mesh size) and 0.1 kg of each soil was dried at 40 ºC. Soil pH was measured 

in a soil-water suspension (1:2.5 dw/v), concentration of NO3
- and NH4

+ were 

determined in 1 M KCl-extracts (w/v 1:5), available P, K+ and Mg2+ in 0.01 CaCl2-

extracts (w/v 1:10) and Olsen-P was measured in NaHCO3-extracts (Olsen & 

Sommers 1982). Soil organic matter (SOM) was measured as loss-on-ignition for 24 

h at 430 ºC and C and N content were determined with a C-N analyzer (Thermo 

Flash EA 1112, Thermo Fisher Scientific Inc., Waltham, USA). 

Nematodes: The soil samples for nematode extraction were stored at 4 ºC for a 

maximum of two months, similar to the storage time for soil to be used in the 

experiment. Nematodes were extracted from 0.1 l soil by Oostenbrink elutriation 

(Oostenbrink 1960) followed by sieving on one 75 µm and three 45 µm sieves. The 

debris from the sieves was transferred to a double cotton wool filter (Hygia rapid, 

Hartmann AG, Heidenheim, Germany) on a sieve in a dish with a layer of tap water 

(Oostenbrink 1960). The nematodes were allowed to migrate through the filter for 24 

h at 16-20 ºC. Nematodes in the roots of the same samples were extracted in a mist 

chamber for 48 h (Oostenbrink 1960). The nematodes were heat-killed and fixed in 4 

% formaldehyde. Of the soil samples, 1/9 of the extracted nematodes were counted, 

whereas all nematodes were counted that were extracted from the roots. The 

nematodes were identified to family or genus level according to Bongers (1988). 

Nematodes were classified into trophic groups according to Yeates et al. (1993). 



Conditioned soil 

Nematodes: For nematode extraction, two soil cores of 1.0 cm diameter and 0-15 

cm deep were taken from each pot. The soil cores from the three pots of each 

treatment were combined and stored at 4 ºC for one to two weeks until extraction 

(see extraction procedure of field-collected soil above). 

Ergosterol: The remaining soil of the three pots was combined prior to further 

processing. The roots were gently removed from the soil and the attached root zone 

soil was shaken off and homogenized. Ergosterol was used as an indicator of fungal 

biomass other than arbuscular mycorrhizal fungi (AMF) in the soil (Olsson et al. 

2003). A sample of about 1 g root zone soil was mixed with 4 ml 10 % (m/v) 

KOH/MeOH and stored at -20 ºC. Ergosterol was extracted with an alkaline-

extraction method and measured on a Dionex HPLC equipped with a C18 reverse-

phase column and a UV-detector set at 282 nm (De Ridder-Duine et al. 2006). 

NLFA: As a measure of AMF, neutral lipid fatty acids (NLFA) were extracted 

(Boschker 2004). A mixture was used of 15 g root zone soil, which was shaken off 

the roots, and root plane soil, which was washed off a sample of the roots. The root 

sample was similar in proportion to the total root biomass as the root zone soil 

sample in proportion to total root zone soil. The root plane soil of the different plant 

species was washed in 35 ml demineralised water and transferred to a tube. The 

tube was centrifuged at 4800 rpm for 20 min, after which the water was removed with 

a pipette. The mixed root zone and root plane soil was frozen at -20 ºC, then freeze 

dried and stored at -20 ºC until further analysis. NLFA were extracted following the 

procedure described by Boschker (2004). First, total lipids were extracted from 3 g 

soil with a mixture of chloroform, methanol and MilliQ water (5:10:4 v/v/v). The lipids 

were fractionated on silicic acid columns with chloroform, acetone and methanol 



(1:1:2 v/v/v), dissolving neutral lipids in the chloroform fraction. With mild-alkaline 

derivation, fatty acid methyl esters (FAMEs) were released and analyzed by a gas-

chromatography-flame ionization detector (GC_FID) on a Thermo Scientific Focus 

GC with a Zebron ZB5 (60 m, 0.32 mm, 0.25 µm) column. Peak areas were 

calculated relative to the internal standards 12:0 and 19:0. The signature fatty acid 

16:1ω5 was used as marker for AMF (Olsson 1999). 

For analysis of soil moisture, NO3
-, NH4

+ and Olsen-P, soil samples from the 

forty conditioned soils were stored at 4 ºC for less than a week (see extraction 

procedure of field-collected soil). 

Data analysis 

The nematode community in the soil collected from the field prior to phase 1 

conditioning was analysed with principal component analysis (PCA), using the 

CANOCO programme version 4.55 (ter Braak and Šmilauer 2006). Numbers of 

nematodes were ln(x+1)-transformed before analysis, as this gives less weight to 

dominant species and therewith concentrates on qualitative aspects (Jongman et al. 

1995). Differences in abiotic characteristics of field-collected soil among the four 

types of fen meadows were analyzed by one-way ANOVA using Statistica 10 

(Statsoft Inc.). At the end of the conditioning phase, differences in effects of the 

conditioning plant mixtures on nematode trophic groups (Yeates et al. 1993), 

ergosterol and NLFA content as well as Olsen-P and NH4+NO3 in the soil were 

analyzed by t-tests in Statistica. False Discovery Rates were controlled with the 

sharpened method of Benjamini and Hochberg (2000). This method reduces the 

chance of making type I errors, while having more power than classical Bonferroni-

type control of family-wise error rate (Verhoeven et al., 2005). 
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Table S1. Geographical coordinates (decimal) and soil characteristics (0-20 cm) of the fields at the time of sampling January-

February 2008. Lat. = latitude (°N), Long. = longitude (°E). Soil was sampled from five fields each of four field types: original with 

typical fen meadow vegetation (O+), original, but with degraded vegetation (O-), successfully restored to typical fen meadow 

vegetation (R+), unsuccessfully restored (R-). There were no significant differences among the soil types. 

 Lat. Long. pH H2O 

% 

moisture 

% 

Organic matter % C % N 

mineral N 

mg ∙ kg-1 %NO3-N 

P Olsen- P K Mg 

(mg ∙ kg-1) 

Background soil 52.11 6.45 5.5 20 1.4 0.9 0 1.0 0 0.03 7.4 7.5 15 

O+              

Groot Zandbrink  52.13 5.48 5.5 68 5.8 3.3 0.19 20.1 0 0.28 2.5 20.4 97 

Lemselermaten  52.35 6.88 6.2 140 24.8 13.4 0.97 21.1 12 0.34 7.6 38.9 126 

De Marschen 53.06 6.17 4.9 92 16.7 10.3 0.59 55.5 0 0.12 3.9 35.7 25 

Allemanskampje 52.06 5.56 7.7 82 9.6 5.5 0.35 10.5 45 0.01 3.8 11.3 36 

Stelkampsveld 52.12 6.48 6.4 82 8.5 5.6 0.28 14.6 0 0.01 3.6 21.3 54 

O-              

Groot Zandbrink  52.13 5.48 4.6 63 4.6 2.9 0.14 15.5 0 0.40 5.1 22.4 23 

Lemselermaten  52.35 6.88 6.4 204 16.1 9.1 0.65 22.3 29 0.28 6.7 37.2 142 



Allemanskampje 52.06 5.57 4.7 53 6.1 3.7 0.20 13.6 0 0.07 2.6 29.4 19 

Zwartebroek 52.18 5.52 5.1 51 5.6 3.1 0.18 4.1 12 0.09 3.3 17.9 83 

Koolmansdijk 52.02 5.57 5.0 38 4.4 3.0 0.22 15.7 0 0.01 2.5 15.4 11 

R+              

Meeuwenkampje 52.05 5.55 5.1 60 11.6 7.0 0.34 18.2 19 0.27 16.8 24.9 31 

Punthuizen 52.35 7.05 5.8 60 5.6 3.2 0.17 26.0 0 0.13 4.0 27.7 20 

Lemselermaten  52.35 6.88 6.4 39 2.9 1.4 0.06 3.4 2 0.00 1.6 28.7 79 

Stroothuizen  52.37 7.05 4.9 82 9.0 4.1 0.24 21.8 0 0.22 53.3 43.9 72 

Wijnjeterperschar 53.06 6.17 5.7 108 13.9 9.6 0.54 70.5 1 0.00 4.6 30.2 64 

R-              

Veenkampen 51.98 5.62 5.6 118 20.4 8.5 0.74 24.9 23 0.66 8.7 28.2 165 

Lemselermaten  52.35 6.87 6.6 67 5.2 2.8 0.15 1.8 15 0.00 2.6 17.9 81 

Stroothuizen  52.37 7.05 4.2 49 5.4 3.9 0.13 1.6 4 0.00 1.3 16.9 17 

De Marschen 53.06 6.17 4.3 95 16.9 11.4 0.65 38.0 9 0.24 7.2 41.2 34 

Loefvledder 53.08 6.67 4.2 85 21.0 16.7 0.60 30.6 11 0.16 5.4 46.5 30 

 



Table S2. Plant species that were used in the feedback experiment with an indication 
of functional group, specificity to fen meadows and Ellenberg values of moisture (F), 
soil pH (R) and soil fertility (N). Plants typical to original and to degraded fen 
meadows were used to condition the soil in phase 1 and as surrounding plants in 
phase 2, whereas the focal plants were used as phytometers in phase 2 of the 
experiment. 
Experimental group  Specificity 

to fen 
meadows1 

Ellenberg values2 Experimental 
phase3 

 Plant species Group F R N 1 2 
Focal plants (phase 2)        
 Carex flacca Sedge  6 8 4 0 1 or 4 
 Carex panicea Sedge kA 9 6 2 0 1 or 4 
 Carex hostiana Sedge kA 8 x 4 0 1 or 4 
Plants typical to original 
fen meadows 

       

 Festuca rubra ssp. 
commutata 

C3 
grass 

dK 6 6 x 3 1 

 Juncus conglomeratus Rush kO 7 4 3 1 0 
 Luzula multiflora Rush kO 5 5 3 9 1 
 Succisa pratensis Forb kV 7 x 2 9 1 
Plants typical to degraded 
fen meadows 

       

 Filipendula ulmaria Forb dO 8 x 5 2 1 
 Juncus effusus Rush  7 3 4 8 1 
 Lysimachia vulgaris Forb  8 x x 1 1 
1 Classification of specificity to fen meadows (association of Cirsio dissecti-
Molinietum) of the plant species following Schaminée et al. 1996: k (character-taxon 
that is more common in one vegetation type than in others in an area); d (differential 
taxon that distinguishes one vegetation type from another); level of classification of 
the vegetation types: K (class); O (order); V (alliance); A (association). 
2 Ellenberg values from Databank Ellenbergwaarden at www.biw.kuleuven.be 
(accessed on 25-4-2017). F (moisture; scale 1-12), R (soil pH; scale 1-9), N 
(nitrogen; scale 1-9), x=broad amplitude. 
3 Number of plants in the three conditioning pots together in phase 1, or per pot in 
phase 2 of the experiment. In phase 2, the focal plants were surrounded by a mixture 
of plants typical to original or degraded fen meadows, or three plants of the same 
species (Carex monoculture). 
  



Table S3. Average and 95% confidence interval of abiotic and biotic soil 
characteristics after soil conditioning with plant species that are typical to original or 
to degraded fen meadows, as well as t- and P-values of t-tests (n=20) of pairwise 
differences in effect on the soils. Abiotic soil characteristics and ergosterol are 
presented in mg ∙ kg-1, NLFA in nmol ∙ g-1, and nematodes in numbers ∙ kg-1. P-
values in bold are significant after control of False Discovery rate. 
 Conditioning plants   
Soil characteristic Original Degraded t P 
NH4 + NO3       9.9 (7.0-12.8)     9.5 (7.0-12.0)  0.70 0.494 
Olsen-P       7.2 (4.2-10.2)     6.9 (3.8-9.9)  1.70 0.106 
Ergosterol       0.41 (0.26-0.56)     0.39 (0.26-0.52)  0.49 0.633 
NLFA     12.4 (8.5-16.3)     5.1 (1.1-9.1)  3.84 0.001 
Total nematodes 580 (441-720) 463 (324-603)  2.12 0.048 
Endoparasites   44 (9-78)   20 (4-36)  1.35 0.191 
Ectoparasites   17 (9-25)   36 (6-65) -1.64 0.117 
Root hair feeders 142 (78-206) 102 (59-144)  2.22 0.039 
Bacterial feeders 245 (171-319) 194 (138-250)  1.42 0.171 
Fungal feeders   92 (51-134)   90 (48-132)  0.10 0.918 
Omnivores/ 
predators   41 (21-61)   22 (13-30)  2.72 0.014 
 
  



 
Figure S1. PCA of nematode taxa extracted from soil from four field types: original 
with typical fen meadow vegetation (O+; fields 1-5), original, but with degraded 
vegetation (O-; fields 6-10), successfully restored to typical fen meadow vegetation 
(R+; fields 11-15), unsuccessfully restored (R-; fields 16-20). The explained variation 
of the x-axis is 19.4 % and of the y-axis is 14.2 %. 
Angui = Anguinidae, Aphe = Aphelenchidae, Aphe_oi = Aphelenchoididae, Araeo = 
Araeolaimina, Ceph_dae = Cephalobidae, Ceph_ina = Cephalobina (other than 
Cephalobidae), Crico = Criconematidae, Diphther = Diphtherophoridae, Diplogas = 
Diplogasterina, Dolicho = Dolichodoridae, Dorylai = Dorylaimina, Ecphya = 
Ecphyadophoridae, Hemi = Hemicycliophoridae, Hetero = Heteroderidae, Hoplo = 
Hoplolaimidae, Monhys = Monhysterina, Monon = Mononchina,Plect = Plectidae, 
Prismato = Prismatolaimidae, Para = Paratylenchidae, Prat = Pratylenchidae, 
Rhab_ina = Rhabditina, Terato = Teratocephalidae, Tricho = Trichodoridae, Tripyl = 
Tripylina,Tyl_idae = Tylenchidae, Tyl_ina = Tylenchina (other). 
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