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Abstract Animportant factor influencing whether or
not a non-native plant species becomes invasive is the
climate in the area of introduction. To become
naturalised in the new range, a species must either be
climatically pre-adapted (climate matching), have a
high phenotypic plasticity, or be able to adapt genet-
ically, which in the latter case may take many
generations. Furthermore, patterns of successful estab-
lishment across species might vary with habitat
context. To address the interaction of these factors on
non-native species richness, we recorded the presence
of non-native annual plant species along an altitudinal
gradient on Tenerife (Canary Islands, Spain). We
compared the distributions of species differing in
bioclimatic origin (Mediterranean and temperate) and
time since introduction (old and recent introductions),
and compared richness patterns of these groups in
anthropogenic and natural habitats. Non-native species
richness increased strongly from lowlands to mid-
altitudes, but dropped sharply at the transition from
anthropogenic to natural habitats, and thereafter
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declined with altitude in the natural habitat. This
pattern indicates that the altitude effects reflected
changes in both climate and habitat context. Mediter-
ranean and temperate species were distributed simi-
larly along the altitudinal gradient, and we found no
effect of bioclimatic origin on species distributions. As
almost all species present at the highest sites also
occurred in the lowlands, we conclude that most
species were introduced to lowland sites and were
therefore pre-adapted to those climatic conditions
(lowland introduction filter). The altitudinal ranges of
species tended to increase with time since introduction,
and the species reaching the highest altitudes were
mostly old introductions. This effect of time was more
pronounced among Mediterranean than temperate
species. Thus, while climatic pre-adaptation is impor-
tant for establishment along this altitudinal gradient,
species tend to extend their altitudinal range with time.

Keywords Alien species - Climate matching -
Mountain - Lowland introduction filter -
Plant invasion - Roadside vegetation

Introduction

The climatic conditions in the area of introduction
have recurrently been shown to influence the
outcome of plant invasions (e.g. Kitayama and
Mueller-Dombois  1995; Kueffer et al. 2010;
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Thuiller et al. 2005) and are important for predic-
tions made in weed risk assessment systems
(Gordon et al. 2008; Tatem and Hay 2007).
Consequently, the invasiveness of a plant species
may change considerably with climate change
(Dukes and Mooney 1999; Walther et al. 2009).

To establish and spread in a new area, a species
must be able to tolerate the prevailing climatic
conditions. This is possible if the species originates in
a region that is climatically similar; indeed, climate
matching has emerged in many studies as a consistent
and important predictor of the potentially invaded
area of a non-native species (Dawson et al. 2009;
Kolar and Lodge 2001). However, although ecolog-
ical niche modelling based on climate may be useful
for predicting whether a species will become invasive
(Peterson 2003; Thuiller et al. 2005), the climatic
niche of some non-native plants appears to have
changed in the introduced range (niche shift, Alex-
ander and Edwards 2010; Beaumont et al. 2009;
Broennimann et al. 2007; Maron et al. 2007). For
instance, Broennimann et al. (2007) showed that the
European herb Centaurea maculosa established in the
USA within the climatic niche of its native range, but
from there it colonized novel niche space. For this
reason, the assumption underlying niche modelling—
that climatic niches are stable (niche conservatism)—
has recently been challenged.

A useful approach for elucidating the role of
climate in limiting invasions is to investigate the
distribution of non-native species along an altitudinal
gradient (e.g. Alexander et al. 2009a; Johnston and
Pickering 2001; Marini et al. 2009; Parks et al. 2005;
Pauchard et al. 2009; Sullivan et al. 2009). Such
studies have consistently shown a strong decrease of
non-native species richness with increasing altitude,
at least from mid- to high-altitudes (Becker et al.
2005; Daehler 2005; McDougall et al. 2005; Pauchard
and Alaback 2004; Pauchard et al. 2009; Wester and
Juvik 1983). Studies in other ecosystems have shown
that invasibility tends to decline with the severity of
environmental conditions (Alpert et al. 2000), and it
has therefore been argued that climate is the most
important factor limiting the spread of non-native
plants to high altitudes (Pauchard et al. 2009), where
climate conditions are unfavourable for most species
(Korner 2003).

The spread of non-native plants in mountainous
regions has wusually been studied along roads
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(Alexander et al. 2009b; Arteaga et al. 2009; Sullivan
et al. 2009; Wilson et al. 1992); this is appropriate not
only for practical reasons, but because roads are
important dispersal corridors (Christen and Matlack
2009; Johnston and Johnston 2004; Lilley and
Vellend 2009) and roadsides are usually disturbed
habitats (Christen and Matlack 2006; Forman et al.
2003) which favour the establishment of non-native
species (Gelbard and Belnap 2003). In addition, with
the exception of climate, the most relevant abiotic
(e.g. nutrient availability) and biotic conditions (e.g.
competition) for non-native species’ establishment
success are relatively constant along road verges over
the whole altitudinal gradient (Ullmann and Heindl
1989; Wilson et al. 1992). Finally, efficient anthro-
pogenic dispersal along roads makes it unlikely that
the altitudinal limits of species are dispersal limited
but rather are in equilibrium with their climatic limits
(e.g. Alexander et al. 2009b).

Although roadsides offer relatively constant site
conditions, the distribution of non-native species is
also influenced by neighbouring habitats, and previ-
ous studies have shown that species richness depends
strongly on the habitat context (e.g. Chytry et al.
2009; Vild et al. 2007).

We recorded non-native annual plant species along
two roads on the island of Tenerife (Canary Islands,
Spain). Tenerife was chosen because oceanic islands
are convenient model systems for invasion biology
(Daehler 2005; Kueffer et al. 2010), and this partic-
ular island offers a steep climatic gradient, ranging
from subtropical conditions at the coast to a subalpine
climate above 2,000 m a.s.l. To elucidate whether
climatic pre-adaptation matters for non-native plant
establishment, we compared the altitudinal distribu-
tions of non-native plant species of Mediterranean
and temperate origin. Within both groups we also
discriminated between old and recent introductions to
investigate whether residence time is a factor affect-
ing the altitudinal ranges of non-native plants. Such
an effect could reflect either the time that it takes for
a species to disperse, or the time needed to adapt to
changing conditions along an altitudinal gradient
(Becker et al. 2005).

In this paper we address the following hypotheses:
(1) there is an altitudinal zonation of non-native
species due to bioclimatic origin, with Mediterranean
species dominating at low altitude roadside commu-
nities and temperate species in high altitude ones; (2)
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within bioclimatic groups old-established non-native
plant species have broader altitudinal ranges than
recent introductions. We predict that (3) species
richness patterns will show a hump-shaped distribu-
tion with altitude due to the overlap of species ranges
established under hypotheses (1) and (2). However,
we expect that (4) these altitudinal distribution
patterns also depend on the habitat context, i.e. the
response of species to altitude might be modulated by
the zonation of habitat types along the altitudinal
gradient.

Methods
Study area

The study sites were located in the northern part of
Tenerife (Canary Islands, Spain, 28°N, 16°W), which
is the largest island (2,033 km?) of the volcanic
Canarian archipelago and represents the highest
mountain of Spain (Pico de Teide, 3,718 m a.s.l.).
The climate of Tenerife is strongly influenced by
north-eastern trade winds, and the northern and
southern parts of the island differ greatly in temper-
ature and precipitation. The windward northern part,
where our study was located, is characterized by a
strong climatic zonation along the altitudinal gradient
(Whittaker and Fernandez-Palacios 2007). Mean
annual temperature declines from 19°C at sea level
to 11°C at 2,000 m a.s.l. Low altitudes are charac-
terized by a Mediterranean-type climate with mild,
wet winters and warm, dry summers (<300 mm
annual precipitation) (Sperling et al. 2004). A tem-
perature inversion at mid-altitudes causes a relatively
persistent cloud layer, typically between 1,000 and
1,500 m a.s.l., leading to a more humid climate in this
altitudinal band (>700 mm/year) (Fernandez-Pala-
cios 1992). Above the inversion the climate is again
dry and cool (<500 mm/year). The natural vegetation
follows the climatic zonation, with semi-desert scrub
below the clouds, Erica-Myrica woody heath and
humid pine forest (Pinus canariensis) in the cloud
layer, and dry pine forest and subalpine scrub above
the cloud layer (Fernandez-Palacios and de Nicolas
1995). During the growing season, precipitation is
mainly very low and differences between altitudes
are diminished (Fig. 1). In our study area, relatively
undisturbed, natural vegetation started at c. 1,000 m

a.s.l. at the lower boundary of the persistent cloud
layer; this was entirely composed of pine forest
except for the highest sites at 2,000 m a.s.l. where
there was a subalpine scrub on loose volcanic gravel.
Where the road passes through these vegetation
types, referred to as natural habitat (NAT), the herb
layer along the roadside is usually sparse (0-16%)
due to the dense accumulation of pine needles from
the forest. In the study area, the canopy cover in the
pine forest ranges from O to c. 75%, but varies
between the more humid lower part where trees are
dense (30-75%) and the drier upper part which is
more open (0-20%; S. Haider, unpublished data).

Anthropogenic influences are very high in the zone
between the coast and c. 1,000 m a.s.l., with agricul-
ture (e.g. bananas, tomatoes) and dense settlements
spread over the entire landscape (anthropogenic
habitat, ANT). Roadside communities in this habitat
consist mainly of open vegetation, which is only
rarely shaded by trees (herb layer cover: 4-56% of
ground area, canopy cover: 0-9%; S. Haider, unpub-
lished data).

Soil conditions, especially pH values, differ con-
siderably between the lowest sites below 400 m a.s.l.
(pH: 7.0-8.0) and higher altitudes (pH: 5.0-6.3; S.
Haider, unpublished data). Our roads passed mostly
through lava of intermediate age (i.e. in the order of
100 ka), which corresponds to young basaltic bed-
rock, except for the lowest sites (100 and 200 m a.s.1.
at road A and 100 m a.s.l. at road B) that were placed
on very old lava (4-5 Ma). No site was situated on an
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Fig. 1 Variation of mean temperature (solid line with open
symbols) and mean monthly precipitation (dashed line with
filled symbols) with altitude in the study area during the
growing season (April to June). Climate data for every site was
compiled through Worldclim (Hijmans et al. 2009)
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historic lava flow (i.e. within several hundred years
old) (Hoernle and Carracedo 2009).

Species

We recorded all non-native annual, flowering plant
species that are known to have originated in a region
with either a Mediterranean or temperate climate
(Dahl 1998; Schultz 2005). We focused on annual
plants to avoid confounding the results with different
life forms, since it has been shown that lowland and
high altitude non-native floras tend to harbour
different proportions of annuals and perennials
(McDougall et al. unpublished data). However, we
also included species that are not strictly annual (e.g.
Tragopogon porrifolius, which can also be biennial).
Non-native species were further divided into two
groups according to their time since introduction. We
considered as old introductions all plant species that
might have been introduced by the Romans, Spanish
or Portuguese before the year 1,500, in a period
before trade with other continents became common.
International trade gained importance from the 16th
century, and intensified contacts with the New World
and Asia led to the introduction of many new plants,
which we regard as recent introductions.

To distinguish between native and non-native
species, and to determine the time of introduction
and bioclimatic origin of non-native species, we
compiled information about species distribution and
introduction status in the whole Macaronesian floris-
tic region and classified species based on the
literature (“Appendix 1), personal communication
with other scientists, and our own expertise. Taxon-
omy was standardized with the Germplasm
Resources Information Network (GRIN) online data-
base (USDA 2009).

Data collection

Data was collected along two paved roads that were
similar with respect to traffic intensity and climatic
conditions, and extended from 100 to 2,000 m a.s.l.
Road A led from Bajamar via La Laguna and La
Esperanza to El Portillo where it met road B coming
via La Orotava and Aguamansa from El Sauzal
(different roads than in Arévalo et al. 2005, 2010;
Arteaga et al. 2009). Traffic intensity was highest in
the vicinity of the cities of La Laguna and La Orotava

@ Springer

(c. 20,000 cars/day; Cabildo Tenerife 2007) and
declined towards the coast and towards higher
altitudes (c. 2,000-12,000 cars/day in coastal areas
and mid-altitudes). Above c. 1,000 m a.s.l. traffic
intensity remained constant with c. 1,000-2,000 cars/
day (Cabildo Tenerife 2007).

We recorded the vegetation during two growing
seasons—from March to May 2007 and May to June
2008—to reduce the risk of bias due to extreme
conditions in a single year. The sampling period in
the second season was shifted to be sure of sampling
species with both early and late phenologies. Data
from both years were pooled, i.e. a species was
identified as present if it was recorded at least in one
year. Sampling sites were placed at 100 m altitudinal
intervals (hereafter “site”). At each site we recorded
the presence of the target species in two 250 m x
2 m transects along both sides of the road and located
immediately adjacent to the paved area. Observations
for both transects per site were pooled and data
analysis was performed with species richness per site.

Within each of the roadside transects we estab-
lished a subplot of 12.5 m x 2 m (longer side parallel
to the road) to record non-native species and total
vegetation cover-abundance using the Domin-Scale
(1 = very scarce, <4%, 2 = scarce, <4%, 3 = scat-
tered, <4%, 4 = 4-10%, 5 = 10-25%, 6 = 25—
33%, T =33-50%, 8 = 50-75%, 9 = 75-95%,
10 = 95-100%; Bannister 1966). Prior to the anal-
ysis classification values were transformed according
to Currall (1987). Overall we sampled two roads with
20 sites each. At all sites we recorded the habitat type
(anthropogenic vs. natural habitat).

Data analysis

To investigate broad patterns of species richness
along the altitudinal gradient, and whether these
patterns differed between different habitat types
(anthropogenic, ANT; natural, NAT), general linear
mixed effects models were first fitted using the “lme”
function in R (R Foundation for Statistical Comput-
ing, version 2.10.1 for Windows; “nlme” package).
Four models of total species richness were fitted
containing different fixed effects: (1) altitude only,
(2) the second-order polynomial of altitude, (3)
altitude, habitat type (ANT; NAT) and their interac-
tion and (4) the second-order polynomial of altitude,
habitat type (ANT, NAT) and their interaction. All
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four models included site nested within road as
random effects and were fitted using the maximum
likelihood method to enable their comparison based
on Akaike’s Information Criterion (AIC). The model
with the lowest AIC score, or the most parsimonious
model in the case of a difference in scores of less than
2, was favoured. Additional models with the same
random effects were fitted using the REML method to
investigate differences in the responses of alternative
sub-groups of species (cf. Ockinger et al. 2009).
These models contained the fixed effects of altitude,
habitat type and either bioclimatic origin (Mediterra-
nean, MED vs. temperate, TEMP) or time since
introduction (old introductions, OLD vs. recent
introductions, NEW), and all 2- and 3-way interac-
tions. Significant 3-way interactions were further
explored by re-fitting these models separately for the
ANT and NAT habitats.

We extracted the minimum and maximum alti-
tudes for all species and calculated the altitudinal
range for all species that were recorded at least twice.
We then used non-parametric Wilcoxon rank-sum
tests to compare the altitudinal distributions of
species groups with different bioclimatic origins
(MED vs. TEMP) and different times since introduc-
tion (OLD vs. NEW). We also generated a predicted
species richness curve based on the altitudinal species
ranges and the assumption that each species occurs in
every site within its range.

To test whether the non-native species composition
of sites was nested, we calculated the NODF metric of
Almeida-Neto et al. (2008) using the R-package Vegan
(version 1.17-2). We produced two species-site matri-
ces, with sites either maximally packed or ordered by
altitude. An additional matrix was constructed assum-
ing species to be present at all sites within their
altitudinal range. Tests of nestedness of sites were
based on 1,000 randomizations of the matrix using a
null model that constrained species richness within
sites whilst randomizing the occurrence of species
within sites (method R1; Wright et al. 1998).

Results
Non-native roadside flora

We recorded a total of 58 non-native annual plant
species, of which 79% were of Mediterranean (MED)

and 21% of temperate origin (TEMP; “Appendix 2”).
We found more old (OLD) than recent (NEW)
introductions (62% and 38% of the species, respec-
tively). Within the TEMP group there were 58%
OLD and 42% NEW introductions, while within the
MED group 63% were OLD and 37% NEW. A rank-
abundance curve showed a rather smooth decline in
species’ abundance (Fig. 2), indicating that the non-
native flora is not strongly dominated by a few very
abundant species. The most important plant families
were Fabaceae (15 species), Asteraceae (11 species),
and Brassicaceae (8 species), which comprised
together more than half of the sampled species.
Altogether the species recorded were from 17 fam-
ilies and 41 genera. Each group contained 11 or 12
families (MED and NEW, and TEMP and OLD,
respectively), but the species of the most frequent
families were distributed unequally. Almost all
Fabaceae, Asteraceae and Brassicaceae species were
of MED origin. Whereas Fabaceae and Asteraceae
species were more equally distributed between OLD
and NEW species, all Brassicaceae species except
one belonged to the OLD group.

The cover of individual species was mainly low
(<4% of ground area) and, with few exceptions,
constant across sites. Only Hirschfeldia incana
(MED-OLD) was recorded with cover class 25—
33% in one plot at 1,000 m a.s.l. and Sisymbrium
erysimoides (MED-OLD) reached 4-10% in one plot
at 100 m a.s.l. There was a positive relationship
between non-native species richness and non-native
species cover per plot (R* = 0.87, P < 0.001).

Species altitudinal ranges

Eighty-eight percent of the sites contained at least
one non-native species. The majority of species were
found in plots of the anthropogenic habitat (ANT),
and 52% of the species were present only in this
habitat (Fig. 3). Only three species—Eschscholzia
californica, Tragopogon porrifolius, and Trifolium
ligusticum (all MED)—occurred exclusively in the
natural habitat (NAT habitat). Fifty-two percent of all
MED species and 61% of all OLD species were
present in NAT habitat, while these proportions were
only 33% and 27% for TEMP and NEW species,
respectively (Fig. 3). On average, OLD species
reached higher altitudes (Wilcoxon rank-sum test,
N =158, W=557, P=0.009, two-tailed) and
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Fig. 3 Altitudinal distribution ranges (lines) of non-native a
Mediterranean (N = 41) and b temperate (N = 11) species that
occurred at least twice along the altitudinal gradient. Old-
introduced species (OLD) are indicated with solid lines,
recently-introduced species (NEW) with dashed lines. The

colonized a wider altitudinal range (Wilcoxon rank-
sum test, N = 52, W = 449.5, P = 0.015, two-tailed)
than NEW species (Fig. 4). The groups did not differ
in their lower altitudinal limit (Wilcoxon rank-sum
test, N = 58, W = 406.5, P = 0.869, two-tailed). For
the MED and TEMP groups, there were no significant
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symbols (filled for OLD, open for NEW) are placed at the mean
altitude where the species occurred. Species are sorted
according to their altitude of maximum occurrence. The
boarder between anthropogenic and natural habitat is at
1,000 m a.s.l.

differences in the lower and upper altitudinal limits of
species, nor in their altitudinal ranges (Wilcoxon
rank-sum test, lower limit: N = 58, W = 288.5,
P = 0.813, two-tailed, upper limit: N =58, W =
289, P = 0.808, two-tailed, range: N =52, W =
210.5, P = 0.745, two-tailed).
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Although sites were significantly nested using
the original presence-absence matrix (Ngjes = 40.2,
z=2.78, P =0.013), the species composition of
high-altitude sites was not significantly nested in low-
altitude sites (Nges = 24.4, 7 = —0.09, P = 0.964).
However, the species composition of sites was
significantly nested in relation to altitude under the
assumption that species were present at every site
within their altitudinal range (Vs = 53.4, 7 = 9.36,
P < 0.001).

Variation in non-native species richness
along the altitudinal gradient

Species richness showed a strongly humped relation-
ship with altitude, with richness peaking in the
middle of the gradient, between 600 and 1,000 m
a.s.l. (Fig. 5). However, this relationship was not
smoothly polynomial (AIC = 283.49; “Appendix
3”) but rather was best described by a model
containing two linear relationships, with a linear
increase in richness in the anthropogenic habitat up to
c. 1,000 m asJ., and a much lower and slightly
declining richness above this point (significant inter-
action between altitude and habitat type,
AIC = 23894, F,35 =31.64, P <0.001; Fig.5;
“Appendix 3”).

Along the whole altitudinal gradient (in ANT
habitat as well as in NAT habitat) MED species were
more numerous than TEMP species, with an average
of seven (357%) more MED than TEMP species per
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Fig. 5 Non-native species richness along the altitudinal
gradient

site (Table 1). MED species were present in 88%, and
TEMP species in 75% of sites. Both bioclimatic
groups showed the same response to altitude (Fig. 6a,
b; Table 2).

OLD species were present in 88% of sites, and
NEW species in 75%. Across both habitat types the
mean number of OLD species per site was signif-
icantly higher than the number of NEW species (on
average five more OLD species per site; Fig. 6¢ and
d). In NAT habitat both groups had a similar decrease
in species richness with increasing altitude. However,
in ANT habitat the increase of OLD species with
increasing altitude was significantly faster than for
NEW species (Table 2).
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Table 1 Results of general linear mixed effects models (REML method) of the response of different groups to altitude and habitat

type

Fixed effects

Group: bioclimatic origin

Group: time since introduction

Resid. df F P Resid. df F P
Altitude 35 94.46 <0.001 35 94.46 <0.001
Habitat 35 69.68 <0.001 35 69.68 <0.001
Group 36 180.35 <0.001 36 159.11 <0.001
Altitude x habitat 35 31.64 <0.001 35 31.64 <0.001
Altitude x group 36 59.28 <0.001 36 9.27 0.004
Habitat x group 36 27.62 <0.001 36 13.04 0.001
Altitude x habitat x group 36 5.55 0.024 36 15.95 0.000

The fixed effect “group” represents either the two bioclimatic origins (Mediterranean vs. temperate species) or time since
introduction (old-introduced vs. recently-introduced species). Both models contained site nested within road as random effect

Fig. 6 Species richness of
a Mediterranean (MED),

b temperate (TEMP),

¢ old-introduced (OLD) and
d recently-introduced
(NEW) species along the
altitudinal gradient. Dots
indicate observed species
richness. Crosses show
species richness predicted
from the altitudinal ranges
of the species. Predicted
species richness was based
on the assumption that
species occur at all sites
within their altitudinal
range

Predicted species richness followed the observed
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Discussion

species richness patterns closely with the exception of

the lower end of the NAT habitat (Fig. 6). Predicted
species richness was based on observed species

altitudinal ranges (Fig. 3) and the assumption that a

species occurs in every site that is within its observed

altitudinal range.
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Does bioclimatic origin determine species
distribution along the altitudinal gradient?

We hypothesised that bioclimatic origin leads to an

altitudinal zonation of Mediterranean and temperate
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non-native annual species. However, Mediterranean
and temperate species responded very similarly to
altitude, and there was no evidence for any altitudinal
separation of the two groups. Indeed, almost all
species present at high altitudes also occurred in the
lowlands. These patterns may be explained by
assuming that most non-native plant species initially
establish at low altitudes and thus need to be
climatically pre-adapted to lowland conditions (low-
land introduction filter, Becker et al. 2005; Pauchard
et al. 2009). A lowland introduction filter may also
explain why we found overall more Mediterranean
than temperate non-native species, since Mediterra-
nean species are pre-adapted to such a lowland
climate and may be more likely to establish than
temperate species.

Our results are consistent with those from a global
survey of non-native floras in mountainous regions
compiled by McDougall et al. (unpublished data),
which found that high altitude floras tend to be
similar to those at low altitudes in the same region,
even though the climate may change dramatically
along the altitudinal gradient. In contrast, mountain
floras in different regions with a similar alpine
climate tend to be dissimilar, which the authors
interpret as reflecting their differing introduction
histories. The distributional patterns in our study
differ from those on the oceanic islands of Hawaii,
where there is a turnover of species of different
bioclimatic origin along the altitudinal gradient
(Daehler 2005; Wester and Juvik 1983). A possible
explanation is that species introductions in Hawaii
took place along a larger altitudinal gradient, includ-
ing intensely used grasslands at high altitudes
(>2,000 m a.s.l.; Daehler 2005); thus many species

may have been introduced to higher altitudes rather
than dispersing from the lowlands. Further, in
accordance with our study, a zonation reflecting
bioclimatic origin has been found more commonly
for (sub)tropical species than for temperate and
Mediterranean species. Finally, the absence of a
zonational pattern could reflect the fact that we only
studied annual plants. This was a deliberate choice to
avoid confounding of the results by different life
forms; and an unequal representation of different life
forms in different bioclimatic groups may have
confounded results in other studies.

Does time since introduction influence altitudinal
ranges of non-native species?

In accordance with our second hypothesis, the
altitudinal ranges of old introductions tended to be
broader than those of recently-introduced species,
and with few exceptions the species in natural
habitats at high altitudes were old introductions.
Becker et al. (2005) also showed a positive correla-
tion between the highest occurrence of non-native
species and their time since introduction in the Swiss
Alps. Such a relationship could simply reflect the
time it takes for propagules to disperse to higher
altitudes (i.e. propagule pressure) (Ross et al. 2008),
although other studies suggest that roadside distribu-
tions of non-native species are unlikely to be
dispersal limited (Alexander et al. 2009b). Another
explanation is that it reflects the time needed for
populations to adapt genetically to the new conditions
(Dietz and Edwards 2006; Roy et al. 2000). In the
natural habitat the proportion of old introductions
was higher amongst Mediterranean than temperate

Table 2 Results of general linear mixed effects models (REML method) of the response of different groups (bioclimatic origin
(origin) and time since introduction (age), respectively) to altitude in the anthropogenic (ANT) and the natural habitat (NAT)

Fixed effects Subset ANT Subset NAT
Resid. df F P Resid. df F P

Altitude 16 25.96 <0.001 18 4.52 0.048
Origin 17 158.48 <0.001 19 24.49 <0.001
Altitude x origin 17 3.13 0.095 19 2.16 0.158
Altitude 16 25.96 <0.001 18 4.52 0.048
Age 17 213.74 <0.001 19 28.39 <0.001
Altitude x age 17 25.16 <0.001 19 1.39 0.254

All four models contained site nested within road as random effect
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species. This could be because Mediterranean species
are less likely to be pre-adapted to cold climatic
conditions, so that local adaptation would be neces-
sary for them to grow at high altitudes. In contrast,
temperate species that establish at low altitudes have
to be climatically plastic, which would explain why
recently-introduced species have been able to spread
to higher altitudes.

Do species ranges explain species richness
patterns with altitude?

In line with our third hypothesis, there was a close
match between the species richness observed along
the gradient and that predicted from the species’
range sizes (Fig. 6), which led to a hump-shaped
richness pattern (Fig. 5).

A decrease in species richness at low and high
altitudes can therefore be explained by a loss of
species with overlapping ranges. A strong decline in
the richness of non-native Mediterranean and tem-
perate plant species at low and high altitudes was
previously reported for different islands in the Canary
Islands (Arévalo et al. 2005; Arteaga et al. 2009).
Studies in other mountainous regions have shown
either a monotonic decline of non-native plant
species richness with altitude or, as in our case, a
hump-shaped pattern (Becker et al. 2005; Jakobs
et al. 2010; Marini et al. 2009; McDougall et al.
2005; Pauchard et al. 2009). While at temperate
latitudes, the limiting climate factor at high altitudes
is likely to be low temperatures (Becker et al. 2005;
Marini et al. 2009), on subtropical oceanic islands
species may be limited at low altitudes by aridity
(Arévalo et al. 2005; Hawkins et al. 2003; Jakobs
et al. 2010; Fig. 1). Thus, the hump-shaped pattern in
species richness could reflect either the altitudinal
pattern of water availability alone or opposing
gradients of climatic harshness—aridity at low alti-
tudes and low temperature at high altitudes (or a
combination of both).

It cannot be excluded that a decline in species
richness at the extremes of the altitudinal gradient is
due to increased habitat resistance to invasion
because of competition from established vegetation
and/or reduced propagule pressure. However,
because we surveyed highly disturbed roadsides
where total vegetation cover at the extremes of the
gradient was only some 10-60%, we do not think that
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competitive exclusion played an important role.
Propagule pressure is unlikely to decline much
towards the lowest altitudes, but it cannot be
excluded as a relevant factor at high altitudes;
however, the roads in the survey are heavily used
by tourists, even at the highest altitudes (1,000-2,000
cars/day).

Habitat context influences species distribution
patterns

The altitudinal distribution pattern of non-native
annual species was modulated by the habitat context.
About 30% of the species reached a sharp altitudinal
distribution limit at the boarder of the anthropogenic
and natural habitats, which resulted in a drop in
species richness at the transition of the two habitat
types (Figs. 3, 5). When comparing the observed and
predicted species richness, based on the assumption
that a species occurs everywhere within its altitudinal
range, it appears that this drop can be explained only
partly by an ultimate altitudinal limit of species
ranges; indeed, many Mediterranean species reap-
peared again at higher altitudes, so that the observed
and predicted richness of Mediterranean species
differ strongly between c. 1,000 and 1,500 m a.s.l.
(Fig. 6).

This separation might be explained by the
influence of the cloud layer within the natural
habitat, which is most pronounced between c. 1,000
and 1,500 m a.s.l. Moist and shady conditions
within the cloud forest at these altitudes might
exclude typically light-demanding and drought-
adapted Mediterranean ruderal species, which reap-
pear above the cloud layer where the pine forest is
more open and light. This habitat effect may also
explain contrasting results between this study and
previous work in Tenerife. Arévalo et al. (2005),
working on the leeward side of Tenerife, where
there is no cloud forest, did not find the same mid-
altitude drop in numbers of non-native species.
Arteaga et al. (2009) found in a narrower altitudinal
range between 0 and 650 m a.s.l. a monotonic
increase for non-native temperate species richness,
consistent with our results for this altitudinal range,
but a hump-shaped pattern for non-native Mediter-
ranean species richness. Because of topographic
effects, in their study area the transition to cloud
forest occurred at c. 600 m as.l. (Arévalo et al.
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2008, Marzol 2008). This may explain the drop in
Mediterranean species richness at a lower altitude.

If, as seems likely, climate change alters the
altitudinal distribution of cloud forests on oceanic
islands (Loope and Giambelluca 1998), the distribu-
tion of non-native plants could indirectly be affected.
Indeed, indirect effects of climate change through
changes in habitat distribution may prove to be more
important than direct climatic effects in shaping non-
native species distributions.

Conclusions

Our results suggest that bioclimatic origin does not
influence the non-native species richness pattern
along an altitudinal gradient. However, climate
matching is important for the establishment of non-
native species at low altitudes, while plasticity is
crucial for species that are not climatically pre-
adapted. Niche modelling may thus be useful to
predict potential areas of first establishment (cf.
Broennimann et al. 2007; Tatem and Hay 2007).
Nonetheless, the importance of time since introduc-
tion suggests that ongoing adaptation might be
important as species extend their ranges upwards
along the altitudinal gradient. This could account for
the observed time lags between introduction and
rapid spread of non-native species (e.g. Richardson
and Pysek 2006). Our results show that the altitudinal
distribution of non-native plants is affected both by
climatic and habitat conditions. Climate change is
therefore likely to affect the occurrence of these
species both directly and indirectly, e.g. by altering
the distribution of habitats such as cloud forest. So
far, this interplay of regional climate and habitat type
has not been discussed in studies of non-native
species distributions along an altitudinal gradient.

Acknowledgments We thank José Maria Fernandez-
Palacios, Jos¢ Ramon Arévalo and Riidiger Otto
(Universidad de La Laguna, Tenerife, Spain) for enabling the
field work, helping with species identification and sharing
many facilities of the department. Werner Nezadal (University
of Erlangen-Niirnberg, Germany) gave support in the decision
about the introduction status of the species. The manuscript
was improved by comments from Anibal Pauchard
(Universidad de Concepcion, Chile) and two anonymous
reviewers. SH was funded by a graduate scholarship from
Universitit Bayern e.V.

Appendix 1

Overview of sources used to determine life form,
longevity, introduction status, bioclimatic origin
and time since introduction for recorded species.
Acebes Ginovés JR, del Arco Aguilar M, Garcia
Gallo A, Le6n Arencibia MC, Pérez de Paz PL,
Rodriguez Delgado O and Wildpret de la Torre W
(2001) Pteridophyta, Spermatophyta. In: Izquierdo
Zamora I, Martin Esquivel JL, Zurita Pérez N and
Arechavaleta Hernandez M (eds) Lista de especies
silvestres de Canarias (hongos, plantas y animales
terrestres) 2001, Consejeria de Politica Territorial y
Medio Ambiente Gobierno de Canarias, pp 98-140
Acebes Ginovés JR, del Arco Aguilar M, Garcia
Gallo A, Le6n Arencibia MC, Pérez de Paz PL,
Rodriguez Delgado O, Wildpret de la Torre W,
Martin Osorio VE, Marrero Gémez MdC and
Rodriguez Navarro ML (2004) Pteridophyta, Sper-
matophyta. In: Izquierdo Zamora I, Martin Esquivel
JL, Zurita Pérez N and Arechavaleta Hernandez M
(eds) Lista de especies silvestres de Canarias
(hongos, plantas y animales terrestres) 2004, Con-
sejeria de Medio Ambiente y Ordenacion Territo-
rial, Gobierno de Canarias, pp 96—143

Arévalo JR, Delgado JD, Otto R, Naranjo A, Salas M
and Fernandez-Palacios JM (2005) Distribution of
alien vs. native plant species in roadside communi-
ties along an altitudinal gradient in Tenerife and
Gran Canaria (Canary Islands). Perspect Plant Ecol
Evol Syst 7: 185-202. doi: 10.1016/j.ppees.2005.
09.003

Arteaga MA, Delgado JD, Otto R, Fernandez-
Palacios JM and Arévalo JR (2009) How do alien
plants distribute along roads on oceanic islands?
A case study in Tenerife, Canary Islands. Biol
Invasions 11: 1071-1086. doi: 10.1007/s10530-008-
9329-8

Brandes D and Fritzsch K (2002) Alien plants of
Fuerteventura, Canary Islands. Plantas extranjeras
de Fuerteventura, Islas Canarias. p 25

Bundesamt fiir Naturschutz. Floraweb. http://www.
floraweb.de. Accessed 12 Aug 2009.

Gonzalez Henriquez MN and Kunkel G (1991)
Flora y vegetacion del archipiélago Canario 3.
Tratado Floristico 2. Edirca, Las Palmas de Gran
Canaria

@ Springer


http://dx.doi.org/10.1016/j.ppees.2005.09.003
http://dx.doi.org/10.1016/j.ppees.2005.09.003
http://dx.doi.org/10.1007/s10530-008-9329-8
http://dx.doi.org/10.1007/s10530-008-9329-8
http://www.floraweb.de
http://www.floraweb.de

4014

S. Haider et al.

Hansen A and Sunding P (1993) Flora of Maca-
ronesia. Checklist of vascular plants, 4th edn.
Botan. Garden, Oslo

Hegi G (1965-1987) Illustrierte Flora von Mittel-
Europa. Carl Hansen, Miinchen

HeB HE, Landolt E and Hirzel R (1967-1972)
Flora der Schweiz und angrenzender Gebiete.
Birkhéduser, Basel

Hohenester A and Wel3 W (1993) Exkursionsflora
fiir die Kanarischen Inseln mit Ausblicken auf ganz
Makaronesien. Ulmer, Stuttgart

Jardim R and Menezes de Sequeira M (2008) List
of vascular plants (Pteridophyta and Spermato-
phyta). In: Borges PAV, Abreu C, Franquinho
Aguiar AM, Carvalho P, Jardim R, Melo I,
Oliveira P, Sérgio C, Serrano ARM and Vieira
EP (eds) A list of the terrestrial fungi, flora and
fauna of Madeira and Selvagens archipelagos,
Direccdo Regional do Ambiente da Madeira and
Universidade dos Acores, Funchal and Angra do
Heroismo, pp 179-207

Klotz S, Kiihn I and Durka W (2004) BIOL-
FLOR—FEine Datenbank mit biologisch-6kologis-
chen Merkmalen zur Flora von Deutschland.
Bundesamt fiir Naturschutz, Bonn

Kunkel G (1973) The role of adventitious plants in
the vegetation of the Canary Islands. Monogr Biol
Canar 4: 103-106

Kunkel G (1976) Notes on the introduced elements
in the Canary Islands’ flora. In: Kunkel G (ed)
Biogeography and ecology in the Canary Islands,
Dr. W. Junk b.v. Publishers, The Hague, pp 249-266
Kunkel G (1987) Die Kanarischen Inseln und ihre
Pflanzenwelt. Gustav Fischer, Stuttgart

Lauber K and Wagner G (1996) Flora Helvetica,
4th edn. Paul Haupt, Bern

Meusel H (1948) Vergleichende Arealkunde.
Listen- und Kartenteil. 2 Bidnde. Borntraeger,
Berlin-Zehlendorf

Meusel H and Jiager EJ (1992) Vergleichende
Chorologie der zentraleuropdischen Flora. Gustav
Fischer, Stuttgart

Meusel H, Jager EJ, Rauschert SW and Weinert E
(1978) Vergleichende Chorologie der zen-
traleuropdischen Flora. Gustav Fischer, Jena
Meusel H, Jiger EJ and Weinert E (1965) Verg-
leichende Chorologie der zentraleuropéischen
Flora. Gustav Fischer, Jena

@ Springer

Sanchez-Pinto L, Rodriguez L, Rodriguez S,
Martin K, Cabrera A and Marrero C (2005)
Spermatophyta. In: Arechavaleta M, Zurita N,
Marrero MC and Martin JL (eds) Lista preliminar
de especies silvestres de Cabo Verde (hongos,
plantas y animales terrestres), Consejeria de Medio
Ambiente y Ordenaciéon Territorial, Gobierno de
Canarias, pp 40-57

Schonfelder P, Leon Arencibia MC and Wildpret
W (1993) Catélogo de la flora vascular de la Isla de
Tenerife (Islas Canarias). In: Diaz Gonzilez TE,
Fernandez Gonzalez F, Géhu JM, Pedrotti F,
Rivas-Martinez S and Penas Merino A (eds) Itinera
Geobot, Universidad de Ledn, Leén, pp 375-404
Silva L, Pinto J, Press B, Rumsey F, Carine M,
Henderson S and Sjogren E (2005) List of vascular
plants. In: Borges PAV, Cunha R, Gabriel R, Frias
Martins A, Silva L and Vieira V (eds) A List of
Terrestrial Fauna (Mollusca and Arthropoda) and
Flora (Bryophyta, Pteridophyta and Spermato-
phyta) from the Azores, Direccdo Regional do
Ambiente and Universidade dos Acores, Hora,
Angra do Heoismo and Ponta Delgada, pp 131-155
Stierstorfer C and von Gaisberg M (2006) Anno-
tated checklist and distribution of the vascular
plants of El Hierro, Canary Islands, Spain. Botanic
Garden and Botanical Museum Berlin-Dahlem,
Berlin

Swiss Federal Institute for Forest, Snow and
Landscape Research (1999) Swiss web flora.
http://www.webflora.ch. Accessed 24 Sep 2009.
Tutin TG, Heywood VH, Burges NA, Moore DM,
Valentine DH, Walters SM and Webb DA (1968—
1980) Flora Europaea. Cambrige University Press,
Cambridge

Tutin TG, Heywood VH, Burges NA, Valentine
DH, Walters SM and Webb DA (1964) Flora
Europaea. Cambrige University Press, Cambridge
USDA, NRCS (2009) The PLANTS Database.
National Plant Data Center, Baton Rouge, LA
70874-4490 USA. http://plants.usda.gov. Accessed
19 Nov 2009

Appendix 2

See Table 3


http://www.webflora.ch
http://plants.usda.gov

The role of bioclimatic origin, residence time and habitat context

4015

Table 3 List of recorded non-native annual plant species with Mediterranean (MED) and temperate (TEMP) bioclimatic origin

Species Family Bioclimatic origin Time since introduction
Anagallis arvensis Primulaceae MED OLD
Calendula arvensis Asteraceae MED OLD
Capsella rubella Brassicaceae MED OLD
Daucus carota Apiaceae MED OLD
Erodium cicutarium Geraniaceae MED OLD
Galactites tomentosa Asteraceae MED OLD
Geranium dissectum Geraniaceae MED OLD
Geranium rotundifolium Geraniaceae MED OLD
Hirschfeldia incana Brassicaceae MED OLD
Hordeum murinum Poaceae MED OLD
Lathyrus sphaericus Fabaceae MED OLD
Medicago polymorpha Fabaceae MED OLD
Ornithopus compressus Fabaceae MED OLD
Papaver rhoeas Papaveraceae MED OLD
Papaver somniferum Papaveraceae MED OLD
Pseudognaphalium luteoalbum Asteraceae MED OLD
Rapistrum rugosum Brassicaceae MED OLD
Silene gallica Caryophyllaceae MED OLD
Silybum marianum Asteraceae MED OLD
Sinapis alba Brassicaceae MED OLD
Sinapis arvensis Brassicaceae MED OLD
Sisymbrium erysimoides Brassicaceae MED OLD
Sonchus asper Asteraceae MED OLD
Sonchus oleraceus Asteraceae MED OLD
Torilis arvensis Apiaceae MED OLD
Tragopogon porrifolius Asteraceae MED OLD
Trifolium campestre Fabaceae MED OLD
Trifolium glomeratum Fabaceae MED OLD
Trifolium ligusticum Fabaceae MED OLD
Amaranthus blitum Amaranthaceae MED NEW
Amaranthus cruentus Amaranthaceae MED NEW
Conyza floribunda Asteraceae MED NEW
Eschscholzia californica Papaveraceae MED NEW
Galinsoga parviflora Asteraceae MED NEW
Galinsoga quadriradiata Asteraceae MED NEW
Lathyrus annuus Fabaceae MED NEW
Lathyrus clymenum Fabaceae MED NEW
Lathyrus tingitanus Fabaceae MED NEW
Lolium multiflorum Poaceae MED NEW
Melilotus indicus Fabaceae MED NEW
Mercurialis annua Euphorbiaceae MED NEW
Ornithopus pinnatus Fabaceae MED NEW
Raphanus raphanistrum Brassicaceae MED NEW
Scorpiurus muricatus Fabaceae MED NEW
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Table 3 continued

Species Family Bioclimatic origin Time since introduction
Scorpiurus vermiculatus Fabaceae MED NEW
Vicia villosa Fabaceae MED NEW
Galium aparine Rubiaceae TEMP OLD
Geranium robertianum Geraniaceae TEMP OLD
Malva neglecta Malvaceae TEMP OLD
Poa annua Poaceae TEMP OLD
Sisymbrium officinale Brassicaceae TEMP OLD
Solanum nigrum Solanaceae TEMP OLD
Vicia hirsuta Fabaceae TEMP OLD
Conyza canadensis Asteraceae TEMP NEW
Lamium amplexicaule Lamiaceae TEMP NEW
Stellaria media Caryophyllaceae TEMP NEW
Veronica persica Plantaginaceae TEMP NEW
Viola tricolor Violaceae TEMP NEW

Species are grouped in old-introduced (OLD) and recently-introduced (NEW) species

Appendix 3
See Table 4

Table 4 Results of the general linear mixed effects models
(ML method) to describe the species richness pattern along the
altitudinal gradient with respect to the habitat context

Model AIC Fixed effects Resid. df F P
288.49 Altitude 37 26.14 <0.001
283.49 Altitude® 36 18.70 <0.001

3 238.94 Altitude 35 94.46 <0.001

Habitat 35 69.68 <0.001
Altitude x habitat 35 31.64 <0.001
4 238.26 Altitude® 33 61.92 <0.001
Habitat 33 88.02 <0.001
Altitude® x habitat 33 024  0.789

The categorical variable “habitat” classified sites (N = 40)
according to the anthropogenic and natural habitat type
All models contained site nested within road as random effect.
Model 3, which was the best fitting model, described species
richness by two linear terms separately for each habitat
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