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Abstract 1 

Ecosystem net primary productivity is thought to occur near the maximum that abiotic 2 

constraints allow; but exotic invasive plants often correlate with increased productivity. 3 

However, field patterns and experimental evidence for this come only from the non-native ranges 4 

of exotic species. Thus, we do not know if this pattern is caused by exotic invasions per se or 5 

whether successful exotic species are disproportionately productive or colonize more productive 6 

microsites. We measured aboveground biomass in the field and in common gardens with five 7 

plant species in their native and non-native ranges. For all species combined, exotic invaders 8 

increased total plot productivity in their non-native ranges by 91% in the field, and by 107% in 9 

the common garden, but had much smaller or no such effects in their native ranges. Thus, exotic 10 

invaders appear to be a driver of increased productivity, not simply a passenger, but only in their 11 

non-native ranges.   12 
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Introduction 13 

Global patterns of ecosystem net primary productivity (NPP) are controlled by variation in 14 

precipitation, temperature, and soil fertility (Leith, 1975; Chu, 2015). NPP is thought to occur 15 

near the maximum that these abiotic constraints allow (Running, 2012) and has been called the 16 

“basis for all ecosystem services” (Cherlet et al., 2018). The consistent and predictable effect of 17 

climate on NPP is a key to predicting the causes and effects of climate change (Chu et al., 2015) 18 

and setting predictable planetary boundaries for the biosphere (Running, 2012).  19 

Plant communities invaded by exotic species appear to “break the climate rules” for 20 

global NPP as ecosystems dominated by exotic plants have much higher aboveground net 21 

primary productivity (ANPP) than the native communities they replace (Ehrenfeld, 2003; Rout & 22 

Callaway, 2009; see Vitousek, 1990). In a meta-analysis of field patterns, Liao et al. (2008) 23 

found that exotic plant invasions were associated with an 83% increase in ANPP across 24 

ecosystems and invader life histories. McLeod et al. (2016) found that exotic invasive plants 25 

produced 74% more ANPP in the field than intermixed native patches and caused a 57% increase 26 

in ANPP in experimental plots relative to native plots. It is not clear why exotics increase ANPP, 27 

but escape from consumers, including those in soil biota, is one possible mechanism (Lucero et 28 

al. 2020). 29 

Nitrogen supply is inextricably connected to NPP (Elser et al., 2007; LeBauer & 30 

Treseder, 2008) and high plant productivity can increase soil N through increased cycling rates 31 

(Furey & Tilman, 2021). Increases in ANPP associated with exotic invasive species are also 32 

associated with increases in soil N supply. In Liao et al.’s (2008) review, invaded stands had 17% 33 

higher soil nitrate and 53% higher net nitrification rates (also see Castro-Diez 2014; Xu et al., 34 

2020). McLeod et al. (2016) found that in the field, soil nitrate concentrations were 103% higher 35 
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in invaded as compared with native patches. Invasive species associated with nitrogen fixing 36 

bacteria may increase soil N, but McLeod et al. (2016) did not include legumes. Otherwise, it is 37 

not clear how exotic invasives might increase available soil N, but some exotic species accelerate 38 

nitrogen cycling through litter or roots with lower C:N ratios (Stark & Norton, 2015) and others 39 

by increasing ammonia-oxidizing bacteria (Hawkes et al., 2005; McLeod et al., 2016).  40 

 The evidence for exotic invasive species increasing ANPP and soil N is good, but several 41 

key gaps remain. Robust correlational evidence from field surveys do not exclude the possibility 42 

that invaders consistently colonize the most productive microhabitats on landscapes instead of 43 

driving increases in ANPP or soil fertility. In other words, we do not know if exotic invasives are 44 

drivers or passengers with respect to ANPP (see MacDougall & Turkington, 2005). Furthermore, 45 

all studies of the effects of invasions on ANPP so far have been conducted without 46 

biogeographical comparisons (see Hierro et al., 2004). Thus, we cannot discern if both field and 47 

experimental results are simply driven by the invasion of disproportionately large species, and 48 

that these species have the same effect on ANPP and soil N in their native ranges. Additionally, 49 

biogeographic differences in ANPP in common gardens might be due to different genotype 50 

distributions between the selected regions or populations sampled (e.g., Rosche et al., 2019; 51 

Lucas et al., 2024. This increases the potential for false positives in range differences in common 52 

gardens.  53 

 Better support for exotic invasives as the cause of increased ANPP and soil N needs the 54 

integration of several key questions. First, for which currently there is strong evidence, do exotic 55 

invaders correlate with higher productivity and soil N in their non-native ranges, relative to 56 

natives (e.g., Ehrenfeld, 2003; Liao et al., 2008)? Second, for which the evidence is currently 57 

limited to a single study in the non-native range (McLeod et al., 2016), do any differences 58 



 

5 
 

between non-native and native species in ANPP and soil N found in the field hold in controlled 59 

experiments? Third, for which there are hints from tree growth rates (Davis et al., 2019), are 60 

invasives more productive in their non-native ranges than in their native ranges? And fourth, for 61 

which there are clues from reciprocal transplants between native and non-native ranges (e.g., Pal 62 

et al., 2020), do plant accessions sourced from native vs. non-native populations perform 63 

differently or similarly under common conditions in either range? To tackle these questions, we 64 

studied five invasive species, integrating extensive field measurements of ANPP and available 65 

soil N with the same measurements and experiments conducted in common gardens, and both of 66 

these in the native and non-native ranges.  67 

Methods 68 

Field ANPP – We sampled the above ground biomass of four Eurasian natives, Linaria vulgaris 69 

Mill., Hypericum perforatum L., Tanacetum vulgare L., and Leucanthemum vulgare Lam., and 70 

one North American native, Solidago canadensis L, in their native and non-native ranges (all 71 

species are referred to by genus hereafter). None of these species are legumes and all species are 72 

considered to be invasive in some parts of their non-native ranges and are so in the areas where 73 

we studied them. For simplicity we refer to these species as “invasive”, even though they are not 74 

invasive in their native ranges. Sampling was conducted at peak biomass of the target species, 75 

from the mid-to late summer. In western Montana, we sampled 17 Linaria, 13 Hypericum, 15 76 

Tanacetum, 17 Leucanthemum, and 14 Solidago populations. In central Germany, we sampled 12 77 

Linaria, 12 Hypericum, 14 Tanacetum, 11 Leucanthemum, and 14 Solidago populations. For 78 

each population, we chose one location, or patch, where the target invasive species was common, 79 

and at the center of each of these patches, we measured the total cover of all vegetation in a 1 m² 80 

plot. We located a second 1 m² plot at least four meters from the edge of the patch, where the 81 
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target invasive species was not present, and measured total cover. In each of these paired plots 82 

we harvested all aboveground biomass in a 50 × 25 cm quadrat located randomly within plots. 83 

The biomass was then dried at 60°C for 48 hours and weighed. We also collected seeds from the 84 

localities sampled.  85 

Common garden - We conducted reciprocal common garden experiments at Bad Lauchstädt, 86 

Germany (51.3895, 11.8773, 120 m asl) and at Fort Missoula, Montana, USA (46.8386, -87 

114.0567, 970 m asl). At Bad Lauchstädt, annual precipitation averages 486 mm, and the mean 88 

annual temperature is 8.9°C. Precipitation during the growing season (April to October), 89 

averages 346 mm, with no substantial dry periods during the year. Annual precipitation in 90 

Missoula is 358 mm, with a mean annual temperature of 6.8°C. From April to October, 91 

precipitation averages 219 mm, and during the two years of our experiment, annual precipitation 92 

averaged 316 mm. 93 

In the German common garden, we grew plants of two ranges for the four European 94 

natives, eight different populations of Hypericum, Linaria, Tanacetum, and Leucanthemum seed-95 

sourced from the native range (n=32 plots), and eight more populations of each of these seed-96 

sourced from the non-native range (n=32 plots). In addition, we grew plants from eight different 97 

populations of Solidago seed-sourced from its non-native range (Europe, n=8 plots). Each of the 98 

eight (non-native species) or 16 plots (native species) per study species contained only plants that 99 

were sourced from a single unique population, thus minimizing the effects of restricting 100 

sampling to local genotypes. In Germany, the total number of plots with exotic invasives was 72 101 

which were paired with 40 plots containing native communities (eight per study species). In 102 

particular, the eight native community plots corresponding to each of the target species were 103 

composed of five native species common to the habitat of the target species (Supplementary 104 
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Table S1). To do so, in Germany, we identified the ten most common native co-occurring 105 

herbaceous perennial plants in the respective area, based on information in the sPlot database 106 

(Bruelheide et al., 2019). From these ten species we randomly chose eight unique combinations 107 

of five species to use in the native community plots.  108 

In the Montana garden, we grew plants sourced from eight different populations of the 109 

European species seed-sourced from the non-native range (North America, n=32), eight 110 

populations of Solidago seed-sourced from the native range (North America) and eight 111 

populations of Solidago seed-sourced from the non-native range (n=16 plots). In Montana, we 112 

used the plot data from our field surveys (described above) to select the five most common co-113 

occurring native perennial species for constructing the native communities for each invasive 114 

species in the garden. Survival was much lower in the Montana garden, yielding a final total of 115 

28 plots with exotics and 27 plots with natives. 116 

All species were started from seed in greenhouses. In the European common garden, 117 

seeds were sown in 120 mL pots in a greenhouse in Bad Lauchstädt, in April 2019. Seedlings 118 

were transplanted to the field in September 2019, with twenty-five seedlings transplanted into 1 119 

× 1 m2 plots in arrangements of 5 × 5 individuals per plot (for the target species 25 individuals 120 

from a single unique population, for the native communities: five randomly distributed seedlings 121 

per species). In September 2021, aboveground biomass was harvested. Plants for the North 122 

American common garden were initially grown in 120 mL pots in the greenhouse of Montana 123 

Technological University, in Butte, Montana, in March 2021. In October of 2021, the plants were 124 

transplanted to the common garden in Missoula. In August 2023, all aboveground biomass was 125 

harvested. Linaria did not survive the first transplanting in the Montana garden and new 126 

transplanted seedlings in six plots were grown from April to August 2024. In both gardens, 127 
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seedlings were watered thoroughly after planting but received no additional irrigation, and 128 

weeding was conducted twice per year. Also, after harvest on both continents, plants were dried 129 

for 48 hours at 60°C and weighed.  130 

Soil nitrogen – Soil samples were collected from beneath all biomass samples in both the field 131 

and common garden experiments, with the exception of Linaria. A total of 50 g of soil from a 132 

depth of 0–10 cm was collected from the center of the four 50 × 50 cm subplots comprising the 1 133 

m2 plot. Samples were placed in Ziploc bags and refrigerated until gravimetric water content 134 

(GWC) determination and KCl extraction, both of which were performed within one week. 135 

GWC was determined by measuring 15 mL of wet soil, corresponding to a mass between 10–15 136 

g. The soil was then dried at 105°C for 48 hours and reweighed to calculate moisture content. 137 

For KCl extraction, approximately 8 g of soil were transferred into 50 mL sterile conical 138 

centrifuge tubes. To each tube, 35 mL of 2M KCl solution were added, with a KCl blank 139 

prepared for quality control. Samples were shaken on an orbital shaker for 1 hour, then allowed 140 

to settle at 4°C overnight followed by filtration of the supernatant through Whatman No. 1  141 

filters. The filtered solution was collected in labeled scintillation vials and stored in a freezer 142 

until analysis. We quantified NO3
- and NH4

+ in extracts colorimetrically using a Synergy 2 143 

Microplate Reader (BioTek, Winooski, VT, USA) as in Lekberg et al., 2024). 144 

Statistics – All statistical analyses were conducted with linear mixed-effects models in R version 145 

4.3.3 (R Core Team, 2024), using the lme4 package 1.1-35.1 (Bates et al., 2015). Model 146 

significance was evaluated using likelihood ratio tests. 147 

To quantify differences in the field ANPP between the plots with the target invasive 148 

species vs. the adjacent native plots, we calculated log response ratios (LRR), determined as the 149 

natural logarithm of the ratio between the target invasive species' biomass and that of the 150 
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adjacent native plots within each sampling site. This approach allowed us to standardize the 151 

relative differences in ANPP between the target invasive species and the respective native 152 

community for each sampling site, providing an independent metric for comparison. Within each 153 

range, we tested whether the LRR was significantly different from zero using a one sample t-test, 154 

i.e., testing whether the plot types differed significantly from another within the range. The 155 

calculated LRR values were then used to evaluate differences between ranges (native vs. non-156 

native), using range as a fixed factor and location and species as random factors.  157 

To explore species-specific effects, we investigated whether ANPP differed between plot 158 

types (target plots with the invasive species vs. adjacent native community plots) for each species 159 

individually. Two separate linear mixed-effects models per species were fitted for the native and 160 

non-native ranges with plot type as a fixed factor and the sampling site as a random factor. We 161 

used two separate models rather than a single model with an interaction term because many of 162 

the response variables varied on different scales between the two ranges, meaning they were not 163 

independent of the range itself. Thus, interaction effects would not be reliable. Systematic 164 

differences between the ranges were especially apparent in the common garden experiment, 165 

where the garden in Germany was significantly more productive. Therefore, we considered 166 

pairwise comparisons to be more appropriate, as this accounted for range- specific (pair wise 167 

comparisons) or site-specific (LRRs) conditions in a standardized manner. 168 

We used the same procedure for all other response variables, including vegetation cover, 169 

and NO3
- and NH4

+ concentrations in the field, and ANPP, NO3
-, and NH4

+ in the common 170 

garden. Transformation of variables depended on visual inspection of ‘model-checking plots’ in 171 

R for the models with transformed vs. untransformed variables. Plot biomass and nitrogen data 172 
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were loge-transformed, vegetation cover was logit-transformed, while the LRRs were not 173 

transformed. 174 

Results 175 

Field ANPP – In the native ranges, the mean ANPP across all species in patches with the 176 

invasive species was 596.5 ± 55.3 g·m-2 compared to 457.5 ± 37.4 g·m-2 in communities without 177 

the invasive species (31% increase, Fig. 1). This resulted, for all five species combined in the 178 

native ranges, in a positive log response ratio (LRR) for ANPP in plots with the target species vs. 179 

ANPP in adjacent plots without the target invasive species (LRRnative range=0.18 ± 0.06; one 180 

sample t-test: t61=3.14, P=0.003). In the non-native ranges, the mean ANPP across all species 181 

was 846.3 ± 55.3 g·m-2 for plots with the target invaders vs. 443.5 ± 25.7 g·m-2 (91% increase) in 182 

communities without the invaders (Fig. 1). This resulted in a highly positive LRR for ANPP plots 183 

inside vs. outside of invaded patches (LRRnon-native range=0.59 ± 0.06; t58=9.70, P<0.001). 184 

Importantly, the LRR was significantly higher in the non-native range than in the native range 185 

(χ2=22.97; P<0.001; Fig. 1).  186 

Breaking this down by species, ANPP in the native range was no different between plots 187 

with target invasive species and those without the target invaders for four of the five species: 188 

Leucanthemum (χ2=0.003; P=0.956; Fig. 1), Linaria (χ2=0.1; P=0.75), Hypericum (χ2=1.01; 189 

P=0.315), and Tanacetum (χ2=3.65; P=0.056). However, for Solidago (χ2=5.87; P=0.015), ANPP 190 

was higher in the plots with the invader than without the invader in the native range. In the non-191 

native ranges, ANPP was significantly higher in plots with the invasive species in all cases: 192 

Leucanthemum (χ2=7.49; P=0.006), Linaria (χ2=8.79; P=0.003), Hypericum (χ2=16.59; 193 

P<0.001), Tanacetum (χ2= 28.97; P<0.001) and Solidago (χ2= 32.61; P<0.001). Between ranges, 194 

ANPP in the plots with the invasive species in the non-native range was on average 41.8% higher 195 
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than in the plots with the same species in the native range. In contrast, the ANPP of the 196 

corresponding native communities was very similar in the native and non-native ranges; it was 197 

on average 3.1% lower in the non-native ranges. In other words, our invasive target species 198 

colonized regions with similar ANPP in both ranges but only correlated with the greater increase 199 

in ANPP in the non-native ranges. 200 

The results for total vegetation cover in the 1 × 1 m2 plots were very similar to the 201 

patterns for ANPP (Fig. S1) and ANPP and vegetation cover were highly correlated across 202 

species and ranges (Fig. S7). For all species combined, the LRR in the native ranges indicated a 203 

weak positive effect of the target invasive species (LRRnative range= 0.07±0.03; t62=2.10, P=0.040), 204 

but in the non-native ranges cover was much higher in plots with the invasive species (LRRnon-205 

native range=0.44±006; t70=6.99, P<0.001). As such, the LRR was significantly higher in the non-206 

native than native ranges (χ2=14.84; P<0.001).  207 

Field nitrogen - For all five species combined, the log response ratio (LRR) for soil NO3
- in the 208 

plots with the invasive species vs. the adjacent plots without the invasive species was greater in 209 

the non-native ranges than the native ranges (χ2=6.52; P=0.011; Fig. 2). The LRR did not differ 210 

from zero in the native ranges (LRRnative range=0.001±0.114; t54=0.01, P=0.989), but was positive 211 

in the non-native ranges (LRRnon-native range=0.392±0.102; t60=3.86, P<0.001). By species, Linaria 212 

(χ2=5.95; P=0.015), Tanacetum (χ2=9.41; P=0.002), and Solidago (χ2=5.74; P=0.017) had 213 

significantly higher soil NO3
- concentrations in invaded patches than patches without the 214 

invaders in the non-native ranges, but not so in the native ranges (Fig. S2). For Leucanthemum 215 

and Hypericum there were no differences between invaded and non-invaded plots in either range.  216 

 For all five species combined, the LRR for soil NH4
+ in plots with invasive species vs. in 217 

adjacent plots without the invasive species, was significantly higher in the non-native ranges than 218 
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in the native ranges (χ2=6.03; P=0.014; Fig. 2). The LRR was not different from zero in the 219 

native ranges (LRRnative range=-0.123±0.11; t66=-1.1121, P=0.2701), but higher than zero in the 220 

non-native ranges (LRRnon-native range=0.207±0.079; t73=2.6197, P=0.0107). By species, only 221 

Linaria (χ2=10.28; P=0.001) and Leucanthemum (χ2=4.62; P=0.032) had significantly higher soil 222 

NH4
+ concentrations in invaded patches than patches without the invaders in the non-native 223 

ranges, but not in the native ranges (Fig. S3). For Hypericum, Tanacetum, and Solidago there 224 

were no differences between invaded and non-invaded plots in either range.  225 

Common garden ANPP – Consistent with the correlational patterns in the field, there was a 226 

significant difference in how the target species affected ANPP in the common garden (Fig. 3), 227 

with exotic invaders increasing ANPP by 107%, relative to the native community plots, in the 228 

non-native ranges vs. no effect in the native ranges. The LRR was close to zero in the native 229 

ranges (LRRnative range=-0.04±0.136; t37=-0.30, P=0.7684) but positive in the non-native ranges 230 

(LRRnon-native range=0.563±0.118; t30=4.77, P<0.001). In the native ranges, ANPP did not differ 231 

between monocultures of the target species and native community plots for three of the five 232 

species: Leucanthemum (F1,14=1.69; P=0.215), Hypericum (F1,14=2.48; P=0.138) and Tanacetum 233 

(F1,14=0.002; P=0.962). In plots with Solidago, ANPP was higher than the constructed native 234 

community plots (F1,12=3.615; P=0.08). In plots with Linaria, ANPP was significantly lower than 235 

the constructed native community plots (F1,14=13.98; P=0.002). In contrast to the overall weak 236 

and inconsistent effects of the target species in their native ranges, all five invasive target species 237 

increased ANPP in their non-native ranges, relative to native plots: Leucanthemum (F1,11=5.67; 238 

P=0.036), Linaria (F1,10=21.01; P=0.001), Hypericum (F1,14=8.0; P=0.013), Tanacetum 239 

(F1,10=13.06; P=0.005) , and Solidago (F1,14=9.47; P=0.008).  240 
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 In the common garden experiment, unlike patterns in the field comparisons, ANPP in the 241 

plots built with the suite of native species was 50.8% higher in Germany than in Montana, 242 

demonstrating an overall higher productivity in the European common garden, mostly likely due 243 

to higher soil N and precipitation. In contrast, ANPP in the plots with the invasive species in the 244 

non-native range were similar; on average 4.2% higher in the non-native range than in the plots 245 

with the same species in the common garden in the native range.  246 

 In an effort to eliminate potential error due to sampling different genotypes with respect 247 

to their productivity in the two ranges (e.g., high performance genotypes sampled only within 248 

one range; Lucas et al. 2024), we constructed plots in the common gardens using the invasive 249 

species sourced from their non-native ranges and their native ranges (the former source is what 250 

we compared to the corresponding constructed native communities). Note that we only did this 251 

with the European natives in the European common garden, and Solidago in the North American 252 

common garden to avoid introducing new genotypes to the non-native ranges of our target 253 

species. For these comparisons, within the garden of the respective native range of each species, 254 

ANPP in plots of Linaria, Leucanthemum, and Hypericum did not differ between their sources, 255 

i.e., between native vs. non-native populations of the same species under the same garden 256 

setting. Tanacetum sourced from the non-native range produced higher ANPP than when sourced 257 

from the native range (F1,14=3.94; P=0.067), whereas Solidago sourced from its non-native range 258 

produced less ANPP than when sourced from its native range (F1,12=7.33; P=0.019). In sum, 259 

there were no systematic differences in productivity between native vs. non-native genotypes, 260 

which suggests that our results were not affected by sampling different genotypes in different 261 

source regions.  262 
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Common garden nitrogen – For all species combined, the log response ratio (LRR) for soil NO3
- 263 

in patches of invasive species, vs. in adjacent plots without the invasive species, did not 264 

significantly differ between the ranges (χ2=2.8; P=0.094; Fig. 4). More specifically, the LRRs did 265 

not differ from zero in the native ranges (LRRnative range=-0.084±0.17; t37=-0.50, P=0.623) or the 266 

non-native ranges (LRRnon-native range=0.337±0.249; t18=1.35, P=0.1926). Only Tanacetum 267 

(F1,9=9.64; P=0.012) had significantly higher soil NO3
- concentrations in the monocultures than 268 

in the plots with the corresponding native community in the non-native ranges, but not in the 269 

native ranges (Fig. S4). For Leucanthemum, Hypericum, and Solidago, there were no differences 270 

between the monocultures and the plots with the corresponding native community in either 271 

range. For Linaria, there were no differences in NO3
- concentrations in the native ranges, but we 272 

did not have soil N data from the non-native ranges.  273 

 For all species combined, the LRR for soil NH4
+ in monocultures of invasive species, vs. 274 

corresponding native communities did not differ between the ranges (Fig. S5; χ2=0.07; P=0.789). 275 

The LRRs were negative in the native ranges (LRRnative range=-0.376±0.134; t37=-2.82, P=0.007) 276 

but not different from zero in the non-native ranges (LRRnon-native range=-0.318±0.175; t21=-1.82, 277 

P=0.084; Fig. S5). By species, in the non-native range, Leucanthemum decreased soil NH4
+ 278 

compared to plots with native species (F1,11=17.23; P=0.001; Fig. S5) but this difference was not 279 

apparent in the native range. Hypericum showed lower NH4
+ concentrations in the monocultures 280 

than the corresponding native communities in both its non-native (F1,13=6.58; P=0.024) and 281 

native ranges (F1,14=8.5; P=0.011). For Linaria, there were no differences in NH4
+ concentrations 282 

in the native ranges, but we did not have soil data from the non-native ranges. For Solidago and 283 

Tanacetum, there were no differences between the monocultures and their corresponding native 284 

communities in either range. 285 
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Discussion 286 

Our biogeographical experimental results are consistent with a number of other studies, all in the 287 

non-native ranges of plant species, indicating that exotic invasive species increase ANPP 288 

(Ehrenfeld, 2003; Liao et al., 2008; Rout & Callaway, 2009). A meta-analysis of correlative 289 

patterns in non-native ranges by Liao et al. (2008) found a mean 83% increase in ANPP across 290 

all exotic species tested. In the field, we found a 91% increase in ANPP in plots with our five 291 

target species, relative to adjacent communities without the target species, but only in the non-292 

native ranges. Correlative evidence cannot separate exotics as the cause from exotics 293 

disproportionately colonizing more productive microsites. However, the 107% increase in ANPP 294 

caused by the invaders in our common garden experiment strongly supported the field results and 295 

indicates that invaders are the drivers, not passengers, of increased ANPP. This was not due to 296 

invasive plants being inherently large, because our biogeographical comparisons⎯crucial for 297 

these type of questions (Hierro et al., 2005)⎯showed that invaders were not larger than native 298 

plants in their native range.  299 

Because differences in ANPP in common gardens might be due to different genotype 300 

distributions between the selected regions (e.g., Lucas et al., 2024), when we compared 301 

accessions of each species sourced from both ranges, ANPP generated by three of the four 302 

European species in the European garden did not differ among the accessions (Fig. S6). 303 

Tanacetum sourced from the non-native range was larger than those sourced from its native 304 

range, consistent with the evolution of increased competitive ability (Callaway et al., 2022) or 305 

selection towards high performance genotypes (Matesanz & Sultan, 2013). Solidago accessions 306 

sourced from its native range were larger than those collected in the non-native range, consistent 307 

with Pal et al., (2020).  308 
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The results for inorganic nitrogen were not as convincing as those for ANPP. For all 309 

species combined in the field in the non-native range, plots with exotic invaders averaged 41.3% 310 

higher soil NO3
- and 7.9% higher NH4

+ than plots with adjacent native community. This was not 311 

the case in the native range. However, for all species combined in the common garden, there 312 

were no differences in form of nitrogen in plots with exotics vs. natives in either range. Thus, we 313 

did not determine whether exotics cause increases in soil inorganic N, or simply preferentially 314 

colonize more fertile microhabitats in the non-native range. However, the faster rates of nutrient 315 

cycling described for some exotic species (Hawkes et al., 2005; Castro-Diez et al., 2014) may 316 

take more than the two years of our experiment to materialize, particularly if increased inorganic 317 

N is due to lower C:N ratios in tissues. Also, we did not account for soil inorganic N 318 

incorporated into the increased biomass.  319 

 Our results must be interpreted with a crucial caveat – we measured peak standing 320 

biomass a common proxy for ANPP, which can underestimate ANPP in some ecosystems by 321 

missing turnover and the effects of consumers (Scurlock et al., 2002). However, most direct 322 

estimates of ANPP in the literature are based on peak standing biomass or remotely sensed 323 

measurement based on vegetation greenness and density, the latter representing perhaps proxies 324 

for a proxy. Our field plots were not grazed by livestock, but were exposed to natural consumer 325 

pressure, and our common gardens were fenced, but exposed to insect herbivory. Thus, our peak 326 

biomass-based estimates are reasonable estimates of ANPP and were made under similar 327 

conditions in both ranges. Furthermore, ANPP does not include belowground productivity, and if 328 

allocation differs between ranges our results might not accurately reflect NPP. Belowground 329 

productivity can be highly variable in grassland systems (e.g., Ridenour & Callaway, 2001; 330 

Frank 2002; Liao et al., 2008; Wilsey et al. 2011), yet these studies do not suggest that exotic 331 
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invaders show strongly different belowground allocational patterns than natives, which would be 332 

necessary to affect our conclusions. A final caveat is that all of the invasive species we studied 333 

are forbs, limiting generalization this to plant species with other life histories. However, Liao et 334 

al. (2008) reported increased productivity across forbs, grasses, and woody perennials.  335 

 What might explain the apparent increase in ANPP in the non-native ranges of exotic 336 

invasive plant species? First, and relevant to differences in the effects of generalist insects and 337 

soil biota, increased growth may be due to escaping herbivores in the non-native ranges of 338 

exotics (Agrawal et al., 2005; Blumenthal, 2006; Brian & Catford, 2023; but see Colautti et al., 339 

2004; Chun et al., 2010). Escape from soil biota or more beneficial mutualistic interactions 340 

(Sheng et al., 2022) have received less attention than herbivores, but plant-soil feedbacks can be 341 

far more inhibitory in soils from the native ranges than the non-native ranges of invaders 342 

(Callaway et al., 2004; Kulmatiski et al., 2008; Maron et al., 2014). While such novel biotic 343 

interactions may promote peak standing biomass in the nonnative range, exotic invaders may 344 

also rapidly evolve greater individual size (Joshi & Vrieling, 2005; Callaway et al., 2022; 345 

Villasor et al. 2024).  346 

Increased ANPP may either drive faster rates of nutrient cycling (Castro‐Díez et al., 347 

2014) or the release of more carbon belowground, promoting bacteria involved in nitrogen 348 

cycling. For example, McLeod et al. (2016) found very large and consistent increases in 349 

ammonia oxidizing bacteria associated with four different exotic invasive species in the field, 350 

and this could contribute to higher levels of soil NO3
- (also see Hawkes 2005) however, unlike 351 

McLeod et al. (2016), we only found higher levels of soil NO3
- in the field and in the common 352 

garden for Tanacetum. Increased soil N might be caused by invaders that have tissues or litter 353 

with lower C:N ratios than natives. In a meta-analysis, Lee et al. (2016) found that invasive 354 
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species with greater litter N content and lower litter C:N ratios corresponded with the largest 355 

increases in soil N. Finally, is it possible that the uptake rates of invasive species were lower than 356 

that of natives. 357 

 Not all exotic species are invasive (Simberloff, 2013), thus, studies of exotic invasion 358 

should focus on species that at least appear to be invasive, for example those that become hyper-359 

abundant or displace natives. Certainly, some species classified as invasive behave quite 360 

differently in their non-native ranges than native species (Wilsey et al., 2009; Graebner et al., 361 

2012; Callaway et al., 2011; Kaur et al., 2012; Shah et al., 2014; Montesinos et al., 2019), likely 362 

due to their eco-evolutionary novelty (Pearse et al., 2019; Davis et al., 2019). Thus, it is 363 

important to note that all five of our species are considered to be invasive (Pauchard et al., 2003; 364 

Clements et al., 2004; Wilke & Irwin, 2010; Bauer, 2006; Ledger et al., 2015). Whether ANPP is 365 

affected by species not classified as invasive is less clear. Furthermore, invasive species can 366 

disrupt ecosystems in ways that are unrelated to ANPP, for example through allelopathy (Hierro 367 

& Callaway 2023) or intense shade (Reinhart et al. 2006) and thus increased ANPP is not 368 

requisite for invader impact.  369 

 In sum, exotic invasions appear to be the drivers of increased ANPP, not simply 370 

passengers (i.e., MacDougall & Turkington, 2005), as evidenced by biogeographically explicit 371 

field patterns, experiments, and comparisons of accessions. This was not the case for field-based 372 

increases in soil inorganic N concentrations, for which we could not separate the driver from the 373 

passenger (but see McLeod et al., 2016). This effect of invasive species on ANPP suggests that 374 

biotic factors, such as consumers, may play a much greater role in determining global patterns of 375 

productivity than currently thought, and that the evolutionary history of plants, herbivores, and 376 

soil biota may determine the magnitude of their roles.  377 



 

19 
 

Acknowledgements  378 

This work was supported by two graduate stipends from the federal state of Saxony-Anhalt (to 379 

AS and KK), the German Academic Exchange Service (DAAD postdoctoral fellowship: 380 

91554701 to CR) and the German Research Foundation (DFG; project no.: RO 6418/1-1 to CR). 381 

HA, IH, KK, AET and CR gratefully acknowledge the support of iDiv funded by DFG (FZT 382 

118, 202548816). We are grateful to the staff of the field station of the UFZ at Bad Lauchstädt 383 

for help with the experimental gardens and to Mary Ellyn DuPre for running nitrogen analyses. 384 

 385 

 386 

 387 

 388 

 389 

 390 

 391 

 392 

 393 

 394 

 395 



 

20 
 

References 396 

Agrawal, A.A., Kotanen, P.M., Mitchell, C.E., Power, A.G., Godsoe, W. & Klironomos, J.  397 

(2005) Enemy release? An experiment with congeneric plant pairs and diverse above‐and  398 

belowground enemies. Ecology, 86, 2979-2989. 399 

Bates, D., Maechler, M., Bolker, B. & Walker, S. (2015) Fitting Linear mixed-effects models  400 

using lme4. Journal of Statistical Software, 67, 1-48. 401 

Bauer. B.D. (2006) The population dynamics of tansy ragwort (Senecio jacobaea) in  402 

Northwestern Montana. M.S. Thesis, Montana State University, Bozeman, Montana, 403 

USA. 404 

Blumenthal, D.M. (2006) Interactions between resource availability and enemy release in plant  405 

invasion. Ecology Letters, 9, 887-895. 406 

Brian, J.I. & Catford, J.A. (2023) A mechanistic framework of enemy release. Ecology Letters,  407 

26, 2147-2166. 408 

Bruelheide, H., Dengler, J., Jiménez‐Alfaro, B., Purschke, O., Hennekens, S. M., Chytrý, M., 409 

& Tang, Z. (2019) sPlot–A new tool for global vegetation analyses. Journal of Vegetation 410 

Science, 30, 161-186.  411 

Callaway, R.M., Lucero, J.E., Hierro, J.L. & Lortie, C.J. (2022) The EICA is dead? Long live the  412 

EICA! Ecology Letters, 25, 2289-2302. 413 

Callaway, R.M., Thelen, G.C., Rodriguez, A. & Holben, W.E. (2004) Soil biota and exotic plant  414 

invasion. Nature, 427, 731-733. 415 

Callaway, R.M., Waller, L.P., Diaconu, A., Pal, R., Collins, A.R., Mueller-Schaerer, H. &  416 

Maron, J.L. (2011) Escape from competition: neighbors reduce Centaurea stoebe  417 

performance at home but not away. Ecology, 92, 2208-2213. 418 



 

21 
 

Castro‐Díez, P., Godoy, O., Alonso, A., Gallardo, A. & Saldaña, A. (2014) What explains  419 

variation in the impacts of exotic plant invasions on the nitrogen cycle? A meta‐analysis.  420 

Ecology Letters, 17, 1-12. 421 

Cherlet, M., Hutchinson, C., Reynolds, J., Hill, J., Sommer, S. & von Maltitz, G. (2018) Eds., 422 

World Atlas of Desertification, Publication Office of the European Union, Luxembourg. 423 

Chu, C., Bartlett, M., Wang, Y., He, F., Weiner, J., Chave, J., & Sack, L. (2016) Does climate  424 

directly influence NPP globally? Global Change Biology, 22, 12-24. 425 

Chun, Y. J., Van Kleunen, M. & Dawson, W. (2010). The role of enemy release, tolerance and  426 

resistance in plant invasions: linking damage to performance. Ecology Letters, 13, 937-427 

946. 428 

Clements, D.R., Cole, D.E., King, J. & McClay, A. (2004) The biology of Canadian  429 

weeds. 128. Leucanthemum vulgare Lam. Canadian Journal of Plant Science 84: 343-430 

363. 431 

Colautti, R.I., Ricciardi, A., Grigorovich, I.A. & MacIsaac, H.J. (2004) Is invasion success  432 

explained by the enemy release hypothesis? Ecology Letters, 7, 721-733. 433 

Davis, K.T., Callaway, R.M., Fajardo, A., Pauchard, A., Nuñez, M.A., Brooker, R.W. et al. 434 

 (2019) Severity of impacts of an introduced species corresponds with regional eco‐435 

evolutionary experience. Ecography, 42, 12-22. 436 

Elser, J.J., Bracken, M.E., Cleland, E.E., Gruner, D.S., Harpole, W.S., Hillebrand, H. & Smith,  437 

J.E. (2007) Global analysis of nitrogen and phosphorus limitation of primary producers in 438 

freshwater, marine and terrestrial ecosystems. Ecology Letters, 10, 1135–1142. 439 

Ehrenfeld, J.G. (2003) Effects of exotic plant invasions on soil nutrient cycling processes.  440 

Ecosystems, 6, 503-523.  441 



 

22 
 

Frank, D.A., Kuns, M.M. & Guido, D.R. (2002) Consumer control of grassland plant  442 

production. Ecology, 83, 602-606. 443 

Furey, G.N., & Tilman, D. (2021) Plant biodiversity and the regeneration of soil fertility. 444 

Proceedings of the National Academy of Sciences, 118(49), e2111321118. 445 

Graebner, R.C., Callaway, R.M. & Montesinos, D. (2012) Invasive species grows faster, compete  446 

better, and shows greater evolution toward increased seed size and growth exotic non- 447 

invasive congeners. Plant Ecology, 213, 545-553. 448 

Hawkes, C.V., Wren, I.F., Herman, D.J. & Firestone, M.K. (2005) Plant invasion alters nitrogen  449 

cycling by modifying the soil nitrifying community. Ecology Letters, 8, 976-985. 450 

Hierro, J.L. & Callaway, R.M. (2021) The ecological importance of allelopathy. Annual  451 

Review of Ecology, Evolution, and Systematics, 52, 25-45. 452 

Hierro, J.L., Maron, J.L. & Callaway R.M. (2005) A biogeographic approach to plant invasions:  453 

The importance of studying exotics in their introduced and native range. Journal of  454 

Ecology 93:5-15. 455 

Joshi, J. & Vrieling, K. (2005) The enemy release and EICA hypothesis revisited: incorporating  456 

the fundamental difference between specialist and generalist herbivores. Ecology Letters,  457 

8, 704-714. 458 

Kaur R, Gonzales WL, Llambi LD, Soriano PJ, Callaway RM, et al. (2012) Community impacts  459 

of Prosopis juliflora invasion: biogeographic and congeneric comparisons. PLoS ONE  460 

7(9): e44966. 461 

Kulmatiski, A., Beard, K.H., Stevens, J.R., & Cobbold, S.M. (2008) Plant–soil feedbacks: a  462 

meta‐analytical review. Ecology Letters, 11, 980-992. 463 

Ledger, K.J., Pal, R.W., Murphy, P., Nagy, D.U., Filep, R. & Callaway, R.M. (2015). Impact  464 



 

23 
 

of an invader on species diversity is stronger in the non-native range than in the native  465 

range. Plant Ecology, 216, 1285-1295. 466 

Lekberg, Y., Jansa, J., McLeod, M., DuPre, M.E., Holben, W.E., Johnson, D. et al. 467 

 (2024) Carbon and phosphorus exchange rates in arbuscular mycorrhizas depend on 468 

environmental context and differ among co‐occurring plants. New Phytologist, 242, 469 

1576-1588. 470 

Leith, H. (1975) Modeling the primary productivity of the world. In: Primary Productivity 471 

 of the Biosphere (eds Lieth, H. & Whittaker, R.H.), pp. 237–264. Springer-Verlag, New 472 

 York, NY, USA. 473 

LeBauer, D.S. & Treseder, K.K. (2008) Nitrogen limitation of net primary productivity in  474 

terrestrial ecosystems is globally distributed. Ecology, 89, 371-379. 475 

Liao, C., Peng, R., Luo, Y., Zhou, X., Wu, X., Fang, C. et al. (2008) Altered ecosystem carbon  476 

and nitrogen cycles by plant invasion: a meta‐analysis. New Phytologist, 177, 706-714. 477 

Lucas, M.S., Hensen, I., Barratt, C.D., Callaway, R.M., Durka, W., Lekberg, Y. et al. (2024) Re- 478 

focusing sampling, design and experimental methods to assess rapid evolution by non- 479 

native plant species. Biological Invasions, 26, 1327-1343.  480 

Lucero, J.E., Arab, N.M., Meyer, S.T., Pal, R.W., Fletcher, R.A., Nagy, D.U. et al. 2020. Escape  481 

from natural enemies depends on the enemies, the invader, and competition. Ecology and  482 

Evolution, 10, 10818-10828. 483 

Maron, J.L., Klironomos, J., Waller, L. & Callaway, R.M. (2014) Invasive plants escape from  484 

suppressive soil biota at regional scales. Journal of Ecology, 102, 19-27. 485 

MacDougall, A.S. & Turkington, R. (2005) Are invasive species the drivers or passengers of  486 

change in degraded ecosystems? Ecology, 86, 42-55. 487 



 

24 
 

Lee, M.R., Bernhardt, E.S., van Bodegom, P.M., Cornelissen, J.H.C., Kattge, J., Laughlin, D.C. 488 

 et al. (2017) Invasive species’ leaf traits and dissimilarity from natives shape their impact 489 

on nitrogen cycling: a meta‐analysis. New Phytologist, 213, 128-139. 490 

Matesanz, S. & Sultan, S.E. (2013) High‐performance genotypes in an introduced plant: insights  491 

to future invasiveness. Ecology, 94, 2464-2474. 492 

McLeod, M.L., Cleveland, C.C., Lekberg, Y., Maron, J.L., Philippot, L., Bru, D. et al. (2016)  493 

Exotic invasive plants increase productivity, abundance of ammonia‐oxidizing bacteria  494 

and nitrogen availability in intermountain grasslands. Journal of Ecology, 104, 994-1002.  495 

Montesinos, D., Graebner, R.C. & Callaway, R.M. (2019) Evidence for evolution of increased  496 

Competitive ability for invasive Centaurea solstitialis, but not for naturalized C.  497 

calcitrapa. Biological Invasions, 21, 99-10. 498 

Pal, R.W., Maron, J.L., Nagy, D.U., Waller, L.P., Tosto, A., Liao, H. et al. (2020) What happens  499 

in Europe stays in Europe: apparent evolution by an invader does not help at  500 

home. Ecology, 101(8), e03072. 501 

Pauchard, A., Alaback, P.B. & Edlund, E.G. (2003) Plant invasions in protected areas at  502 

multiple scales: Linaria vulgaris (Scrophulariaceae) in the West Yellowstone area. 503 

Western North American Naturalist, 63, 416-428. 504 

Pearse, I.S., Sofaer, H.R., Zaya, D.N. & Spyreas, G. (2019) Non‐native plants have greater  505 

impacts because of differing per‐capita effects and nonlinear abundance–impact  506 

curves. Ecology Letters, 22, 1214-1220. 507 

R Core Team (2024) R: A Language and Environment for Statistical Computing. R Foundation  508 

for Statistical Computing, Vienna, Austria. 509 

Ridenour, W.M. & Callaway, R.M. (2001) The relative importance of allelopathy in interference:  510 



 

25 
 

the effects of an invasive weed on a native bunchgrass. Oecologia, 126, 444-450. 511 

Reinhart, K.O., Gurnee, J., Tirado, R. & Callaway, R.M. (2006) Invasion through quantitative  512 

effects: intense shade drives native decline and invasive success. Ecological  513 

Applications, 16, 1821-1831. 514 

Rosche, C., Hensen, I., Schaar, A., Zehra, U., Jasieniuk, M., Callaway, R.M., Khasa, D.P. et al.  515 

(2019) Climate outweighs native vs. nonnative range‐effects for genetics and common  516 

garden performance of a cosmopolitan weed. Ecological Monographs, 89(4), p.e01386. 517 

Rout, M.E. & Callaway, R.M. (2009) An invasive plant paradox. Science, 324, 734-735. 518 

Running, S.W. (2012) A measurable planetary boundary for the biosphere. Science, 337, 1458- 519 

1459. 520 

Scurlock, J.M., Johnson, K. & Olson, R.J. (2002) Estimating net primary productivity from  521 

grassland biomass dynamics measurements. Global Change Biology, 8, 736-753. 522 

Shah, M.A., Callaway, R.M., Shah, T., Houseman, G.R., Pal, R.W., Xiao, S. et al. (2014) Conyza  523 

canadensis suppresses plant diversity in its nonnative ranges but not at home: a  524 

transcontinental comparison. New Phytologist 202, 1286-1296. 525 

Simberloff, D. (2013). Invasive Species: What Everyone Needs to Know. Oxford University  526 

Press, Oxford, UK. 527 

Stark, J.M. & Norton, J.M. (2015) The invasive annual cheatgrass increases nitrogen availability  528 

in 24-year-old replicated field plots. Oecologia, 177, 799-809. 529 

Villasor, C., Robertson, K., Becker, T., Cahill, J.F., Deák, B., Hensen, I. et al. (2024) Invasion  530 

success of three cool‐season grasses in the northern prairie: A test of three hypotheses.  531 

Oikos, (3), p.e10266. 532 

Vitousek, P.M. (1990) Biological invasions and ecosystem processes: towards an integration of  533 



 

26 
 

population biology and ecosystem studies. Oikos, 57, 7-13. 534 

Wilke, B. J. & Irwin, R. E. (2010) Variation in the phenology and abundance of flowering by  535 

native and exotic plants in subalpine meadows. Biological Invasions, 12, 2363-2372. 536 

Wilsey, B.J., Daneshgar, P.P. & Polley, H.W. (2011) Biodiversity, phenology and temporal niche  537 

differences between native-and novel exotic-dominated grasslands. Perspectives in Plant 538 

Ecology, Evolution and Systematics, 13, 265-276. 539 

Wilsey, B., Martin, L., Xu, X., Isbell, F., & Polley, H.W. (2024) Biodiversity: Net primary  540 

productivity relationships are eliminated by invasive species dominance. Ecology Letters, 541 

 27(1), e14342. 542 

Wilsey, B.J. & Polley, W.H. (2006) Aboveground productivity and root–shoot allocation differ  543 

between native and introduced grass species. Oecologia, 150, 300-309. 544 

Wilsey, B.J., Teaschner, T.B., Daneshgar, P.P., Isbell, F.I. & Polley, H.W. (2009) Biodiversity  545 

maintenance mechanisms differ between native and novel exotic‐dominated  546 

communities. Ecology Letters, 12, 432-442. 547 

Xu, H., Liu, Q., Wang, S., Yang, G., & Xue, S. (2022) A global meta-analysis of the impacts of  548 

exotic plant species invasion on plant diversity and soil properties. Science of the Total  549 

Environment, 810, 152286.   550 



 

27 
 

Figure legends 551 

Figure 1. Differences in aboveground net primary productivity (ANPP) between field plots 552 

dominated by the target invasive species, and adjacent plots with native species, in both the 553 

native (blue) and non-native (red) ranges of the invaders. The log-response ratio plot is 554 

standardized across the five study species for different ANPPs across species (plot biomass). 555 

Positive LRRs indicate an increase in ANPP in invaded plots vs. that in adjacent native plots, 556 

whereas negative LRRs indicate a decrease in ANPP in invaded plots vs. that in adjacent native 557 

plots. For individual species, estimated differences are based on pair-wise comparisons between 558 

plots with the target species (orange) and the adjacent community (purple) within both ranges 559 

and denoted as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001; n.s. = non-significant. ANPP 560 

data are presented on a loge-scaled axis as they were logged in the statistical analyses. 561 

Figure 2. Differences in NO3
- and NH4

+ between field plots dominated by the target invasive 562 

species and adjacent plots with native species, in both the native (blue) and non-native (red) 563 

ranges of the invaders. LRR plots are standardized across the five study species using the log-564 

response ratios (LRRs) for NO3
- and NH4

+. Positive LRRs indicate an increase in NO3
- or NH4

+ 565 

in invaded plots vs. that in adjacent native plots, whereas negative LRRs indicate a decrease in 566 

NO3
- or NH4

+ in invaded plots vs. that in adjacent native plots. For both NO3
- and NH4

+, the 567 

LRRs in the nonnative range were significantly higher than those in the native range, as denoted 568 

by an * for the respective pair-wise comparison between plots with the target species (orange) 569 

and the adjacent community (purple) within both ranges. 570 

Figure 3. Differences in aboveground net primary productivity (ANPP) between common 571 

garden plots dominated by the invasive species, and adjacent plots with native species, in both 572 

the native (blue) and non-native (red) ranges of the invaders. For gardens in both ranges only the 573 

local genotypes were used in this comparison – both for the native and the non-native species – 574 

ensuring that the sample size remained consistent. The LRR plot is standardized across the five 575 

study species using the log-response ratios (LRRs) for plot biomass. Positive LRRs indicate an 576 

increase in ANPP in invaded plots vs. that in adjacent native plots, whereas negative LRRs 577 

indicate a decrease in ANPP in invaded plots vs. that in adjacent native plots. For individual 578 

species, estimated differences are based on pair-wise comparisons between plots with the target 579 

species (orange) and the adjacent community (purple) within both ranges and denoted as follows: 580 
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*, P < 0.05; **, P < 0.01; ***, P < 0.001; n.s. = non-significant. ANPP data are presented on a 581 

loge-scaled axis as they were logged in the statistical analyses. 582 

Figure 4. Differences in NO3
- and NH4

+ between common garden plots dominated by the target 583 

invasive species and adjacent plots with only native species, in both the native (blue) and non-584 

native (red) ranges of the invaders. For gardens in both ranges only the local genotypes were 585 

used in this comparison – both for the native and the non-native species – ensuring that the 586 

sample size remained consistent. LRR plots are standardized across the five study species using 587 

the log-response ratios (LRRs) for NO3
- and NH4

+. Positive LRRs indicate an increase in NO3
- or 588 

NH4
+ in invaded plots vs. that in adjacent native plots, whereas negative LRRs indicate a 589 

decrease in NO3
- or NH4

+ in invaded plots vs. that in adjacent native plots. For both, NO3
- and 590 

NH4
+, the LRRs in the nonnative range were not significantly different from those in the native 591 

range, as indicated by an “n.s.” for the respective pair-wise comparison between plots with the 592 

target species (orange) and the adjacent community (purple) within both ranges.  593 

  594 
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Supplementary Information 

 

Figure S1. Differences in total vegetation cover between field plots dominated by the target 595 

invasive species and adjacent plots with only native species, in both the native and non-native 596 

ranges of the invaders. The LRR plot is standardized across the five study species using the log-597 

response ratios (LRRs) for plot cover. Positive LRRs, denoted by an *, indicate an increase in 598 

cover in invaded plots vs. adjacent native plots, whereas negative LRRs indicate a decrease in 599 

cover in invaded plots vs. adjacent native plots. For individual species, estimated differences are 600 

based on pair-wise comparisons within the ranges and denoted as follows: *, P < 0.05; **, P < 601 

0.01; ***, P < 0.001; n.s. = non-significant. Data are presented on a logit-scaled axis as they 602 

were logit transformed in statistical analyses. 603 

 604 
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 605 

Figure S2. Differences in NO3
- between field plots dominated by the target invasive species and 606 

adjacent plots with only native species, in both the native and non-native ranges of the invaders. 607 

The LRR plot is standardized across the five study species using the log-response ratios (LRRs) 608 

for plot cover. Positive LRRs, denoted by an *, indicate an increase in NO3
- in invaded plots vs. 609 

adjacent native plots, whereas negative LRRs indicate a decrease in NO3
- in invaded plots vs. 610 

adjacent native plots. For individual species, estimated differences are based on pair-wise 611 

comparisons within the ranges and denoted as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001; 612 

n.s. = non-significant. Data are presented on a loge-scaled axis as they were logged in statistical 613 

analyses. 614 

 615 
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Figure S3. Differences in NH4
+ between field plots dominated by the target invasive species and 

adjacent plots with only native species, in both the native and non-native ranges of the invaders. 

The LRR plot is standardized across the five study species using the log-response ratios (LRRs) 

for plot cover. Positive LRRs, denoted by an *, indicate an increase in NH4
+ in invaded plots vs. 

adjacent native plots, whereas negative LRRs indicate a decrease in NH4
+ in invaded plots vs. 

adjacent native plots. For individual species, estimated differences are based on pair-wise 

comparisons within the ranges and denoted as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001; 

n.s. = non-significant. Data are presented on a loge-scaled axis as they were logged in statistical 

analyses. 
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Figure S4. Differences in NO3
- between common garden plots dominated by the target invasive 

species and adjacent plots with only native species, in both the native and non-native ranges of 

the invaders. The LRR plot is standardized across the five study species using the log-response 

ratios (LRRs) for plot cover. Positive LRRs, denoted by an *, indicate an increase in NO3
- in 

invaded plots vs. adjacent native plots, whereas negative LRRs indicate a decrease in NO3
- in 

invaded plots vs. adjacent native plots. For individual species, estimated differences are based on 

pair-wise comparisons within the ranges and denoted as follows: *, P < 0.05; **, P < 0.01; ***, P 

< 0.001; n.s. = non-significant. Data are presented on a loge-scaled axis as they were logged in 

statistical analyses. 
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Figure S5. Differences in NH4
+ between field plots dominated by the target invasive species and 

adjacent plots with only native species, in both the native and non-native ranges of the invaders. 

The LRR plot is standardized across the five study species using the log-response ratios (LRRs) 

for plot cover. Positive LRRs, denoted by an *, indicate an increase in NH4
+ in invaded plots vs. 

adjacent native plots, whereas negative LRRs indicate a decrease in NH4
+ in invaded plots vs. 

adjacent native plots. For individual species, estimated differences are based on pair-wise 

comparisons within the ranges and denoted as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001; 

n.s. = non-significant. Data are presented on a loge-scaled axis as they were logged in statistical 

analyses. 
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Figure S6. ANPP of the accessions/genotypes collected in the native vs. non-native ranges. 

Leucanthemum, Linaria, Hypericum, and Tanacetum were grown in the European common 

garden, whereas Solidago was grown in the North American common garden. This was to avoid 

introducing new genotypes to non-native ranges.  
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Figure S7. Regressions between ANPP and vegetation cover for each target species in their 

native and nonnative ranges. Shaded regions show 95% confidence limits. Linear mixed-effects 

models accounting for sampling location and species identity as random effects yielded 

significant relationships for productivity and vegetation cover across all species combined in 

both the native range (χ²=15.07; P<0.001) and the non-native range (χ²=31.71; P<0.001).  
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Supplementary Table S1. Species composition of the 40 native community plots in common 

garden at Bad Lauchstädt, Germany. The plots were designed to compare to monoculture plots of 

the target species and were composed of five native species common to the habitat of the target 

species. Ten species were chosen from the sPlot database (Bruelheide et al., 2019) and randomly 

selected to create eight unique combinations.  

Hypericum perforatum     

Brachypodium pinnatum Dactylis glomerata Brachypodium pinnatum Plantago lanceolata 

Plantago lanceolata Arrhenatherum elatius Dactylis glomerata Achillea millefolium 

Hieracium pilosella Achillea millefolium Arrhenatherum elatius Hieracium pilosella 

Briza media Lotus corniculatus Lotus corniculatus Koeleria pyramidata 

Sanguisorba minor Koeleria pyramidata Briza media Sanguisorba minor 

      

Brachypodium pinnatum Plantago lanceolata Brachypodium pinnatum Plantago lanceolata 

Achillea millefolium Dactylis glomerata Arrhenatherum elatius Dactylis glomerata 

Hieracium pilosella Arrhenatherum elatius Hieracium pilosella Achillea millefolium 

Lotus corniculatus Koeleria pyramidata Lotus corniculatus Briza media 

Briza media Sanguisorba minor Koeleria pyramidata Sanguisorba minor 

 

Tanacetum vulgare    

Urtica dioica                   Arrhenatherum elatius Urtica dioica Vicia cracca 

Vicia cracca Dactylis glomerata Arrhenatherum elatius Achillea millefolium 

Rumex acetosa Achillea millefolium Dactylis glomerata Rumex acetosa 

Elymus repens Agrostis capillaris Agrostis capillaris Artemisia vulgaris 

Rumex acetosa Artemisia vulgaris Elymus repens Rumex acetosa 

    

Urtica dioica Vicia cracca Urtica dioica Vicia cracca 

Achillea millefolium Arrhenatherum elatius Dactylis glomerata Arrhenatherum elatius 

Rumex acetosa Dactylis glomerata Rumex acetosa Achillea millefolium 

Agrostis capillaris Artemisia vulgaris Agrostis capillaris Elymus repens 

Elymus repens Rumex acetosa Artemisia vulgaris Rumex acetosa 
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Linaria vulgaris    

Achillea millefolium Holcus lanatus Achillea millefolium Artemisia vulgaris 

Artemisia vulgaris Arrhenatherum elatius Holcus lanatus Poa pratensis 

Agrostis capillaris Poa pratensis Arrhenatherum elatius Agrostis capillaris 

Dactylis glomerata Hypericum perforatum Hypericum perforatum Rumex acetosella 

Elymus repens Rumex acetosella Dactylis glomerata Elymus repens 

    

Achillea millefolium Artemisia vulgaris Achillea millefolium Artemisia vulgaris 

Poa pratensis Holcus lanatus Arrhenatherum elatius Holcus lanatus 

Agrostis capillaris Arrhenatherum elatius Agrostis capillaris Poa pratensis 

Hypericum perforatum Rumex acetosella Hypericum perforatum Dactylis glomerata 

Dactylis glomerata Elymus repens Rumex acetosella Elymus repens 

    

Leucanthemum vulgare    

Rumex acetosa Plantago lanceolata Rumex acetosa Festuca rubra 

Festuca rubra Briza media Plantago lanceolata Festuca pratensis 

Cerastium holosteoides Festuca pratensis Briza media Cerastium holosteoides 

Holcus lanatus Trisetum flavescens Trisetum flavescens Lotus corniculatus 

Achillea millefolium Lotus corniculatus Holcus lanatus Achillea millefolium 

     

Rumex acetosa Festuca rubra Rumex acetosa Festuca rubra 

Festuca pratensis Plantago lanceolata Briza media Plantago lanceolata 

Cerastium holosteoides Briza media Cerastium holosteoides Festuca pratensis 

Trisetum flavescens Lotus corniculatus Trisetum flavescens Holcus lanatus 

Holcus lanatus Achillea millefolium Lotus corniculatus Achillea millefolium 

    

Solidago canadensis    

Plantago lanceolata Poa angustifolia Plantago lanceolata Arrhenatherum elatius 

Arrhenatherum elatius Urtica dioica Poa angustifolia Hypericum perforatum 

Poa trivialis Hypericum perforatum Urtica dioica Poa trivialis 

Taraxacum officinale Achillea millefolium Achillea millefolium Artemisia vulgaris 

Cerastium holosteoides Artemisia vulgaris Taraxacum officinale Cerastium holosteoides 

    

Plantago lanceolata Arrhenatherum elatius Plantago lanceolata Arrhenatherum elatius 

Hypericum perforatum Poa angustifolia Urtica dioica Poa angustifolia 

Poa trivialis Urtica dioica Poa trivialis Hypericum perforatum 

Achillea millefolium Artemisia vulgaris Achillea millefolium Taraxacum officinale 

Taraxacum officinale Cerastium holosteoides Artemisia vulgaris Cerastium holosteoides 
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Species composition of the 40 native community plots in common garden at Fort Missoula, 

Montana. The plots were designed to compare to monoculture plots of the target species and 

were sourced from eight different populations in the non-native range. In Montana, we used the 

plot data from our field surveys to select the five most common co-occurring native perennial 

species for constructing the native communities for each invasive species in the garden. 

Solidago & Tanacetum    

Leymus cynereus Deschampsia cespitosa Leymus cynereus Deschampsia cespitosa 

Agropyron dasystachyum Spirea betulifolia Deschampsia cespitosa Achillea millefolium 

Achillea millefolium 
Symphyotrichum 
spathulatum Spirea betulifolia Artemisia ludoviciana 

Gaillardia aristata Artemisia ludoviciana Artemisia ludoviciana Geranium viscosissimum 

Solidago gigantea Geranium viscosissimum Gaillardia aristata Solidago gigantea 

    

Leymus cynereus Agropyron dasystachyum Leymus cynereus Agropyron dasystachyum 

Symphyotrichum spathulatum Deschampsia cespitosa Spirea betulifolia 
Symphyotrichum 
spathulatum 

Achillea millefolium Spirea betulifolia Achillea millefolium Achillea millefolium 

Artemisia ludoviciana Geranium viscosissimum Artemisia ludoviciana Solidago gigantea 

Gaillardia aristata Solidago gigantea Geranium viscosissimum Epilobium angustifolium 

    
Hypericum & 

Linaria    

Artemisia frigida Astragalus adsurgens Artemisia frigida Artemisia ludoviciana 

Artemisia ludoviciana Gaillardia aristata Astragalus adsurgens Grindelia squarrosa 

Heterotheca villosa Grindelia squarrosa Gaillardia aristata Heterotheca villosa 

Pseudoroegneria spicata Lupinus serriceus Lupinus serriceus Symphyotrichum spathulatum 

Koeleria cristata Symphyotrichum spathulatum Pseudoroegneria spicata Koeleria cristata 

    

Artemisia frigida Artemisia ludoviciana Artemisia frigida Artemisia ludoviciana 

Grindelia squarrosa Astragalus adsurgens Gaillardia aristata Astragalus adsurgens 

Heterotheca villosa Gaillardia aristata Heterotheca villosa Grindelia squarrosa 

Lupinus serriceus Symphyotrichum spathulatum Lupinus serriceus Pseudoroegneria spicata 

Pseudoroegneria spicata Coeleria cristata Symphyotrichum spathulatum Koeleria cristata 
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Leucanthemum    

Leymus cynereus Lupinus serriceus Symphyotrichum spathulatum Artemisia frigida 

Heterotheca villosa Spirea betulifolia Geranium viscosissimum Pseudoroegneria spicata 

Achillea millefolium Gaillardia aristata Epilobium angustifolium Achillea millefolium 

Koeleria cristata Artemisia ludoviciana Artemisia ludoviciana Poa secunda 

Solidago gigantea Geranium viscosissimum Gaillardia aristata Astragalus adsurgens 

     

Symphyotrichum spathulatum Epilobium angustifolium Heterotheca villosa Gaillardia aristata 

Koeleria cristata Grindelia squarrosa Spirea betulifolia Symphyotrichum spathulatum 

Artemisia frigida Geranium viscosissimum Agropyron dasystachyum Pseudoroegneria spicata 

Artemisia ludoviciana Lupinus serriceus Artemisia ludoviciana Grindelia squarrosa 

Gaillardia aristata Achillea millefolium Astragalus adsurgensniculatus Solidago gigantea 

    
 

 

 


