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1 | INTRODUCTION
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Abstract

Questions: How has exotic plant species richness and composition changed in and
adjacent to a montane road verge over a 10-year period? Are montane road verges
conduits of exotic species’ dispersal into adjacent, undisturbed hinterland?

Location: Montane grassland, Maloti-Drakensberg Transfrontier Conservation Area,
South Africa.

Methods: We surveyed road verge and adjacent hinterland transects (25 x 2 m;
N = 80) across an elevational gradient of 1,500-2,874 m a.s.l. in 2007 and 2017. In
each transect, we estimated the cover of each exotic plant species and the total cover
of indigenous species. Generalised Linear Models were fitted to test if exotic species’
richness and cover had changed over time. A Canonical Correspondence Analysis was
used to determine if exotic species’ composition had changed over time.

Results: Ten years onwards, exotic species richness had increased significantly across
the entire elevational gradient, predominantly in the low- to mid-elevational range.
Road verge and adjacent hinterland transects differed in species composition in 2007,
but no longer in 2017.

Conclusion: Exotic species richness and composition displayed a high spatiotempo-
ral rate of change. Over time, exotic species increasingly moved into the hinterland
from the verges as a result of human-mediated colonisation pressure. These results
indicate that montane road verges are far better conduits for the dispersal of exotic
species than previously assumed, and that further colonisation of the hinterland by

exotics can be expected.

KEYWORDS
alien species, biodiversity monitoring, high-elevation environments, montane grasslands,
neobiota, non-native species, road construction, road verge

(Haider et al., 2018), occasionally beyond their conventional upper

elevational range limits (Lenoir et al., 2008; Kalwij et al., 2015;
Pauchard et al., 2016; Dainese et al., 2017; Koide et al., 2017). Exotic
species are particularly common in montane road verges, which

Mountain ecosystems are increasingly recognised as susceptible to
colonisation by exotic plant species (Alexander et al., 2016). Exotics

are successfully moving into mountain ecosystems at a global scale often harbour more exotics than the adjacent hinterland (Pauchard
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et al., 2009; Pollnac et al., 2012); similar patterns are also found
along hiking tracks (Liedtke et al., 2020). While such studies show
that exotic species are increasingly found at high elevations, infor-
mation on spatiotemporal trends is still scarce due to a deficiency in
historical data.

Several factors have been attributed to the introduction and
establishment of exotic species in mountain ecosystems. Propagule
pressure and habitat disturbance in particular are considered as
primary drivers for short-term changes at a local scale (Gonzélez-
Morenoetal.,2014; Lemke etal.,2019; Corcos etal.,2020). Propagule
pressure is the number of individuals and/or number of introduc-
tions to an area, whereby species with a high propagule pressure
are more likely to become invasive (Lockwood et al., 2009). Habitat
disturbance can be of anthropogenic origin, such as trampling, road
construction, and verge maintenance, or due to natural processes
such as mudslides, rock falls, and water run-off. Both factors are,
therefore, important environmental drivers facilitating exotic spe-
cies in montane ecosystems (Pauchard et al., 2009; Alexander et al.,
2016). This is particularly true for exotic species with a ruderal life
strategy (Hierro et al., 2006). For example, construction vehicles
and road verge infill material can be contaminated with exotic seeds
(Johnston & Johnston, 2004), or newly constructed verges are re-
vegetated with exotic seed mixtures (McDougall, 2001). Therefore,
the rate at which such species colonise mountain ecosystems largely
depends on the frequency and intensity of human activities (Kalwij
et al., 2015; Haider et al., 2018).

Roads are a major indicator of human activity and ecosystem
impact. Indeed, the access that roads provide has completely al-
tered global ecology (lbisch et al., 2016). While roadside verges
can act as habitat refugia in strongly converted habitats (Cousins,
2006), they may also act as conduits in the dispersal of exotic spe-
cies (Proches et al., 2005; Zwaenepoel et al., 2006; Kalwij et al.,
2008a). Accordingly, roads are widely associated with biological in-
vasions due to, among other factors, the persisting disturbance of
adjacent habitats, habitat fragmentation, disruption of soil ecology,
and changed hydrology (Ansong & Pickering, 2013). The importance
of vehicles as potential dispersal vector also applies to mountain
ecosystems (Kalwij et al., 2008b), especially in the lower elevational
range and close to roads, where the richness and composition of
exotic vegetation is primarily influenced by anthropogenic modifi-
cations (Jakobs et al., 2010; Bacaro et al., 2015). Consequently, the
development, maintenance, and usage of roads in mountain ecosys-
tems results in propagule pressure and habitat disturbance, facilitat-
ing a further spread and establishment of exotic species (Lembrechts
et al., 2016; Haider et al., 2018).

Despite the recent increase of research on mountain invaders,
a lack of reliable baseline data still inhibits our understanding of the
temporal dynamics of exotic plant communities in relatively pris-
tine montane areas adjacent to road verge habitats (Kalwij et al.,
2015; Seipel et al., 2016; McDougall et al., 2018). Conducting such
a study requires data from an elevational gradient of sufficient
length and time span to acquire meaningful results (Lomolino, 2001;
Lindenmayer et al., 2012). Measuring trends also requires adequate

baseline data to be resampled as accurately as possible (Kopecky &
Macek, 2015). A mountain pass in the Drakensberg region of South
Africa provides such prerequisites. This area has been subject to a
range of short- and long-term studies on plant and insect communi-
ties (Kalwij et al., 2008b; Bishop et al., 2014; Steyn et al., 2017). For
example, baseline data on the abundance of exotic and native plant
species of roadside verges and adjacent natural grassland (hereaf-
ter referred to as hinterland) were collected in 2007 (Kalwij et al.,
2008b), and annually supplemented with observations on the upper
elevational range limits of exotic plant species (Kalwij et al., 2015).
Such longitudinal monitoring programmes provide a unique oppor-
tunity to study spatiotemporal trends in exotic species.

In this study, we test which environmental drivers determine
spatiotemporal trends in exotic species composition in roadside
verges of a mountain ecosystem. We hypothesise that richness and
abundance of exotic species increase in elevation and over time,
while indigenous species abundance decreases. We also hypothe-
sise that exotic species increase is higher in the road verges than
in the hinterland. To test these hypotheses, we determined if and
how exotic species’ abundance changed over a 10-year period by
resurveying road verge and hinterland transects, and by quantifying
potential explanatory environmental variables such as road verge
width, degree of road verge disturbance, and distance from potential
points of exotic propagule introduction.

2 | METHODS

2.1 | Studyarea

Our study area was located in the Drakensberg Alpine Centre (DAC),
a mountain range of some 40,000 km? situated in South Africa and
Lesotho. The DAC is the southernmost tip of the Afromontane re-
gional centre for endemism (Carbutt & Edwards, 2004). This entire
area falls within the grassland biome and has an annual rainfall of
990-1180 mm (Mucina & Rutherford, 2006; Nel & Sumner, 2008).
Within the DAC lies the Maloti-Drakensberg Park, a UNESCO World
Heritage site characterised by its high plant and animal diversity
and compelling setting, making this area a key tourist destination
(UNESCO, 2013).

Sampling was done along a mountain pass located in the Maloti-
Drakensberg Park (Figure 1a; 29°17-39' E, 29°35-39" S). This 20-
km stretch of gravel road — the Sani Pass road — is the only road in
an otherwise pristine grassland and covered an elevational gradient
of 1,500-2,874 m a.s.l. The Sani Pass was established as a bridal path
in 1913, and upgraded for four-wheel drives in the 1940s (Dobbs,
1975). Presently, this road is an important trade route and border
crossing between South Africa and Lesotho. Movement of tourists,
locals, and livestock — either by vehicle or on foot — amounts to
about 10,000 people crossing the border from South Africa and back
annually (Kalwij et al., 2015). At the time of sampling, road surface
material ranged from gravel in the lower elevational range, to rocks

and small boulders in the higher elevational range. This road surface
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FIGURE 1 The left panel (a) shows an overview of the study area, its location in South Africa (inset), the plot locations along the Sani
Pass road, and the locations of the four potential points of introduction. The colour of the plot symbol indicates the elevational level of the
observations (N = 80 transects). Map projection: UTM 35S. The right panel (b) shows a schematic of transect layout at each plot

needs regular and continuous maintenance, especially at places
where water run-off regularly causes severe erosion, making con-

struction vehicles commonplace along the Sani Pass.

2.2 | Data collection
Data collection was conducted at five levels along the elevational
gradient: 1,500 m, 1,800 m, 2,100 m, 2,400 m, and 2,700 m a.s.l.
At each level, four locations were randomly selected based on ac-
cessibility and habitat representativeness, as replicates within the
respective elevational level. At each location, one pair of plots was
laid out. Since the hydrology and erosion of mountain road verges
likely depends on verge slope, plots were placed on both sides of the
road resulting in mountain-side and valley-side plots (Figure 1b). We
defined the road verge as the area directly alongside the road sur-
face and affected by road-related disturbance. Each plot consisted
of a road verge transect and a hinterland transect in the adjacent
natural grassland. Following this nested split-plot design, a total of
80 transects were surveyed. The first field survey was conducted in
January 2007 (Kalwij et al., 2008b), and repeated in January 2017.

All transects were 25 m long, parallel to the road axis (Figure 1b).
Hinterland transects were located immediately adjacent to road verge
transects, in a paired transect design, and were always 2 m wide. Since
road verge width varied (average width: 2.5 m; range: 1.5-7.0 m), road
verge transects were up to 2 m wide. A handheld GPS (GPS 12XL in
2007, GPSMap 64st in 2017; Garmin Ltd., Olathe, Kansas, USA) was
used to record the centre point of each location. In each transect, we
recorded the abundance of exotic species using the Braun-Blanquet
scale (van der Maarel, 1979), and we estimated the total percentage
cover of exotic species, indigenous species and bare soil. We adopted
the nomenclature of Germishuizen and Meyer (2003) where possible,
and otherwise that of The Plant List (Kalwij, 2012).

To test if the presence or abundance of exotic species was related
to areas of intense anthropogenic activity — where exotic propagule

pressure is high — we included the distance of transects from such
areas as an explanatory variable (Kalwij et al., 2015). These areas
of intense anthropogenic activity were: (a) Lesotho border post at
the Sani Top village; (b) South African border post; (c) a tourist ac-
commodation area; and (d) a public transport transfer area at the
ruins of a former trading post. The Euclidean distance (in m) between
transects and these four areas was calculated using ArcGIS (Version
10.5; ESRI, Redlands, California, USA), and included as the explana-

tory variable ‘distance from nearest potential point of introduction’.

2.3 | Data analysis

To quantify a temporal change in exotic species richness and cover,
we calculated the absolute difference between 2007 and 2017,
whereby positive values indicated an increase over time. We then
fitted Generalised Linear Models (GLMs) with an identity link func-
tion to test if these changes were significant, and to determine which
environmental variables contributed significantly to the model. To
estimate the model parameters, we adopted the quasi-likelihood
method to adjust for overdispersion of errors. Explanatory variables
tested were elevational level, roadside (mountain or valley side),
transect type (verge or hinterland), distance from nearest potential
point of introduction, and verge width. We nested roadside within
elevation and transect type within roadside to ensure that variables
fitted the nested design of the sampling strategy. In case a variable
proved to be non-significant, we excluded it in the next step of our
backward-selecting model building. We adopted the most parsimo-
nious model as final model. For each model, we used an F test to
determine the overall model fit and the degree to which each signifi-
cant variable contributed (Crawley, 2013).

To determine which variables best explained variation in ex-
otic species composition over time, we conducted a Canonical
Correspondence Analysis (CCA) followed by a Monte Carlo permu-
tation test with 9,999 runs. The CCA incorporated elevational level,
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year, transect type (verge or hinterland), bare soil cover, roadside
(mountain or valley), distance from nearest potential point of intro-
duction, and vegetation cover as explanatory variables. Vegetation
cover was recorded as total percentage cover of indigenous species,
exotic species, and bare soil. Bare soil cover was automatically ex-
cluded from these analyses, as it was a colinear variable to indigenous
and exotic species’ cover. We also ran CCAs for each year separately
to see if any of the variables had changed in importance over time.
We excluded transects of the 2,400 m and 2,700 m elevational levels
of 2007, because these transects had a single exotic species only. We
used stepwise backward exclusion of non-significant variables until
a model with only significant explanatory variables remained. Data
on species abundance and environmental variables are available in
Appendix S1. All data analyses were done in R version 4.1.1 (R Core
Team, 2020), using the vegan v 2.5-7 package (Oksanen et al., 2020).

3 | RESULTS

The total number of exotic species more than doubled: from 24 spe-
cies in 2007 to 56 in 2017, most of which belonged to Asteraceae or
Poaceae. All species observed in 2007 were observed again in 2017,
except for three: Agrimonia procera, Prunus persica and Rapistrum ru-
gosum. Each elevational level displayed an increase in exotic species
richness over time, particularly the lower and mid-elevational levels
(1,500-2,100 m a.s.l; Figure 2a). This increase was not limited to the
verge transects. Indeed, exotic species richness increased in both verge
and hinterland transects, although verge transects displayed a higher
increase (Figure 2b). This pattern was confirmed by the GLM analysis.
The most parsimonious GLM explained 58.9% of variation in exotic
species richness change, with elevational level and transect type within
elevational level as most important explanatory variables (Table 1). In
spite of the overall increase in exotic species richness, the total cover
of exotics only increased in the verge transects at the lower elevational
range (Figure 2c). The most parsimonious GLM model fitted to exotic
species’ cover explained 20.6% of variation with transect type nested
within elevation as the most important explanatory variable (Table 1).
The most parsimonious GLM fitted to indigenous species cover change
showed a similar combination of explanatory variables. Bare soil cover,
however, was not explained by any of these explanatory variables.

A biplot of the CCA showed that in the year 2007 variation in
exotic species composition was best explained by a combination of
elevational level, transect type (verge or hinterland transect), and
the distance from nearest potential point of introduction (Figure 3a).
The Monte Carlo permutation tests confirmed that elevational
| = 4.49,
p < 0.0001), followed by distance from nearest potential point

level contributed most to the overall model (F,.,tional teve
of introduction (F,.estppo) = 2-62, p = 0.0022) and transect type
(Firansecttype = 2-53, p = 0.0020), and finally by total cover of indig-

Cover Indigenous = 2-10, p = 0.0088). A similar anal-
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FIGURE 2 Boxplots of: (a) the exotic species richness for each
elevation level in 2007 and 2017; (b) the change in exotic species
richness; and (c) exotic species’ cover between 2007 and 2017
along the elevational gradient for verge and hinterland transects
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TABLE 1 Overview of the F tests on the most parsimonious generalized linear models fitted to the respective response variables. Each response variable was calculated as the paired

difference between the observations (N

80) in 2007 and 2017. Parentheses indicate within which variable the preceding variable is nested

% deviance

Residual

explained

df
4

Terms included

df
14

deviance

Response variable

<0.0001

10.014

25.3%

<0.0001 Elevational level

286.7 6.6532

Exotic richness change

0.0227
0.0169
<0.0001

5.450

3.4%
8.2%
21.9%

Verge width

3.260
6.921
0.471

4
5

Elevational level x verge width

Transect type (elevational level)

0.7568
0.0105
0.5087
0.0031
0.8552
0.0279

2.1%
18.5%

0.0494 Elevational level

2.022

9

5,677.5

Exotic species’ cover change

3.262

5

Transect type (elevational level)

0.8332
3.9719
0.3325
2.6887

3.6%
21.3%

0.0127 Elevational level

2.577

9

41,385

Indigenous species cover change

5

Transect type (elevational level)

1.6%
15.9%

0.1204 Elevational level
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9

47,060

Bare soil cover change
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Transect type (elevational level)
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with elevational level as the most important variable (Figure 3b;
Fejevational level = 9-51, p < 0.0001), followed by distance from near-
est potential point of introduction (F . ...;ppo; = 3.13, p < 0.0001),
ransectType = 1-61, p = 0.0083), and total cover of ex-
= 2.47,p = 0.0020). The CCA of both data-
sets combined confirmed that elevation level remained the most
, = 7.08, p < 0.0001),

but also that species composition had changed over time (Figure 3c;

transect type (F,
otic species (FCoverExotics

important explanatory variable (F, . tional leve

Fyear = 3.78, p < 0.0001). Other explanatory variables, such as road
verge width and road side, did not contribute significantly in either

year or to the overall model (all p values > 0.05).

4 | DISCUSSION

To the best of our knowledge, this is the first mountain plant invasion
study to systematically repeat a survey of plots along an elevational
gradient ten years later (cf. Seipel et al., 2016; Haider et al., 2018).
Even within this relatively short time span, exotic species richness
increased, especially in the verges of the mid-elevational range. This
pattern is consistent with expectations of global predictions on ex-
otic plants invading mountain ecosystems (Guo et al., 2018; Haider
et al., 2018). Two potential explanations for this pattern are gradual
range expansion and human-mediated dispersal. The subsequent
spread of exotics into the hinterland, on the other hand, was more
likely facilitated by mechanisms such as propagule pressure and
habitat disturbance. In the discussion below, we explore the degree
to which each of these mechanisms contributed to the increase of
exotic plants in a relatively undisturbed montane grassland.
Gradual range expansion describes a species extending its dis-
tribution range by colonising new areas on the edge of its range
(Wilson et al., 2009). Exotic species richness and abundance was
highest in the lower elevational range, providing a pool of spe-
cies with the potential to expand to higher elevations. This pattern
fits the directional ecological filtering hypothesis in that we found
a unidirectional range expansion of exotics from low elevations,
and with less-adaptable species gradually dropping out with in-
creasing elevation due to environmental conditions (Alexander
et al., 2011; Steyn et al., 2017). However, if gradual range expan-
sion was the only primary driver, the largest increase in exotic
species would have been observed at the lower elevations. Here,
the most prominent increase in exotic species was observed at
the mid-elevational range (Figure 2b). This indicates that the ex-
otic species pool is not merely expanding its range gradually, but
that additional factors are aiding long-distance dispersal (Higgins
et al., 2003; Jordano, 2017). Typically, the introduction of exotic
propagules to montane road verges is attributed to anthropogenic
dispersal vectors such as adhesion to vehicles (Taylor et al., 2012;
Ansong & Pickering, 2013; Khan et al., 2018) and, to a lesser ex-
tent, footwear (Liedtke et al., 2020). Indeed, for both the 2007
and 2017 survey, distance from potential points of introduction
was an important explanatory variable for exotic species richness

and composition (Table 1; Figure 3). Therefore, we surmise that
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human-mediated dispersal, rather than gradual range expansion,
is the most likely explanation for the increase of exotic species in
the road verges of the mid-elevational range.

As predicted, exotic species richness increased in the hinter-
land across the entire elevational gradient over time, indicating
that the road verge acted as the primary source from where the

FIGURE 3 Canonical Correspondence Analysis (CCA) of exotic
species composition and significant environmental variables for:

(a) 2007; (b) 2017; and (c) both observation years. The colour

and shape of the larger symbols indicate the sampling category
(hinterland or verge transects) and sampling year (2007 or 2017).
Significant explanatory variables included: (i) distance from nearest
potential point of introduction (Pot. point of introduction); (ii)

total cover of indigenous species (Indigenous); (iii) total cover of
exotic species (Exotics); and (iv) elevation in m a.s.l. (Elevation). The
smaller symbols in panels a and b indicate site scores. For aesthetic
reasons these site scores were omitted from panel c

hinterland became colonised (Proches et al., 2005; Kalwij et al.,
2008a; Seipel et al., 2016). Exotic species’ cover remained low at
the time of the most recent survey, especially in the hinterland
transects. Whereas exotic species composition of hinterland and
verge transects showed a high degree of dissimilarity in 2007, this
dissimilarity was reduced in 2017 (Figure 3), indicating that exotic
species had moved into the hinterland across the entire elevational
gradient. A low cover of exotic species in montane ecosystems is
typically explained by the biotic resistance hypothesis for the low
and mid-elevational range (McDougall et al., 2018; Popp & Kalwij,
2021), and by physiological limitation in the high-elevation range
(Averett et al., 2016; McDougall et al., 2018). Therefore, despite
their increase, the ecological impact of exotics on indigenous spe-
cies composition remained rather limited at the time of the latest
survey.

Of particular note is the high rate of change in exotic species
richness and abundance, considering the relatively short time span
of 10 years. A lack of equivalent repeated ecological surveys makes
direct comparisons difficult. Irrespective, a change in climatic condi-
tions does not play an important role since the rate of change was too
rapid to be attributed to climate change (Koide et al., 2017; Carboni
et al., 2018). The potential role of climate change as a driver of up-
ward range expansion was addressed by Kalwij et al. (2015). This
longitudinal study showed that exotic species’ range expansion was
much faster than would be expected by climate change-related ris-
ing temperatures, and the pattern was primarily explained by range
expansion of annuals. Moreover, global metastudies suggest that
ongoing disturbance of road verges is the primary environmental
driver here (Lembrechts et al., 2016; Lazaro-Lobo & Ervin, 2019). For
example, routine road maintenance — at a low frequency but with a
high disturbance intensity — intermittently invigorates the seedbank
for ruderal, pioneer species (Kalwij et al., 2008a; Rauschert et al.,
2017). Such high levels of road verge disturbance favours exotic over
native ruderals (Hierro et al., 2006; Chiuffo et al., 2018), particularly
in high-elevation environments (Lembrechts et al., 2016). For this
reason, exotic species composition in montane ecosystems globally
is remarkably similar (McDougall et al., 2011). Interestingly, none of
our disturbance proxies (verge width, percentage of bare ground)
contributed significantly in our statistical models, while traffic den-
sity remained stable over time (Kalwij et al., 2015). The increase in
exotic species is, nevertheless, a clear indication that anthropogenic
vectors continuously introduce more and new exotic propagules.
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Each new invasion starts with a single propagule. For example,
we observed a Parthenium hysterophorus (Asteraceae) individual at
an active construction site — the first observation of this invasive
alien species in the study area (GBIF, 2021). Since these construction
vehicles originated from an area where P. hysterophorus is particularly
abundant (Richards Bay, South Africa; approximately 400 km from
the study area), it is a plausible assumption that a construction ve-
hicle was the dispersal vector in this case. Since private vehicles are
frequently cleaned, the actual number of attached propagules is usu-
ally quite low (Lonsdale & Lane, 1994; Khan et al., 2018). Moreover,
remaining propagules are predominantly dispersed in close vicinity
to home (Taylor et al., 2012). While heavy construction vehicles such
as bulldozers and excavators are generally subject to standard clean-
ing protocols (e.g., DiVittorio et al., 2010), awareness of the necessity
to have such protocols in place varies between population groups
(Potgieter et al., 2019). Moreover, heavy construction vehicles are
generally transported on a low-bed trailer, so that remaining propa-
gules are predominantly dispersed at the final destination. Therefore,
while tourist and tour guide vehicles are potential dispersal vectors
(Ansong & Pickering, 2013), the role of road construction vehicles is
not to be underestimated (Rauschert et al., 2017).

5 | CONCLUSIONS

Our study shows that exotic plant communities in this Afromontane
mountain ecosystem are primarily shaped by human activities, and
that the impact of these species is not confined to disturbed areas
or their distance from points of introduction. The spread of ex-
otic species into the adjacent hinterland occurs along the entire
elevational gradient, primarily caused by anthropogenic drivers.
Specifically, a handful of sites of high anthropogenic activity along
the mountain pass continue to act as points of introduction for
new and existing exotic species, while managed road verges foster
their establishment and subsequent spread across elevation and
into the adjacent hinterland, irrespective of road verge width or
level of disturbance.
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