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Abstract24

Aims Community characteristics, such as disturbances and interspecific competition that25

affect the availability of microsites and resources, contribute to the success or failure of the26

establishment of exotic plant species. In particular, these two community characteristics27

may have adverse effects on plant emergence and survival which are particularly important28

for population establishment and therefore, it may be necessary to consider both these vital29

rates simultaneously when assessing demographic mechanisms. Here, we investigated the30

impacts of disturbance and interspecific competition on the establishment of a perennial31

invasive herb, Lupinus polyphyllus Lindl.32

33

Methods Over the course of two years, we conducted an experiment in 10 populations of34

this species in Finland in which we manipulated the levels of soil disturbance. We recorded35

community characteristics (i.e., the number of vascular plant species, vegetation height, and36

the proportions of bare ground, litter, and moss), and observed the emergence and survival37

of L. polyphyllus individuals in study plots.38

39

Important Findings A mild disturbance (breaking the soil surface mechanically) slightly40

increased seedling emergence but did not affect plant survival. Instead, an intense41

disturbance (vegetation and litter removal) had no effect on seedling emergence, although it42

significantly increased the proportion of bare ground and, consequently, seedling survival.43

Survival was not affected by the height of the surrounding vegetation, but both seedling44

emergence and plant survival increased with an increasing number of plant species in the45

study plots. These findings demonstrate that single disturbance events may considerably46
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promote the establishment of invasive herbs, although the overall effect and demographic47

mechanisms behind the increased establishment are likely to vary depending on disturbance48

type. Moreover, our results suggest that species diversity per se may not be a crucial49

mechanism for locally preventing the establishment of exotic plants.50

51

Keywords community invasibility, interspecific competition, invasive species, species52

richness, vital rates53

54

55

56

57

58

59

60

INTRODUCTION61

Why some plant species are able to invade new areas is a key question in ecology, and62

requires understanding of community characteristics that ultimately determine the success63

or failure of the establishment of exotic plant species. In particular, plant emergence and64

survival are necessary for the initial establishment of plant invasions. Both these vital rates65

may be affected by community characteristics, such as the levels of disturbance and66

interspecific competition, which have the potential to alter the availability of microsites and67
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resources. Disturbances (e.g., fire, trampling, and grazing) typically cause partial or total68

destruction of plant biomass (Grime 1977; Shea and Chesson 2002), and have often been69

suggested to promote plant invasions (Hobbs and Huenneke 1992; Burke and Grime 1996;70

Jauni et al. 2015). The removal of plant biomass due to disturbances creates patches of71

open ground, increases the availability of resources, and reduces competition with co-72

occurring native plant species, which may favour the establishment of invasive plants (e.g.,73

Alpert et al. 2000; Davis et al. 2000; Shea and Chesson 2002). This increased74

establishment after disturbance may occur because invasive plant species are often more75

efficient resource users than native plant species are (Funk and Vitousek 2007). However,76

the effect of disturbance on plant invasions may vary depending on disturbance type and77

intensity (Hobbs and Huenneke 1992; Duggin and Gentle 1998; Lake and Leishman 2004;78

Jauni et al. 2015), with the invasion success of exotic plants tending to increase with79

intensifying disturbance (e.g., Duggin and Gentle 1998; Belote et al. 2008; Mayor et al.80

2012). Not all studies, though, have observed that invasive plant species benefit81

considerably from disturbance (e.g., Moles et al. 2012; Fensham et al. 2013; Ramula et al.82

2015).83

Interspecific competition, in turn, often impedes the establishment of invasive84

plants. For example, high native plant species diversity may locally buffer communities85

against plant invaders (i.e. the biotic resistance hypothesis; Elton 1958; Levine et al. 2004)86

because fewer resources are available per individual plant. For the same reason, vegetation87

height, which implies competition for light, might suppress the establishment of invasive88

plants (e.g., Bullock 2009). Still, a number of studies have also reported the opposite result,89

that is, interspecific competition and species diversity are positively associated with plant90
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invasions regardless of the spatial scale (e.g., Stohlgren et al. 2006; Bullock 2009; Souza et91

al. 2011; Jauni and Hyvönen 2012; Skálová et al. 2013). These mixed reports of the roles92

of disturbance and interspecific competition in plant invasions may be due to different93

intensities of these two variables, but may also arise from the single time points used to94

assess impacts. Such single time points tend to capture a limited number of vital rates that95

do not necessarily reflect the overall performance of a given species (e.g., Young et al.96

2005). For example, the positive effect of a disturbance event early in life may be97

counteracted by reduced vital rates later in life due to high plant density at disturbed sites98

(Warren et al. 2012), resulting in no net benefit for the invader. Therefore, longer-term field99

studies that are based on multiple vital rates may be necessary to quantify the overall100

effects of disturbance and interspecific competition on the establishment of invasive plant101

species. The use of multiple vital rates also provides a link to population fitness, which will102

enable comparisons among populations and species, and will ease management103

recommendations.104

Here, we investigated the impacts of community characteristics (i.e. disturbance, the105

number of co-occurring vascular plant species, and vegetation height) on the establishment106

of a short-lived, perennial herb, Lupinus polyphyllus Lindl that is invasive on several107

continents. Although the species often inhabits frequently disturbed habitats, such as road108

verges and wastelands (Fremstad 2010), seedling establishment has been previously109

reported to be insensitive to a mild mechanical soil disturbance (Ramula et al. 2015).110

However, it is not known how the establishment of this species depends on disturbance111

type, and how other community characteristics, such as species diversity and vegetation112

height, affect establishment. Over the course of two years, we conducted an experiment in113
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10 populations of the study species in which we disturbed the soil surface, recorded the114

number of plant species, vegetation height, the proportions of bare ground, litter, and moss,115

and observed the emergence and survival of L. polyphyllus individuals. We hypothesised116

that disturbance would increase the amount of bare ground and consequently create open117

microsites, which would then result in an increase in the emergence and survival of L.118

polyphyllus. We predicted that an intense disturbance with vegetation and litter removal119

prior to seed sowing would increase the vital rates more than a mild soil disturbance120

(breaking the soil surface with a spade). In addition, we hypothesised that plant species121

diversity and vegetation height would buffer against invasions by decreasing the122

performance of L. polyphyllus individuals.123

124

MATERIALS AND METHODS125

Study species126

Lupinus polyphyllus Lindl. (Fabaceae) is a nitrogen-fixing, 50-100 cm high, perennial herb,127

with an estimated lifespan of a few years (Li S-L, unpublished). It is native to North128

America, but is considered an exotic invasive species in many European countries, southern129

Australia, and New Zealand (Fremstad 2010; Q-bank 2015). In the invaded range, L.130

polyphyllus can form dense stands, thus decreasing the richness of local vascular plant131

species (Valtonen et al. 2005; Ramula and Pihlaja 2012). An individual plant usually132

produces several hundred, ballistically dispersed seeds (Aniszewski et al. 2001) that133

germinate in spring, or that may remain viable in the soil seed bank for several years134

(Timmins and Mackenzie 1995). The species is also able to reproduce vegetatively via135
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creeping underground rhizomes (Rapp 2009), although vegetative reproduction might be136

less common than sexual reproduction (Ramula 2014).137

138

Study system139

We examined the effects of mechanical soil disturbances, the number of co-occurring140

vascular plant species, and vegetation height (as a proxy for competition for light) on the141

establishment of L. polyphyllus in 10 populations of this species over two years. All142

populations were located in wastelands (including road verges and abandoned fields, n=7)143

or forest understoreys (n=3) in southwestern Finland, close to the town of Turku. The144

distance between populations varied from 3 to 35 km. In each population, we established145

five blocks in July 2012, with each block consisting of three plots of 0.5 × 0.5 m (i.e. 15146

plots per population). This block-wise design was used to minimise differences in the147

vegetation and underlying abiotic conditions among plots. The plots were located, on148

average, 7.5 m (± 6.3 m, SD) from the closest L. polyphyllus individual, and 0.5 m from149

another plot. No seedlings of L. polyphyllus were observed in the plots when they were150

established. Although the seeds of L. polyphyllus disperse only up to a few metres, we cut151

the inflorescences of the closest flowering plants of that species to avoid its natural spread152

to the study plots. In each block, the three plots were randomly assigned to the following153

three treatments in September 2012: 1) no disturbance (control), 2) soil disturbance, in154

which we broke the soil surface with a spade, and 3) vegetation and litter removal, in which155

we removed all vegetation and litter to a depth of 5 cm from the surface. After conducting156

the treatments, we sowed 50 seeds of L. polyphyllus in each plot; all seeds for a given157
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population had been collected from that population in the same summer. We used only158

fully developed seeds with a viability of 97% (± 2% SD based on a tetrazolium test, n=10159

populations).160

We revisited the plots twice per growing season (late May and mid-July) in the next161

two years (2013 and 2014), and recorded the number of L. polyphyllus individuals. We162

calculated emergence in both 2013 and 2014 as the number of L. polyphyllus seedlings in163

May of each year divided by the total number of seeds sown in September 2012. At that164

time most plant species in the study plots had already emerged and sprouted. Background165

germination was estimated from three additional plots per population (the additional plots166

were located between the pre-existing L. polyphyllus stands and study blocks) and revealed167

no germinated seedlings. The survival of L. polyphyllus individuals in the study plots was168

calculated separately for each year (2013, 2014) as the number of plants in July of that year169

divided by the number of emerged seedlings in May 2013. Due to the low flowering170

probability of the emerged L. polyphyllus individuals (0.86%; 14 out of 1629), we were171

unable to consider fecundity. We also note that there were no signs of vegetative172

reproduction during the study. Moreover, in each plot we annually (in July 2012-2014)173

recorded the total number of vascular plant species, measured the mean vegetation height174

(cm) from the soil surface based on the height of the most abundant vascular plant species,175

and estimated the proportions of bare ground, litter, and moss (0-100%, the proportions of176

bare ground and moss were mutually exclusive categories, while the proportion of litter was177

estimated separately).178

179

180
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Statistical analyses181

Models for community characteristics182

Since the disturbance treatments were conducted just once in the beginning of the183

experiment (Sept 2012), the study plots may have recovered from disturbances before they184

were visited again in the following spring. To quantify the impacts of our disturbance185

treatments on community characteristics (the number of vascular plant species, vegetation186

height, and the proportions of bare ground, litter, and moss), we constructed linear mixed187

models with treatment (control, soil disturbance, vegetation and litter removal), year (July188

2013 and 2014), and their interaction as fixed explanatory variables for each response189

variable. Block nested within population was considered a random effect to account for the190

spatial relatedness of the plots, and plot was added to the models as a random factor to191

account for the repeated measures of the environmental factors assessed in two consecutive192

years. For each response variable, its level prior to treatment (i.e. a given variable measured193

in July 2012) was used as a covariate to account for differences in the initial environmental194

conditions among plots. For the total number of vascular plant species, we used a195

generalised linear mixed model with a negative binomial distribution to correct for196

overdispersion. For vegetation height and the proportions of bare ground, litter, and moss,197

we used linear mixed models with a normal distribution. The proportions of bare ground,198

litter, and moss were logit-transformed (log (p / (1-p)), and a small positive constant (equal199

to the smallest non-zero observation) was added to the numerator and denominator in the200

logit-transformation to handle plots with zero cover (Warton and Hui 2011). For the models201

based on the normal distribution, the assumptions of normality and homogeneity of202
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variances were confirmed by visual examination of the residuals. As we performed203

identical tests for multiple community characteristics measured from the same study plots,204

we adjusted P-values with a sequential Bonferroni correction (e.g., Holm 1979) to205

minimise the probability of type I errors. All analyses were conducted in R 3.1.2 using the206

lmer and glmer functions in the lme4 package (R Development Core Team 2013).207

208

Models for emergence and survival209

To examine the impacts of disturbance and other community characteristics on the210

establishment of L. polyphyllus, we constructed generalised linear mixed models for the211

emergence and survival of L. polyphyllus individuals using a binomial distribution (glmer212

in the lme4 package). Due to low seedling emergence in the second year of the study (2.2%213

in 2014) compared to that of the first year (21.5% in 2013), the analysis used emergence214

data from the first year only. For the emergence model, disturbance treatment (three levels)215

was used as a fixed explanatory variable, and block nested within population was216

considered a random effect. Moreover, as disturbance treatments had no effect on plant217

diversity in the following summer (Table 1), the number of vascular plant species and a218

two-way interaction between the number of plant species and treatment were included as219

explanatory variables in the model. To explore whether species diversity affects emergence220

nonlinearly (i.e. whether there is s threshold), a quadratic term of the number of vascular221

plant species was also included as a fixed explanatory variable. Other community222

characteristics (the proportions of bare ground, litter, and moss) were not included in the223

model because they correlated with treatment and/or with the proportion of bare ground224
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(Table 1). Note that habitat type and vegetation height were not considered because the225

former was associated with the number of plant species and the latter varied little among226

study plots in late May. For the survival model, we included treatment (three levels), year227

(2013 and 2014), the number of vascular species per plot of a given year (as both linear and228

quadratic terms), vegetation height (linear and quadratic terms), and two-way interactions229

between treatment and year, between treatment and vegetation height, and between230

treatment and the number of plant species as fixed explanatory variables. Block nested231

within population was again included as a random effect to account for the spatial232

relatedness of the plots, and plot was added to the models as a random effect to account for233

the repeated measures over time. For the emergence model, we were unable to correct234

slight overdispersion (dispersion parameter = 3.0), whereas for the survival model235

overdispersion was not a major problem (dispersion parameter = 1.19). For all statistical236

models, we examined the significance of the fixed variables using a likelihood-ratio test237

(LR) fit with maximum likelihood (Pinheiro and Bates 2000). In other words, we simplified238

the models starting from non-significant interaction terms (P >0.05). The random effects239

were not tested because they were not our primary interest.240

241

RESULTS242

The effect of disturbance on community characteristics243

The proportion of bare ground in the study plots differed among treatments (Table 1); plots244

with the vegetation and litter removal treatment had the greatest proportion of bare ground245

in the summer following the treatments, while the proportion of bare ground did not differ246
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between the soil disturbance and control treatments (Fig. 1a). The two disturbance types247

considered here had no effect on other community characteristics in the summers following248

the treatments (the number of vascular plant species, vegetation height, the proportions of249

litter or moss) either on their own or through an interaction with year (Table 1; Figure S1).250

The number of vascular plant species and the proportion of bare ground declined over time251

in the study plots (Table 1; Fig. 1b,c).252

253

The effects of disturbance and community characteristics on invasion establishment254

A fifth (21.5 ± 14.7%) of the sown L. polyphyllus seeds emerged in the first spring (May255

2013) after sowing. Emergence differed among treatments (Table 2), being significantly256

higher in the soil disturbance treatment than in the vegetation and litter removal or control257

treatments (Fig. 2a). Moreover, seedling emergence tended to increase with the increasing258

numbers of vascular plant species in the study plots (Table 2, Fig. 3a).259

There was a significant treatment × year interaction for the survival of the emerged260

L. polyphyllus individuals (Table 3). In the first summer (July 2013), seedling survival was261

higher in the vegetation and litter removal treatment than in other treatments, whereas in262

the second summer (July 2014) survival did not differ among treatments (Fig. 2b). The263

survival of L. polyphyllus increased linearly with the number of vascular plant species in264

the study plots (Fig. 3b), but was not associated with vegetation height (Table 3, note that a265

marginally significant treatment × vegetation height interaction revealed no clear pattern).266

267

DISCUSSION268
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Many exotic plant species are ruderals whose colonisation success at least partially depends269

on the availability of suitable microsites (e.g., Radosevich et al. 1997). Therefore, we might270

expect disturbances that create open microsites to increase the colonisation success of271

invasive plant species. We observed that disturbance indeed promoted the establishment of272

the invasive herb Lupinus polyphyllus, although its exact impact depended on the type of273

the disturbance treatment in question. Interestingly, the two disturbance types considered274

here (a mild mechanical soil disturbance and an intense disturbance with vegetation and275

litter removal) had differing demographic effects early in life. The mild soil disturbance276

increased the emergence of L. polyphyllus by about 5% compared to control, whereas the277

intense disturbance had no effect on emergence (Fig. 2a). This finding is somewhat278

surprising because the mild soil disturbance did not significantly affect the community279

characteristics (the number of vascular plant species, vegetation height, or the proportions280

of bare ground, litter, and moss), indicating that it did not increase the availability of281

microsites in the study plots. However, it is possible that the soil disturbance treatment282

promoted seedling emergence by altering other soil characteristics (e.g., the level of283

nutrients, soil moisture) that were not measured here. The result also contrasts to our284

previous finding for the same species, where a mild mechanical soil disturbance had no285

statistically significant effect on seedling establishment (Ramula et al. 2015). These286

contrasting findings might be partially because of different study designs, years, and287

populations used. Moreover, although the intense disturbance treatment (vegetation and288

litter removal) increased the proportion of bare ground in the study plots and, consequently,289

microsite availability, this increase did not result in considerable changes in the emergence290

of L. polyphyllus. The negligible effect of the intense disturbance on the emergence of L.291
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polyphyllus might be because this disturbance type may have created a drier microclimate292

and therefore, unfavourable conditions for seed germination. In this, our results are similar293

to those of Rauschert and Shea (2012), who observed that the emergence of the invasive294

thistle Carduus nutans was lower at heavily disturbed sites than at moderately disturbed295

sites.296

In contrast, the two disturbance treatments reversed roles in their effects on seedling297

survival. Intense disturbance (vegetation and litter removal) increased the seedling survival298

of L. polyphyllus in the first summer following the treatment by about 15%, but not in the299

second, while the mild soil disturbance had no statistically significant effect on plant300

survival during the experiment. The increase in seedling survival in the summer following301

vegetation and litter removal probably resulted from a reduction in interspecific302

competition for resources. This view is also supported by the fact that the proportion of303

bare ground decreased during the experiment in all plots (Table 1), indicating that304

environmental conditions (e.g., availability of microsites and resources) may have been less305

favourable in the second than in the first year of the experiment. However, we cannot rule306

out the possibility that weather conditions may have also contributed to our findings. While307

there was no major difference in mean summer temperature between 2013 and 2014 (about308

16.3°C and 16.6°C, respectively), summer 2013 was drier than summer 2014 (total309

precipitation about 183 mm and 262 mm, respectively; data accessed from the Finnish310

Meteorological Institute, http://en.ilmatieteenlaitos.fi). Harsher growing conditions due to311

dryness during the first summer of the experiment might have enhanced the positive effects312

of the disturbance treatments on emergence and seedling survival. Overall, our findings313

demonstrate that single disturbance events of different types may promote the314
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establishment of L. polyphyllus. However, it should be noted that, as we did not observe the315

entire life-cycle of the study species, we may have missed possible reductions in survival or316

fecundity occurring later in life due to the high density of L. polyphyllus individuals in the317

disturbed plots. Such joint reductions in survival and fecundity may be critical to the318

population growth of short-lived plant invaders (Ramula et al. 2008). Therefore, the present319

study may have overestimated the longer-term performance of the study species at320

disturbed sites.321

Competition with native plant species is assumed to be an important mechanism322

that defines the biotic resistance of plant communities against plant invasions (e.g., Burke323

and Grime 1999; Lonsdale 1999; Gioria and Osborne 2014). At the local scale, species-rich324

plant communities are generally expected to be more resistant to plant invasions than325

species-poor plant communities (Shea and Chesson 2002). In contrast to this biotic326

resistance hypothesis, we observed that the number of vascular plant species in the study327

plots was positively associated with both the emergence and survival of L. polyphyllus,328

indicating that species-rich plant communities were particularly suitable for this herbaceous329

plant invader. Thus, we found no evidence that increased diversity of native plant species330

would locally act as a barrier for the establishment of L. polyphyllus. Instead, increased331

species diversity seemed to promote the establishment of this invasive species, specifically,332

it improved emergence and survival. Several other studies have also reported that species-333

rich plant communities contain a larger number of exotic plant species than species-poorer334

plant communities (e.g., Stohlgren et al. 2006; Long et al. 2009; Souza et al. 2011). In fact,335

these studies, together with the present study, are in line with the hypothesis that plant336

communities may accommodate the establishment and coexistence of exotic plant species337
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despite the presence and diversity of native plant species (Gilbert and Lechowicz 2005;338

Stohlgren et al. 2006). This hypothesis is also supported by the fact that vegetation height,339

which was used as a proxy for the intensity of competition for light in the present study,340

had no statistically significant effect on the survival of L. polyphyllus. Still, in addition to341

the number of plant species, their relative abundance in the community may also be342

important for the establishment of other species (e.g., Brandt and Seabloom 2012), but this343

factor was not considered here.344

To conclude, single soil disturbance events generally enhanced the emergence and345

seedling survival of L. polyphyllus, although the exact effect depended on disturbance type.346

In other words, the two soil disturbance types considered here both promoted the347

establishment of L. polyphyllus, but through different demographic mechanisms early in348

life. This finding demonstrates the necessity of considering multiple vital rates of a given349

invader when exploring mechanisms for population establishment after disturbance events.350

For example, if we had considered seedling emergence only, we would have351

underestimated the demographic effects of the disturbance treatments on the early life352

stages of the study species. Moreover, the use of multiple vital rates will enable more353

targeted and, consequently, more efficient management recommendations to be made,354

which may be critical to invasion and restoration studies. In addition to disturbance, the355

number of vascular plant species in the study plots was positively associated with the356

emergence and survival of L. polyphyllus, suggesting that species diversity per se may not357

be a crucial mechanism for preventing the establishment of our study species.358

359

SUPPLEMENTARY MATERIAL360
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Figure S1: Variation in the community characteristics studied in the paper.361

362

FUNDING363

This work was funded by the Emil Aaltonen Foundation and the Academy of Finland364

(#285746).365

366

ACKNOWLEDGEMENTS367

We thank two anonymous reviewers for their helpful comments.368

369

Conflict of Interest: The authors declare that they have no conflict of interest.370

371

REFERENCES372

Alpert P, Bone E, Holzapfel C (2000). Invasiveness, invasibility and the role of373

environmental stress in the spread of non-native plants. Persp Plant Ecol Evol Syst374

3:52-66.375

Aniszewski T, Kupari MH, Leinonen AJ (2001). Seed number, seed size and seed diversity376

in Washington lupin (Lupinus polyphyllus Lindl.). Ann Bot 87:77-82.377

Belote RT, Jones RH, Hood SM, Wender BW (2008). Diversity-invasibility across an378

experimental disturbance gradient in Appalachian forests. Ecology 89:183-192.379

Brandt AJ, Seabloom EW (2012). Seed and establishment limitation contribute to long-380

term native forb declines in California grasslands. Ecology 93:1451-1462.381



For Journal of Plant Ecology

18

Bullock J (2009). A long-term study of the roles of competition and facilitation in the382

establishment of an invasive pine following heathland fires. J Ecol 97:646-656.383

Burke MJW, Grime JP (1996). An experimental study of plant community invasibility.384

Ecology 77:776-790.385

Davis MA, Grime JP, Thompson K (2000). Fluctuating resources in plant communities: a386

general theory of invasibility. J Ecol 88:528-534.387

Duggin JA, Gentle CB (1998). Experimental evidence on the importance of disturbance388

intensity for invasion of Lantana camara L. in dry rainforest-open forest ecotones389

in north-eastern NSW, Australia. Forest Ecol Managem 109:279-292.390

Elton CS (1958). The ecology of invasions by animals and plants. Methuen London, UK.391

Fensham RJ, Donald S, Dwyer JM (2013). Propagule pressure, not fire or cattle grazing,392

promotes invasion of buffel grass Cenchrus ciliaris. J Appl Ecol 50:138-146.393

Fremstad E (2010). NOBANIS – Invasive Alien Species Fact Sheet – Lupinus polyphyllus.394

– From: Online Database of the European Network on Invasive Alien Species –395

NOBANIS www.nobanis.org396

Funk JL, Vitousek PM (2007). Resource-use efficiency and plant invasion in low-resource397

systems. Nature 446:1079-1081.398

Gilbert B, Lechowicz MJ (2005). Invasibility and abiotic gradients: the positive correlation399

between native and exotic plant diversity. Ecology 86:1848-1855.400

Gioria M, Osborne BA (2014). Resource competition in plant invasions: emerging patterns401

and research needs. Front Plant Sci 5:501.402

Grime JP (1977). Evidence for the existence of three primary strategies in plants and its403

relevance to ecological and evolutionary theory. Am Nat 111:1169-1194.404



For Journal of Plant Ecology

19

Hobbs RJ, Huenneke LF (1992). Disturbance, diversity and invasion: implications for405

conservation. Conserv Biol 6:324-337.406

Holm S (1979). A simple sequentially rejective multiple test procedure. Scand J Stat 6:65-407

70.408

Jauni M, Hyvönen T (2012). Positive diversity-invasibility relationship across multiple409

scales in Finnish agricultural habitats. Biol Invasions 14:1379-1391.410

Jauni M, Gripenberg S, Ramula S (2015). Non-native plant species benefit from411

disturbance: a meta-analysis. Oikos 124:122-129.412

Lake J, Leishman MR (2004). Invasion success of exotic plants in natural ecosystems: the413

role of disturbance, plant attributes and freedom from herbivores. Biol Conserv414

117:215–226.415

Levine JM, Adler PB, Yelenik SG (2004). A meta-analysis of biotic resistance to exotic416

plant invasions. Ecol Lett 7:975-989.417

Long JD, Trussell GC, Elliman T (2009). Linking invasions and biogeography: Isolation418

differentially affects exotic and native plant diversity. Ecology 90:863-868.419

Lonsdale WM (1999). Global patterns of plant invasions and the concept of invasibility.420

Ecology 80:1522-1536.421

Mayor SJ, Cahill Jr JF, He F, Sólymos P, Boutin S (2012). Regional boreal biodiversity422

peaks at intermediate human disturbance. Nature Comm 3:1142.423

Moles AT, Flores-Moreno H, Bonser SP, Warton DI, Helm A, Warman L et al. (2012).424

Invasions: the trail behind, the path a head, and a test of a disturbing idea. J Ecol425

100:116-127.426

Pinheiro JC, Bates DM (2000). Mixed-effect models in S and S-plus. Springer, New York.427



For Journal of Plant Ecology

20

Q-bank (2015). Comprehensive databases of quarantine pests and diseases. http://www.q-428

bank.eu/.429

Radosevich SR, Holt JS, Ghersa CM (2007). Ecology of weeds and invasive plants. 3rd ed,430

Wiley, 454 p.431

R Development Core Team (2013). The R project for statistical computing. http://www.r-432

project.org.433

Ramula S, (2014). Linking vital rates to invasiveness of a perennial herb. Oecologia434

174:1255-1264.435

Ramula S, Pihlaja K (2012). Plant communities and the reproductive success of native plants436

after the invasion of an ornamental herb. Biol Invasions 14:2079-2090.437

Ramula S, Jauni M, van Ooik T (2015). Propagule pressure governs establishment of an438

invasive herb. Acta Oecol 68:18-23.439

Ramula S, Knight TM, Burns JH, Buckley YM (2008). General guidelines for invasive440

plant management based on comparative demography of invasive and native plant441

populations. J Appl Ecol 45:1124-1133.442

Rapp W (2009). Invasive Plant Management in Glacier Bay National Park and Preserve443

Summer 2009 Field Season Report. Invasive Species Program, Glacier Bay444

National Park and Preserve, National Park Service, U.S. Department of the445

Interior. Gustavus, AK, 164 pp.446

Rauschert ESJ, Shea K (2012). Influence of microsite disturbance on the establishment of447

two congeneric invasive thistles. PlosOne 7:e45490.448

Shea K, Chesson P (2002). Community ecology theory as a framework for biological449

invasions. Trends Ecol Evol 17:170-176.450



For Journal of Plant Ecology

21

Skálová H, Jarošík V, Dvoøáèková, Š, Pyšek P (2013). Effect of intra- and interspecific451

competition on the performance of native and invasive species of Impatiens under452

varying levels of shade and moisture. PlosOne 8:e62842.453

Souza L, Bunn WA, Simberloff D, Lawton RM, Sanders NJ (2011). Biotic and abiotic454

influences on native and exotic richness relationship across spatial scales:455

favourable environments for native species are highly invasible. Funct Ecol456

25:1106-1112.457

Stohlgren TJ, Jarnevich C, Chong GW, Evangelista PH (2006). Scale and plant invasions: a458

theory of biotic acceptance. Preslia 78:405-426.459

Timmins SM, Mackenzie IW (1995). Weeds in New Zealand protected areas database.460

Wellington, New Zealand, Department of Conservation, Technical Series No. 8.461

287 pp.462

Valtonen A, Jantunen J, Saarinen K (2006). Flora and lepidoptera fauna adversely affected463

by invasive Lupinus polyphyllus along road verges. Conserv Biol 133:389-396.464

Warren II RJ, Bahn V, Bradford MA (2012). The interaction between propagule pressure,465

habitat suitability and density-dependent reproduction in species invasion. Oikos466

121:874-881.467

Warton DI, Hui FKC (2011). The arcsine is asinine: the analysis of proportions in ecology.468

Ecology 92:3-10.469

Young TP, Petersen DA, Clary JJ (2005). The ecology of restoration: historical links,470

emerging issues and unexplored realms. Ecol Lett 8:662-673.471



For Journal of Plant Ecology

22

Table 1: results from linear mixed models used to examine the effects of disturbance treatments (control, soil disturbance, vegetation472

and litter removal) and year on the community characteristics studied here (number of vascular plant species, vegetation height,473

proportions of bare ground, litter, and moss) in 10 populations of Lupinus polyphyllus. Block nested within population was included as474

a random effect in the models. The likelihood-ratio test (LR) was used to assess significance of the fixed explanatory variables (P <475

0.05 in bold after a sequential Bonferroni correction). For each community characteristic, the value of that variable prior to treatment476

was used as a covariate in the model477

478

Number of plant

species

Vegetation height

(cm)

Bare ground (%) Litter (%) Moss (%)

Explanatory variables LRdf P LRdf P LRdf P LRdf P LRdf P

Treatment (3 levels) 0.46 2,9 0.795 2.132,9 1 86.382,9 <0.001 1.942,9 1 8.7 2,9 0.1285

Year (2013, 2014) 12.921,9 <0.001 0.091,9 1 15.831,9 <0.001 0.061,9 1 1.891,9 1

Treatment × Year 0.1222,9 0.941 2.132,11 1 4.432,11 0.981 0.222,11 1 0.462,11 1

Covariate 16.391,9 <0.001 32.001,9 <0.001 26.431,9 <0.001 33.671,9 <0.001 54.791,9 <0.001

479
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Table 2: results from a generalised linear mixed model used to examine the effect of disturbance480

treatments (control, soil disturbance, vegetation and litter removal) and the number of vascular481

plant species on the emergence of Lupinus polyphyllus (n = 10 populations). Block nested within482

population was included as a random effect in the models. The likelihood-ratio test (LR) was483

used to assess significance of the fixed explanatory variables (P < 0.05 in bold)484

485

Emergence

Explanatory variables LRdf P

Treatment (3 levels) 31.692,6 < 0.001

No. plant species 4.221,6 0.040

Quadratic no. plant species 1.301,7 0.254

Treatment × No. plant species 1.112,9 0.574

486

487

488

489

490

491

492

493

494

495
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Table 3: results from a generalised linear mixed model used to examine the effect of disturbance496

treatments (control, soil disturbance, vegetation and litter removal), number of vascular plant497

species, and mean vegetation height on the survival of Lupinus polyphyllus (n = 10 populations)498

over two years. Block nested within population was included as a random effect and plot was499

included as a repeated factor in the models. The likelihood-ratio test (LR) was used to assess500

significance of the fixed explanatory variables (P < 0.05 in bold); not all main factors were tested501

because of significant interactions502

503

Survival

Explanatory variables LRdf P

Treatment (3 levels) Not tested

Year (2013, 2014) Not tested

No. plant species 3.911,9 0.048

Vegetation height 1.631,10 0.201

Quadratic no. plant species 1.32,1,12 0.251

Quadratic vegetation height 2.681,11 0.101

Treatment × Year 14.782,8 <0.001

Treatment × No. plant species 2.662,15 0.264

Treatment × Vegetation height 5.7912,13 0.055

504

505

506
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Figure legends507

Figure 1: the proportion of bare ground in (a) different disturbance treatments (control, soil508

disturbance, vegetation and litter removal) and (b) each study year, and c the number of vascular509

plant species in the study plots over time. Shown are means ± SE (n = 10 populations). Different510

letters indicate statistically significant differences (P < 0.05, Tukey’s or likelihood-ratio test).511

512

Figure 2: (a) the emergence of Lupinus polyphyllus in different disturbance treatments and (b)513

the survival of the emerged individuals over time in 10 populations (mean ± SE). Different514

letters indicate statistically significant differences (P < 0.05, Tukey’s test).515

516

Figure 3: relationships between the number of vascular plant species in the study plots and (a)517

emergence and (b) survival of Lupinus polyphyllus individuals (mean ± SE, n = 10 populations).518

519



For Journal of Plant Ecology

26

520

Figure 1521
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Figure 2
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Figure 3
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