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Abstract 17 
 18 

Aims Plants can influence the level of herbivory experienced by neighboring plants. The 19 

importance of such belowground associational effects are poorly understood. In this study we 20 

examine whether Jacobaea vulgaris provides associational resistance against nematodes to 21 

neighboring plants. 22 

Methods Thirteen species (6 forbs, 3 grasses and 4 legumes) were each grown in mixtures 23 

with J. vulgaris and in monocultures. A nematode community was introduced to half of the 24 

pots. After 12 weeks, plant dry mass was assessed for each individual plant in each pot, and 25 

the number of nematodes in the soil and roots were identified. We then examined for each 26 

plant species its performance in mixtures and in monocultures, in presence and absence of 27 

nematodes and analyzed the abundance and composition of nematodes. 28 

Results Forbs produced more, grasses similar, and legumes less biomass in mixtures with J. 29 

vulgaris than in monocultures. Nematode addition did not influence biomass. There were 30 

fewer root-feeding nematodes in the soil in mixtures than in monocultures, but this was only 31 

true for plants that were good hosts for nematodes. The community composition of soil 32 

nematodes was different in monocultures and mixtures. Densities of migratory endoparasitic 33 

nematodes in the roots of neighboring plants were lower in mixtures than in monocultures. 34 

Moreover, the presence of nematodes changed the outcome of plant-plant interactions, often 35 

in favor of J. vulgaris. 36 

Conclusions Jacobaea vulgaris provides belowground associational resistance to other plants 37 

against migratory endoparasitic nematodes, and the presence of nematodes can change the 38 

outcome of plant-plant interactions. 39 

Keywords Jacobaea vulgaris, Associational resistance, Belowground herbivores, Nematodes, 40 

Plant-plant interactions 41 
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Introduction 42 

Understanding how plants interact with neighboring plants and with their attackers below and 43 

aboveground has been a focal topic of research for ecologists for many years (Rees and 44 

Brown 1992; Rasmann and Agrawal 2008; Johnson et al. 2016b). Plants compete for 45 

nutrients, light and space, and plant species differ greatly in how they use these resources, and 46 

hence also in their impact on the availability of resources for competing plants. Plants can 47 

also impact the colonization by antagonists such as herbivores or the amount of damage 48 

caused by these antagonists on other plants. These effects are called associational resistance 49 

or susceptibility depending on whether the focal plant experiences less or more herbivory in 50 

the presence of the neighbor (Tahvanainen and Root 1972; White and Andow 2006; Barbosa 51 

et al. 2009; Underwood et al. 2014). There are many examples of associational resistance 52 

against aboveground herbivores (Underwood et al. 2014). However, if and how neighboring 53 

plants influence the susceptibility or resistance of a focal plant to belowground herbivory is 54 

not well known (Kos et al. 2015; Jing et al. 2015b). 55 

 56 

In the presence of belowground herbivory, associational resistance or susceptibility can arise 57 

from a variety of mechanisms. Root herbivory on a neighboring plant can increase the 58 

emission of volatiles of this plant and exposure to these volatiles can increase the 59 

susceptibility of a focal plant to root herbivores (Huang et al. 2019; Voglar et al. 2019). 60 

Alternatively, neighboring plants may also repel root herbivores or reduce their growth rates 61 

and this can result in a release from herbivory on the roots of the focal plant. This is 62 

particularly relevant for plants with high contents of allelochemicals in the roots such as the 63 

plant Jacobaea vulgaris that exhibits high root pyrrolizidine alkaloid concentrations 64 

(Kostenko et al. 2013). Several studies have shown that these pyrrolizidine alkaloids 65 

negatively affect root-feeding nematodes (Thoden et al. 2009a, b; van de Voorde et al. 2012; 66 
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Harkes et al. 2017). However, it is not known if this has further consequences for nearby focal 67 

plants via associational resistance. 68 

 69 

Neighboring plants can also greatly influence the performance of a focal plant via competition 70 

(Hodge et al. 1999; Craine et al. 2002; Hautier et al. 2009). Besides competition for resources 71 

or space, plant-plant interactions can also arise from interactions between plants and 72 

aboveground or soil-dwelling herbivores (Scheublin et al. 2007; Jing et al. 2015a; Cardinaux 73 

et al. 2018). While many studies have examined how foliar herbivores alter the outcome of 74 

plant-plant interactions (Rees and Brown 1992; Ramsell et al. 1993; Haag et al. 2004), the 75 

impact of belowground herbivory are less well studied. Previous studies have shown that root 76 

herbivores can relax the negative competitive effect experienced by competitively inferior 77 

species simply because root herbivores encounter and feed on the dominant species more 78 

often (Verschoor et al. 2002; Niemelä et al. 2008; Oduor et al. 2015, 2017; Wang et al. 2019). 79 

We, therefore predict that the competitive advantage of a focal species when growing with a 80 

heterospecific neighbor will be reduced in presence of root herbivores. 81 

 82 

Nematodes inhabit virtually all soils and root-feeding nematodes are among the most 83 

damaging root herbivores with an associated cost of more than $200 billion annually in 84 

agriculture (Brinkman et al. 2005; Elhady et al. 2018). Root-feeding nematodes can be highly 85 

specialized and show considerably variance in preference on different plant species (De Deyn 86 

et al. 2004; Brinkman et al. 2015). Jacobaea vulgaris is considered a poor host for nematodes. 87 

Many sedentary endoparasitic nematodes (e.g. Meloidogyne hapla and Subanguina picridis) 88 

cannot reproduce on J. vulgaris (Thoden et al. 2009; Thoden and Boppré 2010; Harkes et al. 89 

2017). In a previous study, only Pratylenchus crenatus (a migratory endoparasitic nematode 90 

species) and root-associated nematodes from the genus Filenchus were found to be associated 91 
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with the roots of J. vulgaris growing in the field. This also indicates that this plant species is a 92 

poor host for other root-feeding nematodes as there are other root-feeding nematode species 93 

found underneath other plant species in the same soil (Van de Voorde et al. 2012). If the 94 

presence of J. vulgaris increases nematode mortality or deters root feeding nematodes, 95 

growing together with J. vulgaris may lead to reduced nematode pressure on other plants. 96 

However, this will also depend on how susceptible the focal plant itself is to nematodes as all 97 

nematodes may then prefer to feed on the focal plant resulting in more damage than when the 98 

focal plant competes with a conspecific neighbor. 99 

 100 

In this study, we examine associational resistance against root-feeding nematodes implied by 101 

J. vulgaris to a range of plant species. We performed a greenhouse experiment with 13 102 

grassland species planted each in monocultures and in mixtures with J. vulgaris. All plant 103 

species co-occur in the grasslands where the nematodes were collected from. The plants were 104 

grown in sterilized soil and half of the pots were inoculated with a nematode community that 105 

contained a high density of root-feeding nematodes. Jacobaea vulgaris is often considered a 106 

poor competitor (Jing et al. 2015b; Kostenko et al. 2016). The plant contains pyrrolizidine 107 

alkaloids (PAs), a well-studied group of secondary plant compounds that play an important 108 

role in plant–insect and plant-soil interactions (Hol et al. 2004; Macel 2011; Kostenko et al. 109 

2013). Other work with some of the studied plant species and the same soil, showed that 110 

root-feeding nematodes are found in high densities on the legume, Lotus corniculatus, and in 111 

lower densities on the two grasses (Anthoxanthum odoratum and Festuca rubra) and the three 112 

forbs (Plantago lanceolata, Tanacetum vulgare and Leucanthemum vulgare) (Bezemer et al. 113 

2010). We hypothesized that (i) The other plants produce more biomass when they are grown 114 

with J. vulgaris than with conspecific individuals but that this effect will be strongest in 115 

absence of nematodes; (ii) Densities of root-feeding nematodes in the soil will be lower in 116 
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mixtures with J. vulgaris than in monocultures of the other species. Further, densities of 117 

root-feeding nematodes in soils of mixtures can be predicted by those in the soils of 118 

monocultures; (iii) The density of root-feeding nematodes inside the roots of the other species 119 

will be lower in mixtures with J. vulgaris than in monocultures, but only for plants that are 120 

susceptible to nematodes i.e. that are good hosts; (iv) The presence of nematodes will reduce 121 

the competitive advantage of other species when growing with J. vulgaris, since J. vulgaris is 122 

an competitively inferior species and nematodes will feed preferentially on the roots of other 123 

species. 124 

 125 

 126 

Materials and methods 127 

Plants 128 

Jacobaea vulgaris Geartn. subs. vulgaris (syn. Senecio Jacobaea L.; Asteracaea) is a 129 

monocarpic perennial that is native in Europe (Harper and Wood 1957). It is a weak 130 

competitor (Jing et al. 2015b) but can be highly abundant locally when the soil is disturbed or 131 

bare (van de Voorde et al. 2012). Seeds of J. vulgaris were collected from a population in a 132 

natural grassland area, “De Mossel”, at Planken Wambuis, Ede, The Netherlands (52.06 N, 133 

5.75 E).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       134 

 135 

Thirteen plant species that all co-occur with J. vulgaris in natural grasslands in the 136 

Netherlands were used in this study: three grasses (Anthoxanthum odoratum L., Agrostis 137 

capillaris L., Festuca rubra L.), six forbs (Achillea millefolium L., Hypochaeris radicata L., 138 

Leucanthemum vulgare Lamb., Plantago lanceolata L., Tanacetum vulgare L., 139 

Tripleurospermum maritimum (L.) Koch) and four legumes (Lotus corniculatus L., Trifolium 140 

arvense L., Trifolium pratense L., Trifolium repens L.). Seeds of these 13 species were 141 
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purchased from Cruydt-Hoeck (Nijeberkoop, The Netherlands), a supplier of seeds obtained 142 

from wild plants. Seeds from all species were sterilized (1 min in 2.5% sodium hypochlorite 143 

solution and rinsed with water afterwards), and germinated in containers (10 × 10 ×4 cm) 144 

filled with a layer of sterilized glass beads submerged in water and in a climate chamber at 145 

16/8 h light-dark regime and a 20/15 °C temperature regime. After germination (c. one to two 146 

weeks later depending on the species), seedlings were stored at 4 °C until further use. 147 

 148 

Nematode collection 149 

Nematodes were extracted from 20 kg of soil collected at a grassland adjacent to the campus 150 

of Wageningen University (Bornsesteeg, Wageningen) which is known to have a high density 151 

of root-feeding nematodes in late April (the start of the growth season of plants), using the 152 

Cobbs’ decantation and sieving method (1 × 180 mm, followed by 1 × 75 mm, and 3 × 45 153 

mm). We collected the nematodes from the 75-mm and 45-mm sieves. The total density of 154 

root-feeding nematodes was counted in two 2 ml samples and was on average 456. 155 

 156 

Greenhouse experiment 157 

Top soil was collected from the natural grassland area “De Mossel”. The soil is a holt podzol, 158 

sandy loam (94% sand, 4% silt, 2% clay, and 4% organic matter). The soil was sieved (0.5 cm 159 

mesh) to remove pebbles and large root fragments, homogenized and sterilized using gamma 160 

irradiation (>25 Kgray, Isotron, Ede, The Netherlands). Pots (13 × 13 × 13 cm) were filled 161 

with 2 kg sterilized soil. Soil moisture was set at 17%. For each of the 13 co-occurring 162 

species, pots were then planted with 4 seedlings of a single species (monoculture) or with two 163 

individuals of a species and two individuals of J. vulgaris (mixture). Jacobaea vulgaris was 164 

also planted in monocultures. There were 10 replicate pots for each combination and in total 165 

270 pots (14 monocultures × 10 replicates + 13 mixtures × 10 replicates). All pots were then 166 
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placed in a greenhouse compartment (60% relative humidity; 16 h light (20°C) and 8 h dark 167 

(16°C) photo regime). Natural day-light was supplemented by 400 W metal halide lamps (225 168 

mmol m–2 s–1 PAR, 1 lamp per 1.5 m2). To minimize the effects of local differences in 169 

microclimate in the greenhouse, pots were randomly placed on trolleys in the greenhouse and 170 

the trolleys were randomly redistributed within the greenhouse once a week. Seedlings that 171 

died during the first week of the experiment were replaced. Twenty-eight days after planting, 172 

nematodes were added to five of the ten replicate pots of each treatment. Into each pot, at two 173 

positions 1 ml nematode suspension was injected into the soil with a pipette. The other five 174 

replicate pots received 2 × 1 ml tap water. 175 

 176 

Plants were watered regularly, and soil moisture was reset to 17% once a week. Fifty-four 177 

days after nematode inoculation (12 weeks after planting) three soil cores (0.5 cm diameter) 178 

were collected from each pot. The soil was homogenized so that there was one soil sample for 179 

each pot. In pots with plant mixtures the two other plants were first clipped individually at 180 

soil level and stored in separate paper bags. Soil was then removed from each pot and the 181 

roots were washed. Subsamples from roots of each species were collected from all pots to be 182 

used for nematode extraction (see below). In mixtures, roots of the two species were separated 183 

(the shoots of J. vulgaris plants were still attached to the roots). Hereafter, the two J. vulgaris 184 

shoots were clipped and stored individually in paper bags. We were not able to separate the 185 

roots of both species entirely, and hence for each pot all roots were collected at once, and only 186 

data on total root biomass is available. All plant material was then dried at 60 ˚C and dry 187 

weight was determined. 188 

 189 

Nematode extraction 190 
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For pots with soil where nematodes had been inoculated, the nematodes were extracted from 191 

the soil and from the root sample. Extractions of three pots with soil without nematode 192 

addition revealed that no nematodes were found in these pots. From each homogenized soil 193 

sample from each pot, nematodes were extracted from 70 g of soil by Oostenbrink elutriators 194 

(Oostenbrink 1960). All nematodes present in 3 ml (of a total of 10 ml) were then identified to 195 

suborder or family level (Bongers 1988; see Table S1 for details). We distinguished 196 

nematodes as plant feeders, bacterivores, fungivores, carnivores and omnivores based on 197 

Yeates et al. (1993). For each pot where nematodes had been inoculated, the number of 198 

nematodes belonging to each feeding guild per 100 g soil was then calculated. 199 

 200 

Nematodes from root samples were extracted from approximately 0.6 g dry weight of roots 201 

using a mistifier and an extraction time of 48 h. All nematodes were then identified, and root 202 

dry weight of each sample was determined. For pots with monocultures there was one root 203 

sample per pot and for pots with mixtures, nematodes were extracted from the roots of both 204 

species separately. The number of plant feeders and bacterivores per gram root were 205 

determined. Fungivores were not and omnivores rarely observed in the root samples, therefore 206 

they were excluded from analyses (see Table S2). Meanwhile, root-feeding nematodes in the 207 

soil and in the roots were categorized into feeding guilds based on Yeates et al. (1993) (see 208 

Table S3). After extraction, root samples were dried at 60 ˚C and the biomass was added to 209 

the total root biomass of the pot. 210 

 211 

Data analysis and statistics 212 

Plant dry mass: Individual shoot dry mass per plant species and total root dry mass per pot 213 

was calculated. During the experiment, in 17 pots one or more plants died and these pots were 214 

excluded from the analyses (see table S4 for details). The effect of nematode addition (yes/no) 215 
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and whether the species was grown in monoculture or in mixture with J. vulgaris (mixture, 216 

hereafter) on shoot dry mass of the other species was tested with three-way ANOVA with 217 

competing species (13 levels), mixture (monoculture/mixture) and nematode addition (yes/no) 218 

as main factors. The effect of plant functional groups (grasses, forbs, legumes), mixture with 219 

J. vulgaris, nematodes addition and their interactions on the shoot dry mass was tested with a 220 

linear mixed effect model with species as random effect. A Tukey’s post hoc test was used for 221 

pair-wise comparisons for each species and functional group. 222 

 223 

The shoot dry mass of J. vulgaris in presence and absence of nematodes was analyzed 224 

separately for plants in monoculture and mixtures using two-way ANOVA with nematode 225 

addition (yes/no) and competing species (14 levels) as main factors. A Dunnett post-hoc test 226 

was then used to compare individual shoot biomass of J. vulgaris in mixtures and 227 

monocultures. All ANOVA was carried out with the “aov” function and the post-hoc test was 228 

performed using the “glht” function with the “multcomp” package (Hothorn et al. 2008). 229 

 230 

Linear mixed models were used to test the effect of the functional group the competing 231 

species belonged to, nematodes addition and their interaction on J. vulgaris biomass. In this 232 

analysis, species identity was added as random effect. The same analysis was carried out for 233 

total root dry mass per pot. In all analyses, residuals were checked for homogeneity of 234 

variance using a Levene’s test and normality by a Shapiro Wilk test. Root dry weight was 235 

square root transformed to fulfil requirements of normality. Linear mixed models were 236 

performed using the “lme” function with the “nlme” package (Pinheiro et al. 2019). The 237 

Levene’s test and Shapiro Wilk test were performed using the “levene_test” and 238 

“shapiro_test” function with the “rstatix” package (Kassambara, 2021). 239 

 240 

https://www.rdocumentation.org/packages/rstatix/versions/0.6.0
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Nematode densities: The effects of competing species (13 levels), mixture with J. vulgaris 241 

(monoculture / mixture) and their interaction, on the number of soil nematodes and root 242 

nematodes (different groups of plant feeders and bacterivores) were tested using generalized 243 

linear models with a negative binomial distribution. Generalized linear mixed models, with a 244 

negative binomial distribution and species as random effect, were used to test the effect of the 245 

functional group the other species belonged to, mixture with J. vulgaris (monoculture / 246 

mixture), and their interaction on the number of soil nematodes and root nematodes (plant 247 

feeders and bacterivores). Significance of factors was assessed by comparing models with and 248 

without the factor using a Chi-squared Likelihood Ratio (LR) test on the residual deviance. A 249 

Tukey’s post hoc test was used for pair-wise comparisons between monocultures and 250 

mixtures for each species and functional group. To examine the effects of species identity on 251 

the number of plant feeders and bacterivores of J. vulgaris, a generalized linear model with a 252 

negative binomial distribution with species as the fixed effect (14 levels, including J. 253 

vulgaris) was used. Significance of the factor was assessed as described above. A Dunnett 254 

post-hoc test was then used to compare nematodes in root tissues of J. vulgaris growing in 255 

mixtures and monoculture. Generalized linear mixed models with a negative binomial 256 

distribution were performed using the “glm.nb” function with the “MASS” package 257 

(Venables and Ripley et al. 2002). 258 

 259 

Nematodes composition: Unconstrained principal component analysis (PCA) and constrained 260 

redundancy analysis (RDA) were used to analyze soil nematode composition with Hellinger 261 

transformed count data (Legendre and Gallagher 2001). The PCA analysis was performed 262 

using the “prcomp” function. In order to test whether changes in the community composition 263 

of nematodes could be explained by species, mixture or their interaction, we conducted 264 

constrained redundancy analysis (RDA), a permutational multivariate analysis of variance 265 
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(PERMANOVA, 999 permutations) and variance partitioning. The RDA, permutational 266 

multivariate analysis and variance partitioning were carried out with the “rda”, “adonis” and 267 

“varpart” function with the “vegan” package (Oksanen et al. 2019). 268 

 269 

To examine whether the number of nematodes in the soil in mixtures could be predicted from 270 

the densities in monocultures, we used the following formula for each species combination: 271 

 272 

N = No × SOmix / SOmono + Nj × SJmix / SJmono
 [1] 273 

 274 

Where N represents the predicted number of root feeders or bacterivores in soil; No and Nj the 275 

mean number of plant feeders or bacterivores in the soil in the monocultures of the other 276 

species and J. vulgaris respectively; SOmono and SOmix the mean shoot biomass of other 277 

species in monocultures and mixtures respectively; and SJmono and SJmix the mean shoot 278 

biomass of J. vulgaris in monocultures and mixtures. We also predicted the number of 279 

nematodes in the soil using the following formula: 280 

 281 

N = No × 0.5 + Nj × 0.5 [2] 282 

 283 

In this formula, the predicted number of soil nematodes (N) in mixtures was determined based 284 

on an equal contribution of both species in the mixtures. Linear regression (based on mean 285 

values per species) was then used to analyze the relationship between the observed and 286 

predicted number of nematodes. 287 

 288 

Plant-plant interactions: To test whether the presence of nematodes altered plant-plant 289 

interactions, the relative interaction intensity (RII, hereafter) was calculated for each species 290 
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separately for pots with and without nematode addition (Armas et al. 2004). We used the 291 

following formula to calculate RII: 292 

 293 

RII = (BW - B0) / (BW + B0) [3] 294 

 295 

Where BW and B0 represent the individual shoot biomass in mixture and in monoculture of 296 

plant species. Bw can be seen as a function of the interaction factor which is  × B0. 297 

Therefore the formula of RII can be converted to: 298 

 299 

RII = (BW - B0) / (BW + B0) = ( × B0 - B0) / ( × B0 + B0) = ( - 1) / ( + 1) [4] 300 

 301 

Thus, RII only depends on the interaction factor . If  < 0 (RII < 0), competition occurs, 302 

while  > 0 (RII > 0) facilitation occurs. When  = 1 (RII = 0), the interaction outcome is 303 

neutral (Armas et al. 2004). Linear regression (based on mean values per species) was then 304 

used to examine the relationship between J. vulgaris and the other species. Differences in 305 

slopes and intercepts of regressions for the two relationships (with and without nematodes 306 

addition) were examined using a t-test. A paired t-test was performed to examine the effects 307 

of nematode addition on RII of the other plant species and on J. vulgaris. The linear 308 

regression analysis and the paired t-test were performed using the “lm” and “t.test” function. 309 

 310 

All analyses were performed using the R statistical language, version 4.0.2 (R Core Team 311 

2020). 312 

 313 

 314 

Results 315 
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 316 

Individual shoot biomass 317 

There were no significant main or interaction effects of nematode addition on shoot biomass 318 

(Table 1 and S5, Fig. 1a, S1a and S2a). Individual shoot biomass was significantly influenced 319 

by whether the plants were grown in monocultures or in mixtures with J. vulgaris (Table 1 320 

and S5, Fig. 1a, S1a and S2a). However, this effect was not the same for all species resulting 321 

in a significant interaction between species and mixture (Table 1 and S5). In particular forb 322 

species produced more shoot biomass in pots with mixtures than in monocultures, legumes 323 

produced less shoot biomass, while biomass of grasses did not differ in monocultures and 324 

mixtures (Fig. S1a). 325 

 326 

Individual shoot biomass of J. vulgaris varied significantly depending on which species it was 327 

growing with in the pot, and the functional group the other plants belonged to, and this was 328 

not affected by nematode addition (Table 2 and S6, Fig. 1b, S1b and S2b). Overall, shoot dry 329 

mass was highest in mixtures with legumes (Table S6, Fig. S1b). 330 

 331 

Total root dry mass per pot 332 

Total root biomass per pot differed strongly between monocultures and mixtures and this was 333 

true at species and functional group level (Table 1 and S5, Fig. 1c, S1c and S2c). Overall, 334 

total root biomass was higher in mixtures than in monocultures, but this was particularly so 335 

for legumes, to a lesser extend to forbs, and not true for grasses (Fig. 1c, S1c and S2c). Root 336 

biomass was not affected by nematode addition (Table 1 and S5). 337 

 338 

Soil nematodes 339 
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The number of root-feeding nematodes in the soil varied significantly between plant species 340 

and was highest in grass species (Table 3 and S7, Fig. 2a and S3a). The number of plant 341 

feeders in the soil in J. vulgaris monocultures was low (Fig. 2a). In mixtures with J. vulgaris 342 

there were fewer root-feeding nematodes than in monocultures of the other species but this 343 

was only true for species where the number of root-feeding nematodes was high in 344 

monocultures, resulting in a significant interaction between plant species and the planting 345 

treatment (Table 3, Fig. 2a). Specifically, the numbers of ectoparasitic and migratory 346 

endoparasitic nematodes in the soil were lower in mixtures than in monocultures for species 347 

where the number of these nematodes was high in monocultures (Table 4, Fig. 3a, c). The 348 

number of bacterivores in the soil varied significantly between species but did not differ 349 

significantly between monocultures and mixtures (Table 3, Fig. S4a). The number of plant 350 

feeders in the soil in mixtures was highly positively correlated with the predicted number of 351 

plant feeders in both monocultures, but this was not the case for bacterivores (Fig. 4 and S5). 352 

 353 

The composition of the nematode community in the soil varied between grass, forb and 354 

legume species as depicted in the PCA (Fig. 5). For most of the forb and legume species the 355 

composition varied between monocultures and mixtures (Figure 5b, d). The composition of 356 

nematodes in soil of monocultures and mixtures of grasses and J. vulgaris was relatively 357 

similar. Species identity accounted for 18% (F12, 97 = 3.47, P < 0.001; Table S8) of the total 358 

variation in soil nematode composition, while the mixture treatment explained 3% (F1, 97 = 359 

5.39, P < 0.001; Table S8). 360 

 361 

Root nematodes 362 

The number of root-feeding nematodes associated to the roots of the other species varied 363 

significantly between plant species but did not differ depending on whether the plant was 364 
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growing in monocultures or mixtures (Table 3, Fig. 2b). The number of migratory 365 

endoparasictic nematodes was lower in roots of other species in mixtures than in 366 

monocultures (Table 4, Fig. 3d). The number of bacterivores recovered from the root samples 367 

also differed between species (Table 3, Fig. S4b). For some species, numbers of bacterivores 368 

were higher in monocultures than in mixtures resulting in a significant interaction between 369 

species and planting treatment (Table 3, Fig. S4b). The number of plant feeders in roots of J. 370 

vulgaris did not significantly differ among co-occurring species but the number of 371 

bacterivores recovered from root samples from J. vulgaris plants varied significantly 372 

depending on the identity of the neighboring plants (Table 3, Fig. 2c and S4c). 373 

 374 

Plant-plant interactions 375 

Independent of nematode addition, forbs exhibited a competitive advantage over J. vulgaris, 376 

while this was reversed for legumes (Fig. 6). The slope of the relationship between the RII of 377 

J. vulgaris and that of the other species did not differ between pots with or without nematodes 378 

(Fig. S6). In general, nematode presence resulted in a significant increase in the RII of J. 379 

vulgaris in mixtures (arrows pointing to the right in Fig. 6) indicating that the relative 380 

competitive ability of J. vulgaris in mixtures increased in presence of nematodes (Table S9). 381 

 382 

Discussion 383 

The aim of this study was to examine whether neighbor plants provide associational resistance 384 

against root-feeding nematodes and how root-feeding nematodes in the soil change plant-plant 385 

interactions. We measured the biomass of individual plants growing in monocultures and in 386 

mixtures, and recorded the number of nematodes in the roots and in the soil. Three main 387 

findings arise from this study. First, the number of migratory endoparasitic nematodes in the 388 

roots of other species is lower in mixtures than in monocultures. And in soil of mixtures with 389 
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plants that are good hosts for nematodes (i.e. where root-feeding nematode densities were 390 

relatively high), the number of the root-feeding nematodes in the soil surrounding the roots is 391 

lower than in soil from monocultures of those species. Second, soil nematodes can change the 392 

outcome of plant-plant interactions, but this is often beneficial to J. vulgaris instead of the 393 

other species. Third, forb individuals produced more biomass, grass biomass did not change 394 

and legume plants produced less biomass when growing in mixtures with J. vulgaris than 395 

with conspecific individuals showing that responses to J. vulgaris differ among functional 396 

groups. Overall, our study provides evidence for belowground associational resistance, and it 397 

shows that the presence of belowground herbivores can change the outcome of plant-plant 398 

interactions. 399 

 400 

Plant competition, not the presence of nematodes, influenced plant biomass with forbs 401 

benefiting from interspecific competition with J. vulgaris, while grasses were not affected and 402 

legumes exhibited the opposite pattern. In our study most forb species benefited from 403 

interspecific competition while legumes suffered in interspecific competition independent of 404 

nematode addition. Jacobaea vulgaris produces a rosette aboveground and has a fibrous root 405 

system (Harper and Wood 1957). Recent evidence has shown that competition can promote 406 

root aggregation of individual plants and this may especially true for species with fibrous 407 

roots which have a higher morphological plasticity in rooting (Fry et al. 2018; Lepik et al. 408 

2020). Other forb species in our study, most of them having tap roots, benefitted from 409 

growing with J. vulgaris instead of intraspecific neighbors. This is because these plants 410 

occupied more belowground space over J. vulgaris than with intraspecific neighbors. Grasses 411 

often have fibrous roots and this is relatively similar to the roots of J. vulgaris, and this may 412 

have resulted in similar competitive abilities in mixtures (Ravenek et al. 2016). This may 413 

explain why the shoot biomass of grass species did not differ in monocultures and mixtures. 414 
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Although for grasses overall there was no significant difference in biomass between mixtures 415 

with J. vulgaris and monocultures, A. odoratum benefitted, while F. rubra suffered in 416 

interspecific competition with J. vulgaris. Previous studies have found that A. odoratum has a 417 

higher root physiological plasticity for acquiring soil nitrogen, while this is not the case for F. 418 

rubra (Fransen et al. 1998, 1999). This may explain why A. odoratum and F. rubra performed 419 

opposite in interspecific competition with J. vulgaris. Legumes, in our study, produced 420 

relatively little root biomass and J. vulgaris benefited from this in the mixtures. Interestingly, 421 

T. maritimum is a forb that also produced relatively little root biomass. However, in mixtures 422 

with T. maritimum, J. vulgaris was not able to benefit from the extra belowground space 423 

and/or resources. We hypothesize that this may be due to allelopathic compounds released in 424 

the soil by T. maritimum or stimulation of specific soil microbes by T. maritimum that hamper 425 

the growth of J. vulgaris, but further studies are needed that examine the mechanisms behind 426 

the competition between these two species. 427 

 428 

The non-significant impact of root-feeding nematodes on plant biomass in our study is 429 

somewhat unexpected and in contrast with other studies (e.g. Kaplan et al. 2008, 2009; de la 430 

Peña et al. 2009). In a study by Brinkman et al. (2005), addition of nematodes significantly 431 

affected shoot and root biomass of the dune grass Ammophila arenaria, but only in the second 432 

year probably when populations had built up to high levels. In our (short-term) study the 433 

populations of nematodes were likely too low to have an impact on plant growth (Piśkiewicz 434 

et al. 2008). Unfortunately, due to space limitation we were limited to use pots that contained 435 

only two kg of soil, and after 3 months pot size limited plant growth and this necessitated 436 

harvesting of the experiment. Further studies should examine the longer-term effects of 437 

nematodes on plant growth and plant-plant interactions. 438 

 439 
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Our study contained a series of plant species that ranged from relatively unsuitable to suitable 440 

for nematodes, as we can conclude from the density of root-feeding nematodes in the plant 441 

roots in monocultures. The numbers of root-feeding nematodes in the soil and in the roots of J. 442 

vulgaris in monoculture were relatively low and other studies have also shown that J. vulgaris 443 

has a negative effect on nematodes (Thoden et al. 2009a, b; Sikder and Vestergård 2020). 444 

Although J. vulgaris is a poor host for nematodes, the presence of J. vulgaris in mixtures did 445 

not significantly reduce nematodes in the roots of the other species when we simply look at 446 

the overall abundance. However, migratory endoparasitic nematodes which contributed the 447 

most (97%, on average of nematodes in the roots), were clearly reduced by the presence of J. 448 

vulgaris. This finding reveals that J. vulgaris provides belowground associational resistance 449 

to other plants against migratory endoparasitic nematodes. This effect was detected for 450 

migratory endoparasitic nematodes, and this may depend on the way that this group of 451 

nematodes interacts with plants. During their life, migratory endoparasitic nematodes retain 452 

their mobility both outside and inside the plant roots, moving from one feeding location to 453 

another within the same root or among roots of different host plants (Moens and Perry, 2009). 454 

The neighboring plant J. vulgaris may mask or delay the migration pattern and host location, 455 

and this may have resulted in a lower abundance of migratory endoparasitic nematodes in the 456 

roots of other species. This was also confirmed by our results on migratory endoparasitic 457 

nematodes in the soil. The numbers of ectoparasitic and migratory endoparasitic nematodes in 458 

the soil were lower in mixtures than in monocultures for some species. The vast majority of 459 

ectoparasitic nematodes was found in the soil, as they stay in soil and feed from outside the 460 

roots. Our study shows that non-host character of J. vulgaris does lead to suppression of 461 

migratory endoparasitic nematodes in roots of neighboring plants and of both ectoparasitic 462 

and migratory endoparasitic nematodes in the soil. Further studies should examine the 463 

mechanism behind this belowground associational resistance in more detail. Interestingly, the 464 
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presence of J. vulgaris changed the structure of the nematode community in the soil for forb 465 

and legume species, but not for grasses. In line with previous studies, we found that 466 

root-feeding nematodes had relatively high densities on grasses even when mixed with a bad 467 

neighboring host (Viketoft et al. 2005). 468 

 469 

Interestingly, in the presence of nematodes plant-plant interactions changed such that overall 470 

it became beneficial to J. vulgaris. Both above- and below-ground herbivory can greatly 471 

influence the outcome of plant competition (Schädler et al. 2007; Kim et al. 2013; Jing et al. 472 

2015b). An earlier study suggests that generalist root herbivores can relax the competitive 473 

asymmetry between two plant species if the root herbivore suppresses the dominant species 474 

more (Borgström et al. 2016). In our study, most of the tested forbs were the dominant species 475 

in mixtures with J. vulgaris. We assume that these forbs also occupied most of the space 476 

belowground, and hence we hypothesize that, although the impact of nematodes overall was 477 

low, the competing species experienced overall more root herbivores than J. vulgaris, and that 478 

this may have benefited J. vulgaris in the mixtures. However, we should notice that J. 479 

vulgaris was the dominant species in mixtures with legumes and that the competitive advance 480 

of J. vulgaris also increased in presence of nematodes in competition with legumes. Several 481 

studies have shown that nematodes can cause substantial damage on roots of legumes (Barker 482 

1998; Davis and Mitchum 2005; Ye et al. 2020) and this was also the case in our study. This 483 

could probably explain the competitive advantage of J. vulgaris in the presence of nematodes 484 

when growing with legumes. Alternatively, it is also possible that J. vulgaris responded to 485 

exposure to root-feeding nematodes with increased root growth independent of the response 486 

of the neighboring plants to root herbivores. Increased root growth of J. vulgaris in response 487 

to root herbivores has been noted in several studies (Kostenko et al. 2013; Jing et al. 2015b; 488 

Lin et al. 2018). Our study also exemplifies that the presence of root herbivores, nematodes in 489 
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this case, can increase the coexistence between two species. Previous studies have found 490 

negative (Fraser and Grime 1999; Wang et al. 2019), positive (De Deyn et al. 2003; Stein et 491 

al. 2010; Borgström et al. 2017) and neutral (Wurst and Rillig 2011) effects of belowground 492 

herbivory on the diversity of plant communities and we still poorly understand how the 493 

presence of root herbivores impact coexistence (Carson and Root 2000; Körner et al. 2014).  494 

 495 

In mixtures consisting of J. vulgaris and the forb L. vulgare, the grass A. capillaris or the 496 

legume T. pratense the presence of root-feeding nematodes resulted in a facilitative 497 

interaction between the two plant species or increased this interaction. Similar results have 498 

been shown for other belowground herbivores and other plant species, and this shows that 499 

root herbivores can not only alleviate competitive interactions between plants but can even 500 

result in facilitative effects (Graff and Aguiar 2011; Louthan et al. 2014; de Matos et al. 2019; 501 

He et al. 2019). Further studies should examine how root herbivores cause or increase these 502 

facilitative interactions. Overall, our study exemplifies that soil dwelling nematodes can exert 503 

a diverse range of outcomes of plant-plant interactions. Further, it is important to notice that 504 

soil microbes such as AMF and endophytes can play a vital role in regulating root-herbivore 505 

interactions (Hol et al. 2010; Schouteden et al. 2015; Johnson et al. 2016; Wang et al. 2019). 506 

In our study we used sterilized soil. Even though microbes inevitably were introduced when 507 

we added the nematode extractions, many potential interactions with soil microbes were 508 

omitted and this may have influenced the effects we observed. Further studies should examine 509 

plant-plant interactions in the presence of both nematodes and microbes. 510 

 511 

In conclusion, our study demonstrates that J. vulgaris provides belowground associational 512 

resistance to neighboring plants against migratory endoparasitic nematodes. While nematodes 513 

did not influence plant biomass in our study, they changed the outcome of plant-plant 514 
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interactions and interestingly often so that it favored J. vulgaris instead of the neighboring 515 

plant. 516 

517 
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Table 1 Results of a three-way ANOVA testing the effects of plant species (13 species), 765 

nematode addition (yes/no), and whether the species was grown in monoculture or in mixture 766 

with J. vulgaris (mixture) and their interactions on individual shoot dry mass and total root 767 

dry mass per pot. Presented are degrees of freedom (df; treatment, error) and F values. *** 768 

indicates significant difference at P < 0.001, ** indicates significant difference at P < 0.01. 769 

 770 

 Individual shoot dry mass Total root dry mass 

df F df F 

Species 12, 193 6.41*** 12, 192 21.57*** 

Nematodes 1, 193 3.18 1, 192 0.50 

Mixture 1, 193 2.07 1, 192 0.19 

Species × Nematodes 12, 193 0.94 12, 192 1.52 

Species × Mixture 12, 193 2.37** 12, 192 5.36*** 

Nematodes × Mixture 1, 193 1.09 1, 192 0.09 

Species × Nematodes × Mixture 12, 193 0.52 12, 192 1.10 

 771 

772 
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Table 2 Results of a two-way ANOVA testing the effects of the other plant species present in 773 

the pot (13 other species or J. vulgaris) and nematode addition (yes/no), on individual shoot 774 

dry mass of J. vulgaris. Presented are degrees of freedom (df; treatment, error) and F values. 775 

*** indicates significant difference at P < 0.001. 776 

 777 

 Shoot biomass of J. vulgaris 

df F 

Species 13, 99 8.77*** 

Nematodes 1, 99 3.90 

Species × Nematodes 13, 99 0.57 

 778 

779 
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Table 3 Results of a generalized linear model testing the effects of plant species (13 species), 780 

and whether the species was grown in monoculture or in mixture with J. vulgaris (mixture) 781 

and their interaction on plant feeders and bacterivores in the soil, and in root tissues of the 782 

other species and of J. vulgaris. Presented are degrees of freedom (df) and Likelihood Ratio 783 

Chi-squares obtained from a generalized linear model. *** indicates significant difference at 784 

P < 0.001, * indicates significant difference at P < 0.05. 785 

 786 

  Plant feeders Bacterivores 

Nematodes in soil df 2 2 

Species 12 53.04*** 43.78*** 

Mixture 1 0.70 1.05 

Species × Mixture 12 23.28* 18.99 

  

Nematodes in roots of other species   

Species 12 230.61*** 85.94*** 

Mixture 1 0.18 0.01 

Species × Mixture 12 19.69 23.70* 

   

Nematodes in roots of J. vulgaris  

Species 13 19.62 41.235*** 

 787 

788 
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Table 4 Results of a generalized linear model testing the effects of plant species (13 species), 789 

and whether the species was grown in monoculture or in mixture with J. vulgaris (mixture) 790 

and their interaction on different groups of plant feeders in the soil and in root tissues of the 791 

other species. Presented are degrees of freedom (df) and Likelihood Ratio Chi-squares 792 

obtained from a generalized linear model. *** indicates significant difference at P < 0.001, ** 793 

indicates significant difference at P < 0.01, * indicates significant difference at P < 0.05. 794 

 795 

  Ectoparasitic 

nematodes 

Migratory 

endoparasitic 

nematodes 

Root-associated 

nematodes 

Semi-endoparasitic 

nematodes 

Nematodes in 

soil 

df 2 2 2 2 

Species 12 71.34*** 34.09*** 20.48 6.34 

Mixture 1 0.34 3.45 2.10 0.08 

Species × 

Mixture 

12 21.90* 22.50* 12.86 11.23 

    

Nematodes in roots of other species     

Species 12 36.57*** 91.16*** 47.71*** 11.19 

Mixture 1 2.77 18.64*** 0 0.34 

Species × 

Mixture 

12 9.89 29.59** 17.61 6.51 

 796 

797 
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Figure legends 798 

 799 

Fig.1 Mean (+ SE) individual shoot biomass of plants grown in monocultures and in mixtures 800 

of (a) the other species (b) J. vulgaris, and (c) total root biomass per pot. Plants were grown 801 

with or without nematodes. In (a) and (c) asterisks above each set of bars indicate significant 802 

difference between monoculture and mixture for each species based on one-way ANOVA 803 

across species and mixture (nematodes had no effect on biomass and the raw data of four 804 

treatments in species level were shown). In (b) asterisks indicate significant differences 805 

between shoot biomass of J. vulgaris in mixtures and monocultures based on a Dunnett post 806 

hoc test. *, **, *** indicates significant differences at P < 0.05, 0.01 or 0.001, respectively. 807 

Abbreviations of species: JV = Jacobaea vulgaris, AM = Achillea millefolium, HR = 808 

Hypochaeris radicata, LV = Leucanthemum vulgare, PL = Plantago lanceolata, TM = 809 

Tripleurospermum maritimum, TV = Tanacetum vulgare, AC = Agrostis capillaris, AO = 810 

Anthoxanthum odoratum, FR = Festuca rubra, LC = Lotus corniculatus, TA = Trifolium 811 

arvense, TP = Trifolium pratense, TR = Trifolium repens. 812 

 813 

Fig.2 Mean (+ SE) number of root-feeding nematodes in the soil (a) and in the roots (b) of the 814 

13 other species in monocultures and mixtures, and in roots of J. vulgaris (c). In (a, b) there 815 

was no significant differences between monocultures and mixtures (p < 0.05) based on a 816 

Tukey HSD post hoc test. In (c) there was no significant differences (p < 0.05) between 817 

nematode densities in the root of J. vulgaris in mixtures and monocultures based on a Dunnett 818 

post hoc test. Species abbreviations are described in the legend of Fig 1. 819 

 820 
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Fig.3 Mean (+ SE) number of root-feeding nematodes in different groups in the soil and in the 821 

roots of the 13 other species in monocultures and mixtures. Sedentary endoparasitic 822 

nematodes were not plotted due to it rarely presented in the soil (only found in one pot) and 823 

completely absent in roots of other species. In (a-h) there was no significant differences 824 

between monocultures and mixtures (p < 0.05) based on a Tukey HSD post hoc test. Species 825 

abbreviations are described in the legend of Fig 1. 826 

 827 

Fig.4 Relationship between the predicted number of root-feeding nematodes in the soil (a) 828 

based on the shoot biomass and denisities in monocultures (N = No  SOmix / SOmono + Nj  829 

SJmix / SJmono) and (b) only based on denisities in monocultures (N = 0.5  No + 0.5  Nj) and 830 

the observed number of nematodes in mixtures. R2, P-values and the confidence interval from 831 

a linear regression analysis are also presented. 832 

 833 

Fig.5 Principal component analysis (PCA) of the soil nematode community showing the 834 

species plot (a) and sample scores (b-d). For clarity, the sample scores are shown separately 835 

for forbs (b), grasses (c) and legumes (d) only soil nematodes with a contribution larger than 836 

2.5% for PC1 or PC2 axis are shown to avoid the overlap of arrows (a). In b-d, Squares 837 

represent mean sample scores for each other species in monocultures (white) and mixtures 838 

(grey; n = 5) and for J. vulgaris monocultures (light grey). Error bars represent the SE of the 839 

mean PCA scores for the first or second axis. Species abbreviations are described in the 840 

legend of Fig 1. 841 

 842 

Fig.6 The change of the outcome of plant-plant interactions between J. vulgaris and the other 843 

species with or without nematodes. The arrows direct the change in plant-plant interactions in 844 
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mixture in presence of nematodes for each species. Species abbreviations are described in the 845 

legend of Fig 1. 846 

847 
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Fig.1 848 

 849 
 850 
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Fig.2 852 

 853 

854 
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Fig.3 855 

 856 

857 
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Fig.4 858 

 859 

860 
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Fig.5 861 

 862 

863 
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Fig.6 864 

 865 

866 
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Table S1 Nematodes identified in soil samples. Presented are functional groups, Mean ± SE 867 

nematode density and frequency of occurance in all replicates with nematodes (n = 126).  868 

 869 

Nematode Functional group Mean ± SE (per 100 g soil) Frequency 

Trichodoridae plant feeder 10.92 ± 0.10 0.75  

Tylenchidae plant feeder 38.47 ± 0.26 0.94  

Dolichodoridae plant feeder 93.27 ± 0.99 0.95  

Hoplolaimidae plant feeder 15.45 ± 0.14 0.76  

Pratylenchidae plant feeder 3.60 ± 0.05 0.34  

Heteroderidae plant feeder 0.03 ± 0.00 0.01  

Paratylenchidae plant feeder 5.32 ± 0.21 0.31  

Plectidae bacterivore 70.26 ± 0.51 0.98  

Cephalobina bacterivore 506.79 ± 2.99 0.98  

Monhysteridae bacterivore 0.52 ± 0.02 0.06  

Rhabditina bacterivore 105.00 ± 1.22 0.96  

Teratocephalidae bacterivore 0.06 ± 0.00 0.02  

Tripylina bacterivore 8.52 ± 0.12 0.56  

Prismatolaimidae bacterivore 1.51 ± 0.03 0.25  

Aphelenchina fungivore 25.96 ± 0.23 0.13 

Mononchidae carnivore 0.80 ± 0.02 0.72 

Dorylaimina omnivore 8.86 ± 0.09 0.67 

 870 

871 
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Table S2 Nematodes identified in root samples. Presented are functional groups, Mean ± SE 872 

nematode density and frequency of occurance in all replicates with nematodes (n = 187). 873 

 874 

Nematode Functional group Mean ± SE (per g root) Frequency 

Tylenchidae plant feeder 0.13 ± 0.00 0.05 

Dolichodoridae plant feeder 0.22 ± 0.01 0.07 

Hoplolaimidae plant feeder 0.05 ± 0.00 0.02 

Pratylenchidae plant feeder 30.0 ± 0.41 0.81 

Paratylenchidae plant feeder 0.02 ± 0.00 0.01 

Rhabditina bacterivore 0.22 ± 0.01 0.06 

Plectidae bacterivore 0.48 ± 0.01 0.90 

Cephalobina bacterivore 24.19 ± 0.31 0.17 

Prismatolaimidae bacterivore 0.01 ± 0.00 0.01 

Aphelenchina fungivore 3.96 ± 0.07 0.40 

Dorylaimina omnivore 0.01 ± 0.00 0.01 

 875 

876 
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Table S3 Root-feeding nematodes identified in soil and in root samples. Mean ± SE, 877 

frequency of occurance in all replicates and feeding guilds are shown. 878 

 879 

Nematode Samples in soil Samples in root Feeding guilds 

Mean ± SE 

(per 100 g soil) 

Frequency 

(n = 126) 

Mean ± SE 

(per g root) 

Frequency 

(n = 187) 

Trichodoridae 10.92 ± 0.10 0.75  / / Ectoparasitic nematodes 

Tylenchidae 38.47 ± 0.26 0.94  0.13 ± 0.00 0.05 Root-associated nematodes 

Dolichodoridae 93.27 ± 0.99 0.95  0.22 ± 0.01 0.07 Ectoparasitic nematodes 

Hoplolaimidae 15.45 ± 0.14 0.76  0.05 ± 0.00 0.02 Semi-endoparasitic 

nematodes 

Pratylenchidae 

3.60 ± 0.05 0.34  

30.0 ± 0.41 0.81 Migratory endoparasitic 

nematodes 

Heteroderidae 

0.03 ± 0.00 0.01  

/ / Sedentary endoparasitic 

nematodes 

Paratylenchidae 5.32 ± 0.21 0.31  0.02 ± 0.00 0.01 Ectoparasitic nematodes 

 880 

881 
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Table S4 Number of replicates for each plant species that were used in all analyses. 882 

Abbreviations of species: JV = Jacobaea vulgaris, AM = Achillea millefolium, HR = 883 

Hypochaeris radicata, LV = Leucanthemum vulgare, PL = Plantago lanceolata, TM = 884 

Tripleurospermum maritimum, TV = Tanacetum vulgare, AC = Agrostis capillaris, AO = 885 

Anthoxanthum odoratum, FR = Festuca rubra, LC = Lotus corniculatus, TA = Trifolium 886 

arvense, TP = Trifolium pratense, TR = Trifolium repens. 887 

 888 

 Shoot biomass Root biomass 

Monoculture Mixture Monoculture Mixture 

Nematode 

no 

Nematode 

yes 

Nematode 

no 

Nematode 

yes 

Nematode 

no 

Nematode 

yes 

Nematode 

no 

Nematode 

yes 

JV 5 3 / / 5 3 / / 

AM 5 5 5 5 5 5 5 5 

HR 5 5 5 5 5 5 5 5 

LV 5 5 5 5 5 5 5 5 

PL 5 5 5 4 5 5 5 4 

TM 5 5 5 4 5 5 5 4 

TV 4 3 3 5 4 3 3 5 

AC 5 5 4 5 4 5 4 5 

AO 5 5 3 5 5 5 3 5 

FR 5 5 5 4 5 5 5 4 

LC 5 5 4 4 5 5 4 4 

TA 5 5 5 5 5 5 5 5 

TP 5 4 4 5 5 4 4 5 

TR 5 5 5 5 5 5 5 5 

889 
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Table S5 Results of a linear mixed model testing effects of functional group, nematode 890 

addition (yes/no), and whether the species was grown in monoculture or in mixture with J. 891 

vulgaris (mixture) and their interaction on individual shoot dry mass and total root dry mass 892 

per pot. Presented are degrees of freedom (df; treatment, error) and F-values. *** P < 0.001, 893 

** P < 0.01, * P < 0.05. 894 

 895 

 Individual shoot biomass Total root biomass 

df F df F 

Funct. group 2, 10 4.33* 2, 10 7.75** 

Nematodes 1, 223 0.73 1, 222 0.15 

Mixture 1, 223 10.04** 1, 222 6.14* 

Funct. group × Nematodes 2, 223 0.80 2, 222 1.14 

Funct. group × Mixture 2, 223 5.19** 2, 222 19.24*** 

Nematodes × Mixture 1, 223 0.57 1, 222 0.11 

Funct. group × Nematodes × Mixture 2, 223 0.81 2, 222 1.72 

 896 

897 



50 

 

Table S6 Results of a linear mixed model testing the effects of functional group, nematode 898 

addition (yes/no) and their interaction on the shoot dry mass of J. vulgaris. Presented are 899 

degrees of freedom (df; treatment, error) and F-values. ** indicates significant difference at P 900 

< 0.01. 901 

 902 

 Shoot biomass of J. vulgaris 

df F 

Funct. group 2, 11 13.30** 

Nematodes 1, 110 0.27 

Funct. group × Nematodes 2, 110 0.93 

 903 

904 
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Table S7 Results of a generalized linear mixed effects model testing the effects of functional 905 

group and whether the species was grown in monoculture or in mixture with J. vulgaris 906 

(mixture) and their interaction on plant feeders and bacterivores in the soil, and in root tissues 907 

of the other species and of J. vulgaris. Presented are degrees of freedom (df) and Likelihood 908 

Ratio Chi-squares obtained from a generalized linear mixed effects model. *** indicates 909 

significant difference at P < 0.001, * indicates significant difference at P < 0.05. 910 

 911 

  Plant feeders Bacterivores 

Nematodes in soil df 2 2 

Functional group 2 8.85* 0.78 

Mixture 1 2.33 0.47 

Functional group × Mixture 2 2.07 5.31 

  

Nematodes in roots of other species   

Functional group 2 19.08*** 7.86* 

Mixture 1 0.26 1.59 

Functional group × Mixture 2 4.84 1.05 

 912 

913 
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Table S8 Results of the permutational multivariate analysis of variance (PERMANOVA), the 914 

constrained redundancy analysis (RDA) and variance partitioning testing the effects and 915 

explained variance of plant species (13 species) and whether the species was grown in 916 

monoculture or in mixture with J. vulgaris (mixture) and their interaction on the community 917 

composition of soil nematodes. Presented are degrees of freedom (df) and F-values. *** 918 

indicates significant difference at P < 0.001. 919 

 920 

 Soil nematode community 

Tested by PERMANOVA Tested by RDA Explained variance 

df F df F 

Species 12, 97 3.47*** 12, 97 3.41*** 18% 

Mixture 1, 97 5.39*** 1, 97 5.09*** 3% 

Species × Mixture 12, 97 1.18 12, 97 1.18 0 

 921 

922 
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Table S9 Results of a paired t-test testing the effect of nematode addition on the relative 923 

interaction intensity (RII) of other plant species and of J. vulgaris. Presented are degrees of 924 

freedom (df) and t-values. *** indicates significant difference at P < 0.001. 925 

 926 

 RII of other species RII of J. vulgaris 

df t df t 

Nematode addition 12 -0.56 12 -7.29*** 

 927 

928 
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  929 

 930 

Fig. S1 Mean (+ SE) individual shoot biomass of plants grown in monocultures and in 931 

mixtures of (a) the other species, (b) J. vulgaris and (c) total root biomass per pot in 932 
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functional group level. SE was calculated based on averaged values on species. In (a) and (c) 933 

asterisks above each set of bars indicate significant difference between monoculture and 934 

mixture for each functional group based on one-way ANOVA across functional groups and 935 

mixture (nematodes had no effect on biomass). In (b) there was no significant differences (p < 936 

0.05) between shoot biomass of J. vulgaris in mixtures and monocultures based on a Dunnett 937 

post hoc test. *** indicates significant difference at P < 0.001, * indicates significant 938 

difference at P < 0.05. JV = Jacobaea vulgaris. 939 

940 
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 941 

 942 

Fig. S2 Mean (+ SE) individual shoot biomass of plants grown in monocultures and in 943 

mixtures of (a) the other species (b) J. vulgaris, and (c) total root biomass per pot. Plants were 944 

grown with or without nematodes. In (a) and (c) asterisks above each set of bars indicate 945 

significant difference between monoculture and mixture for each species based on one-way 946 

ANOVA across species and mixture (nematodes had no effect on biomass). In (b) asterisks 947 
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indicate significant differences between shoot biomass of J. vulgaris in mixtures and 948 

monocultures based on a Dunnett post hoc test. *, **, *** indicates significant differences at 949 

P < 0.05, 0.01 or 0.001, respectively. Species abbreviations are described in the legend of 950 

Table S4. 951 

952 
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 953 

 954 

Fig. S3 Mean (+ SE) number of root-feeding and bacterivorous nematodes in the soil (a, b) 955 

and in the roots (c, d) of the other species in monocultures and mixtures in functional group 956 

level. SE was calculated based on averaged values on species. In a-d letters above each set of 957 

bars indicate significant differences between functional groups (p < 0.05) based on a Tukey 958 

HSD post hoc test. JV = Jacobaea vulgaris. 959 

960 
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 961 

 962 

Fig. S4 Mean (+ SE) number of bacterivorous nematodes in the soil (a) and in the roots (b) of 963 

the 13 other species in monocultures and mixtures, and in roots of J. vulgaris (c). In (a, b) 964 

asterisks above each set of bars indicate significant differences between monocultures and 965 

mixtures (p < 0.05) based on a Tukey HSD post hoc test. In (c) asterisks indicate significant 966 
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differences (p < 0.05) between nematode densities in the root of J. vulgaris in mixtures and 967 

monocultures based on a Dunnett post hoc test. Species abbreviations are described in the 968 

legend of Table S4. 969 

970 
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 971 

 972 

Fig. S5 Relationship between the predicted number of bacterivorous nematodes in the soil (a) 973 

based on the shoot biomass and denisities in monocultures (N = No × SOmix / SOmono + Nj × 974 

SJmix / SJmono) and (b) only based on denisities in monocultures (N = 0.5 × No + 0.5 × Nj) and 975 

the observed number of nematodes in mixtures. R2 and P-values from a linear regression 976 

analysis are also presented. 977 

 978 

979 
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 980 

 981 

Fig. S6 The linear regression fit of the outcome of plant-plant interactions between J. vulgaris 982 

and the other species with or without nematodes. R2, P-values and the confidence interval 983 

from a linear regression analysis are also presented. 984 


