nature ecology & evolution

Article

https://doi.org/10.1038/s41559-022-01979-6

Rapid upwards spread of non-native plantsin
mountains across continents

Received: 20 December 2021

Accepted: 22 December 2022

Published online: 26 January 2023

% Check for updates

Evelinlseli® ', Chelsea Chisholm®", Jonathan Lenoir ®2, Sylvia Haider ® %4,
Tim Seipel ®°, Agustina Barros®, Anna L. Hargreaves ®’, Paul Kardol®?8,

Jonas J. Lembrechts ® 9, Keith McDougall™, Irfan Rashid®",

Sabine B. Rumpf® ", José Ramon Arévalo™, Lohengrin Cavieres ® 4,

Curtis Daehler'®, Pervaiz A. Dar"”, Bryan Endress'®, Gabi Jakobs'®,

Alejandra Jiménez™?°, Christoph Kiiffer'?, Maritza Mihoc'*"®, Ann Milbau?,
John W. Morgan?, Bridgett J. Naylor?*, Anibal Pauchard ® *°,

Amanda Ratier Backes ® 3#, Zafar A. Reshi", Lisa J. Rew®, Damiano Righetti ® >?°,
James M. Shannon?, Graciela Valencia'", Neville Walsh?,

Genevieve T. Wright'® & Jake M. Alexander®'

High-elevation ecosystems are among the few ecosystems worldwide that
are not yet heavily invaded by non-native plants. This is expected to change
as species expand their range limits upwards to fill their climatic niches and
respond to ongoing anthropogenic disturbances. Yet, whether and how
quickly these changes are happening has only been assessed in afew isolated
cases. Starting in 2007, we conducted repeated surveys of non-native plant
distributions along mountainroads in11regions from 5 continents. We show
that over a 5-to10-year period, the number of non-native species increased
onaverage by approximately 16% per decade across regions. The direction
and magnitude of upper range limit shifts depended on elevation across all
regions. Supported by anull-model approach accounting for range changes
expected by chance alone, we found greater than expected upward shifts at
lower/mid elevationsin at least seven regions. After accounting for elevation
dependence, significant average upward shifts were detected inafurther
threeregions (revealing evidence for upward shifts in 10 of 11 regions).
Together, our results show that mountain environments are becoming
increasingly exposed to biological invasions, emphasizing the need to
monitor and prevent potential biosecurity issues emerging in high-elevation
ecosystems.

Species’ distributions are being reshuffled across the globe at unprec-
edented rates'”. These redistributions are particularly visible in moun-
tain ecosystems, where species can cross large environmental gradients
across relatively short distances®’. While many native species are on
the move in mountains in response to changing climate®'°, mountain
ecosystems have so far experienced comparatively few invasions by

non-native species?, Possible reasons for this include less-intense
human activity and disturbance at high elevation or that few non-native
species can thrive in high-elevation conditions'"* ', However, this
situation is changing with climate warming and increasing human
pressures at high elevation'">". For instance, road verges in mountain
ecosystems are already known to provide more suitable conditions for
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non-native plants athigher elevations than would be expected without
disturbances''®" and, within individual regions, some non-native
plantsare expanding their ranges upward faster than native species™*°.

Understanding how quickly therichness and elevational distribu-
tion of non-native species is changing in mountain regionsis important
ifwearetoreact appropriately to the challenges (for example, conser-
vation issues) and opportunities (for example, ecosystem services)
they may pose. The few regional studies assessing temporal changes
of non-native plant distributions in mountains have revealed either
no average expansion over a decade (in Europe”) or upward range
expansions over several decades toa century (in Europe®, Hawaii*” and
California®®). However, we have so far lacked the necessary time-series
data to assess how consistent range limit changes are worldwide or
whether (and ultimately why) they differ among regions with contrast-
ing climates, land use histories and species introductions.

Studies have shown that most non-native plant species in moun-
tains are initially introduced at low elevation and from there spread
upwards to fill their climatic niche®. As aresult, species that have been
introduced foralonger period tend to reach progressively higher eleva-
tions” %, This leads to the prediction that, over time and under stable
climatic conditions, upward range shifts will be most pronounced
for non-native species that are found initially at low elevation and
spread upwards to fill their climatic niche, and less evident for spe-
ciesalready found at high elevation, although climate warming could
contribute to accelerate upward shifts also at high elevation®. Studies
of climate-induced range shifts in native plant species have repeatedly
found a similar negative relationship between species’ initial upper
range limits and the magnitude of their upper range limit expansion
(Fig. 1). Contrasting mechanisms have been proposed to explain this
pattern, including: (1) stronger responses of warm-adapted (low eleva-
tion) species to climate warming'>?; (2) changes in climatic water
balance or bioticinteractions driving downward migrations at higher
elevation”*; (3) longer growing seasons and correspondingly greater
opportunities for dispersal and spread at lower elevation?’; (4) broader
environmental tolerances of high-elevation species, necessitating
smaller absolute range shifts to track changing climate'’; and (5)
greater microsite variation at high elevation, buffering the need for
range shifts”*.

Here, we propose and examine an alternative hypothesis, that
larger upward range limit shifts among species previously found at
lower elevations are expected by chance alone. This null expectation
appliestoany range observations made across afinite elevational gradi-
ent, for tworeasons. Firstly, the statistical phenomenon of regression
toward the mean describes how unusually large or small values of a
variable on average tend to be followed by measurements closer to
the mean, giving rise to a negative correlation between theinitial value
of avariable and the change in paired measurements of that variable
over time (refs. **%; Supplementary Methods). In the context of range
limits, this means that under the assumption that range limit changes
occur at random, species with originally especially low or high initial
upper range limits are expected to have range limits closer to the mean
elevation in the next time step. This leads to a null expectation of a
negative relationship between species’ initial upper range limit and
itschange over time.

Secondly, the geometric constraintimposed by the boundaries of
afinite gradient, for example from the valley bottom to the mountain
summit, means that upward shifts cannot be observed for species
already present at the highest surveyed elevation and vice versa for
downward shifts of species previously limited to the lowest elevation,
leading to a mid-domain effect in terms of degrees of freedom that is
well recognized in the scientific literature®. A common approach to
mitigate this problem has been to remove species already reaching
either end of the studied gradient (for example, refs. '**°). However,
the geometric constraint on the magnitude and direction of observable
range shifts (comparerefs.>>**) applies across the whole gradientand

not only to species whose ranges already reach the top or bottom of
the elevational survey. AsFig.1demonstrates, large upward shifts can
onlybe observed forspecies originally restricted tothe lower part of the
gradient, while large downward shifts can only be observed for species
originally restricted to the upper part. Therefore, even if range shifts
were completely random within aset of species (no average upward or
downward shifts), we would expect a negative relationship between
theinitial elevational distribution of range limits and range limit shifts,
simply due to constraints on the observable magnitude and direction
of range shifts along elevational gradients (Fig. 1). Excluding species
occurring at the top and bottom of the gradient does not remove this
effect (Fig. 1d). Consequently, before seeking ecological explana-
tions for observed patterns of range dynamics across environmental
gradients, these patterns should be evaluated against appropriate
null models”***, However, very few studies of climate-related range
shifts use null models to interpret patterns of range limit shifts or to
fully account for geometric constraints'®*,

Here, we analysed data from a standardized survey of non-native
plant distributions (developed by the Mountain Invasion Research
Network (MIREN); www.mountaininvasions.org, ref. *°) to quantify
and compare temporal patterns of invasions in mountains across
the globe. We surveyed elevational gradients along mountain roads
and adjacent seminatural vegetation in 11 mountain ranges from 5
continents, ranging from 68° N (Norway) to 37° S (Australia). Our data
includes nearly 15,000 observations of 616 non-native plant species
from 651 sampling transects resurveyed every 5 years across a 5-year
(five regions) or 10-year (six regions) period. We analysed temporal
changes in the richness and upper elevational limits of non-native
plantspecies, introducing anull-model approach tointerpret patterns
of range limit shifts across elevational gradients after accounting for
geometric constraints and compare these patterns across regions.
Specifically, we ask: (1) has the richness of non-native plant species
inmountains increased during the last decade? and (2) are the upper
elevation limits of non-native species moving upslope and, if so, are
upslope shifts occurring faster than expected at lower elevations?

Results and discussion
After firstexcluding species occurring only onceinaregionto reduce
possible bias caused by very infrequent species (reducing the total
number of non-native species from 616 to 480), the total non-native
plant species richness increased in 7 out of 11 (64%) regions over the
whole study period. Increases ranged from 2 to 15 species depending
on the region but changes were non-monotonic in three of the five
regions thatwere sampled three times (Fig. 2a). Four regions (Oregon
(United States), Central Chile, Victoria (Australia) and Kashmir (India))
experienced a small net loss of non-native species and, in Central
Chile, the loss occurred after initial gains in species richness during
the first 5-year interval. Overall, this resulted in a close to significant
increase innon-native species richness across all regions of 0.46 + 0.23
(mean £ s.e.) species per year (x*=3.190, P=0.074). Expressed as
percentage changes (Fig. 2b), this corresponded to a significant net
increase of 1.56 + 0.57% in non-native species richness per year (model
slope £ s.e., x¥*=6.822, P=0.009) or ~16% over a decade, due to pro-
portionally larger increases in regions with fewer non-native species.
Temporal trends in non-native plant species richness within indi-
vidual regions may be partially obscured by environmental conditions
intheyear ofthe survey. For example, unusually dry conditionsin2017
may explain the decline in non-native species richness detected dur-
ing that year in Switzerland, while the increase in non-native species
richness in New South Wales (Australia) in 2012 was probably caused
by much higher rainfall in 2011. However, independent of whether
regional changes in non-native species richness are influenced by
climate anomalies or survey artifacts (such as observer effects), by
pooling observations from multiple independent regions located
across the globe, we could detect an overall trend of non-native plant
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Fig.1|A null-model approach to explaining species’ range limit shifts across
an elevational gradient. a, Possible changes in observed upper elevation limit
for eight species (bars) shifting their upper limits upwards (green portions of
bars: expansions) or downwards (yellow portions of bars: contractions) along

an elevational gradient from time point 1(t1; points) to time point 2 (t2; crosses).
The species’ distributions are surveyed at sites along a hypothetical mountain
road 500-2,000 mabove sealevel (a.s.l.) (within the unshaded region), although
all of them also occur at lower elevations below the surveyed elevational window.
b, The observed range shifts of the upper elevation limit for the eight example
species (crosses) are plotted against their upper elevation limits at t1. The grey
triangles delimit the boundaries of the surveyed elevational gradient (compare
grey shaded regions in a) and hence represent ‘non-observable’ shifts in elevation
limits. ¢, Histogram of upper limit shifts for 100 species, generated randomly
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within the constraints imposed by the boundaries of the observed elevational
gradient (compareb).d, The boundaries of the observed elevational gradient
giverise to the null expectation of a negative relationship between species’ upper
limits during t1and their shift at the upper elevation limit due to chance alone.
Theredlineindicates the fitted relationship and dotted red lines indicate 95% Cls
for the expected relationship based on 1,000 resamples (with replacement) of
the 100 species’ elevational limits at t1, accounting for the geometric constraint.
Excluding species occurring in the top and bottom 10% of the gradient either
attlort2(remainingspecies coloured inblue) results in the fitted relationship
depicted by the blue line. The dotted blue lines indicate 95% Cls calculated as
described above but excluding species falling in the top and bottom 10% of the
gradient.

richness generally increasing in mountain regions over time, even over
ashort 5-to10-year period.

On average, non-native plant species shifted their upper eleva-
tional limits (defined as the 90th percentile of their observed eleva-
tions of occurrence) upslopein all regions except Montana and Hawaii
(United States). Mean upslope shifts between the first and last survey
were significant in four regions (and close to significant (P<0.1) ina
further two regions; intercept-only linear models on unstandardized
elevation, with observations weighted according to species’ overall
frequency of occurrence; Fig. 3aand Supplementary Table 1). We found
the same pattern for mean annual upslope shifts (Supplementary Fig. 1a
and Supplementary Table 2). These results were also robust to applying
stricter filters excluding less common species to examine the influence
oflow species frequency insome of the regions: retaining only species
with >5 (filter 1) and >10 (filter 2) occurrences per region over all years
resulted in identical trends with upslope shifts in all regions, except
Hawaiiand Montana (United States), and significant upslope changes
inthreeregions. As the overall occurrence of non-native plant species
was very low in Norway, the upslope shift was no longer significant for

filter 1and the region was excluded for analysis with filter 2, as fewer
than five species remained in the dataset (Supplementary Table 3).
When only retaining species with >10 occurrences per region and year
(filter 3), three regions (Norway, Switzerland and Central Chile) had
fewer than five species remaining and were therefore excluded. The
range shift direction did not change for the remaining eight regions
(withthe same three regions showing significant upslope shifts), except
for South Chile, where changes were always non-significant (Supple-
mentary Table 3).

Overall changes in upper elevation limits across regions (stand-
ardized range limit shift is 0.07 £ 0.04 in an intercept-only linear
mixed-effects model (LMM) with region as a random effect: t=1.77,
d.f.=9.43, P=0.109) were obscured by large variation in the magnitude
and direction of shifts along gradients and among regions. Regional
variationin the magnitude of range shifts was partly due to differences
inthe extent of the studied elevational gradients and therefore in the
average distances between surveyed transects (ranging from 17 min
Norway and Victoria to 76 m in Kashmir) with Kashmir, Hawaii, Tenerife
and Central Chile all havingrelatively large average distances of >50 m
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Fig.2| Temporal changes of non-native plant species in 11 mountain regions.
a,b, Total species richness (a) and percentage change in species richness (b)
over the 10-year sampling period. Solid and dashed heavy grey lines indicate
significant and non-significant fits, respectively, from mixed-effects models
including all non-native species occurring at least twice in aregion (see text). Not
allregions were sampled in all years.

between transects (Supplementary Table 4). In regions with greater
distances between surveyed plots we tend to both fail to detect small
shifts and potentially to register small shifts as larger than they actu-
ally are. This effect may be amplified if species are mostly found along
asingleroad per region, as average distances between transects along
asingleroad willexceed the average distance between transects within
regions asawhole. For example, the mean distance between adjacent
transects in Hawaii along any given road is 156 m and many species
(32%) were only recorded from a single road, which might explain the
large downward average upper limit shift in this region. Consequently,
large mean range shifts must be interpreted with caution for regions
with large average distances between transects.

Across regions, and as predicted, the upper range limits of
non-native plants shifted upslope at low elevations with linearly
decreasing magnitude across the elevational gradient, with slight
average downslope shifts at high elevations in some regions (LMM of
range shifts oninitial elevation limit, weighted by species’ frequencies
of occurrence: F, 5,950 = 54.82, P < 0.001; Fig. 4). This relationship was
significantin six regions whenregressions were fitted withinindividual
regions (Supplementary Table 6). On average, upslope shifts at low
elevation tended to outweigh downslope shifts at high elevation. To

account for these effects of elevation on the average upper range
limit shifts, we evaluated the range limit shift at the median of each
elevational gradient based on the fitted values of linear regressions
in each region. Retaining all species present at least twice per region,
upper range limit shifts between the first and last survey were sig-
nificantly upslope in seven regions (Fig. 3b and for annual shifts see
Supplementary Fig.1b). Although still upslope, range limit shifts were
no longer significant for Norway (filter 1) and for Switzerland (filter 2),
when excluding less common species. Excluding species occurring
fewer than ten times per region and year resulted in non-significant
shifts at the midpoint for South Chile and Oregon (Supplementary
Table 5; regions with fewer than five species remaining after filtering
were excluded from the analysis). This might be due to the low sample
sizeinsome regions (Switzerland and Norway) or alsoreflect the expec-
tation that more widespread species will tend to have beenintroduced
forlonger and so are more likely to be in equilibrium with their climatic
limits**. To conclude, accounting for the elevation dependence of spe-
cies’ shifts at the upper range limit strengthened our inference that
non-native plant species have rapidly expanded their ranges upslope
in mountains globally.

Previous studies of both non-native and native species have sought
ecological explanations for similar elevation-dependent range shifts to
those that we describe here'®>?*?%?%7 However, the bounded nature
of survey gradients means that a negative relationship is the default
expectation and range shift patterns should therefore be compared
against an appropriate null model before they can be interpreted eco-
logically®. Our null-model approach (Methods; Fig.1) revealed that the
observed negative relationships betweeninitial upper elevation limits
and range limit shifts fell outside the 95% confidence intervals (Cls)
of null expectations in seven regions (both Australian regions, South
Chile, Tenerife, Hawaii, Kashmir and Montana; Fig. 4). Inall seven cases,
observed relationships fell above the Cls of expected relationships
inthe lower part of the elevational gradients (or in the middle part of
the gradientin Kashmir), indicating that species initially restricted to
lower (or middle) elevations spread upwards significantly more than
expected by chance alone. Greater downward shifts than expected by
chance were also observed at high elevation in Tenerife and Montana
(Fig.4). Alternative null models (differing in the vectors of initial eleva-
tion limits used to derive expected relationships; Methods) supported
anadditional significantly greater upward range shift at low elevation
than expected by chance in Oregon (Supplementary Figs. 2 and 3).
Support for greater downward shifts than expected by chance also
differed, depending on the null model used (zero to three regions;
Fig. 4 and Supplementary Figs. 2 and 3).

Non-native plant species distributions along elevational gradients
tend to display anested pattern, with species with small ranges mainly
restricted to lower elevation sites, where human population density
and corresponding opportunities for introduction and establishment
are greatest'>". Greater upward shifts in elevation limits for species
previously restricted to lower or middle elevations are therefore con-
sistent with a scenario of ongoing dispersal, in which many of these
species have only recently been introduced to lower elevation sites.
On average, we would not expect recently introduced species to be
in equilibrium with their climatic limits but rather to be in a phase of
active range expansion (climatic niche filling), in contrast to species
that have already established at higher elevations and are closer to
their cold limit. Consistent with this hypothesis, recently introduced
non-native speciesin Tenerife tend to have narrower elevation ranges
than olderintroductions®, while time since introduction of non-native
plantspeciesin Central Europeis positively related to their maximum
elevation®, elevation range® and to the magnitude of upward range
shifts”. Conditions at lower elevation might also be more conducive to
spread, withlonger growing seasons, at leastin temperate regions, and
greater anthropogenic disturbances and propagule pressure associ-
ated with settlements, agriculture and industry. Similar reasons have
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Fig.3|Observed changesin species’ upper elevational limits (+95% CIs).
Both panels show mean shifts between the first and last survey in each region,
estimated from linear models that weight species by their total frequency of
occurrenceinboth years and are fitted to data from each region separately (for
mean annual shifts see Supplementary Fig.1). a,b, Results of intercept-only
models (grand mean shifts per region) (a) and results of models that correct for
elevation by including species’ initial elevation limit during the first survey as
alinear predictor (b). Specifically, estimatesin b correspond to the predicted
mean shiftin elevation limits when evaluated at the median elevation within a
givenregion; values >0 therefore indicate that average shifts are upslope across
most of the elevational gradient (compare Fig. 4). Regions are ordered by effect
sizeina, withlabels in regular and bold typeface indicating regions with 5- or
10-year survey intervals, respectively. Estimates that differ significantly from
zero areindicated by *. Numbers initalics describe the sample size; colours
correspond to the same labels asin Fig. 2.

been proposed to explainthe more pronounced elevational shifts and
abundance increases of native plants in the European Alps at lower
elevation®. We hypothesize that acombination of these mechanisms
is responsible for the rapid (within 5-10 years) expansion of species’
upper elevation limits that we document in most of our study regions.
While climate warming might also have contributed to the upward
spread, we did not find arelationship between the average yearly tem-
perature increase between 2000 and 2016 within regions (Supple-
mentary Table 8) and the respective mean regional range limit shifts
(linear model of range shifts on average yearly temperature change,
F,,=0.447,P<0.521). Similarly, we did not see a tendency for regions

with 10 years of survey data to display greater range shifts over the
whole sampling period thanregions with only 5 years of survey data, as
might be expected if climate change was animportant driver. Indeed,
significant deviations from null expectations of shifts were already
detected over intervals of 5 years in four of five regions with a10-year
time series (Supplementary Table 10). Over the longer term, however,
climate warming will extend the suitable elevational range of species
to higher elevations, presumably leading to enhanced upslope shifts
alsointhe upper part of the elevational gradients.

Incontrast to upward shifts atlow elevation, significant deviations
from the downward shifts at high elevation predicted by the null model
were more scarce. Possible explanations for the few cases of significant
downslope shifts might be active removal of non-native species at high
elevation in some regions, pushing their upper limits to lower sites,
or harsh environmental conditions preceding the final survey (for
example, agreater probability of mortality or failed reproduction due
to cooler temperatures or severe frost events?*°). Downward shifts
mightalso have arisen stochastically, especially if species reaching high
elevation tended to be rare and assuming that rarer species are more
prone to large range contractions due to stochastic local extinction
events””. Our models partly accounted for this by weighting species
on the basis of their frequency of occurrence. In unweighted models,
negativerelationships betweeninitial elevation limits and range limit
shifts were more pronouncedin eight regions (Supplementary Table 7),
suggesting that stochasticity in colonization and extinction events con-
tribute at least partly to the magnitude of upward and downward shifts.

Conclusions

In summary, the different lines of evidence we have presented col-
lectively reveal that non-native plant species are expanding their
upper elevation limits in 10 out of the 11 surveyed regions. Specifi-
cally, upward shifts were chiefly represented by average upper limit
changes within regions either before (four regions; Fig. 3a) or after
(additional three regions; Fig. 3b) accounting for elevation, or more
than expected by chance for species at low/mid elevation (additional
three regions; Fig. 4). The only region showing no evidence of signifi-
cant changes in non-native species’ upper range limits was Central
Chile. That these upper range limit changes were observed after just
Syearsinfive of the regionsindicates how rapidly non-native plant spe-
ciesarespreading upwards in mountains around the world, especially
along road corridors. By comparison, native plants in the European
Alps are moving upslope on average by 28.2 m per decade*®, which
is substantially less than what we report for non-native species (Fig.
3). Roads provide favourable habitat and anthropogenic dispersal
routes for many non-native plant species and range expansions along
roads are therefore expected to be more rapid than in undisturbed
habitats. Non-native plant species spreading away fromroadsinto the
surrounding undisturbed vegetation have so far beenlimited at higher
elevation™" but this might change with increasing anthropogenic
disturbance and changing climate. Roadside surveys like ours** might
therefore be valuable for the early detection of possible emerging
threats to native species and ecosystems. To support such measures,
future work should continue to interrogate which species traits pro-
mote fastest rates of spread™>'*?**'*2, which species have the potential
for greatestimpacts and which features of high-elevation ecosystems
(for example, native community structure, disturbance regimes, rates
of climatic or land use changes) are associated with greater levels of
invasion'**, Additionally, while negative relationships between histori-
cal range positions and range shifts are often observed, our simula-
tions demonstrate that such patterns can also emerge in the absence
of biological changes. As time-series data of species’ distribution
changes become increasingly available?, null models can be powerful
tools for evaluating the magnitude and direction of range shifts within
given observational constraints and will become crucial to support
robust interpretation of range shift dynamics across environmental
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Fig. 4 |Null-model tests of elevation-dependent shifts in upper elevation
limit of non-native plant species in11 mountain regions. Each point shows

the change in upper elevation limit (90th quantile of elevational distribution)
ofasingle species, as a function of its limit in the first survey (darker shading of
points corresponds to greater total log(frequency of occurrence) of aspecies in
both surveys, ranging fromn =2 (40 speciesin 10 regions) to n = 187 (Hypochaeris
radicatain Victoria, Australia)). Red regression lines are fitted relationships for
observed range limit shifts, weighted by species’ frequency of occurrence. Grey

triangles indicate shifts that could not have been observed on the basis of the
elevational extent of the field survey (compare Fig. 1); dashed lines are 95% Cls for
the expected null relationship between initial upper elevation limit and change
inupper elevation limit after accounting for this constraint (Methods; Fig. 1).

The proportion of fitted values that fall above or below the Clsin each region
areindicated in the top-right of each panel, with non-zero valuesindicating a
significant deviation from the null expectation. Colours correspond to the same
labels as in Fig. 2.

gradients®. Finally, this study suggests that in an era of local and global
anthropogenic changes, non-native plant species in mountains will
continue to expand upwards regardless of their introduction point.
Therefore, any threat posed by non-native species to higher elevation
ecosystems will probably increase, making it even more necessary to
enact monitoring and management plans in mountainregions around
the world.

Methods

Data collection

Data were collected by MIREN using a standard protocol*®. Sampling
startedin2007/2008, is repeated every 5 years and is still ongoing. We
used data from 11 mountainous regions around the world: the Austral-
ian Alps (two regions, New South Wales and Victoria); the Swiss Alps; the
Andes (tworegions, Centraland South Chile); the Montana-Yellowstone
National Park (United States); the Blue Mountains (Oregon, United
States); Hawaii (United States); Tenerife (CanaryIslands, Spain); Kash-
mir (India); and the Northern Scandes (Norway). Forinformation about
geolocation, climate, elevational range and sampling period, see Sup-
plementary Table 4. In each region, three roads were selected (two in
Central Chile, four in Hawaii and five in Victoria), all of them open to
vehicle traffic for at least part of the year. The bottom of each road was
defined as the point below which no major elevational change occurred,
while the top was set by the highest point of the road*. Each road was
evenly stratified by elevationinto 20 sampling transects (60 per region,
although this varied due to local logistics; Supplementary Table 4),
totalling 651 sampling transects. Ateach location, three 2 x 50 m plots
were placed in a T-shape, with one plot parallel to the road and two

plots placed adjacent and perpendicular to the first plot, to distin-
guish between disturbed habitats directly next to the road and more
seminatural habitats away from theroad (up to 50 and 100 m away from
road verges). The two perpendicular plots were only surveyed when
there were no impassable barriers such as cliffs and rivers, resulting
in unequal numbers of plots per sampling transect (651, 481 and 440
plots at 0, 50 and 100 m from the road, respectively). Sampling was
repeated during the peak growing season at 5-year intervals (Supple-
mentary Table 4). The identity of non-native vascular plant species
according to the World Flora Online (http://www.worldfloraonline.
org) and their abundance (scale 1,1-10 individuals or ramets; scale 2,
11-100individuals; and scale 3,>100 individuals) was recorded inevery
plot. Datafromthe three plots at each sample transect (elevation) were
combined as presence-absence datafor each transect for the analyses
presented here. The two seminatural plots together accounted for only
35% of the total observations of non-native plant species across years
and only 11% of unique observations of non-native plant species within
sample transects (observations of species away from but not at the
roadside). Further analyses conducted with data separated into road
and seminatural plots revealed no consistent differences in average
upper limit shifts (Supplementary Table 9). Species not identified to
species level were excluded, as were species that were only recorded
onceinagivenregion.

Data analysis

Allanalyses were carried outinRv.4.0.3, using the Ime4 package**. The
mapinFig.4 was created on the basis of the R packages sf* and ggmap*.
Allmodels were checked for compliance with model assumptions. To
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explore changes in non-native species richness over time, the total
number of non-native plant species was calculated for each region
and year (n =27 observations of regions/years). Species richness was
fitted with LMMs (Gaussian error distribution). Year since first survey
(0,50r10 years) was used as a linear predictor and regionincluded as
arandom intercept term to account for the spatial nestedness of the
data. Subsequently, these models were compared to anintercept-only
modelbutstillincluding the same random effect, with alikelihood ratio
test. Wealso fitted LMMs to the percentage change inrichness, setting
theintercepttozero (percentage change in species richnessis always
zerointhefirstyear of the survey).

To investigate range expansion of individual non-native species,
we calculated for each species the change in upper elevational limit
betweenthefirstandlast time points (over either a5- or10-year period).
We therefore only retained species present at least once in both the
first/last sampling year. Additionally, to assess the influence of less
common species on average regional range shifts, we defined three
datasets with stricter filters only including species occurring >5 and
>10 times per region over all years (filters 1 and 2) and >10 times per
region and year (filter 3). The upper elevation limit was defined as the
90th percentile of all species’ occurrences along the elevational gradi-
ent. While the 90th percentile approximates the highest occurrence
point when species are scarce, it reduces the influence of extreme
outlier occurrences when sufficient data points are available to be
informative and so provides more conservative estimates of range
changes. Range limit changes were quantified as the difference in
90th percentiles between the first (t1) and last time point (t2 or t3)
in each region (t2 - t1 or t3 — t1). To facilitate comparisons between
regions with very different elevation ranges, elevation was centred
and scaled (mean =0, s.d. =1) within regions before calculating range
limit changes. We first fitted an intercept-only LMM of range limit
changes across all species and regions, with region asarandom inter-
cept term, to test for overall changes in upper elevation limits across
allregions combined. To investigate region-specific patterns, we then
fitted intercept-only linear models to unstandardized data from each
region separately. In all models, observations were weighted by spe-
cies’ total frequency of occurrence across the first and last surveys
using the ‘weights’ argument within the model formula. We assumed
that range-limit estimates for frequently occurring species will be
less affected by outlier occurrences than estimates for rare species
and therefore gave greater weight to estimates of range shifts for
common species.

Totestour hypothesis that range expansions are more pronounced
atlower elevations, we again fitted an LMM with shift in upper range
limit as the response variable and species’ upper elevation limits dur-
ing the first (t1) survey (standardized within region) as the only fixed
effect. Regionwas used asarandom effect (randomintercept only) and
range shift observations were weighted by species’ total frequency of
occurrence as above. We then fitted weighted linear models to data
from each region separately (with elevation unstandardized) to test
region-specific trends and also fitted unweighted models for com-
parison. We used the weighted models from each region to estimate
mean range shifts of species after accounting for elevation. Specifi-
cally, we used the models to predict the mean upper range limit shift
and its 95% Cl, at the median elevation of species’ upper range limits
in the first survey (by setting the predictor variable to the median
elevation of the elevational gradient within a given region). If this
value is significantly greater than O, it indicates that average range
limit shifts are upslope across most of the elevational gradient ina
givenregion.

Finally, we constructed null models in each region to assess the
expected relationship between species’ upper elevation limits in the
firstsurvey and shiftsin upper elevation limits, under the assumption
that observed shifts are entirely stochastic with respect to elevation
(observed shifts are placed at random across the elevational gradient).

This analysis was performed to account for the fact that the bounded
nature of elevational gradients constrains the magnitude and direction
of range shifts that are possible to observe at low and high elevation
(Fig. 1). Within each region, the observed elevation shifts were rand-
omized across the elevation gradient by randomly drawing new initial
elevations (with replacement) from the vector of surveyed elevations
(~60 plots per region; Supplementary Table 4). To account for the
geometric constraint, the vectors of possible initial elevations for a
given iteration of randomized range shift were truncated to values
less than or equal to the maximum elevation minus the range shift
valuein the case of upward range shift values or values greater than or
equal to the minimum elevation plus the range shift value in the case
of downward range shift values. This procedure was repeated 10,000
times, each time fitting a weighted linear regression of range shift at
the upper elevation limit (the response variable) against the initial
position of the upper elevation limit (the only predictor variable). Since
bootstrap regressions may differinintercept but notinslope, inference
about whether upward shifts differ from the null expectation cannot
be based solely on a comparison of the observed and expected slope
estimates. For eachbootstrapreplicate, we therefore retained the fitted
values of the regression and used the 10,000 vectors of fitted values to
compute 95% Cls around the regression expected under the assump-
tion that range shifts occur at random across the elevational gradient.
We compared the observed and expected relationships graphically,
concluding that the observed relationship deviated significantly from
the null expectation if a non-zero fraction of the regression line fell
outside the 95% Cls. We also explored two alternative null models
that differed in how the vectors of new initial elevations were defined
and therefore in the variation among bootstrap regressions: (1) aless
conservative approach (yielding narrower Cls around the expected
regression) that used a vector of 200 equally spaced initial elevations,
instead of the ~60 elevations that were actually surveyedineachregion
(resultsin Supplementary Fig. 2); and (2) asomewhat more conserva-
tive approach (yielding wider Cls around the expected regression)
that used only the observed initial elevations within each region, that
iswithavector length corresponding to the observed number of spe-
cies (Supplementary Fig. 3).

Reporting summary
Furtherinformation onresearchdesignisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Alldatasets generated before 2016 (except two roadsin Victoria, Aus-
tralia) and analysed during the current study are available through the
Global Biodiversity Information Facility (GBIF, https://www.gbif.org/
publisher/76388ab6-61ca-439a-ab09-elfe73eb224a) and the
complete dataset is available on Zenodo (https://doi.org/10.5281/
zenodo.7495407) (ref. ¥). Environmental data and a summary file
containing all species and range shifts are provided in Supplementary
Dataland2, respectively.

Code availability
The code used to perform the analysis is available in Supplementary
Code.
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No code was used to collect the data. Identity of nonnative vascular plants was defined according to the World Flora Online (WFO. World
Flora Online, <http://www.worldfloraonline.org> (2019)). Taxonomic harmonization to detect synonyms for the same species in different
regions and to correct spelling problems was done by the MIREN data managers, using the R-packages "taxize" and "WorldFlora".

Data analysis All analyses were carried out in R, version 4.0.3, using the "Ime4" package. The code produced for the analysis is available as a supplementary
file.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All datasets generated before 2016 (except two roads in Victoria, Australia) and analysed during the current study are available through the Global Biodiversity
Information Facility ( G BI F, https://www.gbif.org/publisher /76388ab6-61ca-439a-ab09-e 1 fe 73eb224a) and the complete data set is available on Zenodo (https://
doi .org/10.5281/zen0d0.5529072 ). Environmental data and a summary file containing all species with their respective range shifts are provided as a
supplementary files.
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Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

The study seeks to monitor non-native plant species richness and abundance along elevational gradients in mountainous regions
around the world. It is based on data collected by the Mountain Invasion Research Network (MIREN) using a standard protocol
replicated across 11 mountainous regions around the world: the Australian Alps (two regions, New South Wales and Victoria); the
Swiss Alps; the Andes (two regions, Central and South Chile); the Montana-Yellowstone National Park (USA); the Blue Mountains
(Oregon, USA); Hawaii (USA); Tenerife (Canary Islands, Spain); Kashmir (India); and the Northern Scandes (Norway). To ensure within-
region replication, three roads were monitored in each region (two in Central Chile, four in Hawaii, five in Victoria), resulting in a
spatially nested data set. Sampling was repeated during peak growing season at 5-year intervals, starting in 2007 and ending in 2017
(sampling period and frequency differs between regions, see "Timing and spatial scale").

The research sample consists of occurrence points of all nonnative plant species and individuals recorded in the sampling locations
described below.

Each monitored road was evenly stratified by elevation into 20 sampling locations (i.e., 60 per region, though this varied due to local
logistics), totaling 651 sampling locations. At each location, three 2 x 50 m plots were placed in a T-shape (i.e., up to 50 and 100 m
away from road verges). The two perpendicular plots were only surveyed when there were no impassable barriers such as cliffs and
rivers, resulting in unequal numbers of plots per sampling location (respectively 655, 487 and 445 plots at 0, 50 and 100 m from the
road). In every plot, the identity of nonnative vascular plants according to the World Flora Online and their abundance (scale 1 = 1-10
individuals (or ramets), 2 = 11-100 individuals and 3 > 100 individuals) was recorded.

Sample size is determined by the number of participating regions, accessible plots and nonnative species present.

The data was collected individually in all regions by the responsible MIREN members according to a standard protocol (Haider, S. et
al. Think globally, measure locally: The MIREN standardized protocol for monitoring species distributions along elevation gradients.
Ecology and Evolution 12, 8590, doi: 10.1002/ece3.8590 (2021).).

Sampling years and geolocation (in brackets) for all regions:

New South Wales, Australia: 2007 / 2012/ 2017 (-36.038, 148.359)
Victoria, Australia: 2012/ 2017 (-37.169, 147.075)

Swiss Alps: 2007/ 2012/ 2017 (46.261, 7.503)

Central Chile: 2007/ 2012/ 2017 (-33.343, -70.28)

South Chile: 2007/ 2012/ 2017 (-37.564, -71.568)
Montana-Yellowstone National Park, USA: 2007/ 2012/ 2017 (44.777,-110.196)
Blue Mountains, Oregon, USA: 2007/ 2012 (45.235, -117.531)
Hawaii, USA: 2007 / 2012 (19.981, -155.657)

Tenerife, Canary Islands, Spain: 2008/ 2018 (28.254, -16.604)
Kashmir, India: 2012/ 2017 (33.622, 74.985)

Northern Scandes, Norway: 2012/ 2017 (68.248, 17.651)

Sampling was repeated during peak growing season. A 5-year interval between sampling seasons is chosen to promote long-term
monitoring .

Species not keyed to the species level plus species occurring only once in a region were excluded from the analysis. The frequency
cut-off was defined to reduce possible bias caused by very infrequent species. This exclusion criteria was defined at the beginning of
the analysis. An additional sensitivity analysis with stricter exclusion criteria is described in the manuscript.

Reproducibility of data collecting is achieved by a standard sampling protocol applied in all participating regions (see "Data
collection").

To account for the spatial nestedness of the data, regional data was either analyzed separately or region was included as a random
effect in linear mixed models.

Data were observational data collected in the field and so blinding with respect to location/elevation could not be performed. For re-
surveys, lists of species found in previous visits to a plot were available but not reviewed until after data collection in a given plot, if
at all. Since there were no experimental treatments, blinding was not relevant during data analysis.
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Field work, collection and transport

Field conditions Field conditions differed between regions and years and specific information is not included in the combined available data set.

Location Geolocation of all sampled regions is stated in "Timing and spatial scale". Elevational range (m.a.s.l.) within regions:

New South Wales, Australia: 410-2125
Victoria, Australia: 205 - 1848

Swiss Alps: 415-1800

Central Chile: 1900 - 3585

South Chile: 277 - 1664
Montana-Yellowstone National Park, USA: 1807-3311
Blue Mountains, Oregon, USA: 902-2264
Hawaii, USA: 212 - 4180

Tenerife, Canary Islands, Spain: 13-2310
Kashmir, India: 1590-3644

Northern Scandes, Norway: 14 - 692

>
Q
Q
(e
=
)
§o;
o)
=
o
=
_
D)
§o)
o)
=
S
Q
wv
(e
=
S}
QD
<L

Access & import/export  Where permits to access sampling locations were needed (e.g. national parks), they were obtained by the responsible authorities in
advance to the field work. As the collected data consists of plant richness and abundance data and therefore no samples have been
taken, no import/ export permits were required.

Permits issued in the following regions:

- Montana-Yellowstone National Park, USA: permits issued from Yellowstone National Park for two of the three surveyed roads,
starting in 2006

- Tenerife, Canary Islands, Spain: permit issued by Cabildo de Tenerife in 2008 and 2018

Disturbance The disturbance by the study was minimal, as no samples were taken and no treatments were executed. The only disturbance was
the permanent marking of all plot corners with magnets or metal tags.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies IXI |:| ChlP-seq
Eukaryotic cell lines IXI |:| Flow cytometry
Palaeontology and archaeology IXI |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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