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non-native ruderals with relatively high temperature affinity that were present in 1903
and 1913 have since disappeared and have not reappeared, despite the substantial
increase in regional temperature in recent decades.

In addition, the historical disturbances have had long-lasting effects on the current spa-
tial distribution of the ruderal vegetation. Most ruderals still reside close to the railroad
tracks and are progressively filtered out with increasing distance from anthropogeni-
cally disturbed introductory points, such as train stations, where they peak in species
richness — a process we term ‘horizontal directional ecological filtering’, in parallel to
the established concept of ‘directional ecological filtering” along elevational gradients.
The historical record of ruderal plant species in the region, influenced by a century-old rail-
road construction, emphasizes the importance of knowing a system’s disturbance history for
understanding current vegetation dynamics and anticipating its future in a changing climate.
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Introduction

Evidence is mounting that human-caused environmental changes, such as climate (e.g.
warming temperatures and shifting precipitation patterns) and disturbance, cause sub-
stantial species redistributions in mountain areas (Kowarik 2003, Thuiller et al. 2008,
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Elmendorf et al. 2012, Pearson et al. 2013, Heden4s et al.
2016). Climate change is four times the global rate in Arctic
regions (Rantanen et al. 2022) and is especially pronounced
in cold-climate mountain areas (Callaghan et al. 2013). Signs
of the impact of warming on communities are already evi-
dent in many of these mountain regions, where migration
of species from lower to higher elevations have been well-
documented (Frei et al. 2010, Dainese et al. 2017, Rixen
and Wipf 2017). The effects of disturbance are usually less
profound at higher elevations compared to lower elevations,
where the rate of change in communities often lags that of
climate (Bertrand et al. 2011). This interchange between
predominantly disturbance-driven populations at lower
elevations and the largely climate-driven populations along
elevational ranges, make mountain areas especially suitable
for the study of the synergy between both.

Rising temperatures as a consequence of global change
have favored introductions of warm-adapted, non-native
species to become established in mountain areas, espe-
cially where disturbance was high (Thuiller et al. 2005,
Elmendorfetal. 2012, Pearson etal. 2013, Taylor etal. 2017,
Heijmans et al. 2022). The vegetation productivity and the
length of the growing season have also increased, as a result
of both higher temperatures in summer and an on average
earlier retreat of snow cover in spring (Elmendorf et al. 2012,
Pearson et al. 2013). For some species this leads to increased
growth rates or an extended distribution, while other spe-
cies may experience adverse effects on fitness. The impact
of climate change on vegetation communities per se is thus
quite difficult to predict, as responses to the changing envi-
ronment can vary widely in speed and magnitude across spe-
cies and functional groups (Klanderud and Totland 2005,
Parmesan and Hanley 2015).

Mountain regions are becoming increasingly accessible
through improved infrastructure. Roads and hiking trails
are major conduits for human-mediated dispersal in these
regions (Lembrechts et al. 2014, 2016a, Dainese et al. 2017,
Liedtke et al. 2020, Wedegirtner et al. 2022), allowing for
rapid uphill migration (Hulme 2014). These disturbed sites
are often characterized by changes in soil conditions, such
as compaction and chemistry, which affect species diversity
and composition, by creating an environment that often
promotes ruderal species (Frenkel 1977, Guo et al. 2018b,
Rendekovd et al. 2019). Ruderal species are known for
their ability to thrive in areas affected by human activities
and changing environmental conditions (Randelovic and
Jovanovic 2023). Their opportunistic nature allows them to
colonize degraded lands quickly and extensively. With traits
such as high seed production, eflicient vegetative spread, and
rapid nutrient absorption, ruderal species have the capac-
ity to quickly expand into non-native areas in response to
these altered environmental conditions (Randelovic and
Jovanovic 2023). Roadside dispersion is related to traflic
intensity and the size of the road network (Pauchard et al.
2009, Chiuffo et al. 2018), while hiking trails often facilitate
ruderal plant dispersal from roads or settlements further into
the mountains (Liedtke et al. 2020).
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Human-mediated dispersal facilitates non-native plant
species influxes from all over the world as tourists are often
bringing in hitch-hiking seeds that stick to their clothing,
boots, or the tires of cars (Frenkel 1977). Most of these non-
native species are ruderals (Kowarik 2003, Alexander et al.
2016, Chiuffo et al. 2018). Consequently, non-native ruder-
als mostly appear first near train stations (Brandes 2002),
parking lots (Frenkel 1977), roadsides (Lembrechts et al.
2014), and other places where human displacement is most
abundant (Guo et al. 2018b, Liedtke et al. 2020). The degree
of invasion in a community is thus related to the intensity of
human activity (Kowarik 2003).

Due to their long, harsh winters, and short, relatively
cold summers, subarctic mountain ecosystems were previ-
ously believed to be relatively resistant to the influx of non-
native species, but climate change and increased disturbance
are gradually changing this view (Pauchard et al. 2009,
Walther et al. 2009). Many non-native ruderal species are
known to be good dispersers that can reach high elevations
twice as fast as native species (Dainese et al. 2017), although
their climatic tolerance may constrain their survival to the
next growing season (Rendekovd et al. 2019). Nevertheless,
a widespread uphill migration of non-native species has
been observed along elevational gradients in response to
climate change (Pauchard et al. 2009, Kueffer et al. 2013,
Alexander et al. 2016, Dainese et al. 2017). Indeed, introduc-
tions tend to take place in the lowlands (Pauchard et al. 2009,
Alexander et al. 2010, Guo et al. 2018a, Liedtke et al. 2020),
and from these sites species either move through human-
mediated dispersal or spread out on their own.

Directional ecological filtering (DEF) describes the
unidirectional uphill expansion of non-native species
(Alexander et al. 2010). Non-native species richness gradu-
ally declines with increasing elevation. With their lower
elevational limit consistently in the lowlands, non-native spe-
cies spread over an elevational range until they reach their
upper elevational limit. As a result of this directional move-
ment starting in the lowlands, only climatic generalists are
likely to reach high elevations. Non-native species are thus
gradually filtered out along the elevational gradient, probably
due to increasing climatic harshness (Alexander et al. 2010).
However, longer residence times have also been associated
with extending elevational limits (PySek et al. 2011).

Testing the interactive effects of climate change and dis-
turbances on native and non-native ruderal species expansion
requires detailed knowledge on the history of disturbance
events and climate data, as well as long-term data on ruderal
species distributions. Such data is available for a mountain
region in the north of Sweden, around Abisko — a small vil-
lage known for its hiking trails and the Abisko Scientific
Research Station (Andersson et al. 1996). The local climate
is defined as subarctic with cool summers and relatively mild
winters with extensive snow cover. The Scandes mountain
range to the west, creates a rain shadow effect directly over
Abisko, making it the sunniest area in northern Sweden
(Callaghan et al. 2010, 2013). However, Abisko has been
subject to climate warming since the 1980s (Callaghan et al.
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2013), in combination with major disturbance events in the
early 1900s. This makes it an ideal study area to test the inter-
action of these drivers, specifically on the temporal dynamics
in ruderal species compositions.

In 1903, a railroad was completed from Kiruna to
Narvik, soon followed by the first tourist hotel in Abisko
(Callaghan et al. 2013). The Rallarvigen trail — the focus of
the present study — runs parallel to the railroad. The acces-
sibility of the Abisko region was further improved with the
opening of the E10 highway from Kiruna to Riksgrinsen in
1982, which followed the existing Rallarvigen and the rail-
road line. Additionally, over the past decades, the annual air
temperature in the region has gradually increased from an
average of 0 to 1 °C (ANS 2019, sce also Callaghan et al.
2010). These rising temperatures already resulted in signifi-
cant upward shifts in the treeline and the distribution range
of plant species, as well as substantial changes in phenology
(Rundgqvist et al. 2011, MacDougall et al. 2021).

Using the precise timelines of the disturbance events (rail-
road and E10 highway construction), in combination with
continuous climate data since 1913, vegetation surveys along
the Rallarvigen trail dating back to 1903 (Sylvén 1904,
1913-15, Lewenjohann and Lorenzen 1983, ANS 2019),
our own recent resurvey of the Rallarvigen from 2021, and
additional vegetation data from along two hiking trails lead-
ing from the Rallarvigen into the mountains (Wedegirtner
etal. 2022), we set out to answer three key research questions
about the history of ruderal species along the Rallarvigen and
uphill into the surrounding mountains:

1. Was there a continuous increase in the number of native
and non-native ruderal species following railroad (1903)
and E10 highway (1982) construction, and the manifesta-
tion of climate change since the 1980s?

2. Did more warm-adapted native and non-native ruderal
species get introduced in the Abisko region since climate
change has manifested in the 1980s?

3. Is there evidence for human-mediated dispersal in the spatial
expansion of native and non-native ruderal species along the
Rallarvigen and uphill into the surrounding mountains?

We hypothesized that railroad building would have facili-
tated the establishment of a significant number of ruderal
species along the Rallarvigen trail. Subsequently, we expected
that later disturbance events, i.e. the development of the
E10 highway, would have introduced a new influx of largely
non-native ruderals, albeit to a much lesser extent. This was
primarily because the Rallarvigen was not employed for the
E10 highway construction. With the confluence of climate
change and disturbance, we foresaw another significant
increase in the presence of warm-adapted ruderal species in
recent decades.

We hypothesized ruderal species to be concentrated around
points of introduction with continuous disturbance, such as
the main train stations, with a progressive decline in rich-
ness with increasing distance to these introductory points.
Additionally, more recent introductions and warm-adapted
ruderals were expected to be restricted to lower elevations.

Methods

Study site

Our study focused on a 40-km stretch of the Rallarvigen trail
starting in Abisko (68°21'N, 18°49" E) at the Abisko Ostra
train station, and ending in Riksgrinsen, the Swedish settle-
ment near the Norwegian border (Fig. 1). The Rallarvigen was
built to serve as a transport road for the construction of the
railroad connecting Kiruna (Sweden) with Narvik (Norway)
and since then has been used as a hiking trail. The trail fol-
lows the railroad line through the mountain valley, with a
minor elevational gradient ranging from approximately 368
m a.s.l. near Abisko till 522 m a.s.l. near Vassijaure. Along
the Rallarvigen are small settlements, some with train sta-
tions: Abisko (with the Abisko Tourist Station), Bjorkliden,
Laktatjdkka, Kopparasen, Vassijaure, and Riksgrinsen.
The E10 highway between Kiruna and Narvik parallels the
Rallarvigen and the railroad (Fig. 1).

Not every part of the Rallarvigen trail is equally popu-
lar with hikers. Some parts near Kopparasen are overgrown
and in bad condition, while other parts, such as the stretcch
between Abisko and Bjorkliden, are easily accessible and
extensively used. Between Abisko and Bjorkliden lies the
Abisko National Park (since 1909), which attracts many
tourists in both summer and winter. Most summer tourism is
focused on hiking, resulting in extensive use of hiking trails.
Especially through this park, many hiking trails follow the
Rallarvigen before diverging to different parts of the area.

Vegetation data

We combined 1) historical vegetation data (1903, 1913,
and 1983) from settlements and train stations along the
Rallarvigen with 2) a resurvey of the same area in 2021 and
3) additional surveys performed in 2016 by the Mountain
Invasion Research Network (MIREN; Haider et al. 2022)
along two hiking trails leading from the Rallarvigen
into the mountains: the Bjorkliden and Lakrtatjakka trail
(Wedegirtner et al. 2022).

The vegetation surveys in 1903 and 1913 focused on the
establishment of ruderal species after the railroad construction
(Sylvén 1904, 1915-17). During its construction, the sur-
rounding vegetation was destroyed, leaving bare soil where-
upon construction materials were transported and assembled.
Near the end of the railroad construction in 1903, Sylvén
observed new ruderal species to have emerged in the Abisko
region. Along the Rallarvigen, and most notably near the set-
tlements of Abisko, Bjorkliden, and Vassijaure, construction
efforts led to various dump piles of horse manure and rub-
bish, which compelled him to survey the vegetation near here
(Sylvén 1904). In July, he compiled a list of all present species
within and around the specified settlements, with a particular
focus on ruderal species. In his report, Sylvén elaborated that
the highest diversity of ruderal species was observed near horse
stables, strategically positioned at every settlement during
construction, with an especially high prevalence of members
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Figure 1. Map of the study region between Riksgrinsen and Abisko in subarctic Sweden, on a digital elevation model, with transects along hiking
trails Rallarvigen (yellow dots), Bjorkliden (blue), and Lakratjakka (red). Each Rallarvigen transect number indicates the start of each transect,
from where it reaches till the consecutive number. Number 41 indicates the end of transect 40. The transect numbers along the Laktatjakka and
Bjérkliden trail indicate the start of a T-transect (below), situated perpendicular to the trail and stretching into the vegetation.

of the Poaceae family (e.g. Poa annua, Poa pratensis, Poa triva-
lis, and Phleum pratense, which are all non-native to the region).
Consequently, he surmised that the majority of these ruder-
als had likely been introduced through the transportation of
horse feed. Ruderals that were omnipresent throughout the
area were members from the Fabaceae and Brassicaceae fam-
ily. Most of the ruderal species observed were annuals of a
primitive (i.e. very small and vegetative) type and only few
individuals were flowering, contrasting our observations in
July 2021 (where, e.g. members of the Fabaceae family were
at times very abundant, large in size, and already flowering in
early July). Sylvén’s report is rather descriptive and lacks spe-
cific methods for assessing abundance, precise locations, areas,
and specific dates of the survey remain undisclosed. Even so,
he does share his observations to be concentrated around the
settlements of Abisko, Bjorkliden, and Vassijaure, and that he
carried it out in the immediate vicinity of the railroad con-
struction sites (i.e. the Rallarvigen and train stations), settle-
ments, and the horse stables.

When Sylvén returned to the Abisko region in 1913, he
noticed significant transformations in the local vegetation
due to human influences. Houses had greatly expanded in
numbers and size, often with lawns and gardens, around the
Abisko Tourist Station and the train stations. In Riksgrinsen,
where no outstanding developments in the vegetation had
been observed in 1903, large arcas now had to be considered
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ruderal-dominated vegetation. Only in Vassijaure, the veg-
etation structure had remained in the same state as in 1903.
Sylvén suspected this shift in the environment to be driven
by 1) the first attempts at kitchen gardening; including
Pastinaca sativa, Pisum sativum, Solanum tuberosum, and
Matricaria chamomilla, 2) the ongoing annual (re-)introduc-
tion of numerous ruderal species through horse and cattle
feed (e.g. Trifolium sp. might have been used in cattle feed),
and 3) the sowing of bags of plant seeds from the Cyperaceae
family on the embankments surrounding the railroad, train
stations, and Abisko Tourist Station — however, no ruderal
members of the Cyperaceae family were found along the
Rallarvigen in 1913. Additionally, one might expect species
such as Trifolium sp. or Achillea millefolium to have escaped
from garden lawns or semi-natural grasslands or entered as
seeds in foreign soils used for the construction of the railroad.

These new findings led Sylvén to conduct a follow-up sur-
vey, which now included the area in and around Riksgrinsen
(Sylvén 1915-17). He carried out his survey from 16 July to
4 August, 1913, and documented the presence and absence
of species in both 1903 and 1913. His research revealed the
introduction of 55 new species and the disappearance of 23
species since 1903 and indicated that most ruderal species
(74.5%) were concentrated in various scrap heaps, around
residential areas, and along the old construction road known
as the Rallarvigen.
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Almost 70 years later the Abisko area gained its first paved
road (the E10 highway). Expecting possible changes in the
vegetation composition due to the building of the E10 in
1982, Lewejohann and Lorenzen (1983) surveyed the veg-
etation in the month of July in 1983 and documented all
present vascular plant species in the broader Abisko region
(20 areas of unspecified size), using Flora Europaea vol. I
(Tutin et al. 1980). Additionally, they compiled plant records
from manuscripts and lists from an unknown number of
unmentioned visitors. Although there is mention of the use
of these lists, there are no specifics given on how many were
used, which locations they comprise, whom the authors
were, and what survey methods were used. There is a short
reference list of manuscripts given, ranging from 1950 il
1983, but none contain the locations we use in the present
study. It is also unknown to what extent they surveyed the
vegetation themselves, which locations they surveyed, what
survey methods were used, and the exact dates they carried
out the survey. Nevertheless, Lewejohann and Lorenzen
(1983) described certain areas within the region, using the
settlements as points of interest, which allows us to delin-
eate with rough confidence the areas that were surveyed in
each period. In this study, we included the following areas
intersecting the Rallarvigen: Bjérkliden — which included
the nearby settlement Tornehamn that is also situated along
the Rallarvigen, Koppardsen — surveyed from Kopparasen to
Vadvetjikka (at a distance of 8.3 km from the Rallarvigen),
Laktatjdkka — from Lakeatjakka to Kirketjarro (at a dis-
tance of 3.2 km), Vassijaure — which includes Vassitjakka
(at a distance of 5.4 km) and Kirkevagge (at a distance of
4.2 km), and Riksgrinsen — which includes Ratjuvare (at a
distance of 4.7 km), Katteriive (at a distance of 2.2 km), and
Katterjaure (at a distance of 5.0 km). The listed Abisko area,
although including the Abisko settlement and train station,
was not included in our investigation as the covered survey
area lay at too great a distance from the Rallarvigen: from
Abiskojakka to Tjuonavaggejakka — about 25 km distance
from the Rallarvigen — which includes other hiking trails and
encompasses the Abisko National Park.

In 1989, the effects of the E10-highway construction
on roadside vegetation were studied by Bick and Jonasson
(1998) — who were particularly concerned about the poten-
tial colonization of non-native species. However, the impact
of non-native species was considerably limited, in contrast
to other studies that have examined the role of roads on the
influx of non-native species (Lembrechts et al. 2014, 2016a).
Due to the design of road cutting, there were still areas that
exhibited incomplete vegetation cover, which were intention-
ally structured to allow the wind to sweep away snow during
winter. This design choice significantly affected plant succes-
sion since snow cover plays a crucial role in the local flora,
providing protection against frost heaving and desiccation
for both plants and soil (Bick and Jonasson 1998). Since its
opening, the upgraded infrastructure has contributed to an
increase in tourism in the region, so it is possible that changes
in vegetation composition resulting from the E10 may have
become noticeable only now. There is no data available on this
study, only a report exists. Nevertheless, our emphasis is on the

Rallarvigen rather than the vegetation along the E10 highway
and therefore there is no justification of its conclusion.

2021 Rallarvigen resurvey

Between 5 July and 6 August, 2021, we documented all vas-
cular plant species present in 1 km transects, within 1.5 m
distance from the edge of the trail, along the 40-km stretch of
the Rallarvigen, following the taxonomic reference ‘Den nya
nordiska floran’ (Mossberg and Stenberg 2003) (Fig. 1). Our
survey team comprised four individuals who worked in pairs,
with each pair completing three to four transects per day. On
average, each transect took approximately 2 to 3 hours to com-
plete. However, some transects located near train stations and
settlements required more time, while those in less frequented
arcas contained more monotone vegetation and demanded
less attention. To mitigate potential observer bias and account
for seasonal variations, we conducted the survey twice, with
the transects being alternated between the two groups.

To be able to make comparisons with the historical data,
transects were merged to represent nearby subregions as
delineated in the historical surveys: Abisko= transect 1-5,
Bjorkliden =transect 6-15, Kopparisen = transect 16-25,
Laktatjakka =transect 26-30, Vassijaure = transect 31-35,
Riksgrinsen = transect 36—40. Because human settlements
and plant introduction points in each of these subregions
have remained remarkably consistent since Sylvén’s time, we
can say with relative confidence that these subregions overlap
at least regarding their most critical point (i.e. points of intro-
duction for ruderal species) with the subregions that were
surveyed by Sylvén and Lewejohann and Lorenzen.

The 2021-resurvey was additionally used to investigate the
current spatial distribution of ruderal species in detail. For
these analyses, we calculated a species” abundance along the
trail using the Z-score transformation for population abun-
dance (Clark-Carter 2005), defined as: Z=[X — p ]/s, where
X is the abundance of species x (between 1 and 40 transects),
M is the mean abundance of the entire set of ruderal species,
and s is the standard deviation of the mean abundance of
the entire set of ruderal species. This ‘trail-level” abundance
is thus related to the number of transects in which a spe-
cies was found along the Rallarvigen. Rescaling to Z-scores is
done with a linear transformation whereby s and p are con-
stants, and the result can thus be used in linear models. Using
this transformation, it is possible to determine how rare or
common a particular species is relative to the whole group of
ruderals (Supporting information).

Combining all surveys (1903, 1913, 1983, 2021) resulted
in a total of 401 documented species. As Sylvén focused on
ruderal species only, we filtered the species based on ruderal-
ity (below). For an overview of the differences and similarities
between the surveys, we refer to table 17 in the appendix.

MIREN T-trail survey

A third dataset from 2016 was obtained from the Mountain
Invasion Research Network (MIREN), comprising veg-

etation survey data from along elevational gradients on the
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Bjorkliden and Lakrtatjakka mountain trails that are leading
from the Rallarvigen into the mountains (Wedegirtner et al.
2022). For further description on both trails, we refer to the
Supporting information. Along both mountain trails, pres-
ence of all plant species was documented in 20 T-shaped tran-
sects (T-transects) at fixed distance intervals, each consisting
of three plots of 2 X 10 m; one parallel and two perpendicular
to the hiking trail into the vegetation (Supporting informa-
tion). For every plant species we calculated the 95th percentile
of its highest elevational occurrence (elevational maximum)
using the quantile function in R (www.r-project.org).

Dataset compilation

For all datasets, plant species names were standardized using
the canonical name from the Catalogue of Life using the 'tax-
ize' package in R (Chamberlain and Szocs 2013). Additionally,
for approximately 80% of the species, we obtained their evolu-
tionary strategy (Grime 1979), Landolt’s ecological indicator
value for temperature (EIV-T; Landolt et al. 2010), and their
native status (Weidema 2000, a compilation of information on
different literature studies and databases on introduced species
in Nordic areas — including Sweden. All authors have reviewed
the suggestions made by Weidema). EIV-Ts are useful indices
to reflect the environmental temperature where a plant species
is most likely to sustain a population. They range from 1 to 5
(1=cold-loving and 5 =warm-adapted; Landolt et al. 2010),
therefore providing a one-dimensional broad-scale tempera-
ture niche for each species. A species was identified as at least
partially ruderal when its Grime’s CSR strategy classification
(C: Competitive, S: Stress-tolerant, R: Ruderal) contained an
R, e.g. CRS, CRR, or RRR (Grime 1979).

Of the 401 observed species in the combined historical
dataset (1903, 1913, 1983, and 2021), 240 were identified as
ruderal and 100 were identified as non-native ruderals. There
were five observations (that may or may not contain one or
more species) that could not be identified to species level.
Given that there are 121 genera in this dataset, this implies
that 6% of the genera contain species not identified at species
level. The Rallarvigen 2021 dataset contained 268 species of
which 94 were identified as ruderal and 36 were identified as
non-native ruderals. The MIREN T-trails dataset contained
128 species of which 39 were identified as ruderal and 12
were identified as non-native ruderals. We managed to obtain
the EIV-T for every identified ruderal species.

Temperature data

Although a quantitative analysis to evaluate species richness
over time in relation to climate change is not feasible due
to the nonlinear nature of climate change, the methodologi-
cal differences between the different surveys, and the lim-
ited number of time steps in our dataset, we were able to
assess the spatial effect of temperature. We thus combined
the Rallarvigen 2021 dataset with soil temperature estimates
from the ‘Global maps of soil temperature’, which provides
global modeled soil temperatures averaged for the period
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1979-2013 at a spatial resolution of 1 km? for 0-5 cm depth
(SoilTemp; Lembrechts et al. 2022). For each transect, we
used the mean annual soil temperature (SBIO1) — ranging
from —3.8 to 3.4 °C, the mean soil temperature of the warm-
est quarter (SBIO10; hereafter named mean summer soil
temperature (MSST)) — ranging from 8.7 to 10.4 °C, and
the mean soil temperature of the coldest quarter (SBIO11) —
ranging from —13.8 to —1.2 °C. We extracted temperatures
for each transect using the extract function from the 'raster’
package in R (Hijmans 2021).

Maps and measurements

For the start and end of every transect in the Rallarvigen
2021 dataset, we obtained the geographical coordinates with
a handheld GPS system. Geographical coordinates for train
stations were obtained through Google Maps (maps.google.
com). Since species monitoring began at the starting point
of each transect — and thus most species occurrences were
documented here — we used this location to measure the
perpendicular distance to the railroad and the E10 highway
(in meters) using the measuring line and the Basemap ESRI
102113 — WGS 1984 from the QuickMapServices plugin in
the QGIS software ver. 3.22.0 (QGIS Development Team
2021). The elevational gradient in the map of the study
region (Fig. 1) was produced using Copernicus data and
information funded by the European Union — EU-DEM
layers (WGS 4258) (© European Union, Copernicus Land
Monitoring Service 2022, European Environment Agency
(EEA)). The EU-DEM is a 3D raster dataset with elevations
captured approximately every 30 m. Other aspects of the
map (i.e. lakes and waterways, subregions, roads, and rail-
road) were produced using the Sweden shapefile map layers
that were obtained from the global community-owned proj-
ect OpenStreetMap and downloaded from the MapCruzin
website (Meuser 2019).

Data analysis

All data manipulations and statistical analyses were per-
formed in R ver. 4.1.3. The ruderal community was split into
two groups and every analysis was carried out for both: the
total ruderal group (natives and non-natives) and the non-
native ruderal group. To answer research question 1 and 2, we
used the Rallarvigen historical surveys and our 2021-resur-
vey to analyze 1) region-wide species richness as a function
of the observational year, and 2) the mean EIV-T as a func-
tion of subregion and the observational year and first year
of observation. To answer research question 3, we used the
2021-resurvey to analyze spatial patterns in 3) species rich-
ness as a function of distance to the railroad, distance to
the E10 highway, and soil temperature variables and 4) the
Z-score abundances as a function of the ruderal species rich-
ness and distance to the railroad. Finally, to further answer
research question 3, we used the MIREN trail surveys in
combination with the Rallarvigen historical surveys and the
2021-resurvey, to analyze 5) species richness as a function of
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elevation and mountain trail, 6) the elevational maximum as
a function of the first year of observation and mountain trail,
and 7) mean EIV-T as a function of the elevational maxi-
mum, the first year of observation and mountain trail.

Models consisting of a dependent variable with count data
(number of species) were analyzed using generalized linear
models (function glm, poisson or quasipoisson distribution),
otherwise linear models were used (function /). To com-
pare different possible models and to determine which one
was best fitting in analyses 3, 5, 6 and 7 (as numbered in
the previous paragraph), we used the Akaike information
criterion with a correction for smaller sample sizes (AICc)
from the 'AICcmodavg’ package (Mazerolle 2020). For sig-
nificant interactions consisting of two continuous variables
(analysis 3), we centered one independent variable to make
statistical interpretation and visualization easier (Schielzeth
2010). We plotted trends across one variable while keep-
ing the other variable constant at its mean, as well as at one
standard deviation above and below the mean. In multiple
regression analysis (analyses 3 and 4), we checked for possible
multicollinearity of independent variables by calculating the
variance inflation factor (vif) using the vif function from the
'car' package (Fox and Weisberg 2011). We considered results
to be significant when p < 0.05 and marginally significant
when p < 0.10.

To visualize differences in ruderal vegetation composition
between subregions and observational years, we performed a
principal coordinates analysis (PCoA), also known as mul-
tidimensional scaling (MDS) — with similar compositions
lying closer together in the plot. Distances were calculated
with the function vegdist from the 'Vegan' package (Oksanen
2022), and from this distance matrix the principal coordinate
scaling was computed with the pcoa function from the 'ape’
package (Paradis 2022). For this, we used the Jaccard distance
which is defined as: Jaccard distance=2B/(1+B), where B is
the Bray—Curtis dissimilarity. Bray—Curtis dissimilarity usu-
ally focuses on the dissimilarity of abundance, but by speci-
fying binary= TRUE in the function it calculates distances
based on presence-absence data.

Results

Number of species in the total ruderal community and
non-native ruderal community over time

The total number of ruderal species differed significantly
between 1983 and other observational years (Table 1,
Supporting information), with the highest richness in 1913,
followed by 2021, and 1903. The number of non-native
ruderal species decreased significantly since the early 20th
century, with most non-natives present in 1913 and least in
1983 (Table 1, Supporting information). Finally, it was evi-
dent that the dissimilarity among ruderal communities was
greater between observational years than different subregions
(Supporting information), indicating substantial species
turnover between observational years.

Table 1. Differences in ruderal richness between observational years
along the Rallarvdgen. Total number of ruderal species (left) and the
number of non-native ruderal species (right) as a function of the
observational year, based on the number of species across subre-
gions of all present total ruderals (n=239) and non-native ruderals
(n=100). All model coefficients and p-values are shown in
Supporting information.

Total ruderal count Non-native ruderal count

Observational Number of Number of
year species  Observational year  species
1903 82 1903 56
1913 104 1913 69
1983 57 1983 14
2021 94 2021 36
One-way ANOVA
Predictor p-value  Predictor p-value
Observational year < 0.001  Observational year < 0.001
Tukey HSD
Observational year  p ad;. Observational year p adj.
1913-1903 0.5 1913-1903 0.6
1983-1903 < 0.001 1983-1903 < 0.001
2021-1903 1 2021-1903 0.004
1983-1913 < 0.001 1983-1913 < 0.001
2021-1913 0.6 2021-1913 < 0.001
2021-1983 < 0.001 2021-1983 < 0.001

Temperature affinity over time

The mean ruderal community temperature index (expressed
as mean EIV-T per subregion per time step) was higher in
historical records than in recent times. For the total ruderal
community, there was a significant interactive effect of the
observational year and subregion (Fig. 2a, Supporting infor-
mation), with mostly lowest EIV-Ts in general observed in
1983 (2.2 + 0.2) and highest in 1903 (3.3 + 0.1) and 1913
(3.3 + 0.1). Mean EIV-Ts were constant within subregions
between observational years, except for 1983, which showed
the most variation in these values. The mean EIV-T for the
non-native ruderal community decreased gradually through
time, without an interactive effect of subregion (Fig. 2b,
Supporting information). Similar negative trends occurred
for the mean EIV-T as a function of the first year of obser-
vation in a subregion (Fig. 2c—d, Supporting information).
In combination with the high degree of heterogeneity that
existed between communities (Supporting information), this
shows that newly introduced species (in 1983 and 2021) were
less warm-adapted than in 1903-13.

Ruderal richness and trail-level abundance with
distance to introductory points and temperature

The number of species in the total ruderal community and
non-native ruderal community declined with distance to the
railroad in all but the warmest parts of the gradient, where
these numbers increased slightly with distance to the railroad
(Fig. 3, Supporting information). According to the variance
of inflation factor (vif), there was no evidence of collinear-
ity between the distance to the railroad and the distance to
the E10 highway. However, there was no additional variation
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Figure 2. Ecological Indicator Values (EIV-T) of all ruderal species (on the left) or non-native ruderal species (on the right) observed over
time (top) and as a function of the first year of observation (bottom). In a and ¢, numbers are shown as a function of the observational year
and subregion, as in this case subregion was significant in the model. Data are averages over all present total number of ruderals (n=239)
and non-native ruderals (n=100) per subregion. Model coefficients and p-values are shown in Supporting information.

explained by the E10, the mean soil temperature of the cold-
est quarter nor the mean annual soil temperature.

Unsurprisingly, rare ruderal species resided closer to the
train stations, as these transects had the lowest average trail-
level abundance (Fig. 4, Supporting information). According
to the vif, the distance to the railroad and number of ruderal
species were highly correlated and therefore the railroad was
excluded from further analysis.

Elevational limits

Along the two trails leading from the Rallarvigen into the
mountains, we found a significant negative association between
species richness in the total ruderal community and elevation
(Fig. 5a). A similar negative, but less pronounced, relation-
ship was found for the non-native ruderal richness (Fig. 5b,
Supporting information). There were no significant differences
in these relationships between mountain trails for both groups.

For the total ruderal community, the elevational maxi-
mum of a species showed an unexpected positive association
with the first year of observation in the whole region for the
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Bjorkliden trail, yet not so for the Liktatjikka trail (Fig. 5c,
Supporting information). For the non-native ruderal com-
munity as well, a marginally significant positive association
was found between the elevational maximum and the first
year of observation to the whole region, but was not different
between trails (Fig. 5d, Supporting information). No trends
were observed in the mean EIV-T as a function of the eleva-
tional maximum, the first year of observation and moun-
tain trail for the total ruderal community (R* adj.=0.26,
AICcwt=1, 2nd best model Delta_Alcc=15.88) and in
the mean EIV-T as a function of the elevational maximum
for the non-native ruderal community (R* adj.=-0.05,
AICcwt=0.9, 2nd best model Delta_Alcc=4.33).

Discussion
Temporal patterns

The temporal dynamics of the ruderal community deviated
surprisingly much from our initial hypothesis (Table 1).
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Figure 3. Effects of mean summer soil temperature (MSST, in °C) and distance from the Rallarvigen trail to the railroad (x-axis, in m) on
a) the number of species in the total ruderal community, R? adj. =0.23, AICcwt=55%, 2nd best model Delta_AICc=2.72 and b) the
number of species in the non-native ruderal community, R2 adj.=0.05, AICcwt=42%, 2nd best model Delta_AICc=2.35, per 1-km
transects along the Rallarvigen. Graphs are prediction plots with the estimated marginal effects. To make interpretation easier, we plotted
the ruderal count as a function of distance to the railroad for three values of MSST (methods): the mean MSST (blue), as well as one stan-
dard deviation above (green) and below (red) the mean; shading indicates the standard deviation of each MSST line. Dots show raw data.
Model coeflicients and p-values are shown in Supporting information.

Although ruderals are known to respond to disturbance and
changing environments (Randelovic and Jovanovic 2023), we
had anticipated an increase in the number of ruderal species
over time as a result of the joint impact of local disturbance
and climate change (Thuiller et al. 2005, Chiuffo et al. 2018,
Guo et al. 2018a).

Aside from Sylvén’s noted observation that a signifi-
cant portion of ruderal species in the region arrived via the
transportation of horse and cattle feed, we also believe that
the introduction of foreign soils and materials have played
a role, albeit to a lesser degree, in facilitating colonization.
Surprisingly, our findings indicate that the construction of
the railroad and settlement expansion in 1903 and 1913 has
had a somewhat bigger impact on the introduction of ruderal
species along the Rallarvigen than the construction and uti-
lization of the E10 highway (since 1982), increased tourism,
and the influence of climate change combined. However, it’s
essential to note that apart from transect 18 (Fig. 1), we have
not examined the ruderal vegetation adjacent to the E10,
and the vegetation here might harbor recently (re)introduced
non-native ruderals that are yet to colonize the Rallarvigen.

The significant drop in 1983 must be attributed to a meth-
odological anomaly, but even then, we must consider that the
total number of ruderal species has remained relatively stable
over time, with even a decrease in the number of non-native
ruderals (limitations).

While the above mentioned patterns in species richness
could in theory be the result of differences in monitoring
intensity, patterns in the community temperature index
(expressed as the ecological indicator values for temperature;

EIV-T) revealed that most relatively warm-adapted ruderal
species were already present in the early 20th century, right
after the building of the railroad, with little evidence of an
influx of relatively warm-adapted species due to climate
change in recent years (Fig. 2). In fact, we even observed a
steady decline in mean EIV-T of the non-native ruderals in

° R’ adj. = 0.62
0254 o
Trail-level distance
to nearest train
® ) ® o station [m]
8 000+ ® <500
) o
§ ® © >1000,<3000
3 ¢ >3000,<5000
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° °
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Total ruderal count

Figure 4. Relationship between the average trail-level abundance of
all ruderal species in a transect (expressed as mean Z-scores of all
species in a transect, with a higher Z-score indicating that a transect
hosts on average more common species) and the total number of
ruderal species (in counts) along the Rallarvigen. Colors indicate
the distance to the nearest train stations (either Abisko Ostra,
Bjorkliden or Riksgrinsen). Model coefficients and p-values are
shown in Supporting information.
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Figure 5. In the top two graphs, the relationship between ruderal species richness and elevation (dots are species counts) along two trails
perpendicular to the Rallarvigen and leading into the mountains (Bjérkliden, red, and Laktatjikka, blue), with a) Total ruderal community
(n=39), R* adj.=0.14, AICcwt=0.83, 2nd best model Delta_AICc=3.2, and b) non-native ruderal community (n=12), R? adj.=0.28,
AICewt=0.82, 2nd best model Delta_AICc=3.1. In the bottom two graphs, the relationship between ruderal species’ elevational maximum
along these trails and the first year of observation in the whole region (one dot is a species), with ¢) Total ruderal community (n=39), R?
adj.=0.10, AICcwt=0.76, 2nd best model Delta_ AICc=2.27,and d) Non-native ruderal community (n =12), R?adj. =0.10, AICcwt = 0.58,
2nd best model Delta_AICc=3.4. Trendlines in gray indicate no significant difference between both trails. The elevational maximum was
defined for each species as the 95th percentile of its elevational occurrences. Model coefficients are shown in Supporting information.

2021. Our data showed that 36 (mostly annual non-native)
ruderal species with high EIV-Ts (> 4) in the historical years,
had disappeared by 1983, and did not reappear in 2021,
while species observed for the first time more recently had
lower EIV-T values (< 3; Supporting information). These
species with high EIV-Ts did not manage to sustain a stable
population, likely due to a combination of the local weather
conditions and the lack of continuous or new significant dis-
turbance after 1913 (Lembrechts et al. 2016b, Niittynen and
Luoto 2017, Rendekov4 et al. 2019). Such disturbance events
may not only be critical for ruderal species in general to estab-
lish, they also likely create beneficial microclimatic conditions
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that might have been a prerequisite for these relatively warm-
adapted ruderal species to establish (Lembrechts et al. 2018).
The lack of such disturbance events seems to have prevented
these species from re-establishing even now that the climate
has warmed to an average 1.0 °C and the length of the growing
season in 2021 was approximately 13 days longer compared
to 1913 (Supporting information, Lembrechts et al. 2016b,
ANS 2019). In time, many of the ruderal species along the
trail were thus again outcompeted by the native species that
thrive in subarctic mountain environments — demonstrating
community resilience. Nevertheless, as climate change pro-
gresses, we expect that warmer temperatures might still tip
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the scale, allowing subsequently introduced warm-adapted
non-native species to gradually establish successfully in areas
where disturbance is prominent (Dainese et al. 2017).

Spatial patterns along the Rallarviagen

As expected, ruderal species were concentrated around points
of introduction with continuous disturbance, with a progres-
sive decline in ruderal species richness with increasing distance
to these introductory points (Fig. 3, 4). Historic disturbance
was the strongest driver — especially for the total ruderal com-
munity — since the number of ruderals decreased significantly
with distance to the railroad at average (9.8 °C) and below
average (9.4 °C) mean summer soil temperature (MSST).
This supports other studies that illustrate the key role of dis-
turbance for new plant species introductions (Alexander et al.
2010, Lembrechts et al. 2016b). Although the E10 highway
lies often closer to the Rallarvigen than the railroad does,
the construction of the railroad still marks its imprint on the
ruderal vegetation. What is more, our findings showed a cli-
matic response on ruderal species distributions as the predicted
number of species for both the total ruderal community and
the non-native ruderal community increased with distance
to the railroad in transects where MSST reached above aver-
age values (10.3 °C; Fig. 3). This could indicate a potential
role for climate change: if climate warms, the current climatic
limitations might decrease, allowing for ruderals to expand
further away from disturbed sites (Lembrechts et al. 2018).
As anticipated, the most visited train stations, i.c.
Bjorkliden, Abisko Ostra, and Riksgrinsen accommodate
rarer ruderal species compared to other train stations and
transects along the Rallarvigen (Fig. 4). These locations,
including the trail segments around and between Abisko
and Bjorkliden, are widely recognized as among the most
frequented, although precise quantitative data is unavail-
able. Continuous disturbance is prevalent in these areas,
facilitating the continuous (re)introduction of (rare) ruder-
als (Brandes 2002). Subsequently, these species must disperse
through either human-mediated dispersal or self-dispersal. In
less disturbed trail segments along the Rallarvigen, only fewer
and more common ruderal species still reside that were first
observed in 1903 (e.g. Achillea millefolium, Cirsium hetero-
phyllum, Equisetum arvense, Rumex acetosa, and Poa praten-
sis). Those sites were sometimes not easily accessible, often
lay further away from train stations, and were places where
major disturbance only happened once (i.e. during railroad
building in the early 20th century) (Rendekovd et al. 2019).
Pinpointing the exact drivers for this relationship remains
challenging when solely relying on observational data.
However, it is reasonable to infer a link with the degree of dis-
turbance intensity. Distance to settlements, the E10 highway,
the railroad, and train stations, and the level of hiking activ-
ity are all interconnected factors that contribute to a certain
degree of disturbance intensity, which facilitates species dis-
persal (Kowarik 2003, Pauchard et al. 2009). While human
activities are increasingly important in plant dispersal, we do
acknowledge that self-dispersal also plays a part in our system.

We propose that the correlation between human impact
and ruderal species distributions demonstrates horizontal
directional ecological filtering (HDEF; Fig. 4). The term
directional ecological filtering (DEF) was first coined by
Alexander et al. (2010) for elevational (climatic) gradients,
but here we show that the concept is applicable to a hori-
zontal anthropogenic disturbance intensity gradient — within
the same climatic band — as well. The original DEF hypoth-
esis states that non-native species migrations happen from
anthropogenically disturbed sites in the lowlands to higher
elevations in the mountains, and that their richness declines
with elevation but their elevational range increases with their
maximum elevation (Alexander et al. 2010). Non-native spe-
cies thus progressively drop out with increasing elevation.
Unlike in DEF, where climate harshness is considered the
most likely filter, albeit often correlated with gradients in
disturbance and propagule pressure (Pauchard et al. 2009,
McDougall et al. 2018), native and non-native ruderal species
originating at the train stations were here thus progressively
filtered out with increasing distance to these introductory
points as the degree of disturbance intensity declined, show-
ing that such directional filters can still be strong when cli-
matic gradients are minimal. Such a strong relationship with
disturbance lies of course at the very core of the definition
of ruderal species, yet the directionality of the observed filter
carries important implications, including a strong nestedness
in the community. It is important to recognize that distur-
bance has multiple effects on ecosystems, including changes
in propagule pressure, microclimate and soil conditions, and
biotic interactions. These effects are hard to disentangle based
on observational studies like this (Lembrechts et al. 2016b).

Spatial patterns along the secondary trails

In support of the original DEF hypothesis along elevational
gradients (Alexander et al. 2010), we observed declining
ruderal species richness with increasing elevation on the trails
branching off the Rallarvigen (Fig. 5) (Alexander et al. 2010,
Lembrechts et al. 2014, Dainese et al. 2017, Liedtke et al.
2020, Wedegirtner et al. 2022). Interestingly, only few non-
native ruderals were observed along these trails, especially
above 500 m a.s.l., rendering the decline in non-native rich-
ness less obvious.

In the traditional view of the DEF-hypothesis, high
anthropogenically disturbed sites in the lowlands ensure
quick and repeated introductions of non-native ruderals,
from where they move uphill until they reach their (cur-
rent and species-specific) elevational limits. This results in
decreasing richness with elevation. However, our results
showed that, in our system, a species” elevational maximum
for neither the non-native nor total ruderal community
were correlated with their climatic affinity (EIV-T). Instead,
elevational limits unexpectedly related positively with their
first year of observation in the whole region (Fig. 5): newest
introductions were residing on average farther uphill. These
patterns evoke two possible interpretations. First, there has
not been incremental, linear uphill migration over time. This
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incremental migration might here be overruled by human-
mediated long-range dispersal, which usually results in faster
uphill migration than by climate change (Hulme 2014). This
is in accordance with what we said earlier and suggests that
the DEF is often as much disturbance-driven as it is climate-
driven. These higher elevation populations might, however,
not be stable as climatic conditions may not allow interan-
nual survival, and long-term monitoring is thus needed to
verify these patterns (Lembrechts et al. 2016a). Second, our
analysis could be missing key variables responsible for the ele-
vational distribution. The goodness-of-fit for these regression
analyses was very low (Fig. 5), substantiating the fact that the
first year of observation to the whole region does not fit the
elevational maximum very well.

Limitations

The primary difficulty in this research lies in the reliability and
comparability of historical surveys. The comparison of histor-
ical data always involves a level of uncertainty. However, we
took precautions to base our conclusions on trends and pat-
terns that are largely unaffected by such issues. For instance,
recognizing the susceptibility of simple species richness met-
rics to methodological choices, we focused our conclusions
on temporal trends, such as changes in temperature affinity
across the recorded species.

While acknowledging the theoretical possibility of bias in
the observed species’ identity and temperature affinity, the
evident trend, specifically the decline in non-native ruderal
species, particularly those with a high temperature affinity,
appears unlikely to be a random event. What is more, Sylvén’s
detailed descriptions provide confidence in the accurate iden-
tification of these species. Our comprehensive survey of the
entire Rallarvigen stretch in 2021, conducted twice during
the season, reduced the probability of overlooking ruderal
species. While we acknowledge the potential oversight of rare
and small species, the absence of several species in 2021 in
comparison to Sylvén’s surveys (such as Agrostemma githago
in 1903, Barbarea vulgaris in 1903 and 1913, and Matricaria
chamomilla in 1903 and 1913) — all easily identifiable and
difficult to overlook flowering plants — leads us to conclude
that, within a reasonable margin of error, the observed trends
are not a result of observer error.

The deviation in numbers of ruderal species in the 1983-sur-
vey is at least partially the result of methodological differences.
These methodological differences can be interpreted when
considering the following aspects: 1) monitoring differences,
2) weather conditions, and 3) disturbance intensity.

While the vegetation survey of Lewejohann and Lorenzon
in 1983 took place during the same month (July) as Sylvén’s
surveys in 1903 and 1913 and our own in 2021, the cov-
ered study area was substantially larger, encompassing 20
areas. Additionally, the number and the extent of contribu-
tors involved in their survey remain unknown. This has
likely resulted in two issues: 1) the possibility that they sur-
veyed areas they personally covered only once, potentially
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overlooking ruderal species that emerge later in the season,
and 2) a high degree of observer bias as only they were focus-
ing on monitoring changes in the vegetation due to the
E10 highway. Their data missed perennial species such as
Trifolium pratense, Trifolium repens, and Vicia cracca, which
were present in 1903 and 1913 and are currently very abun-
dant in each settlement and train station, and along the rest
of the Rallarvigen trail. Even when these ruderal species are
not flowering, they are easily identified, suggesting some
selectivity in documenting species. An unexpected discov-
ery, as Lewejohann and Lorenzon (1983) set out to survey
vegetation changes following the disturbance caused by the
building of the E10 highway, and thus should have shown
particular interest in ruderal species (Lembrechts et al. 2014).
We did learn that tourism in the area declined substantially
in the carly 1980s due to a temporarily reduced availability
of tourist accommodation during that time. Consequently,
we cannot exclude a recovery period from ruderal dominance
in the vegetation. Nevertheless, the train stations would have
seen continuous disturbance even in those days, and we thus
deem it unlikely that these common ruderals would have dis-
appeared entirely.

Importantly, 1983 was also an anomalous year in terms of
weather conditions (Supporting information). Summer tem-
peratures were on average 1 °C lower than in 1913, and sum-
mer precipitation was exceptionally high (238.8 mm). Snow
cover and snowmelt timing are among the most important
drivers of structuring subarctic community composition and
distribution (Wipf 2010). Depending on the thickness, snow
cover insulates species from the harsh winter conditions as it
decouples the soil surface temperature from the air tempera-
ture (Niittynen and Luoto 2017). If the snow layer disap-
pears too early, the species underneath will be exposed to the
spring frost. Snowmelt timing determines the growing season
length (Wipf 2010, Niittynen and Luoto 2017). Moderate
rainfall can speed-up the snow-melting process, expediting
the onset of the growing season. In contrast, heavy rainfall
leads to even earlier snowmelt, but subsequent cold spells
could potentially kill off ruderals, or reduce the surviving
species ability to exploit the whole growing season. Such
negative effects are especially disadvantageous for annual spe-
cies as they do not get the chance to adapt their physiology
or morphology in similar ways to perennial plants (Li et al.
2019). While we do not have information on the spring snow
cover in 1983, the anomalous precipitation value could sug-
gest that such a scenario of early snowmelt followed by spring
forest events might have happened. Annual species are rare in
tundra ecosystems (Weidema 2000), but their distribution
in 1983 is rather noteworthy. Seven of 57 (about 13%) of
the observed ruderal species in 1983 had an annual life cycle,
which was substantially lower than in earlier observational
years: 54% in 1903, 49% in 1913 (and 16% in 2021). Five
out of those seven occurred only at Bjorkliden. Interestingly,
this was also the subregion in 1983 that accommodated spe-
cies with highest average EIV-Ts (Fig. 2). This, in addition to
the observed degree of heterogeneity between the subregions
in 1983 (Supporting information), is probably caused by the

85U8017 SUOWILIOD BAIEa.D 8|qedl[dde 8L Aq peusenob ae S9ole YO @S JO Sa|n 10} A%euq1 78Ul |UO 8|1 UO (SUORIPUOO-PUE-SWBI W0 A8 | 1M ATRIq 1 BUI [UO//:SANY) SUORIPUOD Pue SWe 1 8y} 89S *[202/20/60] U0 AkeidiTaulluo A8|im ‘uediemiuy 1eIsRAIUN Ad Z8Er0dIU/TTTT 0T/I0p/AW0D A8 im Arelq 1 Ul |uo S feuIno fosuy/sdny Wwouy papeojumod ‘0 “TSOT9SLT



timing of observation, which seems of particular importance
during that summer.

Another aspect that could have contributed to the low num-
ber of ruderal observations in 1983 was the low disturbance
intensity during the E10 highway building between 1976 and
1982 (methods, Bick and Jonasson 1998). We found that
ruderal species distributions along the Rallarvigen were in
2021 still clearly correlated to the railroad, rather than the
E10 (Fig. 3). In contrast to the railroad construction, the E10
was not built using the Rallarvigen as a transport road, and
hence its direct impact was substantially smaller. Since then,
the E10 highway facilitated easier movement in and around
the area by cyclists, cars, and trucks, while parking lots now
enable hikers to enter the trail at numerous locations, which
were less accessible in the past (e.g. Cynoglossum officinale seeds
are known hitchhikers that is found in the area; Frenkel 1977,
Bick and Jonasson 1998, Lembrechts et al. 2014). The num-
ber of ruderal species has increased again since 1983. Whether
this was simply methodological, disturbance, or climate
related we cannot know for certain, but the proportionally ris-
ing number of non-native ruderal species (1903: 66%, 1913:
66%, 1983: 25%, 2021: 38%) is potentially an indication of
a delayed response, yet the above discussion should make clear
that caution regarding species patterns in 1983 is warranted.

Conclusions

We found that the current composition and distributions of
ruderal species along the Rallarvigen were primarily associated
with the initial disturbance event that occurred at the start of
the 20th century, and to continuous gradients in disturbance
intensity. Contrastingly, the influence of climate change did
not appear to be significant at this point in time. Different
parts of our investigation support this conclusion: 1) the
number of ruderal species that has remained stable over time
and the higher influx of non-native ruderals during railroad
building back in 1903 and settlement expansion in 1913, 2)
the lower EIV-T-values of recent ruderal observations, 3) the
higher abundance of ruderals closer to the railroad and train
stations in 2021, and 4) the upward migration of ruderals
that was not related to the species’ climatic constraints (EIV-
T), but rather (positively) to their first year of observation.
Most importantly, these findings demonstrate that historic
disturbances, not climate change, have resulted in an influx of
warm-adapted species into this subarctic region. We therefore
conclude that these findings warrant for discretion when we
make conclusions about the precise effects of climate change
on ecosystems, especially in situations where significant his-
toric disturbances have occurred. These events can leave long-
lasting effects on vegetation, therefore potentially overruling
climatic factors as drivers of vegetation composition and spe-
cies distribution shifts (Lenoir et al. 2022).

Acknowledgements — We acknowledge the help of Renée Lejeune
throughout the project.

Funding — This project has received funding from the ASICS project
(ANR-20-EBI5-0004, BiodivERsA, BiodivClim call 2019-2020),
as well as from FWO grant 12P1819N to JJL.

Author contributions

Dymphna Wiegmans: Conceptualization (equal); Data
curation (lead); Formal analysis (lead); Investigation (lead);
Methodology (equal); Software (lead); Visualization (lead);
Writing — original draft (equal); Writing — review and
editing (lead). Keith Larson: Conceptualization (equal);
Investigation (supporting); Methodology (equal); Resources
(equal); Supervision (supporting); Writing — review and
editing (supporting). Jan Clavel: Data curation (support-
ing); Investigation (supporting); Methodology (supporting);
Supervision (supporting); Writing — review and editing (sup-
porting). Lore Hostens: Investigation (supporting); Writing
— review and editing (supporting). Jasmine Spreeuwers:
Investigation (supporting); Writing — review and editing
(supporting). Amber Pirée: Writing — review and edit-
ing (supporting). Ivan Nijs: Writing — review and edit-
ing (supporting). Jonas J. Lembrechts: Conceptualization
(equal); Funding acquisition (lead); Investigation (support-
ing); Methodology (equal); Project administration (lead);
Resources (equal); Supervision (lead); Visualization (support-
ing); Writing — original draft (equal); Writing — review and
editing (supporting).

Data availability statement

Data are available from the Zenodo Digital Repository: hetps://
zenodo.org/records/11102224 (Wiegmans et al. 2024).

Supporting information

The Supporting information associated with this article is
available with the online version.

References

Abisko Scientific Research Station (ANS) 2019. Meteorological
data from Abisko Observatory, daily mean 1913-01-01 -2021-
09-23. Swedish Polar Research Secretariat.

Alexander, J. M., Kueffer, C., Daehler, C. C., Edwards, P. J., Pauchard,
A., Seipel, T. and MIREN Consortium 2010. Assembly of non-
native floras along elevational gradients explained by directional
ecological filtering. — Proc. Natl Acad. Sci. USA 108: 656-661.

Alexander, J. M., Lembrechts, J. J., Cavieres, L. A., Daehler, C.,
Haider, S., Kueffer, C., Liu, G., Mcdougall, K., Milbau, A.,
Pauchard, A., Rew, L. J. and Seipel, T. 2016. Plant invasions
into mountains and alpine ecosystems: current status and future
challenges. — Alp. Bot. 126: 89-103.

Andersson, N. A., Callaghan, T. V. and Karlsson, P. S. 1996. The
Abisko scientific research station. — Ecol. Bull. 45: 11-15.
Bick, L. and Jonasson, C. 1998. Research for mountain area devel-
opment: Europe || The Kiruna-Narvik road and its impact on
the environment and on recreational land use. — Ambio 27:

345-350.

Page 13 of 15

85U8017 SUOWILIOD BAIEa.D 8|qedl[dde 8L Aq peusenob ae S9ole YO @S JO Sa|n 10} A%euq1 78Ul |UO 8|1 UO (SUORIPUOO-PUE-SWBI W0 A8 | 1M ATRIq 1 BUI [UO//:SANY) SUORIPUOD Pue SWe 1 8y} 89S *[202/20/60] U0 AkeidiTaulluo A8|im ‘uediemiuy 1eIsRAIUN Ad Z8Er0dIU/TTTT 0T/I0p/AW0D A8 im Arelq 1 Ul |uo S feuIno fosuy/sdny Wwouy papeojumod ‘0 “TSOT9SLT


https://zenodo.org/records/11102224
https://zenodo.org/records/11102224

Bertrand, R., Lenoir, J., Piedallu, C., Riofrio-Dillon, G., de Ruffray,
P, Vidal, C., Pierrat, J. C. and Gégout, J. C. 2011. Changes in
plant community composition lag behind climate warming in
lowland forests. — Nature 479: 517-520.

Brandes, B. 2002. Vascular flora of the Liichow railway station, —
hetp://www.ruderal-vegetation.de/epub/hbf_md.pdf.

Callaghan, T. V., Bergholm, E, Christensen, T. R., Jonasson, C.,
Kokfelt, U. and Johansson, M. 2010. A new climate era in the
sub-Arctic: accelerating climate changes and multiple impacts.
— Geophys. Res. Lett. 37: L14705.

Callaghan, T. V., Jonasson, C., Thierfelder, T., Yang, Z., Hedenis,
H., Johansson, M., Molau, U., Van Bogaert, R., Michelsen, A.,
Olofsson, J., Gwynn-Jones, D., Bokhorst, S., Phoenix, G.,
Bjerke, J. W., Tommervik, H., Christensen, T. R., Hanna, E.,
Koller, E. K. and Sloan, V. L. 2013. Ecosystem change and
stability over multiple decades in the Swedish subarctic: com-
plex processes and multiple drivers. — Phil. Trans. R. Soc. B
368: 20120488.

Chamberlain, S. and Szocs, E. 2013. Taxize - taxonomic search and
retrieval in R. — FIO00RESEARCH, https://f1000research.
com/articles/2-191/v2.

Chiuffo, M. C., Cock, M. C., Prina, A. O. and Hierro, J. L. 2018.
Response of native and non-native ruderals to natural and
human disturbance. — Biol. Invas. 20: 2915-2925.

Clark-Carter, D. 2005. Z scores. — In: Everitt, B. S. and Howell,
D. C.(eds), Encyclopedia of statistics in behavioral science, 4th
ed. John Wiley and Sons, pp. 2131-2132.

Dainese, M., Aikio, S., Hulme, P. E., Bertolli, A., Prosser, F. and
Marini, L. 2017. Human disturbance and upward expansion of
plants in a warming climate. — Nat. Clim. Change 7: 577-580.

Elmendorf, S. C. et al. 2012. Plot-scale evidence of tundra vegeta-
tion change and links to recent summer warming. — Nat. Clim.
Change 2: 453-457.

Fox, J. and Weisberg, S. 2011. car: companion to applied regres-
sion. — R package version 3.1-0, https://CRAN.R-project.org/
package=car.

Frei, E., Bodin, J. and Walther, G. R. 2010. Plant species’ range
shifts in mountainous areas — all uphill from here? — Bot. Helv.
120: 117-128.

Frenkel, R. E. 1977. Ruderal vegetation along some California
roadsides, Vol. 20. — Univ. of California Press.

Google, Inc. Google Maps, — maps.google.com.

Grime, J. P. 1979. Plant strategies and vegetation processes. — John
Wiley and Sons, Ltd., 222pp.

Guo, E, Lenoir, J. and Bonebrake, T. C. 2018a. Land-use change
interacts with climate change to determine elevational species
redistribution. — Nat. Commun. 9: 1315.

Guo, P, Yu, E, Ren, Y, Liu, D., Li, J., Ouyang, Z. and Wang, Z.
2018b. Responses of ruderal species diversity to an urban envi-
ronment: implications for conservation and management. —
IJERPH 15: 2832.

Haider, S. et al. 2022. Think globally, measure locally: the MIREN
standardized protocol for monitoring plant species distributions
along elevational gradients. — Ecol. Evol. 12: ¢8590.

Hedenas, H., Christensen, P. and Svensson, J. 2016. Changes in
vegetation cover and composition in the Swedish mountain
region. — Environ. Monit. Assess. 188: 452.

Heijmans, M. M. P. D., Magndsson, R. f., Lara, M. J., Frost, G.
V., Myers-Smith, 1. H., van Huissteden, J., Jorgenson, M. T.,
Fedorov, A. N., Epstein, H. E., Lawrence, D. M. and Limpens,
J. 2022. Tundra vegetation change and impacts on permafrost.
— Nat. Rev. Earth Environ. 3: 68-84.

Page 14 of 15

Hijmans, R. J. 2021. raster: geographic data analysis and modeling.
— R package ver. 3.5-11, hteps://CRAN.R-project.org/
package=raster.

Hulme, P. E. 2014. Alien plants confront expectations of climate
change impacts. — Trends Plant Sci. 19: 547-549.

Klanderud, K. and Totland, @. 2005. Simulated climate change
altered dominance hierarchies and diversity of an alpine biodi-
versity hotspot. — Ecology 86: 2047-2054.

Kowarik, I. 2003. Human agency in biological invasions: secondary
releases foster naturalisation and population expansion of alien
plant species. — Biol. Invas. 5: 281-300.

Kueffer, C., Pysek, P and Richardson, D. M. 2013. Integrative
invasion science: model systems, multi-site studies, focused
meta-analysis and invasion syndromes. — New Phytol. 200:
615-633.

Landolt, E., Biumler, B., Ehrhardt, A., Hegg, O., Kloeli, E,
Limmler, W., Nobis, M., Rudmann-Maurer, K., Schweingru-
ber, E H. and Theurillag, J. P. 2010. Flora indicative: Okologis-
che Zeigerwerte und biologische Kennzeichen zur Flora der
Schweiz und der Alpen. — Haupt.

Lembrechts, J. J., Milbau, A. and Nijs, I. 2014. Alien roadside
species more easily invade alpine than lowland plant commu-
nities in a subarctic mountain ecosystem. — PLoS One 9:
e89664.

Lembrechts, J. J., Alexander, J. M., Cavieres, L. A., Haider, S.,
Lenoir, J., Kueffer, C., McDougall, K., Naylor, B. J., Nufez,
M. A., Pauchard, A., Rew, L. J., Bijs, I. and Milbau, A. 2016a.
Mountain roads shift native and non-native species plant spe-
cies’ ranges. — Ecography 40: 353-364.

Lembrechts, J. J., Pauchard, A., Lenoir, J., Nufez, M. A., Geron,
C., Ven, A., Bravo-Monasterio, P, Teneb, E., Nijs, I. and Mil-
bau, A. 2016b. Disturbance is key to plant invasions in cold
environments. — Proc. Natl Acad. Sci. USA 113: 14061-14066.

Lembrechts, J. J., Lenoir, J., Nufiez, M. A., Pauchard, A., Geron,
C., Bussé, G., Milbau, A. and Nijs, I. 2018. Microclimate
variability in alpine ecosystems as steppingstones for non-native
plant establishment above their current elevational limit. —
Ecography 41: 900-909.

Lembrechts, J. J., et al. 2022. Global maps of soil temperature. —
Global Change Biol. 28: 3110-3144.

Lenoir, J., Gril, E., Durrieu, S., Horen, H., Laslier, M., Lembrechts,
J. J., Zellweger, E, Alleaume, S., Brasseur, B., Buridang, J.,
Dayal, K., De Frenne, P, Gallet-Moron, E., Marrec, R., Meeus-
sen, C., Rocchini, D., Van Meerbeek, K. and Decocg, G. 2022.
Unveil the unseen: using LIDAR to capture time-lag dynamics
in the herbaceous layer of European temperate forests. — J. Ecol.
110: 282-300.

Lewenjohann, K. and Lorenzon, H. 1983. Annotated check-list of
vascular plants in the Abisko-area of lake Tornetrisk, Sweden.
— Ber. Deutsch. Bot. Ges. 96: 591-634.

Li, L., Zheng, Z., Biederman, J. A., Xu, C., Xu, Z., Che, R., Wang,
Y., Cui, X. and Hao, Y. 2019. Ecological responses to heavy
rainfall depend on seasonal timing and multi-year recurrence.
— New Phytol. 223: 647-660.

Liedtke, R., Barros, A., Essl, E, Lembrechts, J. J., Wedegirtner, R.
E. M., Pauchard, A. and Dullinger, S. 2020. Hiking trails as
conduits for the spread of non-native species in mountain areas.
— Biol. Invas. 22: 1121-1134.

MacDougall, A. S., Caplat, P, Olofsson, J., Siewert, M. B., Bonner,
C., Esch, E., Lessard-Therrien, M., Rosenzweig, H., Schifer,
A.-K., Raker, P, Ridha, H., Bolmgren, K., Fries, T. C. E. and
Larson, K. 2021. Comparison of the distribution and phenol-

85U8017 SUOWILIOD BAIEa.D 8|qedl[dde 8L Aq peusenob ae S9ole YO @S JO Sa|n 10} A%euq1 78Ul |UO 8|1 UO (SUORIPUOO-PUE-SWBI W0 A8 | 1M ATRIq 1 BUI [UO//:SANY) SUORIPUOD Pue SWe 1 8y} 89S *[202/20/60] U0 AkeidiTaulluo A8|im ‘uediemiuy 1eIsRAIUN Ad Z8Er0dIU/TTTT 0T/I0p/AW0D A8 im Arelq 1 Ul |uo S feuIno fosuy/sdny Wwouy papeojumod ‘0 “TSOT9SLT


http://www.ruderal-vegetation.de/epub/hbf_md.pdf
https://f1000research.com/articles/2-191/v2
https://f1000research.com/articles/2-191/v2
https://CRAN.R-project.org/package=car
https://CRAN.R-project.org/package=car
maps.google.com
https://CRAN.R-project.org/package=raster
https://CRAN.R-project.org/package=raster

ogy of arctic mountain plants between the early 20th and 21st
centuries. — Global Change Biol. 27: 5070-5083.

McDougall, K. L., Lembrechts, J. J., Rew, L. J., Haider, S., Cavieres,
L. A., Kueffer, C., Milbau, A., Naylor, B. J., Nufiez, M. A.,
Pauchard, A., Seipel, T., Speziale, K. L., Wright, G. T. and
Alexander, J. M. 2018. Running off the road: roadside non-
native plants invading mountain vegetation. — Biol. Invas. 20:
3461-3473.

Mazerolle, M. J. 2020. AICcmodavg: model selection and multi-
model inference based on (Q)AIC(c). — R package ver. 2.3-1,
hteps://CRAN.R-project.org/package=AICcmodavg.

Meuser, M. R. 2019. ArcGIS shapefiles of Sweden, — https://map-
cruzin.com/free-sweden-arcgis-maps-shapefiles.htm.

Mossberg, B. and Stenberg, L. 2003. Den nya nordiska floran. —
Wahlstrom and Amp, Widstrand, [Swedish edn]. ISBN-13:
978-9146175841.

Niittynen, P. and Luoto, M. 2017. The importance of snow in
species distribution models of arctic vegetation. — Ecography
40: 1-13.

Oksanen, J. 2022. Vegan: community ecology package. -R package
ver. 2.6-2, hteps://CRAN.R-project.org/package=vegan

Paradis, E. 2022 ape: analyses of phylogenetics and evolution. — R
package ver. 5.6-2, https://CRAN.R-project.org/package=ape

Parmesan, C. and Hanley, M. E. 2015. Plants and climate change:
complexities and surprises. — Ann. Bot. 116: 849-864.

Pauchard, A., Kueffer, C., Dietz, H., Dacehler, C. C., Alexander, J.,
Edwards, P J., Arévalo, J. R., Cavieres, L. A., Guisan, A.,
Haider, S., Jakobs, G., McDougall, K., Millar, C. L., Naylor, B.
J., Parks, C. G., Rew, L. J. and Seipel, T. 2009. Ain’t no moun-
tain high enough: plant invasions reaching new elevations. —
Front. Ecol. Environ. 7: 479-486.

Pearson, R. G., Phillips, S. J., Loranty, M. M., Beck, P S. A,
Damoulas, T., Knight, S. J. and Goetz, S. J. 2013. Shifts in
Arctic vegetation and associated feedbacks under climate
change. — Nat. Clim. Change 3: 673-677.

Pysek, P, Jarosik, V., Pergl, J. and Wild, J. 2011. Colonization of
high altitudes by alien plants over the last two centuries. — Proc.
Natl Acad. Sci. USA 108: 439-440.

QGIS Development Team 2021. QGIS Geographic Information
System. Open-Source Geospatial Foundation Project, — http://
qgis.osgeo.org

Randelovic, D. and Jovanovic, S. 2023. Understanding the role of
ruderal plant species in restoration of degraded lands. — In:
Pandey, V. C. (ed.), Bio-inspired land remediation. Environ-
mental contamination remediation and management. Springer.

Rantanen, M., Karpechko, A. Y., Lipponen, A., Nordling, K.,
Hyvirinen, O., Ruosteenoja, K., Vihma, T. and Laaksonen, A.
2022. The Arctic has warmed nearly four times faster than the
globe since 1979. — Commun. Earth Environ. 3: 168.

Rendekovd, A., MiCieta, K., Hrabovsky, M., Eliasovd, M. and
Migkovic, J. 2019. Effects of invasive plant species on species

diversity: implications on ruderal vegetation in Bratislava City,
Slovakia, Central Europe. — Acta Soc. Bot. Pol. 88: 1-13.

Rixen, C. and Wipf, S. 2017. Non-equilibrium in alpine plant
assemblages: shifts in Europe’s summit floras. — In: Catalan, J.
(ed.), High mountain conservation in a changing world.
Advances in Global Change Research, Vol. 64. Springer, pp.
285-303.

Rundgqvist, S., Hedenas, H., Sandstréom, A., Emanuelsson, U.,
Eriksson, H., Jonasson, C. and Callaghan, T. V. 2011. Tree and
shrub expansion over the past 34 years at the tree-line near
Abisko, Sweden. — Ambio 40: 683-692.

Schielzeth, H. 2010. Simple means to improve the interpretability
of regression coefficients. — Methods Ecol. Evol. 1: 103-113.

Sylvén, N. 1904, Ruderatfloran i Torne lappmark . — in Botaniska
Notiser, C. W. K. Gleerup forlagsbokhandel, pp. 117-128

Sylvén, N. 1915-1917. Tornetriskomridets adventiflora. — in
Arkiv. For. Bot. Band 14, No. 11: 1-49

Taylor, A. R., Boulanger, Y., Price, D. T., Cyr, D., McGarrigle, E.,
Rammer, W. and Kershaw Jr., J. A. 2017. Rapid 21st century
climate change projected shift composition and growth of Can-
ada’s Acadian forest region. — For. Ecol. Manage. 405: 284-294.

Thuiller, W., Lavorel, S., Aratjo, M. B., Sykes, M. T. and Prentice,
I. C. 2005. Climate change threats to plant diversity in Europe.
— Proc. Natl Acad. Sci. USA 102: 8245-8250.

Thuiller, W., Albert, C., Aratjo, M. B., Berry, P. M., Cabeza, M.,
Guisan, A., Hickler, T., Midgley, G. E, Paterson, J., Schurr, E
M., Sykes, M. T. and Zimmermann, N. E. 2008. Predicting
global change impacts on plant species distributions: future
challenges. — Perspect. Plant Ecol. Evol. 9: 137-152.

Tutin, T. G., Heywood, V. H., Burgess, N. A., Moore, D. M.,
Valentine, D. H., Walters, S. M. and Webb, D. A. (eds) 1980.
Flora Europaea, 5. — Cambridge Univ. Press.

Walther, G. R. et al. 2009. Alien species in a warmer world: risks
and opportunities. — Trends Ecol. Evol. 24: 686-693.

Wedegirtner, R. E. M., Lembrechts, J. J., van der Wal, R., Barros,
A., Chauvin, A., Janssens, I. and Graae, B. J. 2022. Hiking trails
shift plant species’ realized climatic niches and locally increase
species richness. — Divers. Distrib. 28: 1416-1429.

Weidema, I. R. (ed.) 2000. Established alien species in the Nordic
area (naturalized in at least one Nordic country) in Introduced
species in the Nordic countries, Annex C pp. 209-237. —
Copenhagen. Publisher Nord 2000:13.

Wiegmans, D., Larson, K., Clavel, J., Hostens, L., Spreeuwers, J.,
Pirée, A., Nijs, N. and Lembrechts, J. J. 2024. Data from: His-
toric disturbance events overruled climatic factors as drivers of
ruderal species distributions in the Scandinavian mountains. —
Zenodo Digital Repository, https://zenodo.org/
records/11102224.

Wipf, S. 2010. Phenology, growth, and fecundity of eight subarctic
tundra species in response to snowmelt manipulations. — Plant
Ecol. 207: 53-66.

Page 15 of 15

85U8017 SUOWILIOD BAIEa.D 8|qedl[dde 8L Aq peusenob ae S9ole YO @S JO Sa|n 10} A%euq1 78Ul |UO 8|1 UO (SUORIPUOO-PUE-SWBI W0 A8 | 1M ATRIq 1 BUI [UO//:SANY) SUORIPUOD Pue SWe 1 8y} 89S *[202/20/60] U0 AkeidiTaulluo A8|im ‘uediemiuy 1eIsRAIUN Ad Z8Er0dIU/TTTT 0T/I0p/AW0D A8 im Arelq 1 Ul |uo S feuIno fosuy/sdny Wwouy papeojumod ‘0 “TSOT9SLT


https://CRAN.R-project.org/package=AICcmodavg
https://mapcruzin.com/free-sweden-arcgis-maps-shapefiles.htm
https://mapcruzin.com/free-sweden-arcgis-maps-shapefiles.htm
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=ape
http://qgis.osgeo.org
http://qgis.osgeo.org
https://zenodo.org/records/11102224
https://zenodo.org/records/11102224

	Introduction
	Methods
	Study site
	Vegetation data
	2021 Rallarvägen resurvey
	MIREN T-trail survey
	Dataset compilation
	Temperature data
	Maps and measurements
	Data analysis

	Results
	Number of species in the total ruderal community and non-native ruderal community over time
	Temperature affinity over time
	Ruderal richness and trail-level abundance with distance to introductory points and temperature
	Elevational limits

	Discussion
	Temporal patterns
	Spatial patterns along the Rallarvägen
	Spatial patterns along the secondary trails

	Limitations
	Conclusions
	Funding – This project has received funding from the ASICS project (ANR-20-EBI5-0004, BiodivERsA, BiodivClim call 2019–2020), as well as from FWO grant 12P1819N to JJL.
	Author contributions
	Data availability statement
	Supporting information

	References

