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ABSTRACT 

Aim To investigate how species richness and similarity of non-native plants v-aries 

along gradients of elevation and human disturbance. 

!Location Eight mountain regions on four continents and two oceanic islands. 

Methods We compared the distribution of non-native plant species along roads 

in eight mountainous regions. 'Within each region, abundance of plant species w-as 
recorded at 41-84 sites along elevational gradients using 100-m2 plots located 0, 25 

and 75 m from roadsides. We used mixed-effects models to examine how local 

variation in species richness and similarity were affected by processes at three scales: 

among regions (global), along elevational gradients (regional) and with distance 

from the road (local). We used model selection and information criteria to c.~oose 

best-fit models of species richness along elevational gradients. We performed a 

hierarchical clustering of similarity to investigate human-related fuct:ors and envi­

ronmental filtering as potential drivers at the global scale. 

Results Species richness and similarity of non-native plant species along eleva­

tiona! gradient<> were str:ongly ,influenced hy factors operating at scales ranging 

from 100 m to 1000s of km. Non-native species richness was highest in the New 

World regions, reflecting the effects of coloni7.atioo from Europe. Similarity among 

regions was low and due mainly to certain Eurasian species, mostly native to 

temperate Europe, occurring in all Ne\v World regions. Elevation and distance from 
the road explained little of the variation in similarity. The elevational distribution 

of non-native species richness varied, but was always greatest in the lower third of 

the range. In all regions, non-native species richness declined a\YaY from roadsides. 

In three regions, this decline was steeper at higher elevations, and there was an 
interaction between distance and elevation. 

Main conclusions Because non-native plant species are affected by processes 

operating at global, regional and local scales, a multi-scale perspective is needed to 
understand their patterns of distribution. The .processes involved include global 
dispersal, filtering along elevational gradients and differential establishment with 

distance from roadsides. 
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INTRODUCTION 

Plant invasions are influenced by interacting abiotic and biotic 

processes spanning a wide range of spatial scales (Cassey etal., 
2006; Meyerson & Mooney, 2007; Ibanez etal., 2009). At the 

global scale, gradients of energy affect large-scale species distri­

butions (Field et al., 2009), and patterns of human trade and 

migration determine the identity and frequency of species intro­

ductions (Mack & Lonsdale, 2001; Simberloff, 2009; Wilson 
eta/., 2009). Within regions, abiotic gradients such as climate, 

resource availability and land use can also affect the richness and 

similarity of non-native plant assemblages (Lonsdale, 1999; 

Brown & Peet, 2003; Pauchard et al., 2004; Davis, 2009), and at 

local scales, heterogeneity in abiotic and biotic factors -many of 

them influenced by human activities- can determine the degree 

of invasion at a site (Degasperis & Motzkin, 2007; Davis, 2009). 

Ecologists increasingly recognize that a full understanding of 

biological invasions will only be possible if we take account of 

the scales over which particular processes operate (Lonsdale, 

1999; Pauchard & Shea, 2006; Jimenez et al., 2008; Kueffer & 

Hirseh Hadorn, 2008). For example, native and non-native 

species riChness are often negatively correlated at the commu­

nity scale but positively correlated at a landscape scale. This 

apparent contradiction arises because local competitive interac­

tions determine whether a species can invade (Tilman, 1997), 

while habitat diversity is more important at a larger scale (e.g. 

Lonsdale, 1999; Fridley eta/., 2007). For practical reasons, 

however, most studies of plant invasions have been conducted at 

a local or regional scale, and the differing methods used make 

larger-scale comparisons difficult (Lonsdale, 1999). 

Plant invasions into mountain regions provide an excellent 

opportunity to investigate how plant distributions are influ­

enced by processes operating at a range of spatial scales (Dietz, 

2005; Alexander e.tal., 2009a; Pauehard etal., 2009). Different 

mountains.systems are similar in exhibiting strong environmen­

tal gradients, but differ in many other respects including biodi­

versity, climate and land-use history. Several studies have fuund 

a strong decrease in non-native plant species richness at the 

highest elevations, although patterns at lower and middle eleva­
tions vary among regions (Pauchard a al., 2009). In some cases, 

species richness has been found to decline continuously across 

the entire gradient (Becker et al., 2005; Daehler, 2005), '"'irile in 

others, hump-shaped patterns comparable to those for native 

species have been recorded (Arevalo etal., 2005; Nogues-Bravo 

et al., 2008 ). Several reasons for the decline in species richness at 

higher elevations have been proposed, including introduction 

pathways from low to high elevations (Becker et al., 2005; Ale.'{­

ander eta/., 2011 ), decreasing anthropogenic land use and 

habhat disturbance with elevatiOJJ (Parks et al., 2005; Marini 

eta/., 2009), and harsh climate ,conditions at higher elevations 

(Pauchard et aL, .2009). 

In this paper, \\>e investigate the drivers of non-native plant 

species composition (richness and ·similarity) in eight moun­

tainous regions around the world .. For this purpose, we distin­

guish three ,spatial scales: ( 1) ·global, representing factors 

operating a large scale (1000s of km) and determining differ-

Mountain invasions at multiple scales 

ences in species composition among mountain systems; (2) 

regional, representing factors changing at a regional scale (lOOs 

of km), and especially along elevational gradients; and (3) 

local, representing factors varying among neighbouring habitats 

(<lOOm). Based on this framework, we ask three main 

questions: 

l. \!\-'hat is the relative contribution of each spatial scale to 

variation among sites in richness and similarity of non-native 

species? 

2. },re patterns of non-native species richness along gradients of 

elevation and human disturbance consistent across biogeo­

graphic regions? 

3. How do factors operating at different scales interact to affect 

the richness and similarity of species at the local level? 

METHODS 

Description of regions 

The eight regions were Tenerife (Canary Islands, Spain), the 

Australian Alps, Swiss Alps (Canton Valais ), Cmtral Chile, South 

Chile, Montana-Yellowstone National Park (1\'P), Blue Moun­

tains Oregon (both USA), and two of the Hawaiian islands 

(Hawaii and Maui) (Table 1 ). Four of these regions have a tem­

perate climate, two a mediterranean climate and two are sub­

tropical oceanic islands that are strongly affected by trade winds, 

resulting in dry, mediterranean-like leeward and humid wind­

ward climates (Table l). 

Survey dlesign 

In each region we selected three roads - or f<:>ur in Hawaii and 

Switzerland - that e.xtended over a broad elevational gradient 

and were open to vehicular traffic for at least part of the year. 

The elevationa!. range of ill regions exceeded 1000 m (Table 1, 

Appendi'{ S 1 in Supporting Information), .and road surfaces 

included both gravel. and pavement. The bottom of a road was 

defined as the point below whid1 there was no substantial 

change in elevation, and the top was the highest point accessed 
by the road, though these were not necessarily the lowest or 

highest elevations in each region. Starting at the bottom; the 

elevational range of each road was divided into 19 equally 

spaced bands, giving .2'0 sample locations per road (Appen­

dix S 1). Locations were detem1ined prior to going into the field, 

and were subsequently located using a global positioning system 

(GPS) or topographical map. Sample locations were ranked 

(numbered) by elevation along eaeh road from lowest {l) to 

highest (20). 

At eaeh sampling location, three 2 x 50 mJ plots were laid out 

in aT-shaped transect, so that one plot lay parallel to the road, 

centred on the sampling location. The oilier two plots e..:tended 

perpendicularly from the road (centred at the sampling loca­
tion) and midpoints of the plots were 25 m and 75 m from the 

roadside (Appendix Sil. ). This design was applied in all regions 

except the Hawaiian islands, v.>here the ploltS were confined to 

the roadside (Table 1). Eaeh F'!ot was divided in"to five 2 x 10 mil 
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Table 1 Characteristics of the eight regions, including the location, the climate wne (Med, mediterranean; Temp, temperate; Island, 
subtropical oceanic island with strongly contrasting lee\1.--ard and ·windward climates), the number of roads sampled, the number of sampled 
plots per region with the percentage of plots ,~;th no non-native species recorded in parentheses, the range from the minimum to the 
maximum elevation of the sampling plots, and the total number of non-native flowering plan1:5l!"eco~ded per region. 

Region Coordinates Climate Roads Samples Elevation range- (m a.s.l.) Species 

Australian Alps1 36"06' S 148°18' E Med 3 60 (O) 410-2125 102 

South Chile' 36°58' s 71 °24' w J\{ed 3 60 (0) 274-1668 84 

Central Chile' 33°54' s 70°18' w Temp 3 41 (0) 1'895--3585 45 

S\1.-;ss Alps' 46°12' N 7"12' E Temp 4 84 (29.8) 4ll-1802 19 

Tenerife, Canary Islands' 28°12' N 16°36' W Island 3 60 (38.3) '5--2250 38 

Ha\1:'aiian islanM 19°48' N 155°30' W Island 4 73 (1.4) 507-4147 162 

Montana-Yellowstone Nl'" 44°48' N 110°24' W Temp 3 60 (6.7) 1803-3307 33 

Oregon Blue Mountains7 45°18' N 117"48'W Temp 3 60 (6.79 902-2265 83 

NP, national park. 
'McDougall et aL, 2005; 'Jimenez et al., 2008; 3 Aleunder et aL, 2009b; 4Arevalo et aL, 2005; 5Jakobs etifll., 2010'; "'Rew et aL, 2005; 7Parks et aL, 2005. 

subplots within which we recorded the abundance of all non­

native species. For this purpose, we used a three-point scale to 

reflect the number of individuals or ramet~ (1-10, 10-100, 

100+). In the subsequent analysis, the values for the subplots 

were summed to give a single presence-absence measure for the 

entire 100m2 plot. 

Any species introduced after AD 1500 was considered to be 
non-native. A comprehensive list of all species recorded in the 

survey was compiled and consolidated to the species level using 

the GRIN database (http://www.ars-grin.gov/), eFloras (http:// 

www.efloras.org/) and the PLANTS database (http://plants. 

usda..gov/). The origin of species was also determined from these 

databases. 

Land-use intensiity - including agriculture, forestry, mining, 

road infrastructure, etc.- was recorded using a three-point scale 

(O =none, 1 =low, 2 =high), based upon a visual assessment in 

the viciniity of eaoh sampling point. In the same '\\ray, human 

disturbance was recorded by noting the amount of recent 

digging, mowing ()j[ cutting of trees in each plot. These two 

variables were later srunmed to give a single measure of human 

impact that ranged from 0, where impact was minimal to 4 

where human land use and disturbance "''ere greatest. 
To record habitat type, we used the same list of habitats in all 

regions - grass-herb, shrublland, open forest, closed forest and 

rock. Habitat diversity was ·fuen determined by counting the 

number of habitats recorded at each sample location. Tree 

canopy cover in each plot was estimated visually. 

Data analysis 

V"armm:e compone~t'ts of different spatinl scales 

All analy:ses were performed in R (R Development Core Team, 

.2008). The contributions of each ·spatial scaie -among regions 

(global), among roads with.im Jregiom, along eie>>ational gradi­

ents (regioool) and along 'tl"anseL""ts from il'oadsides (local) - to 

to'ml v:arilltiol'l. in species richness and ·similarity were estimated 

by fitting all variablles ,as random effects within generalized 

linear mixed-effects models (GLMMs, using the R package 

lme4; Bates & Sarkar, 2007). We ·fitted the GLMM of richness 

v.rith a Poisson error dismibution and log link. In these analyses, 

rank elevation rather than absolute elevation was used in order 

to maximize the independence of the elevational and regional 

variables and to account for differences in elevational range 

among regions. 

Pairwise similarity among plots was measured using Jaccard 

index and the fi-sim index {Koleff et al., .2003), both calculated 

in the R package Vegan (Oksanen et al., 2008). Because the ~-sim 

index is not sensitive to ,differences in richness, this parameter 

allowed us to determine whether variation in similarity was due 

to the loss or turnover of species. The similarity measures were 

then used as dependent variables in a GIMM, with the hierar­

chical scales as random effects - painl-ise binary comparison 

from the same regron<OHlOt, aiJ:lmirwise binary comparison from 

the same mad or not, pairwise Euclidean distance between rank 

elevations, and pairwise Euclidean distance of plot distance 

from rlle roadside, assigned 1-3 (Legendre ret al., 2005). 

Global scale analyses 

At the global scale, we fittJed a genel!"alized linear model of 

regional richness (n = 8) dependent on latitude, longitude and 

climate type (Table 1), and -selected the best-fit model using 

Akaike's information criterion (AIC) (Burnham & Anderson, 

2001). We also examined the hierarchical clustering of regions 

based on. similarity using the average and Ward methods of 

agglomeration (Legendre & Legendre, 1998). 

Regional models of elevational species richness gradients 

GLM1ols were used to investigate variation in specie'S richness 

along gradients of elevation and distance from tire roadsio:k. 

These analyses provided a clearer pictuJ!e 'O.f,how species ridmess 
varied with ele,>ation in the various rte~,~ons. These regroll'lll 
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Table 2 Akaike information criterion (AIC) scores from models of species richness, where k is the numbe.r of parameters, predicted by 
intercept only, elevation (elev), quadratic equations of elevation (quad elev), distance to road (dist road) amd the interaction of elevation 
and distance to road. 

Australian Montana- Oregon Blue Swiss Tenerife, South C<:ntral Hawaiian 

Model variables k Alps Yellowstone Nl' Mountains Alps Canary Islands Chile Chile islands 

Intercept only 2 1405 627 1426 
Dist road 4 726 u~ --=> 1156 

Elev 3 1340 458 748 

Quaddev 4 1250 448 735 
Elev + dist road 5 661 276 478 
Quad elev + dist road 6 571 266 465 
Elev x dist road 4 641 257 43l 

Quad dev x dist road 10 541 236 406 

NP, national park. 
Bold values indicat~ !he best-£t models with the lowest AIC score. 

models used a Poisoon distnbution and logit link, and roads 

were fitted as random effects to aa:ount for the nested spatial 

structure of the data. Elevation and distance to a road were 

treated as fixed effects. AIC was used to compare the eight com­

peting richness models and determine the best-fit model (that 

with the lowest AIC; Burnham & Anderson, 2002). The models 

were: intercept only, elevation only, distance to road only, dis­

tance to road and elevation - separate models with elevation as 

both a single term qaadratic equation -and finally the interac­

tion of elevation and distance to road with elevation as both a 

single term .and quadratic equation (Table 2). 

A tw·o-sample Hest was used to compare the influence of 

conservation status (i.e. compa,ring regions with and without a 

conservation designation such as national park or national 

forest) upon the decline in .species richness with distance from 

the road. In :three re,giom - Montana-Yellowstone 1\.'P, Blue 

Mountains Oregon National. fo1rest, .and Kosciusz!ko l\'P in the 

Australian Alps - most of fue area SW"V~'ed was protected; m 
contrast, the study areas in Soil!th Chile, Central Chile and Tm­

erife were the property of .many smaller lando·wners and had at 

most limited protection s.ta.rus. Because the Sv.>iss Alps had so 

few non-native species and the Hawaiian islands had only road­

side plots these regions '<rere excluded from this comparison. 

In mountainous regions, the most intensively used land is 

usually at lower elevations, and these areas also have the highest 

richness of non-native $pedes. To investigalte whether this "~V-as 

also the case in our study areas, we calculated Spearmam rank 
rorrelalions of species richness against land-use intensity, 

habitat divers~ devation and canopy cove;r (Appendk S2}. 

RESUlTS 

Factors at multiple spatial scales explain variation in 
non·native plant species richness and sirm'larity 

A total of 375 non-uat'ive ta.u. were identified to species ~.evel. A 
ma,jodt)t of these (2 Uhpecies) were ofEur.asian or circum.OOrearl. 

220 377 702 385 432 

195 368 654 371 n.a. 

195 273 500 l66 212 
189 240 491 167 1% 

172 264 452 152 n.a. 

167 231 443 153 n.a. 

173 268 455 155 n.a. 

171 238 447 158 n.a. 
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Figure 1 Variance compoEit!nts of generalized linear 
mixed-effects models Gf richness and similarity. The variables 
distance to raad, rank devation, .road .and xegion were all fitted as 
trandom effects. 

origin, of whiich approximately 150 ~ecies ( 4{)% of total species 

pool) were native to 'temperate Europe. The other 165 species 

came from North America (28}, South America (28), 1!he 

.i\mericas (25~,Africa (16), tropical Asia r{B),Australia (9), east 

temperate Asia t( 4) or the iPmilic re<g;irni ( 4). The remainder 

were pan-trropianl (20), or of nnknown origin r(l~). 

Non-native species ridmess varied grea-'tly among region'S, 

al.ong eleva.tional gradients and with distance from roadsides. 

Region and elevation each accounted for 41'% of •the varilltitm 

in richness explained by the mode'l, while dist:mce from 1the 

road accounted fur 11%, and different roams nnly 5% '(Fig. 'l~. 

In contrast, region dominated variation irn sim:tilarlty, a.:rmmft­

ing fur 76% of variation using the }aoc.md in~ .md 'BY% 
using the fl-sim inde.'l:, while road'S .aroolllll'tM for Z0% 1md 
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Figure 3 Fitted relationships between elevatiolil and non-native species richness in plots at increased distance from roadsides '[at the 
roadside (solid),. and centred at 25m (dashed) and 75 m (dotted) from the road]. The largest points are roadside plots; the smallest points 
are 75 m from the roadside. 

IO% of variation., respeah'el~t In the same .mal~ elev.lti!Ml 
a:ccounted for only 21)o of variation using the Jaccard index, 

and even less using the ~-sim index. In all regions, distance 

from the road e:A.-plained little of the variation in similarity, 

regardless of the measure used; this was because most species 

(mean = 80%, s.d. = 20%, Fig. 2) occurred both along road­

sides and in adjacent natural habitats. Thus, although species 

richness declined with distance from roadsides (Figs l & 3), 

rhe effe..-:t of this decline upon similarity was much smaller 

than the effect of elevation (Fig. 2). 

Variation between regions 

MoSt 110n-native species (73%) were found in only 11me of 

the 'eight regions, and 97% were found in three or fewer. 10f 
t'he non-Eurasian species, only two occurred in d1ree r~o.ns 

240 Globcii ,Pc01Gfg§!.arrd 'B;ogeagtaptJy, 21. 236--246, © 2011 Blackwell 'Pl!lblishirrg Ltd 



(Cynodon dactylon and Sporobulus indicus), and then only 

at low elevations, \vhile six Eurasian species occurred in 

six regions (Fig. 4). Furthermore, 43 of the 50 most fre­

quently recorded species were native to temperate Europe 

(Fig. 4). There were positive correlations between the 

number of regions ·where a species was found and the 

total frequency of the species (r = 0.77) (Fig. 4), as well as 

the number of regions and maximum elevation a species 

reached (r = 0.59). 

The number of non-native sp'"...cies sampled varied from 162 

on the Hawaiian islands to 19 in the Swiss Alps (Table 1 ).. Dif­

ferences in richness were best eiplained by longitude and 

climate type (A1C = 78; R2 = 0.82), followed by longitude and 

latitude (AIC= 78,.W=0.77),longitude (AIC= 82),andlatitude 

(AIC = 86). The effect of longitude reflected the contrast 

between Old and New World regions. 

Rumex acetose!!a 
Taraxacum officinale 
Hypochaeris radicala 

Plantago lancoolata 
Dactylis glomerata 

Trifolium repen5 
Holcus lanatus 

Hypericum perforatum 
Verbascum thapsus 

Bromus inennis 
Poa pratensis 

Agrostis capillaris 
Lactuca serriola 

Phleum oratense 
T ragopogcin dubius 

Cirsium vulgare 
Anthoxanthum odoratum 

Aira caryophyllea 
Bromus hordeaceus 

Echium vulgare 
Trifolium arvense 
Cirsium arvense 

Polygonum aviculare 
Cynoglossum ofiicinale 

Prunella vulgaris 
Vulpia bromoides 

Rosa moschata 
Trifolium pratense 

Crepis capillaris 
Medicago lupulina 

Pennisetum clandeslinum 
Trifolium dubium 

Vulpia myuros 
Anagallis arvensis 
Trifolium hybridum 

Verbascum virgatum 
Senecio madagascariensis 

Achillea millefolium 
Bromus diandrus 

Centaurium eryihraea 
Cerastium arvense 

Convolvulus arvensis 
Sanguisorba minor 

Arenaria serpyllifolia 
Conyza bonariensis 
Conyza canadensis 

Poa comrressa 
Etodium cicutarium 

f>lanlago major 
Bromus tectorum 

Mountain invasions at multiple scales 

The maximum similarity between regions, based upon all 
species, was approximately30% (Fig. Sa). The first dichotomy in 

the duster analysis separated the Old and New World regions. 

Because most of the non-native species in the Swiss Alps and on 

Tenerife (Old World) were of American and Asian origin, while 

the commonest species in the New World (including the Aus­

tralian Alps) were of EUFaSian origin, there was little similarity 

between Old and New World regions. The second dichotomy 

was weakly correlaned V~--ith climate; thus, one duster was formed 

by the three warm, dry regions {Hawaiian islands leeward low 

elevations, Australian Alps and South Chile; see Appendix S3 for 

the comparison of climates), t\ilich shared approximately 18% 

of species, and another by the adjacent temperate regions, 

Montana-Yellowstone :!\'P and tlte Blue Mountains Oregon. 

Despite their proximity, the t\'I'O Chilean regions were not the 

most similar to each other. Similar dichotomies among regions 

~ Montana Yenowstone NP 
~ Ore,~on Blue Mountains 
D Australian Alps 
• Hawaiian Islands 
l!lii Tenerife Canary Islands 
111 Swiss Alps 
!:S South Chile 
m Central Chile 

r-------------------.--------------------r--------------~ 

0 50 100 

Frequency in plots 

150 

Figure 4 The 50 most frequent species of the survey and the corresponding frequency of occmTence within m -each of the survey regions. 
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Figure 5 Hierarchical clustering of Jaccard dissimilarity measures of species composition among regions. All roads were most similar to 
those within the sampling region (not shmm). Panel (a) is clustered by Ward linkage. Panel (b) shows the average regional dissimilarity 
based on Jaccard dissimilarity measured using temperate Eurasian species that occurred in at least nvo regions. 

were obtained in analyses performed! nsi!ng only .s,pecies 

recorded at least 20 times, and only species native to temperate 

Eurasia (Fig. 5b ). This suggests that p<litterns of similarity among 

regions were determined largely by the widespread !Eurasian 

•Species. 

Regional spedes richness gradients in response to 
elevation and local disturbance 

Species .richness peaked in the lo\\>er third of the elevational 

gradient neM roadsides, and declined with increasing elevation 

M.d distance from the road in all regions (Fig. 3 ). 1Hll11Dan 

impact. based on .a combined measure of land-use intensity 

:and plot disturbance interuiity, was also highest at low eleva­

tions, and was correlated with non-native species richness 

~Appendix 52). Only in the Australian Alps and on 1'enerife 

was there a dear hump-shaped pattern in .species richness with 

eleva:tiun. Tn the Hawaiian islands the decline in richness in 

respome to elevation was best characterized by having a sli.ght 

thump-shaped relationship or inflection, as in seven of the 

eight regions !(Table 2). In Central Chile, in contrast, the best­

fit model was a monotonic decline in richness in response to 

elevation and distance to the road. ln three regions (S"\\'i.ss Alps, 

Tenerife and South Chile), the best-fit model \\-'liS a quadratic 

equation of elevation and distance from the road. In the three 

remaining regions (Montana-Yellowstone 1\TP, Blue Mountains 

Oregon and the Australian Alps), species richness declined 

away from the road more steeply as elevation increased; 

hence the best-fit model contained an lntc:raction tem1 for dis­

tance to a road and quadratic elevational variable (Table 2, 

Fig. 3). 

The three regions with important interactions were regions 

where habitat was protected for consenJation (i.e. national park 

or national forest). [n these areas, species richness also declined 

more steeply with distance from the road than it did in unpro­

tected regions (significant difference in regression slopes; t = 
-8.75, d.f. = 3.98,P :S O.OOl).lndeed, in th1~ two Chilean regions 

- neither of w'hlch was protected- the total pool of non-native 

species was •greater .away from the roadside. 
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DISCUSSION 

Processes at multiple spatial scaies shape pattems of 
plant invasions in mmmtains 

Our results demonstrate that the distribution of non-native 

plants in mountainous regions is shaped by factOrs operating at 

a broad range of spatial scales. Thus, large-scale factors (in the 

order of i @00s of km) such as climate and historical par-.ems of 

trade and migration determine the pool of species that can 

.occur in a particular region. Within this region, factors such as 

elevation (varying on the order of lOOs ofkm) are impor.a.nt in 

te:li1Jlaining the assemblages of non-native species. And at a local 

!:eve1, factors associated ·with disturbance - ~illch scale on the 

order of 0.1 km - interact \vith broader-scale factOrs to form 
idiosyncratic patterns of richness and similarity. That ecological 

patterns should be determined by processes varying over such 

vastly different spatial .scales may be a particular charac.eristic of 

biota that have assembled only recently (i.e. the past 200-500 

years) as a result of anthropogenic activities. 

Introduction history and climate shape global patterns 

The high dissimilarity of regional species pools indicates the 

importance of introduction histories for patterns of plant inva­

sion. Thus, although a few species were recorded in several 

regions, most occurred in only one or two. Similar long-tailed 

distributions of relative abundamce have !been reported for non­

na[ive species in other studies, for example in US national parks 

(Al~en eta/., 2009) and on oceanic islands (Kueffer eta/., 2010). 

Two factors were especially important in accounting for this 

·dissimilarity. First, because many species were of Eurasian 

origm, they were not recorded as non-natives in the Swiss Alps 

and Tenerife, which explains ilie high dissimilarity between the 

Old and New World regiom. Second, w1rile approximately 90o/o 

of the non-El!lrasian species v11tcre folilld in a single region, many 

.species native to Eurasia occurred in at least two regious and 

the11efiore oontriburt:ed ito the •similarity between regions .. Impor­

tantly, Eurasian species were shared equally among all pairs of 

Ne1¥ World regions despite the large geographic distances sepa­

rating them. The geographicaNy isolated Australian Alps, for 

instance, shared 36 species with the Blue Mountains of Oregon, 

3<8 v-rith the Hawaiian islands and 42 with South Chile. Thus, 

whille non-Eurasian species were restricted to particular regions, 

[ocal Eurasian species pools represented subsarnples of a glo­

ballly dispersed speCies pool. No doubt this reflects the colonial 

history of the New World regions, with non-native .species asso­

ciated with the introduction of European agricultural practices 

(=below). 
The Inconsistent effect of geographic distance on similarity 

between regions pro!moly irdlects local dimatil: variation and 

tihe different histories of introduction. For example, although 

tl1e noo-n.ati\'e floras rof uearb)' J}..1otltana-YellowStone NP and 

Blue Moll'ntairrs Oregon v.>ere closely similar, those of south and 

Central Chile were dissimilar. Normally a steep decline of rich­

ness in response tc lad'tu:lie is expected (Field et al., 2009 ), but 

Mountain invasions at multiple scales 

the importance of historic factors may override this, which 

would eA.-plain why richness was related only wezhly to latitude. 

However, there was some tendency toward climatic structuring 

of similarity amon!~ the Ne>~ World regions, for instance in the 

clnstering of regions with a Mediterranean climate (South Chile, 

the Australian Alps and Hawaii Islands, which also has a medi­

terranean climate in leeward lowland locations). And the 

warmer and wetter sites of the New World (Appendix S2) had 

more species than 1he temperate dry sites, ·which may be due to 

higher available energy or more favourable conditions for plant 

gmwth (Field etal., 2009). 

Climatic filtering along regional elevrztiOIUll gradients 

At a regional scale, patterns of species richness and similarity 

along elevational gradients were highly consistent. In all regions 

we found a decline in non-native species ridmes.<; with elevation, 

confirming the trends previously reported from individual 

regions (Daehler, 2005; Marini et al., 2009; Pauchard et al., 
2009). A hump-shaped distribution was found only in tV\'O 

regions, indicating that species richness patterns of non-native 

species tend to be different from those of native species, ·which 

usually peak at mid-elevations (Nogues-Bravo et al., 2008). The 

fact that a similar dcecline '¥as recorded in all regions allows us to 

rule out some potential causes for this pattern. T'nus, the decline 

is 1mlikely to be related to available area, as this does not decline 

consistently with elevation in all regions; and it is unlikely to 

reflect time lags in dispersal to higher elevations, because dis­

persa'l along roadsides was probably effective in some if not all 

regions (Alexander et al., 2009a). We conclude that the decline 

was due, at least partly, to human land use, \\Wch was usually 

most intensive at lower elevations. The decline in richness in 
temperate regions may also be related to lm\T temperature 

(Marini et al., 2009), while on subtropical oceanic islands it may 

refleot a combination of low tempe.rature and increased evapo­

transpiration stress at high elevations (Haider et al., 2010; 

Jakobs et al., 2010); thus, the decline in species richness with 

increa.~ing elevation reflects differing environmental gradients 

in different regions. We conclude therefOre that species intro­

duced into disturbed habitats at low elevations a:re progressively 

fifttered out by the· increasingly harsh dimatic conditions along 

an elevational gradient, though the particular factor accounting 

for this harshness may vary (Alexander et al., 1011 ). 

Distance from roadside and stocl!astic processes at the local scale 

Lower non-native richness away from rol'ldsides has been 

reported in several studies ( Gelbard & Mnap, 2003; Pauchard & 

.~ 2l\Ql!,; A~ odd, 2000~ <Wd wcld have several 

oaw,-e.<;.. For e~'[>le, ,it '\!onld reflect the intentional sowing of 

certain species along road verges, 'or <llifering environmental 

coD'ditions ,at th~· roadside or greater h®itat resistance away 

from the roam. In •our survey, dnvas.ion ,away from the road was 
lowes't in 'the thr~-e regions with protected areas, .md especially 

where d-ense for~lt 'Oceutred along ·much •cf,f the ele\'lttional gm­

dient. F1!1rthermo:re,jnvasion away firom ~des declined Mlh 
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increasing elevation, indicating an interaction between pro­

cesses operating at regional and local scales. This could be due to 

decreased human land-use intensity, lower colonization pres­

sure or greater resistance to invasion of more natural commu­

nities at higher elevations, any of which would also explain why 

the interaction was strongest in the regions v.ith protected areas. 

The effect upon species richness of distance from the road was 

only slightly less than the effect of elevation, highlighting how 

community resistance can be effective over short distances 

(<100m). Indeed, in some regions- especially the Australian 

Alps - species richness at 75 m from the roadside ·was very low 

and independent of roadside species richness, indicating that 

colonization pressure could not overcome habitat resistance. In 
:general, patterns of similarity at the local scale were hard to 

fl["edict and were probably contingent upon a series of interac­

tive processes that changed along the elevational gradient. 

Interactions among spatial scales: the global 
dominance of Eurasian species 

Pattterns of non-native plant richness and similarity in moun­

tains can be best understood as the product of introduction 

history and climate at a global scale, climatic filtering along 

regional elevational gradients and habitat and stochastic factors 

at a local scale. This interaction is well illustrated in the striking 

preponderance of Eurasian species in the non-native flora of 

mountains world-wide. A comprehensive compilation of pub­

lished non-native mountain floras world-wide has also con­

fimled ilie dominance of Eurasian species (McDougall et al., 
2010). The migration of European settlers to the Americas and 

Australia since the 16th century led to the introduction of a wide 

range of European species, especially iliose associated with agri­

culture as eiilier forage crops or weeds (e.g. Mack & Lonsdale, 

2001; Crosby, 2004; Daehler, 2005; Gravuer etal., 2008). The 

dominance of European species can therefore be understood 

pardy by tib.eir pre-adaptation to European pastoral agriculture 

r(IDi Castri, 1988; McDougall eta!., 2010). 

It is striking that many European species were not only 

present in several regions but also oc...-urred along the entire 

devational gradient witllin tllose regions. The dominance of 

European ·species might therefore also be related to their broad 

climatic plasticity. The native ranges of many of these species 

extend from ilie Mediterranean to the boreal zone, and from the 

Atlantic coast to continental climates in eastern Europe, Russia 

or temperate Asia. Many Eurasian species have also experienced 

recurrent climatic oscillations in the past related to glacial cycles, 

which may have further selected for broad climatic tolerances 

(Dynesius & Jansson, 2000). 

CONCLUSIONS 

Non-native species are.influenced by processes operating over a 

wide range of spatial scales, and a multi-scale approach is mere­

fore required to understand their distribution patterns. The pro­

cesses involved include global dispersal through human agency, 

filte.d.ng along ele\>atronal :gradients and differential establish-

ment depending upon disturbance. The fact that variation in 

richness was equally accounted for by regional differences at the 

global scale and elevation at the regional scale highlights the 

importance of global dispersal in recent community assembly of 

non-native plant species. Ideally future research will concentrate 

on the assembly of native and non-naiive species along the 

elevational gradient, phylogenetic relatedness, homogenization 

and the implications of global change on 1~oras in mountainous 

regions. 
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