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Summary 26 

 Plant-soil feedback (PSF), plant trait and functional group concepts advanced our 27 

understanding of plant community dynamics, but how they are interlinked is poorly 28 

known. 29 

 To test how plant functional groups (FGs: graminoids, small herbs, tall herbs, 30 

legumes) and plant traits relate to PSF we grew 48 grassland species in sterilized soil, 31 

sterilized soil with own species soil inoculum and sterilized soil with soil inoculum 32 

from all species, and quantified relative growth rate (RGR), specific leaf area (SLA), 33 

specific root length (SRL) and percent arbuscular mycorrhizal fungi colonization 34 

(%AMF).  35 

 Plant growth response to the plant species’ own soil biota relative to sterilized soil 36 

(PSFsterilized) reflects net effects of all (generalist+specialized) soil biota. Growth 37 

response to the plant species’ own soil biota relative to soil biota of all plant species 38 

(PSFaway) reveals effects of more specialized soil organisms. 39 

 PSFsterilized showed that graminoids and small herbs have a negative and tall herbs a 40 

positive response to their own soil biota, whereas legumes responded neutrally. 41 

However, PSFaway showed that on average all plant FGs benefitted from growing 42 

with other species’ soil biota, suggesting that pathogens are more specialized than 43 

plant growth promoting soil biota. Feedback to plant growth from all soil biota 44 

(PSFsterilized) was stronger than from more specialized soil biota (PSFaway) and 45 

could be predicted by SRL and especially by %AMF colonization. Species with high 46 

SRL and low %AMF colonization when grown in away soil experienced most 47 

negative soil feedback.  48 

 Synthesis: Plant species from all plant FGs grow better in soil from other species 49 

because of less net negative effects of soil biota (in graminoids), or because of more 50 

net positive soil biota effects (in tall herbs). Explorative plant species (high SRL, low 51 

%AMF colonization) suffer most from negative feedback of all soil biota, whereas 52 

more resource conservative species (low SRL, high %AMF colonization) benefit from 53 

soil feedback of all soil biota. These findings help to understand replacement of 54 

explorative species during succession. Moreover we suggest a potentially larger role 55 

for species with positive feedback than for species with negative feedback to 56 

contribute to maintain plant community productivity of diverse communities over 57 

time. 58 
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 62 

Introduction  63 

Interactions between plants and soil organisms are known to be important determinants of 64 

plant performance, affecting plant population and community dynamics (Wardle et al. 2004; 65 

Bever et al. 2010). During the last two decades, the reciprocal interactions between plants and 66 

soil biota, named plant-soil feedback (PSF), rapidly gained interest as a mechanism that may 67 

explain species invasion, plant diversity-productivity relationships and the maintenance of 68 

diversity through promoting plant co-existence (Bever et al. 2010; van der Putten et al. 2013). 69 

As those papers point out, most studies on PSF effects have focused on feedbacks via plant 70 

pathogens and mutualists that suppress or stimulate plant growth, respectively. All these 71 

individual influences add up to net PSF effects, which can be negative, neutral, or positive. 72 

Meta-analytical studies have shown that the direction and effect sizes of PSF effects 73 

governed by soil microbiota appear to differ between plant functional groups (Kulmatiski et 74 

al. 2008; Meisner et al. 2014). Specifically, graminoids and early successional plant species 75 

show predominantly negative PSF, likely due to the build-up of host-specific plant pathogens 76 

(Kardol et al. 2006; Kulmatiski et al. 2008). In contrast, late successional species are slower 77 

growing, have positive PSF (Kardol et al. 2006), and tend to benefit more from AMF (Koziol 78 

& Bever 2015) than early secondary successional species. Recent work also shows that large 79 

plants suffer stronger negative PSF than smaller plants, which prevents large plants to become 80 

dominant, especially in species-rich grassland systems with low land use intensity (Heinze et 81 

al. 2015). In addition to plant functional groups (FGs), plant functional traits can capture 82 

important differences between species both across and within plant FGs and can thereby help 83 

to explain and predict PSF effects. However, despite the growing attention for plant traits that 84 

are related to plant interactions with belowground biota (Bardgett et al. 2014) there is still 85 

little known about which functional plant traits may predict PSF effects (Bever et al. 1997; 86 

van der Putten et al. 2013).  87 

Plant trait frameworks are mainly based on principles of resource capture, abiotic 88 

stress (in)tolerance, competitive ability, and dispersal strategies (e.g., Grime 1977; Tilman 89 

1988; Craine 2009; Diaz et al. 2016). Consequently, plant traits may be used to predict effects 90 

of plants on ecosystem processes (Violle et al. 2007; De Deyn et al. 2008; Lavorel & Grigulis 91 
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2012; Baxendale et al. 2014) and plant performance along environmental gradients (Lavorel 92 

& Garnier 2002). It is well recognized that trade-offs may exist between plant resource 93 

capture through investment in acquisitive traits and vulnerability to natural enemies (e.g., 94 

Herms & Mattson 1992; van der Putten et al. 2003; Rasmann et al. 2011). For example, plant 95 

growth rate may trade-off with increased rate of herbivory on leaves (e.g., Coley 1988; Fine et 96 

al. 2006) and roots (Bauerle et al. 2007). In general, plant species can be regarded as being 97 

‘slow’ with low relative growth rate (RGR), low specific leaf area (SLA) and low specific 98 

root length (SRL) or ‘fast’ with high RGR, SLA and SRL (Grime et al. 1997; Westoby et al. 99 

2002; Tjoelker et al. 2005; Reich 2014). Plants with a ‘slow’ strategy like late successional 100 

species are considered to be resource conservative and well-defended, whereas plants with a 101 

‘fast’ strategy like early successional species have rapid resource acquisition but are generally 102 

poorly defended. It can thus be expected that plant species with high SLA, SRL and RGR 103 

suffer more from negative PSF than plant species with low SLA, SRL and RGR. 104 

 Recent studies that aimed to predict PSF from plant traits focused on litter and 105 

decomposer community-mediated PSF (Orwin et al. 2010; Baxendale et al. 2014). These 106 

studies showed that traits of fast versus slow-growing plant species differentially influenced 107 

PSF via nutrient cycling-related mechanisms through litter quality and decomposition 108 

(Baxendale et al. 2014). To what extent plant traits can also predict PSF effects generated via 109 

all soil microbiota, including pathogens, mutualist and saprotrophs remains to be tested. A 110 

recent modeling study, however, showed that the role of litter traits in PSF depended on the 111 

presence of pathogens and mycorrhizal fungi with a minor role for litter traits when pathogens 112 

are present (Ke et al. 2015). That study also demonstrated the importance of the balance 113 

between pathogens and mycorrhizal fungi for the outcome of PSF effects, under the 114 

assumption that mycorrhizal fungi act in a mutualistic way through nutrient provision to 115 

plants.  116 

Many plant species associate with arbuscular mycorrhizal fungi (AMF), which can 117 

stimulate plant growth both via enhancing nutrient acquisition (Smith & Read 2010) and by 118 

plant protection against root pathogens (Newsham et al. 1995). The benefits of colonization 119 

by AMF to plant growth, however, remain hard to predict and may even be negative when 120 

AMF act as parasites (Johnson et al. 1997; Hoeksema et al. 2010). Moreover, PSF effects 121 

mediated by AMF can vary from positive to negative, with positive PSF when plant species 122 

promote their own most beneficial AMF, and negative PSF when the AMF beneficial to their 123 

competing plant species are promoted (Bever 2002; Bever et al. 2010). Also the relation 124 

between AMF and root traits is not straightforward (Maherali 2014) and dependent on other 125 
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soil biota (Newsham et al. 1995). However, it has been proposed that plant species with low 126 

SRL gain greater benefits from AMF than plant species with high SRL because of larger 127 

benefits of enhanced nutrient access, at least when pathogen pressure is relatively low 128 

(Newsham et al. 1995; Smith & Read 2010; Blumenthal et al. 2009; Yang et al. 2015). It is 129 

well known that legumes not only benefit from AMF, but also from N2-fixing symbiotic 130 

bacteria. It can therefore be expected that legumes generate a positive PSF by stimulating 131 

their beneficial soil-borne microbes (Wagg et al. 2015).  132 

PSF can be studied in a variety of ways depending on the research focus, and with that 133 

the experimental methods used to quantify PSF and the type of statistical analysis performed 134 

(Brinkman et al. 2010). Plant species responses to their own soil biota can be tested relative to 135 

sterilized soil (PSFsterilized) or relative to soil biota from other plant species (PSFaway). 136 

These two types of PSF values have both been used in meta-analyses (Kulmatiski et al. 2008; 137 

Meisner et al. 2014), without further distinction between them. However, the biological 138 

interpretation of these two types of PSFs differs: PSFsterilized reflects net effects of all soil 139 

biota from the species’ own soil which include generalists as well as more specialized soil 140 

biota, whereas PSFaway compares the impact of soil biota from own soil with that of soil 141 

biota from other species’ soil. Species suffering from their own soil biota (i.e. have negative 142 

PSFsterilized) can benefit from growing in other species’ soil (i.e. have negative PSFaway) 143 

through dilution of specific pathogens. However, also plant species benefitting from their own 144 

soil biota (i.e. have positive PSFsterilized) may benefit less from their own soil biota than 145 

from those from other plant species (i.e. have negative PSFaway) and can hence be promoted 146 

in other species’ soil relative to growth in their own soil (Bever 2002; Bever et al. 2010). To 147 

date it is unknown how plant responses to all soil biota and to more specific soil biota are 148 

related and whether plants with different traits or different plant FGs show distinct responses.  149 

Here we examine how plant FGs and plant traits may be indicative of PSF effects 150 

resulting from net effects of all soil biota (PSFsterilized) and those resulting from more 151 

specialized soil organisms (PSFaway). Based on current literature we tested the idea that for 152 

co-occurring grassland species PSFsterilized and PSFaway differ between plant FGs and that 153 

plant traits also contribute to predicting PSF effects. We also expect  that PSFsterilized and 154 

PSFaway have the same sign (positive or negative) based on the idea that plant species are 155 

generally expected to stimulate their own pathogens or own most beneficial organisms more 156 

than other plant species do. We specifically tested the hypotheses that (1) graminoids and tall 157 

herbs have negative PSFsterilized and PSFaway, (2) legumes have positive PSFsterilized and 158 

PSFaway and (3) across plant FGs species with traits targeting rapid resource acquisition 159 
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(high RGR, SLA, SRL, low AMF%) will have more negative PSF compared to species with 160 

more resource conservative traits.  161 

 162 

Materials and methods 163 

Study system 164 

The plant species used for the plant-soil feedback (PSF) experiments are typical for 165 

mesophilic Central-Western European grasslands (Supp. Table 1). We used 48 of 60 plant 166 

species that are also being used in the Jena biodiversity experiment (Roscher et al. 2004), 167 

because there were insufficient seedlings of 12 plant species due to poor germination. Seeds 168 

were provided by commercial suppliers that collected seeds from wild populations in 169 

Germany. The soil (Eutric Fluvisol, developed from loamy sediments) for the PSF experiment 170 

was collected from the Jena field site (Jena, Thuringia, Germany, 50° 55’ N, 11° 35’ E) 171 

(Roscher et al. 2004). A two-stage PSF experiment was carried out in pots in a climate-172 

controlled greenhouse in which we tested growth of the 48 species in three soils: (I) soil 173 

conditioned by conspecifics (own soil), (II) a mixture of all 48 species-specific conditioned 174 

soils (away soil) and (III) sterilized soil. In all treatments we used sterilized soil inoculated 175 

with living (treatments I and II) or sterilized conspecific soil inoculum (treatment III), as this 176 

approach causes the lowest potential for confounding effects due to sterilization-induced 177 

nutrient flushes (Troelstra et al. 2001). To determine the plant traits relative growth rate 178 

(RGR), specific root length (SRL) and specific leaf area (SLA), individuals of all species 179 

were grown in additional experiments under controlled conditions in the Botanical garden of 180 

Leipzig University and in a greenhouse of NIOO-KNAW at Wageningen, the Netherlands 181 

(see below for details). In brief, the traits SLA and SRL were quantified on mature plants 182 

grown in non-sterilized soil from the Jena experiment (Schroeder-Georgi et al. 2016), RGR 183 

was quantified using the total (above- and belowground combined) dry biomass increase per 184 

unit of time of seedlings of one and three weeks that were grown in the soil mixture of all 185 

plant species (i.e. away soil). This soil of the PSF experiment contained on average over all 186 

plant species 35.8 + 0.7 mg/kg NH4
+
+NO3

-
-N and 29.9 + 0.1 mg/kg P-Olson and soil pH-H2O 187 

of 7.7. This soil can be classified as moderately fertile and similar to the field conditions in 188 

the first years of the Jena experiment (Roscher et al. 2004; Oelmann et al. 2011). The %AMF 189 

colonization was quantified in roots of plants grown in own soil and in away soil. The abiotic 190 

conditions in these soils were similar given that they originated from the same field, and for 191 

all the species each trait (SLA, SRL, RGR) was quantified on plants grown in the same soil 192 
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(mixed field soil or away soil) in order to obtain standardized values for all plant species. As 193 

the %AMF colonization may depend on whether plant species grow in own or away soil, we 194 

included results of both. 195 

 196 

Plant-Soil Feedback (PSF) 197 

Plant germination 198 

In December 2010, plant seeds were surface-sterilized by soaking in 5% or 25% household 199 

bleach (5% sodium hypochlorite solution) for 30 seconds. 25% household bleach was used 200 

when 5% bleach was not a sufficient concentration to prevent fungal infection of seeds. The 201 

sterilized seeds were rinsed with demineralized water and placed in a growth cabinet (16h/8h 202 

22°C/16°C light/dark) on water-saturated glass beads in plastic boxes closed with a 203 

transparent plastic lid. Based on Roscher et al. (2004), prior to germination, some seeds were 204 

scarified or treated with gibberellic acid (Sigma Chemical co., St. Louis, USA). After 205 

germination, which took 3-12 days, seedlings were transferred to a climatized room at 4°C 206 

and 16h/8h light/dark conditions, which kept them all in the same post-germination stage until 207 

planting.  208 

Soil conditioning phase  209 

End December, 384 pots of 1.5 liter each were filled with 1500 g of soil, consisting of a 210 

mixture of 80% sterilized soil and 20% unsterilized soil (based on dry soil weight). Pots were 211 

arranged in the greenhouse (16h/8h light/dark) in 8 replicate blocks. Two seedlings per 212 

species were planted per pot and pots were spatially randomized within blocks. Soil moisture 213 

level was re-set to 25% (w/w) by adding demineralized water until pots were at pre-set weight 214 

equivalent to 30% moisture. This was repeated every second or third day. After two months 215 

of growth, plants were harvested and the soil was collected from each pot individually in 216 

order to be used in the feedback phase. During harvest, aboveground biomass was clipped and 217 

dried at 70°C for minimally 72 h. Adhering soil was shaken off roots before rinsing with tap 218 

water and drying them at 70°C for minimally 72 h.   219 

   Soil from each plant species was stored separately in plastic bags at 4°C. Cross-220 

contamination of soils from different plant species during harvest was avoided by cleansing 221 

all used material in 70% ethanol in between working steps. A 50 ml subsample was taken 222 

from all plant species-specific conditioned soils and dried at 40°C during 72 h in order to 223 
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analyze nutrient concentration and moisture content. Plant-available P was determined 224 

according to Olsen et al. (1954). Soil mineral N was extracted by shaking 10 g (dry weight) 225 

soil with 50 ml 1 M KCl for 2h. NH4
+
-N and NO3

-
-N were determined calorimetrically in the 226 

KCl extract. 227 

Feedback phase 228 

All 48 soils from the conditioning phase were split into three equal parts. One part was left 229 

untreated and kept separate per species (named: own soil), the second part was left untreated 230 

and used to prepare a mixture of all soils based on equal dry weight proportions of the 231 

species-specific soils (named: away soil). The third part was kept separate per species and 232 

was sterilized by gamma irradiation (25 KGray; named: sterilized soil). All soil treatments 233 

thus obtained were mixed individually with a sterilized background soil from the Jena 234 

experimental field site as 65% sterilized soil and 35% living inoculum soil (of one species or 235 

of the mixture of all species) or sterilized inoculum soil (w/w).  236 

  To test the plant responses to the soils, seeds of all plant species were germinated as 237 

done before, and seedlings were planted in pots with either 550 g of the own, away or 238 

sterilized soil inoculum treatment. Treatments were carried out in a randomized block design 239 

with eight replicates, resulting in an experimental design of 48 plant species x 3 soil 240 

treatments x 8 replicates = 1152 pots. The replicates capture the variation in plant species 241 

response to the average legacy left by the species from which the soil inoculum was derived, 242 

as the soil from the conditioning phase was pooled per species. All seedlings that died in the 243 

first week after planting were replanted and pots were spatially randomized within blocks. 244 

Plants were watered every 3 or 4 days using demineralized water to re-set moisture to 25% 245 

(w/w). After growing for 6 weeks, all plants were harvested as described for the soil 246 

conditioning phase, and total dry weight was determined. Plant dry weights in the three soil 247 

treatments were used to calculate two PSF values per experimental block as log (total dry 248 

weight in soil type X / total dry weight in soil type Y) (Brinkman et al. 2010) resulting in a 249 

PSF value per block for eight blocks (n= 8). For PSFsterilized: X= own soil and Y= sterilized 250 

soil and for PSFaway: X= own soil and Y= away soil. We are aware that PSF effects are 251 

likely to be inherently time and inoculum density-dependent (Kardol et al. 2013). However, 252 

the duration of the soil conditioning and feedback phase resembled the duration often used in 253 

plant-soil feedback experiments with grassland species, while the concentration of soil 254 

inoculum we used in the test phase was well comparable to other studies that have reported 255 

significant plant-soil feedback effects (Brinkman et al. 2010). 256 
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 257 

Trait data 258 

Relative Growth Rate (RGR) was determined in the greenhouse (16h/8h light/dark) in soil 259 

consisting of 40% away soil inoculum and 60% sterilized Jena soil. To quantify RGR, the 260 

proportional total dry weight biomass increase from one-week old plants grown in cylinder 261 

pots of 3 cm diameter x 6 cm depth to three week old plants grown in pots of 7 x 7 x 7 cm 262 

was measured (Hendry & Grime 1993). One-week old plants of all study species were 263 

harvested the same day. Three-week old plants were harvested at 3 different dates (one 264 

replicate block per day), washed free of soil particles, and dried at 70°C for at least 48 hours. 265 

RGR was calculated as (log W2 - log W1)/(t2-t1) (Hendry & Grime 1993), where W1 is total 266 

dry weight biomass at t1 = 7 days and W2 is total biomass at t2 = 21, 23 or 24 days (three 267 

replicate blocks).  268 

    SLA and SRL were quantified in a mesocosm experiment, which was conducted 269 

outdoors in the Botanical Garden of Leipzig (Germany) in 2011. Each species was 270 

represented as five replicates in a randomized block design. Individual plants grew for 12 271 

weeks in separate mesocosms of 60 cm height and 15 cm diameter, filled with a mixture of 272 

soil derived from experimental plots of the Jena Experiment and sand (20%) (for details see 273 

Schroeder-Georgi et al. 2016). Sampling and measurements of SLA followed 274 

recommendations of Cornelissen et al. (2003). Roots where washed using tap water, fine 275 

sieves and forceps. Cleaned roots where scanned and measured using a flat-bed scanner and 276 

the software WinRizo (Regent Instruments Inc., Canada) to estimate root length. Root mass 277 

was measured after drying for 48 hours at 70°C. SRL was then calculated as root length to 278 

root dry mass ratio.  279 

   Arbuscular mycorrhizal fungi (AMF) colonization levels in roots were determined for 280 

a random subset of 27 out of the 48 species (6 graminoids, 10 legumes, 3 small herbs and 8 281 

tall herbs; Supplementary Table 1 species in bold) due to practical constraints. Root material 282 

from plants grown in own soil and grown in away soil (see ‘feedback phase’ described above) 283 

was rinsed free of soil and stored in 50% ethanol. The fungal structures in roots were stained 284 

with Trypan blue using a standard protocol (Brundrett et al. 1996). In short, roots were cut 285 

into fragments of approx. 2 cm and cleared in 10% KOH at 90°C for 20-50 minutes, 286 

depending on root thickness. After rinsing with tap water, roots were acidified in 2% HCL for 287 

one hour and subsequently stored overnight in 0.01% Trypan blue in a 5:1:1 mixture of lactic 288 

acid, demineralized water and glycerol. Roots were de-stained and stored in 50 % glycerol for 289 
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microscopic investigation. To this end, roots were dispersed in a Petri dish of 5 cm diameter 290 

with a counting grid and examined under a microscope with magnification 10 x 40. The AMF 291 

colonization percentage of the roots was estimated according to the grid line intersection 292 

method (McGonigle et al. 1990). Distinction was made between septate and non-septate 293 

hyphae and occurrence of arbuscules verified, the latter representing AMF (Hudson 1991).  294 

 295 

Data analyses  296 

The relation between the plant traits SLA, RGR, SRL, %AMF colonization in own soil and in 297 

away soil were tested using Principal Component Analysis (PCA) of the standardized traits. 298 

To test the effect of plant functional group, PSF type and plant traits on PSF values, we used 299 

average values per species for PSFsterilized, PSFaway, SRL, SLA, RGR and %AMF 300 

colonization. We subsequently used general linear models with plant functional group 301 

(graminoid, legume, small herb and tall herb), PSF type (PSFsterilized or PSFaway) and their 302 

interaction as fixed factors and SLA, RGR and SRL as covariates to explain PSF values. For 303 

the data subset for which we also had the %AMF colonization values we included this plant 304 

trait also as a covariate. We ran the models without and with covariates to test whether 305 

including the traits improved the model. Assumptions for the error distributions were verified 306 

using Levene’s test for homoscedasticity and Kolmogorov–Smirnov test for normality. 307 

Differences among average plant biomass production across all plant species in own, away 308 

and sterilized soils were tested using a non-parametric  Kruskal-Wallis test across the three 309 

groups and Mann-Whitney U test to test differences between groups, because assumptions for 310 

parametric testing were not met. We tested whether PSF effects could be attributed to altered 311 

nutrient levels (NO3
-
, NH4

+
 and Olsen’s P) due to the different plant species’ inocula by 312 

testing the correlation between PSFsterilized and the difference in nutrient levels in the own 313 

vs. sterilized soil treatment. PSFsterilized was not related to the difference in nutrient levels 314 

between own and sterilized soil for NH4
+
-N (r = 0.15, P = 0.33), NO3

-
-N (r = -0.08, P = 0.62) 315 

and P-Olsen (r = 0.19, P = 0.22), neither was PSFaway related to the nutrient levels in the soil 316 

inocula: NH4
+
-N (r = 0.07, P = 0.64), NO3

-
-N (r = 0.04, P = 0.76) and P-Olsen (r = -0.05, P = 317 

0.73). Structural equation modeling (SEM) analyses was performed to test the direct and 318 

indirect relations of SRL and %AMF colonization in own and away soil in affecting PSFaway 319 

and PSFsterilized. To test the most parsimonious model of the significant models AIC criteria 320 

were used. Initially we also tested SEM models with graminoids, SRL and %AMF included 321 
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but models were with graminoids as parameter were inferior (AIC criteria) so we proceeded 322 

with the models with only SRL and %AMF. Statistical analyses were performed using the 323 

statistical software R version 3.1.0 (R core team 2013) and SPSS 22, PCA of the plant traits 324 

was done using Canoco 5.  325 

 326 

Results 327 

Plant traits 328 

The PCA analysis of the plant traits SRL, SLA, RGR and %AMF colonization in own and in 329 

away soil across the plant species revealed that 49% of the variation in the data could be 330 

explained by the first axis and 22% by the second axis (Fig. 1). The main traits driving the 331 

first axis were %AMF colonization and SRL, in opposite directions, whereas the second axis 332 

was primarily determined by SLA (PCA factor loadings Suppl. Table 2). The %AMF 333 

colonization in roots of plants grown in own soil was very similar to the %AMF colonization 334 

in roots of plants grown in away soil, as can be seen both in the PCA (Fig. 1) and in the 335 

bivariate correlation analysis (R
2
= 0.80, P< 0.001; Suppl. Fig. 1). Apart from the %AMF 336 

colonization in own and in away soil (r= 0.9) and between SRL and %AMF colonization (r= -337 

0.7 for AMFown and r= -0.6 for AMFaway) the plant traits were not strongly correlated (r < 338 

0.5) (Suppl. Table 2).  339 

 340 

PSFsterilized and PSFaway  341 

Across all plant species, average plant biomass was significantly affected by the soil 342 

treatments (KW χ
2
 = 6.52, P = 0.038) with largest biomass in sterilized soil, smallest biomass 343 

in own soil and intermediate biomass in away soil (Suppl. Fig. 2; Suppl. Table 3). Across all 344 

plant species average PSF-effects were negative, but PSF effects of individual species ranged 345 

from negative to positive. Average PSFsterilized was - 0.10 + 0.05 SE and varied from - 0.81 346 

to + 0.63, whereas average PSFaway was - 0.09 + 0.02 SE and ranged from - 0.22 to + 0.59 347 

(Fig. 2a,b). Overall, the mean of PSFsterilized across the 48 species was only marginally (P = 348 

0.06) significantly negative, whereas the mean PSFaway was significantly (P = 0.0003) 349 

negative (Fig. 2).  350 

 351 
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Plant traits and plant FGs predicting PSF 352 

The plant FGs differed significantly in PSF response, however the magnitude and direction of 353 

the PSF effects in the different plant FGs depended significantly on the type of PSF, being 354 

PSFsterilized or PSFaway (interaction PSFtype x FG: F3,81 = 5.71, P = 0.001; Suppl. Table 4). 355 

The graminoids showed strong negative PSFsterilized and also small herbs showed a negative 356 

PSFsterilized albeit less negative than in the graminoids. Legumes, on the other hand had a 357 

neutral and tall herbs had positive PSFsterilized. In contrast, PSFaway values were similarly 358 

negative for all plant FGs (Fig. 3a). Plant traits significantly contributed to explain the 359 

variation in PSF values after accounting for differences in PSF between plant FGs (R
2
 360 

adjusted= 0.24 without plant traits as co-variable; R
2
 adjusted= 0.32 with plant traits as co-361 

variables). Overall, SRL strongly contributed to explaining the PSF values (F1,81 = 12.77, P = 362 

0.001), whereas PSF was not explained by SLA or RGR (Suppl. Table 3). The relation 363 

between SRL and PSF was significantly negative (Fig. 3b), also when excluding the two PSF 364 

data points with highest SRL (being PSFsterilized and PSFaway of Cardamine pratensis).  365 

Across the plant species in which %AMF colonization was examined we found that 366 

indeed the differences of PSF values among plant FGs depended on the type of PSF 367 

(interaction PSFtype x FG: F3,42 = 3.435, P = 0.025; Suppl. Table 5; Suppl. Fig. 3) in the same 368 

way as in the complete dataset, and that plant traits significantly explained differences in PSF 369 

values (R
2
 adjusted= 0.29 without plant traits as co-variable; R

2
 adjusted= 0.45 with plant 370 

traits as co-variables). However, the only trait significantly contributing to predicting PSF was 371 

%AMF colonization in own soil (F1,42 = 6.538, P = 0.014) whereas the other plant traits (SRL, 372 

SLA, RGR) did not (Suppl. Table 5). The relation between %AMF colonization in own soil 373 

and PSF was significantly positive (Fig. 3c). Similar results could be obtained using %AMF 374 

colonization in away soil, as this value was strongly correlated with %AMF in own soil 375 

(Suppl. Fig. 1). The SEM results showed that PSFaway could not be explained by SRL 376 

directly or indirectly via %AMF colonization in away soil (Fig. 4a). In contrast, PSFsterilized 377 

was significantly explained by %AMF colonization in away soil, whereas SRL only related 378 

significantly to %AMF colonization but not to PSFsterilized (Fig. 4b). Using AIC criteria to 379 

reveal the most parsimonious model we found that PSFsterilized was best explained by 380 

%AMF colonization in away soil (Fig. 4c; AIC= 136; R
2
= 0.36). Performing these SEM 381 

analyses using %AMF colonization in own soil instead of %AMF colonization in away soil 382 

revealed that both are linked to PSF very much in the same way (results not shown). 383 
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 384 

Discussion 385 

In support of our first hypothesis we found that on average graminoid species responded 386 

negatively to feedback from their own soil biota (negative PSFsterilized), and the feedback 387 

from their own soil biota was more negative relative to that from away soil biota (negative 388 

PSFaway). However, in contrast to our first hypothesis tall herb species responded on average 389 

positively to their own soil biota (positive PSFsterilized) yet less positively to their own soil 390 

biota than to away soil biota (negative PSFaway). Legume species responded on average 391 

neutral to their own soil biota (non-significant PSFsterilized) and grew less well in own 392 

relative to away soil biota (negative PSFaway), which is not in support of our second 393 

hypothesis. This result would not be predicted based on well-established strong positive 394 

responses of legumes to rhizobia and AMF (e.g. van der Heijden et al. 2016). However, many 395 

studies on effects of such mutualistic symbionts on legumes have not included plant growth 396 

suppressing soil biota, such as were included in our PSF approach. Moreover the soil we used 397 

in our experiment originated from a more fertile grassland system (Oelmann et al. 2011), 398 

which likely results in lower dependency on rhizobia and AMF compared to plants grown in 399 

less fertile dune grassland soil (van der Heijden et al. 2016). Overall, our results are in line 400 

with the results from the same field site (Petermann et al. 2008) showing that plant species in 401 

the different plant FGs all benefitted from growing in away soil relative to their own soil. For 402 

the plants with predominantly negative PSFsterilized, this benefit is likely due to low levels of 403 

specialized pathogens or micro-herbivores in the away soil. It has to be noted that despite the 404 

fact that the average PSFaway across species per plant FG was negative some plant species 405 

did show a positive PSFaway. 406 

In graminoids we found stronger negative PSF effects from the species’ own soil biota 407 

(PSFsterilized) than in the other plant FGs, which supports results of  a meta-analysis 408 

(Kulmatiski et al. 2008). In contrast to the graminoids, tall herbs perceived on average a net 409 

benefit of all the species’ own soil biota, as indicated by positive PSFsterilized. These results 410 

are not in line with Kulmatiski et al. (2008) who found negative PSF for all forbs. Our 411 

findings differ partly from those of Kulmatiski et al. (2008) most likely because we 412 

discriminated between the different types of PSF (PSFsterilized and PSFaway) as well as 413 

between different groups of forbs (legumes, small herbs, tall herbs). Strikingly, in our 414 

experiment the benefit from the soil biota for tall herbs was equal or was smaller in own as 415 
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compared to in away soil, as indicated by the neutral to negative PSFaway. This result 416 

supports the view that beneficial soil biota may be less species-specific than pathogenic soil 417 

biota and that plant species may benefit more from mutualists from competing plant species 418 

than their own (Bever 2002). Indeed, levels of %AMF colonization in own and away soil 419 

were strongly positively correlated with a tendency of more colonization in away than in own 420 

soil. However, we did not analyze the AMF species composition, or their effectiveness, which 421 

may lead to differential benefits even at similar levels of colonization (Klironomos 2003).  422 

We found that plant traits (quantified on independent plants apart from %AMF) 423 

significantly contributed to explaining PSF effects, even when accounting for different plant 424 

functional groups. The larger the specific root length (SRL) the more negative PSF, whereas 425 

PSF related positively to the %AMF colonization. Contrary to our predictions, we did not find 426 

significant correlations between PSF and relative growth rate (RGR), or specific leaf area 427 

(SLA), as also supported by the ordination analysis. We expected to find negative correlations 428 

if there would be a trade-off between plant resource capture through investment in resource 429 

acquisition traits and vulnerability to natural enemies, which would have pointed at 430 

coordinated responses to natural enemies of both aboveground and belowground plant organs 431 

(e.g., Mooney 1972; Herms & Mattson 1992; van der Putten 2003; Rasmann et al. 2011). A 432 

recent study by Koziol and Bever (2015) showed that plant growth rate was negatively 433 

correlated with the level of colonization by AMF and with plant growth response to AMF 434 

across grassland species from different successional stages, in line with the expectations. In 435 

our study, however, aboveground traits (i.e. SLA) and whole-organism traits (i.e. RGR) did 436 

not significantly correlate with PSF values. The absence of these relations may be due to the 437 

fact that our pool of pant species was restricted to grassland species from meso-trophic 438 

grasslands, whereas these relations may only become apparent when including a species pool 439 

covering a wider range of plant communities and plant trait values (Diaz et al. 2016). In our 440 

study we nevertheless found significant correlations between PSF and the root-related traits 441 

SRL and %AMF colonization. These results are well in line with recent work on predictive 442 

capacity of aboveground and belowground plant traits for microbial composition and 443 

microbial processes, where root traits showed significant effects, but not shoot traits (Legay et 444 

al. 2014). Here we show that root traits are also relevant to plant-soil feedback effects.   445 

Previous studies have shown that mycorrhizal benefits to plants are generally higher 446 

when SRL is lower (Smith & Read 2010). Our findings that %AMF colonization is positively 447 

related to PSF and negatively related to SRL is in line with the idea that AMF may underlie 448 
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the positive PSF effects and that these occur in species with low SRL. A recent meta-analysis 449 

(Maherali 2014), however, challenged this common idea of more benefit of AMF for species 450 

with low SRL by showing that there is no consistent correlation between different measures 451 

of root coarseness and plant growth response to AMF. The discrepancy may be due to 452 

differences in the pool of AMF used in the studies, because it can be expected that the AMF 453 

species and plant species were not matched optimal when using non-native inoculum 454 

(Maherali 2014). Therefore, we suggest that associations between a plant species and a 455 

limited, pre-selected pool of AMF species, as in studies with commercial inoculum, can yield 456 

biased results regarding AMF responsiveness of plants in natural systems. In our study, we 457 

determined AMF colonization of plants growing in soil that contained a naturally diverse 458 

species pool of soil biota, including AMF, collected from the Jena Experiment field site, 459 

which is expected to comprise a more diverse pool of AMF as compared to commercial 460 

inoculum that usually contains relatively few species (König et al. 2010). Testing plant 461 

responses in these soils, as we did, might be more indicative for the actual benefits of the 462 

plant-AMF symbiosis, because all plants were exposed to their natural AMF assemblages 463 

while also interacting with other soil biota (Graham et al. 1991; Hoeksema et al. 2010; 464 

Cortois & De Deyn 2012). 465 

The strength of PSFs in our study might have been larger if roots from the 466 

conditioning phase had also been included in the soil inoculum, as the roots can serve as a 467 

source of mutualists and pathogens. We did not include roots as they also represent a pool of 468 

nutrients which, especially for the species with low tissue C:N ratio, could become 469 

mineralized during our experiment and thereby interact with the effect of the soil biota (De 470 

Deyn et al. 2004). As recently proposed by the modeling study of Ke et al. (2015), the 471 

relation between plant traits and PSF may depend on the presence of pathogens. These 472 

authors found that traits of litter decomposability play only a minor role in predicting PSF 473 

when plant pathogens are also present. In our experiment, PSFs were mostly negative, 474 

pointing at a dominant role of plant pathogens. In that case, the inclusion of litter only would 475 

have played a minor role in PSF according to Ke et al. (2015). 476 

We acknowledge that we have examined a limited number of plant traits in relation to 477 

PSF and that the timespan of our experiment was limited. Therefore, we propose that several 478 

other functional plant traits are worth exploring further, including chemical and physical plant 479 

traits, such as litter C:N ratios of shoot and root and tissue density, as well as that soil biota 480 

and litter feedbacks need to be further integrated with their respective temporal dimensions 481 
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(Kardol et al. 2013; Ke et al. 2015). It may well be that testing PSF effects over longer time 482 

spans will also reveal other plant traits to be important besides SRL and %AMF colonization, 483 

such as RGR with faster growing species potentially building up more negative PSF in case 484 

pathogen effects dominate. Alternatively, species with high RGR may on a longer term 485 

generate positive PSF through nutrient rich litter (Orwin et al. 2010; Zhang et al. 2016) 486 

provided pathogen densities remain low (Ke et al. 2015). Including structural equation 487 

modeling to test direct and indirect impacts of multiple plant traits on PSF will be an asset, yet 488 

will require even larger scale PSF tests than in our study. Nevertheless, our dataset allowed us 489 

to test small SEM models which revealed that SRL did not directly affect PSF but acted rather 490 

indirectly on PSF via %AMF colonization. Furthermore, the use of plant traits to predict PSF 491 

effects may be applied to the plant intraspecific level as well, as considerable intraspecific 492 

variation exists for both plant trait values and PSF effects (Schweitzer et al. 2014). This 493 

approach would require independent trials of soil conditioning and plant biomass responses, 494 

along with the determination of plant traits in the different trials.  495 

   In conclusion, our results show that explorative plant species (high SRL, low %AMF 496 

colonization) suffer most from negative feedback of all soil biota, whereas more resource 497 

conservative species (low SRL, high %AMF colonization) benefit from feedback of all soil 498 

biota. This coupling of plant traits to PSF across a wide range of grassland species is a step 499 

towards making PSF effects more predictable and more connected to plant ecological strategy 500 

theory (e.g., Grime 1977) and plant successional dynamics. Moreover we found that  plant 501 

species from all plant FGs show enhanced growth in soil from other species because of less 502 

net negative effects of soil biota (in graminoids) or because of more net positive soil biota 503 

effects (in tall herbs). All together these findings are of direct relevance to biodiversity-504 

ecosystem functioning relations beyond pathogen dilution alone (Maron et al. 2011; Schnitzer 505 

et al. 2011) as they demonstrate that there is potentially a larger role for species with positive 506 

feedback than for species with negative feedback to contribute to plant community 507 

productivity over time. 508 
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 703 

Figures 704 

Figure 1.  Principal component analysis (PCA) of the plant traits specific root length (SRL), 705 

specific leaf area (SLA), relative growth rate (RGR), percent AMF colonization in own soil 706 

(AMF own) and away soil (AMF away) of the different plant species.  Symbol legend: circles 707 

white= graminoids, grey = legumes, black= tall herbs, triangles= small herbs. The number 708 

indicates the species as listed in Suppl. Table 1. 709 

Figure 2. (a) PSFsterilized and (b) PSFaway of the 48 study species. PSFsterilized = 710 

log(biomass in own soil) - log(biomass in sterilized soil); PSFaway = log(biomass in own 711 

soil) - log(biomass in away soil). Bars are means + 1 SE, n= 8, label numbers (1-48) indicate 712 

the species ranking according to their PSFsterilized, from most negative to most positive (for 713 

species full names see Suppl. Table 1). Overall effects across species are (a) neutral relative to 714 

sterilized soil and (b) negative across species in away soil. 715 

Figure 3. PSF values in relation to (a) PSF type (PSFsterilized or PSFaway) and plant 716 

functional group (graminoids, legumes, small herbs, tall herbs), to (b) SRL and to (c) %AMF 717 

colonization in own soil. Bars are means + 1 SE, n= 11 for graminoids and legumes, n= 8 for 718 

small herbs, n= 17 for tall herbs; correlation with SRL is based on the average SRL per 719 

species across 47 species (the species missing compared to Fig. 2 is Campanula patula). 720 

Correlation with %AMF is based on the average %AMF colonization per species across the 721 

27 species for which %AMF was quantified. PSF in panel (b) and (c) comprises both PSF 722 

types.   723 

Figure 4. Structural equation models of direct and indirect interactions between SRL, %AMF 724 

colonization in away soil and (a) PSFaway and (b) PSFsterilized; and (c) the most 725 

parsimonious model (according to AIC) explaining PSFsterilized: simple regression with 726 

%AMF colonization in away soil. Grey arrows indicate non-significant relations (ns), black 727 

arrows indicate significant relations with * P< 0.05, *** P< 0.001. 728 

Suppl. Figure 1.  Relation between %AMF colonization of plants grown in own soil and in 729 

away soil, n= 27. 730 
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Suppl. Figure 2.   Average plant biomass across all species in response to own, away and 731 

sterilized soil inoculum. Bars are means + 1 SE, n= 375. Different letters indicate treatments 732 

are significantly different (P< 0.05). 733 

Suppl. Figure 3.   PSF values across the species in which AMF colonization was determined 734 

in relation to PSF type (PSFsterilized or PSFaway) and plant functional group (graminoids, 735 

legumes, small herbs, tall herbs). 736 

Suppl. Table 1. Plant species names: abbreviations, full Latin name and plant functional 737 

group FG: Gr= graminoid, Sh= small herb, Th= Tall herb, Lg= legume. Rank number 738 

indicates the species ranking according to their PSFsterilized, from most negative to most 739 

positive as shown in Figure 2. In bold the species in which %AMF colonization in roots 740 

grown in own and away soil was quantified. 741 

Suppl. Table 2. Loadings of the factors on the first two principal component axes.  742 

Suppl. Table 3. Average plant biomass (g dw + 1 SE) per plant species grown in own soil 743 

(Own), soil of all species (Away) and in sterilized soil (Sterilized). 744 

Suppl. Table 4. General linear model testing effects of PSF type, plant functional group (FG), 745 

their interaction and the plant traits SLA, RGR, SRL on PSF values.  746 

Suppl. Table 5. General linear model effects of PSF type, plant FG, their interaction and of 747 

plant traits SRL, SLA, RGR, %AMF colonization in own soil (AMF own) on PSF values.  748 
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Fig. 3abc 792 

(b)

(a)

R² = 0.19

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

0 200 400 600 800 1000 1200 1400 16000

P
S

F

SRL (m g-1 dw)

R² = 0.24

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

0 5 10 15 20 25 30

P
S

F

AMF% colonization in own soil

(c)

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

graminoids legumes small herbs tall herbs

P
S

F

PSF away

PSF sterilized



29 
 

 793 

 794 
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Supplementary Table 1 839 

Short 

name 
Species full name 

 

FG 

rank 

nr 

Short 

name 
Species full name 

 

FG 

rank 

nr 

Ach mil Achillea millefolium Th 16 Ono vic Onobrychis viciifolia Lg 17 

Ant odo Anthoxanthum odoratum Gr 5 Pas sat Pastinaca sativa Th 35 

Bel per Bellis perennis Sh 18 Phl pra Phleum pratense Gr 26 

Bro ere Bromus erectus Gr 8 Pim maj Pimpinella major Th 42 

Bro hor Bromus hordeaceus Gr 20 Pla lan Plantago lanceolata Sh 24 

Cam pat Campanula patula Th 3 Pla med Pla media Sh 6 

Car car Carum carvi  Th 40 Poa pra Poa pratensis Gr 2 

Car pra Cardamine pratensis  Th 4 Poa tri Poa trivialis Gr 13 

Cen jac Centaurea jacea Th 32 Pru vul Prunella vulgaris Sh 38 

Cir ole Cirsium oleraceum Th 30 Ran acr  Ranunculus acris Th 7 

Cre bie Crepis biennis Th 46 Rum ace Rumex acetosa Th 28 

Dac glo Dactylis glomerata Gr 14 San off Sanguisorba officinalis Th 48 

Dau car Daucus carota Th 37 Tar off Taraxacum officinale Sh 31 

Fes pra Festuca pratensis Gr 15 Tra pra Tragopogon pratensis Th 44 

Fes rub Festuca rubra Gr 9 Tri cam   Trifolium campestre Lg 34 

Gal mol Galium mollugo Th 41 Tri dub   Trifolium dubium Lg 10 

Ger pra Geranium pratense Th 47 Tri fla Trisetum flavescens Gr 1 

Hol lan Holcus lanatus Gr 12 Tri hyb Trifolium hybridum Lg 19 

Kna arv Knautia arvensis Th 39 Tri pra Trifolium pratense Lg 27 

Lat pra Lathyrus pratensis Lg 43 Tri rep Trifolium repens Lg 25 

Leo aut Leontodon autumnalis Sh 36 Ver cha Veronica chamaedrys Sh 11 

Leo his Leontodon hispidus Sh 21 Vic cra   Vicia cracca Lg 29 

Leu vul Leucanthemum vulgare Th 23     

Lot cor Lotus corniculatus Lg 22     

Med lup Medicago lupulina Lg 45     

Med var Medicago varia Lg 33     

 840 

 841 

 842 

 843 

 844 
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Supplementary Table 2  845 

Trait Loading on axis 1 Loading on axis 2 

SRL - 0.766 - 0.334 

RGR - 0.360 - 0.380 

SLA - 0.147 - 0.821 

AMF own   0.938 - 0.253 

AMF away   0.901 - 0.307 

 846 

 847 

 848 

 849 

 850 

 851 

 852 

 853 

 854 

 855 

 856 

 857 

 858 

 859 

 860 

 861 

 862 

 863 



35 
 

Supplementary Table 3 864 

Short 

name Own Away Sterilized 

Short 

name Own Away Sterilized 

Ach mil 0.99 + 0.11 1.16 + 0.15 1.32 + 0.14  Ono vic 0.65 + 0.10 0.60 + 0.09 0.79 + 0.13 

Ant odo 0.96 + 0.08 1.14 + 0.15 1.76 + 0.25 Pas sat 1.27 + 0.19 1.23 + 0.16 0.95 + 0.16 

Bel per 0.74 + 0.11 0.86 + 0.11 0.93 + 0.11 Phl pra 1.29 + 0.25 0.99 + 0.17 1.39 + 0.23 

Bro ere 0.82 + 0.09 1.03 + 0.11 1.43 + 0.23 Pim maj 0.97 + 0.14 0.94 + 0.16 1.04 + 0.30 

Bro hor 1.58 + 0.20 1.69 + 0.25 1.86 + 0.22 Pla lan 1.99 + 0.22 1.90 + 0.22 2.16 + 0.19 

Cam pat 0.44 + 0.13 0.45 + 0.08 0.90 + 0.18 Pla med 1.03 + 0.22 1.35 + 0.14 1.60 + 0.19 

Car car 0.27 + 0.06 0.46 + 0.09 0.27 + 0.08 Poa pra 0.57 + 0.12 0.79 + 0.14 1.19 + 0.20 

Car pra 0.48 + 0.15 0.41 + 0.12 0.73 + 0.16 Poa tri 1.43 + 0.33 1.43 + 0.23 1.95 + 0.33 

Cen jac 1.40 + 0.20 1.53 + 0.19 1.42 + 0.21 Pru vul 1.51 + 0.26 1.61 + 0.22 1.50 + 0.34 

Cir ole 2.24 + 0.28 2.25 + 0.24 2.29 + 0.32 Ran acr  0.36 + 0.11 0.45 + 0.13 0.53 + 0.12 

Cre bie 2.03 + 0.24 1.74 + 0.21 1.30 + 0.28 Rum ace 2.30 + 0.27 2.14 + 0.20 2.34 + 0.22 

Dac glo 1.78 + 0.21 2.04 + 0.22 2.53 + 0.14 San off 0.61 + 0.12 0.57 + 0.12 0.33 + 0.07 

Dau car 1.36 + 0.17 1.48 + 0.22 1.21 + 0.14 Tar off 1.92 + 0.21 2.17 + 0.14 1.99 + 0.29 

Fes pra 1.09 + 0.10 1.50 + 0.21 1.50 + 0.12 Tra pra 1.06 + 0.08 0.95 + 0.08 0.86 + 0.09 

Fes rub 0.65 + 0.08 0.79 + 0.13 1.01 + 0.13 Tri cam   0.59 + 0.09 0.77 + 0.09 0.58 + 0.13 

Gal mol 0.93 + 0.08 1.17 + 0.17 1.32 + 0.59 Tri dub   0.62 + 0.14 0.71 + 0.11 0.91 + 0.18 

Ger pra 1.50 + 0.26 1.21 + 0.26 0.82 + 0.15 Tri fla 0.93 + 0.22 0.71 + 0.12 1.30 + 0.22 

Hol lan 1.55 + 0.22 1.36 + 0.19 1.98 + 0.25 Tri hyb 1.17 + 0.16 1.18 + 0.12 1.36 + 0.15 

Kna arv 2.19 + 0.24 2.09 + 0.24 1.97 + 0.27 Tri pra 1.18 + 0.11 1.43 + 0.16 1.25 + 0.13 

Lat pra 0.82 + 0.12 0.80 + 0.11 0.81 + 0.21 Tri rep 1.12 + 0.17 1.03 + 0.14 1.22 + 0.18 

Leo aut 1.84 + 0.17 1.71 + 0.15 1.72 + 0.18 Ver cha 0.83 + 0.18 0.84 + 0.12 1.15 + 0.14 

Leo his 1.61 + 0.28 1.92 + 0.17 1.73 + 0.24 Vic cra   1.28 + 0.18 1.18 + 0.16 1.27 + 0.14 

Leu vul 1.57 + 0.17 1.65 + 0.20 1.83 + 0.26     

Lot cor 0.67 + 0.10 0.69 + 0.12 0.76 + 0.12     

Med lup 1.48 + 0.23 1.71 + 0.16 1.27 + 0.27     

Med var 1.03 + 0.19 1.38 + 0.19 1.09 + 0.18     

 865 
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 868 
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Supplementary Table 4 General linear model testing effects of PSF type, plant functional 870 

group (FG), their interaction and the plant traits SLA, RGR, SRL as co-variables on PSF 871 

values. Model with co-variables (top table) and without co-variables (bottom table); note 872 

higher R
2
 adjusted in the model with co-variables. 873 

Source Type III SS df Mean Square F P 

Corrected model 2.491 10 0.249 5.350 0.000 

Intercept 0.001 1 0.001 0.023 0.880 

PSF type 0.021 1 0.021 0.452 0.503 

FG 0.428 3 0.143 3.066 0.033 

PSFtype x FG 0.797 3 0.266 5.705 0.001 

SRL 0.594 1 0.594 12.765 0.001 

SLA 0.005 1 0.005 0.100 0.752 

RGR 0.008 1 0.008 0.165 0.685 

Error 3.772 81 0.047   

Total 7.346 92    

Corrected total 6.263 91    

R
2
= 0.398 (adjusted R

2
= 0.323) 874 

Source Type III SS df Mean Square F P 

Corrected model 1.909 7 0.249 5.350 0.000 

Intercept 1.237 1 0.001 0.023 0.880 

PSF type 0.022 1 0.021 0.452 0.503 

FG 1.098 3 0.143 3.066 0.033 

PSFtype x FG 0.810 3 0.266 5.705 0.001 

Error 4.484 86 0.047   

Total 7.396 94    

Corrected total 6.393 93    

R
2
= 0.299 (adjusted R

2
= 0.241) 875 

 876 
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 878 



37 
 

Supplementary Table 5 General linear model testing effects of PSF type, plant functional 879 

group (FG), their interaction and the plant traits SLA, RGR, %AMF colonization in own soil 880 

(AMF own) on PSF values. Model with co-variables (top table) and without co-variables 881 

(bottom table); note higher R
2
 adjusted in the model with co-variables. 882 

Source Type III SS df Mean Square F P 

Corrected model 1.512 11 0.137 4.969 0.000 

Intercept 0.044 1 0.044 1.589 0.214 

PSF type 0.001 1 0.001 0.033 0.857 

FG 0.529 3 0.176 6.371 0.001 

PSFtype x FG 0.285 3 0.095 3.435 0.025 

SRL 0.013 1 0.013 0.484 0.490 

AMF own 0.181 1 0.181 6.538 0.014 

SLA 0.006 1 0.006 0.210 0.649 

RGR 0.022 1 0.022 0.780 0.382 

Error 1.162 42 0.028   

Total 2.881 54    

Corrected total 2.674 53    

R
2
= 0.565 (adjusted R

2
= 0.452) 883 

Source Type III SS df Mean Square F P 

Corrected model 1.025 7 0.146 4.083 0.001 

Intercept 0.282 1 0.282 7.856 0.007 

PSF type 0.001 1 0.001 0.025 0.874 

FG 0.726 3 0.242 6.750 0.001 

PSFtype x FG 0.285 3 0.095 2.650 0.060 

Error 1.650 46 0.036   

Total 2.881 54    

Corrected total 2.674 53    

R
2
= 0.383 (adjusted R

2
= 0.289) 884 

 885 


