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Appendix 1 
Supplementary methods 
Molecular methods were used to characterize soil communities from six out of nine randomly 

chosen replicates at the beginning of the experiment. DNA was extracted from 250 mg of dried soil 

from each replicate using the PowerSoil-htp 96 Well Soil DNA isolation kit (MO BIO Laboratories, 

Inc., California, USA) according to the manufacturer’s instructions. Bacterial community 

composition was determined by targeting 16S rRNA amplicons using 515F and 806R primers 

(Caporaso et al. 2012). Fungal community composition was estimated by targeting the ITS region 

using primers ITS4 and ITS9 (Ihrmark et al. 2012). Both PCR amplicons were sequenced with the 

Illumina MiSeq platform. 

 

Bioinformatical analyses 

Obtained MiSeq paired-end reads targeting 16s rRNA amplicon were merged and only obtained 

reads which had minimum overlap of 150bp with PHRED score of 25 (estimated by RDP extension 

of PANDASeq (Masella et al. 2012) named Assembler (Cole et al. 2013) were used further. Primer 

sequences were stripped using Flexbar ver. 2.5 (Dodt et al. 2012). Thereafter sequences were 

clustered to OTUs with the help of VSEARCH ver. 1.0.10 (Rognes et al. 2016), using the UPARSE 

strategy of de-replication, sorting by abundance (with at least two sequences) and clustering using 

the UCLUST smallmem algorithm (Edgar 2010). Potentially chimeric sequences were detected and 
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removed using the UCHIME algorithm (Edgar et al. 2011) and final taxonomic classification for 

each OTU was obtained by using the RDP Classifier ver. 2.10 (Cole et al. 2013). 

Obtained MiSeq paired-end reads targeting ITS region were treated as described above with 

following adjustments: 1) ITS2 regions where extracted using ITSx 1.0.11 (Bengtsson-Palme et al. 

2013, p. 1) before clustering. 2) Sequences were classified using the UNITE database (Kõljalg et al. 

2013). All of the steps of bioinformatics were implemented in publicly available workflow 

(<https://gitlab.bioinf.nioo.knaw.nl/amplicon-metagenomics/illumina_paired_end>), made with 

Snakemake (Köster and Rahmann, 2012). 

Non-metric multidimensional scaling (NMDS) using Bray–Curtis distance and permutation-

based nonparametric MANOVA (PERMANOVA) with 999 randomizations (Anderson 2001) were 

used to test differences in quantitative beta diversity (accounting for relative abundances of OTU 

per sample) of bacterial and fungal community composition. We used two separate models to test if 

bacterial and fungal communities differed 1) between the origin of soil inoculums (using fully 

factorial combination of two factors: original range, new range) or 2) between inoculation with live 

soil biota (yes, no). Beta diversity patterns of soil communities were analyzed using ‘vegan’ 

package (Oksanen et al. 2013) and visualized with ‘ggplot2’ package (Wickham et al. 2009). All 

analyses were performed using R programming language (<www.r-project.org>). 
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Supplementary results 
Soil community composition 

Illumina MiSeq sequencing yielded 415103 and 236945 sequences for 16s and ITS regions 

respectively, carrying the correct primer and tag sequences. The results of the PERMANOVA 

analyses indicated that there were no significant differences in bacterial and fungal communities 

between the original and new ranges (F3,20 = 1.47, p =0.17 and F3,20 = 0.22, p = 0.09 for bacteria 

and fungi respectively) (Fig. A3). The only significant difference in bacterial and fungal 

communities existed between soils inoculated with live and sterilized soil communities 

(PERMANOVA F1,22 = 1.15, p =0.01 and F1,22 = 0.13, p = 0.02 for bacteria and fungi respectively). 

 

The biomass of range expanders 

The aboveground biomass of related range expanders (G. pyrenaicum, C. stoebe, T. dubius, and R. 

austriaca) depended on the interaction between plant species, plant community type and the origin 

of soil communities (Table A4). The biomass of G. pyrenaicum was not influenced by plant 

community type (F1,28 = 0.06, p = 0.82). Presence of soil biota significantly increased aboveground 
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biomass of G. pyrenaicum (F1,28 = 11.7, p = 0.002). There was a significant interaction between 

plant community type and presence of soil biota (F1,28 = 9.88, p = 0.004). Presence of soil biota 

increased biomass of G. pyrenaicum in communities with related range expanders, but not in the 

communities with native plant species. Biomass of C. stoebe and T. dubius was not influenced by 

plant community type (F1,28 = 0.09, p = 0.76 and F1,28 = 0.74, p = 0.40 respectively). Presence of 

soil biota significantly increased aboveground biomass of both C. stoebe and T. dubius (F1,28 = 19.1, 

p < 0.001 and F1,28 = 104, p < 0.001 respectively) and there was no significant interaction between 

plant community type and presence of soil biota (F1,28 = 0.05, p = 0.82 and F1,28 = 0.86, p = 0.36, 

respectively). The biomass of R. austriaca was not influenced by plant community type (F1,28 = 

0.57, p = 0.46), presence of soil biota (F1,28 = 3.43, p = 0.07) or the interaction between plant 

community type and presence of soil biota (F1,28 = 2.97, p = 0.10). 

The aboveground biomass of unrelated range expanders (L. serriola, D. graveolens, B. 

orientalis, and R. rugosum) differed between plant species (Table A4). Tukey HSD test indicated 

that all plant species among unrelated range expanders had distinctive biomass (p < 0.05). The 

aboveground biomass of unrelated range expanders was significantly higher in mixtures with native 

plants than in communities with only unrelated range expanders. Inoculation with live soil biota and 

the two-or three-way interactions between plant species identity, plant community type and 

presence of soil biota did not influence the aboveground biomass of unrelated range expanders 

(Table A4). 

 

The weight gain of Mamestra brassicae 

The initial weight of M. brassicae larvae did not differ among plant communities (plant community 

type: F4,80 = 0.39, p = 0.82) and soil communities (original range: F1,80 = 0.13, p = 0.72; new range: 

F1,80 = 0.29, p = 0.59; data not shown). Mean weight gain of M. brassicae larvae was negatively 

correlated to the community shoot biomass (r = –0.23, p = 0.03). Herbivores preferred to feed on 

Brassicaceae plants and gained most weight in communities where the biomass of plants from this 

family was high (r = 0.25, p = 0.02). 

 

Plant chemistry 

Leaf nitrogen concentration of Brassicaceae plants was dependent on plant community type (F4,40 = 

8.84, p < 0.001, Fig. A2). Leaf nitrogen concentration in Brassicacea plants was negatively 

influenced by the presence of soil communities from the original range (F1,40 = 16.6, p = 0.0002). 

Leaf nitrogen concentration in Brassicacea plants was not significantly affected by the inoculation 

of soil communities from the new range (F1,40 = 0.03, p = 0.86) or by interaction between the soil 

communities from the original and new range (F1,40 = 0.01, p = 0.93). Plant nitrogen content was 
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neither significantly influenced by the interaction between plant community type and soil 

communities from the original range (F4,40 = 1.43, p = 0.24), nor by the interaction between plant 

community type and soil communities from the new range (F4,40 = 1.68, p = 0.17). The three-way 

interaction between plant community type, soil communities from original range and soil 

communities from the new range had a marginally significant influence on leaf nitrogen content 

(F4,40 = 2.66, p = 0.047). 

Leaf carbon concentration of Brassicaceae plants was significantly lower in the communities 

with native plants alone than in the communities with only related expanders and mixed 

communities of natives with related expanders (F4,50 = 3.48, p = 0.01). Leaf carbon concentration in 

Brassicacea plants was not influenced by the inoculation of live soil biota (F1,50 = 1.40, p = 0.24). 

Leaf carbon concentration in Brassicacea plants was not significantly affected by interaction 

between plant community type and inoculation with live soil communities (F4,50 = 2.31, p = 0.07). 

 

 

 

 

 

Figure A1. The composition of bacterial and fungal communities in soils at the beginning of the 

experiment. Nonmetric multidimensional scaling plot (NMDS) of the community composition of 

(A) bacteria (estimated as 16s rRNA gene region, stress=0.17) and (B) fungi (estimated as ITS 

region, stress= 0.13). Symbols indicate inoculated soil communities: 1) live originating from the 

new range of range-expanding plants (New range), 2) live originating from the original range of 

range-expanding plants (Original range), 3) live, originating from the original and new range of 
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range-expanding plants (N+O range), 4) sterilized soil (Sterilized). Each inoculated soil is 

represented with six replicates. 
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Figure A2. The biomass of related range expanders (blue), native plant species (green) and 

unrelated range expanders (red), growing in the presence and absence of live soil biota. Median 

(central black line), quartile (box), maximum and minimum (whiskers) and outlying values (points) 

per mesocosm are given. Plant species names: natives – Centaurea jacea (CENjac), Geranium 

molle (GERmol), Tragopogon pratensis (TRApra), Rorippa sylvestris (RORsyl); related range 

expanders – Centaurea stoebe (CENsto), Geranium pyrenaicum (GERpyr), Tragopogon dubius 

(TRAdub), Rorippa austriaca (RORaus); unrelated range expanders – Bunias orientalis (BUNori), 

Dittrichia graveolens (DITgra), Lactuca serriola (LACser). Letters indicate significant difference 

in aboveground biomass of each species, grown in different types of plant communities, estimated 

by Tukey HSD-test. Note that the scale in y-axes differs among species.  
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Figure A3. The leaf N content of Brassicaceae plants per mesocosm, growing in different types of 

plant communities. Median (central black line), quartile (box), maximum and minimum (whiskers) 

and outlying values (points) per mesocosm are given. Abbreviations for plant community types: 

only natives (NAT.NAT), only related range expanders (RRE.RRE), only unrelated range 

expanders (URE.URE), a mixture of related range expanders and natives (RRE.NAT), a mixture of 

unrelated range expanders and natives (URE.NAT). Letters indicate significant difference in species 

aboveground biomass according to Tukey HSD-test. 
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Table A1. Characteristics of plant species used in the experiment, based on FLORON database (Sparrus et al. 2014). Status indicates the status of 

the plant species in the Netherlands (NL): range-expanding plant species without common congeneric plant species in the Netherlands (URE); 

range-expanding plant species with common congeneric plant species in the Netherlands (RRE); common congeneric plant species of one of the 

RRE plant species (NAT). 

Status Plant species Family Life history Origin Seed origin 
Pre-germination 
treatment 

Introduced to the 
NL 

URE Bunias orientalis Brassicaceae 
biannual/ 
perennial eastern-Europe Millingerwaard seed pods cracked  19th century 

URE Dittrichia graveolens  Asteraceae annual 
mid- and eastern-
Europe Haven Cuijk - 1975-1999 

URE Lactuca serriola  Asteraceae 
annual/ 
biannual south-east Europe Bennekom - Before 1500 AD 

URE Rapistrum rugosum Brassicaceae annual south-Europe Wageningen  seed pods cracked 1925-1949 
RRE Centaurea stoebe Asteraceae perennial - Steenfabriek - 1950-1974 

RRE Geranium pyrenaicum  Geraniaceae perennial south-Europe Cruydt-Hoeck 
individual seeds 
scarified with a file  19th century 

RRE Rorippa austriaca  Brassicaceae perennial eastern-Europe 
Ooijpolder/ 
Nijmegen - 1900-1924 

RRE Tragopogon dubius  Asteraceae 
biannual/ 
perennial mid-Europe Cruydt-Hoeck - 1925-1949 

NAT Centaurea jacea  Asteraceae perennial - Millingerwaard - - 

NAT Geranium molle  Geraniaceae annual - Millingerwaard 
individual seeds 
scarified with a file - 

NAT Rorippa sylvestris Brassicaceae perennial - Millingerwaard - - 

NAT 
Tragopogon pratensis ssp 
pratensis  Asteraceae 

biannual/ 
perennial - Cruydt- Hoeck 

seeds stored at room 
temperature for 2-3 
weeks prior sowing - 
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Table A2. Coordinates of the sub-locations of soil inoculum collection. We created nine 

replicates (Mix) by mixing soil from two sub-locations per range. 

 

Range Location ID Sub-location ID Coordinates Mix 
  Austria (AU)       
Original 
  
  
  
  
  
  
  
  

1 AU 1.1 N 48.26557 E 13.24619 1 
AU 1.2 N 48.30533 E 13.30192 2 
AU 1.3 N 48.30513 E 13.30614 3 

2 AU 2.1 N 48.32249 E 14.33575 4 
AU 2.2 N 48.31162 E 14.33176 5 
AU 2.3 N 48.32202 E 14.31814 6 

3 AU 3.1 N 48.31063 E 14.33555 7 
AU 3.2 N 48.31239 E 14.33491 8 
AU 3.3 N 48.30348 E 14.33887 9 

  Slovenia (SL)       
Original 
  
  
  
  
  
  
  
  

1 SL 1.1 N 46.37294 E 14.16777 6 
SL 1.2 N 46.37294 E 14.16777 7 
SL 1.3 N 46.37294 E 14.16777 3 

2 SL 2.1 N 45.92891 E 15.50848 1 
SL 2.2 N 45.92891 E 15.50848 5 
SL 2.3 N 45.93038 E 15.49567 2 

3 SL 3.1 N 46.13559 E 14.60972 9 
SL 3.2 N 46.16527 E 14,75565 8 
SL 3.3 N 45.96904 E 14.54572 4 

  the Netherlands (NL)       
New 
  
  
  
  
  
  
  
  

1 NL 1.1 N 51.87657 E 6.00357 1, 7 
NL 1.2 N 51.87937 E 6.00413 2, 8 
NL 1.3 N 51.86766 E 5.99216 3, 9 

2 NL 2.1 N 51.85399 E 5.88374 1, 4 
NL 2.2 N 51.85884 E 5.88557 2, 5 
NL 2.3 N 51.86067 E 5.89020 3, 6 

3 
  

NL 3.1 N 51.89423 E 5.63424 4, 7 
NL 3.2 N 51.89265 E 5.64489 5, 8 
NL 3.3 N 51.89569 E 5.64446 6, 9 
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Table A3. Schematic overview of soil treatments, which enabled to test the effect of soil biota 

while eliminating the variation in abiotic conditions. Numbers represent the percentages of 

specific soil used in each treatment.  

 

Soil treatment Sterilized background 

soil 

Original range 

inocula 

New range 

inocula 

Live Sterilized Live Sterilized 

Original range 80% 10% 0 0 10% 

New range 80% 0 10% 10% 0 

Original and new 

range 

80% 5% 5% 5% 5% 

Sterilized soil 80% 0 10% 0 10% 
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Table A4. Aboveground biomass allocation of related and unrelated range expanders. The 

results of linear mixed-effects model are presented, testing aboveground biomass response of 

four range-expanding plant species with and without common congeneric plants in the 

Netherlands (Species in Related range expanders and Unrelated range expanders 

respectively), growing in the mixtures of different types of plant communities (Plant 

community), which were exposed to inoculated live soil biota or not (Soil biota). The degrees 

of freedom for numerator (Num df) and denominator (Den df) are given. 

 

 

Variable Num df Den df F p 

Related range expanders     

Plant community 1 28 0.07 0.80 

Soil biota 1 28 27.2 <0.001 

Species 3 84 161 <0.001 

Plant community × Species 3 84 2.09 0.11 

Soil biota × Species  3 84 10.9 <0.001 

Plant community × Soil biota 1 28 1.28 0.27 

Plant community × Soil biota × Species 3 84 5.96 <0.001 

Unrelated range expanders 

Plant community 1 28.52 12.2 0.002 

Soil biota 1 28.52 2.5 0.13 

Species 3 83.9 224 <0.001 

Plant community × Species 3 83.39 0.28 0.84 

Soil biota × Species  3 83.39 1.38 0.25 

Plant community × Soil biota 1 28.52 0.68 0.42 

Plant community × Soil biota × Species 3 83.39 0.03 0.99 


