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in Western Europe, air temperatures warmed more in winter
compared to summer (Moberg et al., 2006), but this ratio
reversed by the end of the 20th and early 21st century (Klein
et al., 2018). Hence, several studies have shown that summer
and spring have warmed more than autumn and winter since
the 1970s (Rebetez &Reinhard, 2008;Klein et al., 2018; Vitasse
et al., 2018a). Since the end of the 1980s, maximum air temper-
atures have been increasing more than minimum temperatures
in connection with the decrease in European air pollution and
particulate matter, especially in spring and at mid and high ele-
vations (Rebetez & Reinhard, 2008; Vitasse et al., 2018a).

(ii) Precipitation and snow. Annual precipitation has not
changed across the European Alps over recent decades
(Diolaiuti et al., 2012). Regionally, only a few increasing sea-
sonal trends have been observed since the beginning of the
20th century, mostly during autumn and winter
(Schmidli & Frei, 2005; Scherrer et al., 2016). Winter precip-
itation sum has increased slightly, whereas trends towards
more intense but less frequent precipitation were observed
in summer with no change in overall precipitation sum
(Moberg et al., 2006; Appenzeller et al., 2011; Fischer
et al., 2019). Recently, European alpine countries have expe-
rienced several extreme drought events in summer, associ-
ated with heat waves, which have led to forest dieback,
vegetation damage and insect outbreaks in the lowlands, par-
ticularly in 2003, 2012, 2015, 2016 and 2018 (Corona-
Lozada, Morin & Choler, 2019; Schuldt et al., 2020). Intense
hot drought events had also occurred during the 20th century
(e.g. in 1911, 1921, 1947, 1949, 1976) but air temperature

was, on average, lower than today, so that the evapotranspi-
ration in summertime was lower (Schär et al., 2004) and con-
sequently the vegetation was much less impacted by these
events. Because air temperature decreases steadily with ele-
vation (and generally precipitation increases), the climatic
water balance of sites >1200 m still remains positive in the
central part of the European Alps (Vitasse et al., 2019). How-
ever, severe droughts are predicted to become more frequent
even at high elevations where organisms might be less
adapted to cope with water limitation (Rosbakh et al., 2017).
Snow cover has an important impact in plant and animal

phenology in mountain ecosystems. A significant reduction
in the number of days with snow precipitation has been
reported at all elevations during the 20th century in the Alps,
particularly since the 1980s and in relation to warmer air
temperatures (Laternser & Schneebeli, 2003; Pellicciotti,
Bauder & Parola, 2010; Valt & Cianfarra, 2010; Serquet
et al., 2011; Diolaiuti et al., 2012; Marty & Blanchet, 2012;
Serquet et al., 2013). A similar reduction has been observed
across the northern hemisphere since the 1970s
(Hern!andez-Henríquez, Déry & Derksen, 2015), especially
in spring (Brown & Mote, 2009; Brown & Robinson, 2011),
although this trend varies widely at a global scale (Bormann
et al., 2018; Pulliainen et al., 2020). Analyses of snow water
equivalent have shown a clear decrease in snow mass all over
the European Alps during the period 1973–2012, at all eleva-
tions and more pronounced in spring compared to winter
(Marty, Tilg & Jonas, 2017b). Mean snow depth has also been
significantly reduced during the same period in the European
Alps at all elevations and for all seasons (Durand et al., 2009;
Schöner, Auer & Böhm, 2009; Pellicciotti et al., 2010;
Marty & Blanchet, 2012; Marty & Meister, 2012). Detailed
analyses in the Swiss Alps have confirmed a general decrease
in all snow parameters at all elevations, with a faster reduc-
tion of snow cover at the time of snowmelt compared to the
time of snow onset (Klein et al., 2016). Spring (March to
May) was the season with the highest air temperature
increase over the last five decades, with a rate of 0.47!C dec-
ade−1 since 1970 in the Swiss Alps (Klein et al., 2018, Fig. 1).
This strong warming has led to earlier snowmelt, for example
−5.2 days decade−1 across six locations in the Swiss Alps
ranging from 1298 to 2540 m between 1970 and 2019
(Fig. 1). In autumn (September to November), the air tem-
perature warming rate has been less than in spring, although
still sufficient to delay time of snow onset at an average rate of
+3.9 days decade−1 since 1970 for these six stations, leading
to a significant increase in the snow-free period at an average
rate of +9.1 days decade−1 in the Swiss Alps (Fig. 1). How-
ever, regional differences across the European Alps exist with
on average stronger trends of snow depth reduction in the
southern Alps over recent decades (Matiu et al., 2021).

(b) Predicted climate change in the European Alps

Air temperature will increase further in the coming decades if
present emission rates of greenhouse gases are not substan-
tially reduced (IPCC, 2013). The difference between

Fig 1. Long-term time series of snow parameters (snowmelt
timing and length of the snow-free period) and mean air
temperature (spring temperature from March to May and annual
temperature) at six sites spread across the Swiss Alps during the
period 1970–2019. Data updated from Klein et al. (2016)
representing yearly average anomalies over the period 1970–
2019 across six sites in Switzerland located between 1298 and
2540 m (Arosa, Davos, Grächen, Grimsel Hospiz, Scuol and
Weissfluhjoch). Estimated trends from the Theil-Sen estimator
method across the six sites are reported with the associated
standard errors (grey shading) for each snow and temperature
parameter. Significance of the slopes was tested using Mann-
Kendell tests, see Klein et al. (2016) for more details.
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rarely freeze in winter (Figure 2). Snow distribution caused by the interaction of wind and
topography creates a mosaic of habitats with either no winter time freezing or most severe
freezing stress over a distance of a few meters (Figure 3).
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Figure 2. Left: Snowpack determines the length of the growing season (photo taken on 15 June 2018 at 2440 m in the Swiss
Alps). Right: Snow cover decouples life conditions from ambient atmospheric conditions and ensures often non-freezing
conditions during winter (screen shot of the webcam at the same location, viewing a location slightly to the right of the
same place, but on 24 March 2021).

Furthermore, topography in the interaction with gravity and bedrock chemistry,
shapes patterns of soil diversity. Soil properties have been successfully tested for adding
explanatory power to predictive distribution models. By employing a suite of topogra-
phy related ground phenomena, Buri et al. [17] arrived at concluding that soil pH and
soil moisture are exerting the strongest additional effect in shaping alpine plant species
distribution. These properties are not directly linked to the climate, but severe drought
could have an influence.

In summary, topography (geodiversity) creates biodiversity in alpine landscapes,
with the action of gravity adding gradients of soil moisture and nutrients, enhancing the
diversification of life conditions. In order to understand the alpine plant life, the weather
station derived climatic data are inept, making it very difficult to delineate the cold edge of
the fundamental niche of alpine species.

Snow cover 
changes in Swiss 
Alps (Vitasse et al. 
2021; data from 
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the number of species that can cope with increasingly high elevation, explaining global
patterns of phylogenetic relatedness of alpine floras [36]. However, ongoing environmental
changes at high elevation include more than just a rise in air temperature (Figure 4) [4].
When temperature comes into play, a distinction of gradual changes of means and the action
of extremes needs to be distinguished [14]. Furthermore, a warmer atmosphere causes
air masses to reach mountains with a higher water vapor content, potentially enhancing
snowpack at high elevations, but warmer conditions will also increase evaporative forcing,
and thus also incur more severe drought during heat wave episodes. While elevated CO2
concentrations have been shown to have no effect on alpine vegetation [37,38], atmospheric
nitrogen deposition is a severe threat for these commonly rather oligotrophic systems
that are adjusted to obtain their nutrients from nutrient cycling [39,40]. The individual
and interacting influences of these changes act upon alpine plants through two primary
pathways: The effects on development (phenology, internal state of preparedness to grow),
and the effects on growth (the activity of meristems, the acquisition of resources; Figure 4).

Diversity 2021, 13, x FOR PEER REVIEW 7 of 15 
 

 

than the actual life conditions of plants, and such approaches yield scale (space) depend-
ent effects [29–34]. The smaller the geographical scale, that is, the closer it comes to actual 
habitat mosaic size, the smaller is the predicted fraction of lost habitat types under differ-
ent climate warming scenarios. In a study of soil and air temperatures, Löffler and Pape 
[35] observed pronounced spatial and seasonal variability of microhabitat temperature 
across an elevation gradient in the southern Scandes, related to species occurrence data. 
It seems imperative that the research community turns to the subject of range limit expla-
nation and understanding the fundamental niche, but also for substantiating predictive 
attempts in a climate change context (see the epilogue in [6]). 

6. Change in Alpine Land Area Due to Climatic Warming 
Biodiversity needs space. It had been shown that the reduction of alpine species num-

bers with elevation across the globe can be explained by the reduction of available land 
area only (Figure 2.9 in [6]). Yet, the selective action of low temperatures is clearly limiting 
the number of species that can cope with increasingly high elevation, explaining global 
patterns of phylogenetic relatedness of alpine floras [36]. However, ongoing environmen-
tal changes at high elevation include more than just a rise in air temperature (Figure 4) [4]. 
When temperature comes into play, a distinction of gradual changes of means and the 
action of extremes needs to be distinguished [14]. Furthermore, a warmer atmosphere 
causes air masses to reach mountains with a higher water vapor content, potentially en-
hancing snowpack at high elevations, but warmer conditions will also increase evapora-
tive forcing, and thus also incur more severe drought during heat wave episodes. While 
elevated CO2 concentrations have been shown to have no effect on alpine vegetation 
[37,38], atmospheric nitrogen deposition is a severe threat for these commonly rather oli-
gotrophic systems that are adjusted to obtain their nutrients from nutrient cycling [39,40]. 
The individual and interacting influences of these changes act upon alpine plants through 
two primary pathways: The effects on development (phenology, internal state of prepar-
edness to grow), and the effects on growth (the activity of meristems, the acquisition of 
resources; Figure 4). 

 

Figure 4. Examples of environmental drivers of high elevation plant life that may change to a variable degree with time 
and geographic regions. As a consequence of these changes, some species may profit (gain abundance or space), while 
other species may lose terrain, potentially causing competitive shifts in community composition and plant species diver-
sity. 

Figure 4. Examples of environmental drivers of high elevation plant life that may change to a variable degree with time and
geographic regions. As a consequence of these changes, some species may profit (gain abundance or space), while other
species may lose terrain, potentially causing competitive shifts in community composition and plant species diversity.

A warmer climate alone will act upon the mosaics shown in Figure 1 in two ways: It
may change patterns of life conditions at very small scales within patches (largely due to
changes in snow duration at extratropical latitudes), and it can be assumed to move all
thermal habitat types upslope, while the relative gradients within habitats are retained.
The microclimatic benefits of dense, short stature plant communities will be retained, but
the entire microhabitat will track atmospheric changes and thus, thermal habitat mosaics
will shift in proportion to the climatic warming [30]. Since snow cover interacts with
the potential action of temperature, the snow depth, and thus, duration of snowpack
plays a role. Such a shift will thus have a time component (effective season length) and a
temperature component within the growing season. A recent analysis in the Swiss Alps
revealed that snowmelt strongly depended on spring air temperatures, more specifically
when the first day of a 3-week running mean of daily air temperatures passed a 5 �C
threshold (44% of the variance explained) and mean winter snow depth accounted for 30%
of the variance [41].

At a larger scale, the alpine world faces two major influences on its areal extent: The
opening of new land as glaciers retreat and the loss of land to an upslope advancing
montane forest. The extent of the net change in alpine land area can be estimated on the
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the regional climate changes. It may take more than a century for treeline to arrive at an
equilibrium state with the climate.

It is evident that the transition from the montane forest to alpine vegetation is driven
by size-dependent plant aerodynamics and not by tree-specific physiological shortcomings.
Any tall structure such as a tree is aerodynamically coupled to the atmosphere, with
convective heat transfer rapidly removing any warming of branches by the sun. This
is also the reason why treelines reflect the thermal layering of the atmosphere. In stark
contrast, smaller stature plants are nesting their shoots in a dense, short canopy in which
heat convection is reduced, thus causing solar heat to become trapped. By their small
stature and high foliage density, alpine plants engineer a microclimate that differs greatly
from free air and what trees at treeline experience [6]. Counter expectation, alpine plants
operate at much warmer temperatures than trees at treeline as long as the sun is out. This
microclimate effect had been quantified for the entire growing seasons in temperate and
arctic alpine environments [10,11]. Including all bad weather, the mean temperature for
the growing season at the level of plant meristems may vary between 6 and 14 �C on a
single alpine slope, depending on topography and canopy structure. Therefore, different
plant species assemblages are living next to each other at seasonal mean temperatures
that differ by 8 K (following applied physics, temperature differences are best addressed
by the Kelvin), which is around twice the worst climate warming scenario for the same
region. The striking role of exposure and its thermal effects was also evidenced for a broad
spectrum of summits across Europe [12].

In order to understand alpine plant life, one has to account for the mosaic of life
conditions produced by the interaction of topography (part of geodiversity), plant stature,
solar radiation, and wind (Figure 1). The warmer living conditions during the day for
alpine plants compared to treeline trees are well reflected in the thermal adjustment of
basic metabolism. The temperature optimum of leaf net photosynthesis in alpine plants
at 500–600 m above treeline is around 22 �C, that is, the temperature these plants actually
experience during sunny weather [6,13]. An important message is that climatic data
obtained from weather stations are unsuitable to define the life conditions of small stature
plants in general and alpine plants in particular [10,11,14,15].
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Figure 1. Above the treeline, the alpine vegetation follows the patterns of life conditions created by topography (microcli-
mate) not captured by air temperatures obtained from weather stations (macroclimate). The mosaics of thermal habitats
provides steep climatic gradients at very small scales (zoomed-in example to the right). Snow accumulation in snowbeds
can cause the length of the growing season to vary by 6 weeks across a distance of 10 m, with even larger differences across
exposure gradients (e.g., N-S aspect, wind edges).

There is another facet to the central role of topography for alpine plant life at extrat-
ropical latitudes: The snow distribution during the dormant season. A snowpack can cause
a difference in season length between convex and concave land surfaces from 2 (snowbeds)
to 6 months (ridges). Since snow is perfectly insulating, soils and plants under snow
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Abstract: The alpine belt hosts the treeless vegetation above the high elevation climatic treeline. The
way alpine plants manage to thrive in a climate that prevents tree growth is through small stature, apt
seasonal development, and ‘managing’ the microclimate near the ground surface. Nested in a mosaic
of micro-environmental conditions, these plants are in a unique position by a close-by neighborhood
of strongly diverging microhabitats. The range of adjacent thermal niches that the alpine environment
provides is exceeding the worst climate warming scenarios. The provided mountains are high and
large enough, these are conditions that cause alpine plant species diversity to be robust against
climatic change. However, the areal extent of certain habitat types will shrink as isotherms move
upslope, with the potential areal loss by the advance of the treeline by far outranging the gain in new
land by glacier retreat globally.

Keywords: biodiversity; high-elevation; mountains; phenology; snow; species distribution; treeline;
topography; vegetation; warming

1. Introduction

The alpine world covers a small land fraction, simply since mountains get narrower
with elevation [1]. Globally, 2.6% of the terrestrial area outside Antarctica meets the criteria
for ‘alpine’ [2,3], a terrain still including a lot of barren or glaciated areas, with the actual
plant covered area closer to 2% (an example for the Eastern Alps in [4]). Surprisingly, about
4% of all known angiosperm plant species live in that bioclimatic belt, thus, twice the
number of one would be expected from the area alone, despite the often demanding life
conditions [5]. The alpine world clearly facilitates high biodiversity. In part, this also holds
the answer to why alpine terrain is a relatively safe place when it comes to coping with
climatic change [6]. Due to the geographical distribution of mountains, the highest alpine
plant species richness occurs at mid latitude, that is the temperate zone [7].

2. Geodiversity Drives Biodiversity

In order to explain this seemingly paradoxical conclusion, a definition of ‘alpine’
and of the life conditions in the alpine belt are required. By definition, the alpine belt’s
downslope delineation is the climatic treeline. Therefore, the alpine belt is treeless. The
term tundra should not be applied to the alpine belt, since it rather constitutes a certain
land cover type in the arctic world. The treeline is defined as a life form limit, meaning
no tree species can surpass the treeline, and most tree species do not reach this line, but
a few do. Globally, the treeline tracks a common isotherm of seasonal mean temperature
of about 6 �C, irrespective of latitude and thus, season length (a minimum of 3 months
is required though, [8]). Using an algorithm based on freely available climatic data (e.g.,
from WorldClim), the climatic treeline, and with it, the lower edge of the alpine world,
can be predicted with a precision of 78 m of elevation, with the remaining uncertainty
partly related to the limited predictive power of data from scattered weather stations for
air temperature at treelines [9]. Additionally, the treeline position always lags behind
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Novel competitors shape species’ responses
to climate change
Jake M. Alexander1, Jeffrey M. Diez2 & Jonathan M. Levine1

Understanding how species respond to climate change is critical for
forecasting the future dynamics and distribution of pests, diseases
and biological diversity1–3. Although ecologists have long acknowl-
edged species’ direct physiological and demographic responses to
climate, more recent work suggests that these direct responses can
be overwhelmed by indirect effects mediated via other interacting
community members2–7. Theory suggests that some of the most
dramatic impacts of community change will probably arise
through the assembly of novel species combinations after asyn-
chronous migrations with climate8–10. Empirical tests of this pre-
diction are rare, as existing work focuses on the effects of changing
interactions between competitors that co-occur today7,11–15. To
explore how species’ responses to climate warming depend on
how their competitors migrate to track climate, we transplanted
alpine plant species and intact plant communities along a climate
gradient in the Swiss Alps. Here we show that when alpine plants
were transplanted to warmer climates to simulate a migration fail-
ure, their performance was strongly reduced by novel competitors
that could migrate upwards from lower elevation; these effects
generally exceeded the impact of warming on competition with
current competitors. In contrast, when we grew the focal plants
under their current climate to simulate climate tracking, a shift in
the competitive environment to novel high-elevation competitors
had little to no effect. This asymmetry in the importance of chan-
ging competitor identity at the leading versus trailing range edges
is best explained by the degree of functional similarity between
current and novel competitors. We conclude that accounting for
novel competitive interactions may be essential to predict species’
responses to climate change accurately.

Climate change will alter species’ competitive environments through
initial shifts in the performance and relative abundance of their current
competitors, and longer-term changes in the identity of their compe-
titors caused by migration and local extinctions2. Empirical studies of
the shorter-term changes in neighbour abundance provide evidence
both for7,11,13,15 and against12–14 the importance of competitive interac-
tions in mediating the impact of climate change. However, these results
may underestimate the potential role of changing competition. Over
longer timescales, species will experience competition from new and
functionally different migrants, and if they themselves migrate to
track climate change, they will probably encounter new resident
competitors2,9. Despite the potential importance of these novel com-
petitive interactions in determining species’ persistence and future
distributions with climate change16,17, empirical evidence is scant for
two reasons. First, in most systems, the combinations of species that will
face one another in the future is highly uncertain. Second, the logistical
challenges associated with experimentally assembling hypothetical
future communities, and doing so under realistic climate scenarios,
are typically prohibitive.

Elevation gradients in mountains provide a unique opportunity to
test how changing competitor identity will affect species’ responses to
climate change. The steep climate gradient in these environments

means that the novel competitors that species will face following
climate warming are those already occurring only hundreds of metres
away. Furthermore, perennial grasslands in these regions lend them-
selves to whole-community transplantation along climate gradients.
We experimentally simulated the endpoints of the spectrum of com-
petitive environments that an alpine species will experience following
climate change at the leading and trailing edges of its range (Fig. 1). At
its trailing range edge, a species that fails to migrate will experience
warmer climate and compete with either its current community mem-
bers (scenario 1 in Fig. 1), or with a novel community composed of
species that have migrated upwards from lower elevation (scenario 2).
By contrast, at the leading edge of its range, a species migrating to
higher elevations to track its current climate will compete either with
its current competitors if they also migrate (scenario 3) or with a novel
higher-elevation community that has persisted in place (scenario 4).

To simulate these scenarios, we transplanted focal alpine species and
intact plant communities along an elevation gradient in the Swiss Alps
(Table 1), and followed their performance for 2 years. To simulate
scenarios in which focal species and/or communities fail to migrate
and thus experience warmer temperatures, we moved focal plants
and/or communities to a lower-elevation site. To simulate scenarios
in which focal species and/or communities migrate to track current
climate and thus experience little change in temperature, we trans-
planted them back into their current elevation site. The direction of
transplantation is thus meant to reflect future climate conditions, not

1Institute of Integrative Biology, ETH Zurich, Universitätstrasse 16, 8092 Zurich, Switzerland. 2Department of Botany and Plant Sciences, University of California Riverside, 900 University Avenue, Riverside,
California 92521, USA.
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Figure 1 | Scenarios for the competition experienced by a focal alpine
plant following climate warming. If the focal plant species (green) fails to
migrate, it competes either with its current community (yellow) that also fails to
migrate (scenario 1) or, at the other extreme, with a novel community (orange)
that has migrated upwards from lower elevation (scenario 2). If the focal
species migrates upwards to track climate, it competes either with its current
community that has also migrated (scenario 3) or, at the other extreme, with a
novel community (blue) that has persisted (scenario 4). Table 1 describes
the experimental implementation of these scenarios.
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novel high-alpine competitors is unlikely to influence the range expan-
sion of focal species to higher elevation, in agreement with the rapid
migration of many species upslope with recent climate warming21,22.
Future work combining species’ functional traits, detailed distribution
information and ecological theory may prove particularly useful for
forecasting how novel competitive interactions determine the response
of biological diversity to climate change23,24.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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Acknowledgements We thank M.-J. Mächler, D. Righetti, C. Schmid, P. Stettler,
R. Guidon, A. Vitra, S. Minneboo, J. Leuenberger and other members of the Plant
Ecology group for assistance with field work, and the community of Haldenstein for
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Figure 4 | The response of four alpine species to competition. Plants grew
with either (1) their current competitors and climate (in a site at 2,000 m),
(2) their current competitors and warmer climate (growing at 1,400 m) or
(3) novel competitors from low elevation and warmer climate (growing at
1,400 m). Shown are mean log response ratios (s.e.m.) of above-ground biomass
calculated from plants growing with or without competitors (n 5 25, 30, 27, 29,
for each species, respectively). Different letters below the bars for each
species indicate significantly different contrasts (Tukey’s honest significant
difference test, P , 0.05).
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data. By contrast, ferns, birds and wood-decaying fungi
showed small and non-significant changes in optimum eleva-
tion, ranging between +4 and +11 m decade−1 (Fig. 3A).

For the leading edge (upper elevational range limit),
upward shifts were most pronounced for animals (on average
+72.3 ± 17.8 m decade−1) than for plants (+28.2 ± 21.8 m
decade−1; Fig. 3B), with the exception of semi-aquatic insect
species that showed a non-significant trend for the leading
edge to shift downward (−4.7 ± 33.8 m decade−1; Fig. 3B
and Table 2). Remarkably, only terrestrial insects
(+90.5 ± 14.0 m decade−1) and reptiles (+63.7 ± 57.2 m
decade−1) showed an upward shift of their leading edge
within the range or higher than the pace of climate warming
(Fig. 3B), estimated at !+62–71 m decade−1 based on a
warming rate of 0.36"C decade−1 (Fig. 1) and a temperature
lapse rate of +0.51–0.58 m 100 m−1 (Rolland, 2003; Kirch-
ner et al., 2013).

(a) Terrestrial plants and fungi

For plants, our review suggests that there may be substantial
differences among the studied taxonomic or functional
groups, although these did not reach statistical significance,
with insignificant shifts in the optimal elevation of
+12.0 ± 26.9 and +4.2 ± 33.7 m decade −1 for ferns and
alpine plants and significant upward shifts of +23.1 ± 14.4
and +32.7 ± 17.9 m decade−1 for herbaceous and woody
species growing below the treeline (Fig. 3A). Notably, this
general pattern among the taxonomic groups is the same
for changes at the leading edge (Fig. 3B). Lenoir et al. (2008)
showed for different mountain areas throughout France,
including the western Alps, that the optimum elevation of
171 forest plants and trees moved upward in elevation at a
mean rate of +29 m decade−1 when comparing vegetation
surveys conducted between 1905 and 1985 to surveys con-
ducted between 1986 and 2005. However, when splitting
the data between short-lived herbaceous species
(e.g. grasses and sedges) and long-lived woody species (trees
and shrubs), Lenoir et al. (2008) found that only herbaceous
plants from the forest understorey have significantly shifted
their elevational optimum upslope (mean rate of +38 m dec-
ade−1). Similarly, by revisiting historical relevés and species
indicator values, Küchler et al. (2015) found an upward shift
of forest plant species in the herbaceous layer of Swiss forests
at +10 m decade−1 since the 1950s, while the elevational
range of species from the shrub and tree layers remained
rather stable over the same time period. By contrast, our
quantitative review across the European Alps suggests that
the optimum range of long-lived woody plants is shifting
upward at a significant rate, at least at the same rate as
non-alpine herbaceous plants (Fig. 3A). This discrepancy
may stem from the fact that we did not constrain our review
only to forest systems, unlike the above-mentioned studies
which specifically focused on range shifts of forest plants
(Lenoir et al., 2008; Küchler et al., 2015). Thus, by including
data from studies on forest systems with those reporting
range shifts for woody plant encroachment beyond the

Fig 3. Empirical evidence for elevational range shifts of (A) the
optimum distribution (i.e. elevation of maximum abundance)
and (B) the leading edge (i.e. the upper range limit) reported
for groups of taxa in the European Alps region. Values
correspond to the estimate of the mixed-effect model with
study as a random factor; error bars are 95% confidence
intervals. The period of time investigated varied among studies
but was always more than 10 years within the period 1980–
2020, or for diachronic studies comparing historical and
modern surveys, the modern survey was conducted within the
period 1980–2020, and the median year of the historical
survey(s) was after 1950. Only groups with more than five
species are shown (all studies are reported in Table 2). ecm,
ectomycorrhizal; sapro., saprophytic; semi-aq., semi-aquatic.
Different letters among groups indicate significant differences
(post-hoc Tukey tests at α = 0.05).
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ABSTRACT

Mountain areas are biodiversity hotspots and provide a multitude of ecosystem services of irreplaceable socio-economic
value. In the European Alps, air temperature has increased at a rate of about 0.36!C decade−1 since 1970, leading to
glacier retreat and significant snowpack reduction. Due to these rapid environmental changes, this mountainous region
is undergoing marked changes in spring phenology and elevational distribution of animals, plants and fungi. Long-term
monitoring in the European Alps offers an excellent natural laboratory to synthetize climate-related changes in spring
phenology and elevational distribution for a large array of taxonomic groups. This review assesses the climatic changes
that have occurred across the European Alps during recent decades, spring phenological changes and upslope shifts of
plants, animals and fungi from evidence in published papers and previously unpublished data. Our review provides evi-
dence that spring phenology has been shifting earlier during the past four decades and distribution ranges show an
upwards trend for most of the taxonomic groups for which there are sufficient data. The first observed activity of reptiles
and terrestrial insects (e.g. butterflies) in spring has shifted significantly earlier, at an average rate of −5.7 and −6.0 days
decade−1, respectively. By contrast, the first observed spring activity of semi-aquatic insects (e.g. dragonflies and damsel-
flies) and amphibians, as well as the singing activity or laying dates of resident birds, show smaller non-significant trends
ranging from −1.0 to +1.3 days decade−1. Leaf-out and flowering of woody and herbaceous plants showed intermediate
trends with mean values of −2.4 and −2.8 days decade−1, respectively. Regarding species distribution, plants, animals
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Novel competitors shape species’ responses
to climate change
Jake M. Alexander1, Jeffrey M. Diez2 & Jonathan M. Levine1

Understanding how species respond to climate change is critical for
forecasting the future dynamics and distribution of pests, diseases
and biological diversity1–3. Although ecologists have long acknowl-
edged species’ direct physiological and demographic responses to
climate, more recent work suggests that these direct responses can
be overwhelmed by indirect effects mediated via other interacting
community members2–7. Theory suggests that some of the most
dramatic impacts of community change will probably arise
through the assembly of novel species combinations after asyn-
chronous migrations with climate8–10. Empirical tests of this pre-
diction are rare, as existing work focuses on the effects of changing
interactions between competitors that co-occur today7,11–15. To
explore how species’ responses to climate warming depend on
how their competitors migrate to track climate, we transplanted
alpine plant species and intact plant communities along a climate
gradient in the Swiss Alps. Here we show that when alpine plants
were transplanted to warmer climates to simulate a migration fail-
ure, their performance was strongly reduced by novel competitors
that could migrate upwards from lower elevation; these effects
generally exceeded the impact of warming on competition with
current competitors. In contrast, when we grew the focal plants
under their current climate to simulate climate tracking, a shift in
the competitive environment to novel high-elevation competitors
had little to no effect. This asymmetry in the importance of chan-
ging competitor identity at the leading versus trailing range edges
is best explained by the degree of functional similarity between
current and novel competitors. We conclude that accounting for
novel competitive interactions may be essential to predict species’
responses to climate change accurately.

Climate change will alter species’ competitive environments through
initial shifts in the performance and relative abundance of their current
competitors, and longer-term changes in the identity of their compe-
titors caused by migration and local extinctions2. Empirical studies of
the shorter-term changes in neighbour abundance provide evidence
both for7,11,13,15 and against12–14 the importance of competitive interac-
tions in mediating the impact of climate change. However, these results
may underestimate the potential role of changing competition. Over
longer timescales, species will experience competition from new and
functionally different migrants, and if they themselves migrate to
track climate change, they will probably encounter new resident
competitors2,9. Despite the potential importance of these novel com-
petitive interactions in determining species’ persistence and future
distributions with climate change16,17, empirical evidence is scant for
two reasons. First, in most systems, the combinations of species that will
face one another in the future is highly uncertain. Second, the logistical
challenges associated with experimentally assembling hypothetical
future communities, and doing so under realistic climate scenarios,
are typically prohibitive.

Elevation gradients in mountains provide a unique opportunity to
test how changing competitor identity will affect species’ responses to
climate change. The steep climate gradient in these environments

means that the novel competitors that species will face following
climate warming are those already occurring only hundreds of metres
away. Furthermore, perennial grasslands in these regions lend them-
selves to whole-community transplantation along climate gradients.
We experimentally simulated the endpoints of the spectrum of com-
petitive environments that an alpine species will experience following
climate change at the leading and trailing edges of its range (Fig. 1). At
its trailing range edge, a species that fails to migrate will experience
warmer climate and compete with either its current community mem-
bers (scenario 1 in Fig. 1), or with a novel community composed of
species that have migrated upwards from lower elevation (scenario 2).
By contrast, at the leading edge of its range, a species migrating to
higher elevations to track its current climate will compete either with
its current competitors if they also migrate (scenario 3) or with a novel
higher-elevation community that has persisted in place (scenario 4).

To simulate these scenarios, we transplanted focal alpine species and
intact plant communities along an elevation gradient in the Swiss Alps
(Table 1), and followed their performance for 2 years. To simulate
scenarios in which focal species and/or communities fail to migrate
and thus experience warmer temperatures, we moved focal plants
and/or communities to a lower-elevation site. To simulate scenarios
in which focal species and/or communities migrate to track current
climate and thus experience little change in temperature, we trans-
planted them back into their current elevation site. The direction of
transplantation is thus meant to reflect future climate conditions, not

1Institute of Integrative Biology, ETH Zurich, Universitätstrasse 16, 8092 Zurich, Switzerland. 2Department of Botany and Plant Sciences, University of California Riverside, 900 University Avenue, Riverside,
California 92521, USA.
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Figure 1 | Scenarios for the competition experienced by a focal alpine
plant following climate warming. If the focal plant species (green) fails to
migrate, it competes either with its current community (yellow) that also fails to
migrate (scenario 1) or, at the other extreme, with a novel community (orange)
that has migrated upwards from lower elevation (scenario 2). If the focal
species migrates upwards to track climate, it competes either with its current
community that has also migrated (scenario 3) or, at the other extreme, with a
novel community (blue) that has persisted (scenario 4). Table 1 describes
the experimental implementation of these scenarios.
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FIGURE 1 | Environmental filtering and competitive exclusion give rise to opposite expectations about the phylogenetic, functional and trait patterns. Which ecological

force can be invoked to explain a given phylogenetic, functional and trait patterns depends on whether trait evolution is conserved or convergent. When functional

traits are phylogenetically conserved, environmental filtering drives clustering patterns (A) and competitive exclusion drives overdispersion patterns (B). When

functional traits are phylogenetically convergent, competitive exclusion drives phylogenetic clustering, functional overdispersion and trait divergence patterns (C), and

environmental filtering drives phylogenetic overdispersion, functional clustering and trait convergence patterns (D). In each figure, there are three communities

represented by rectangles. Within each community, colored circles represent species. Black lines represent the source of species from phylogenetic tree for each

community. Colored lines with different length represent traits with different values. Figure adapted from Webb et al. (2002), Cavender-Bares et al. (2004), Kembel

(2009), and Bernard-Verdier et al. (2012).
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genome for the other 903 species of angiosperms (Table S1: 9 major clades, 22 orders, 41 families and 358 

genera) using this pipeline. 

 

Comparisons between the reassembled and published plastomes 

Comparative analyses showed that the identity between the reassembled and published plastomes were more 

than 99.25% in 55 species, except Dendrobium nobile was 92.267, and Phelipanche aegyptiaca was 97.512%. 

For 41 species using the identical raw data, the reassembled plastomes of 11 species were identical to the 

published ones, and of 11 species were fewer than 30 site-differences (Table 1). In addition, the reassembled 

plastomes of Amborella trichopoda and Nicotiana tabacum were the same to the published ones. The site-

differences in Laurus nobilis occurred in the boundary between LSC-IRb and SSC-IRb. Dendrobium nobile 

having the highest differences between the reassembled and published plastomes indicated that one of the sample 

should be misidentified. 

 

 
Figure 2. Four types of assembly graphs visualized using Bandage: a complete circular chloroplast genome (A), 

LSC having one break point (B), both LSC and SSC having one break point (C), and multiple short inverted 

repeats hard to loosen (D). 
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variation in the SSC. Chloroplast genomes are often assembled 
using a reference guided protocol propagating the orientation 
of the isomer. A distinct feature of Chloroplot is its ability to 
reverse complement the SSC regions embedded in the configuration 
panel. The possibility of swapping between the two inversion 
isomers of the SSC can help to avoid laborious manual editing, 
as well as overlooking this natural phenomenon. For more efficient 
representation of the genome, Chloroplot also allows the reverse 
complementing of the LSC and IR regions. In cases, where a 
gene is extending beyond a region – and hence, reverse 
complementing this region would bisect the gene – Chloroplot 
automatically scans the other side of the region when deciding 
and labeling the corresponding genes as pseudo or functional.

Presentation of Non-identical IRs
The presence of IRs is nearly a universal feature of the chloroplast 
genomes of land plants. There are several indications that IRs 
are subjected to operating gene conversion and copy correction 
mechanisms (Goulding et  al., 1996). Since concerted evolution 
homogenizes the nucleotide composition of the IRs among abundant 

copies in plant cells, their sequences should be  identical. 
Non-identical IR copies frequently arising from poor genome 
assembly, read processing, and quality assessment are often 
undetected, which can lead to erroneous interpretations. For 
example, the plastid genome sequence of Guizotia abyssinica (L.f.) 
Cass (Dempewolf et al., 2010) contains non-identical IRs, possibly 
arising from sequencing errors, which has accidentally slipped 
the authors attention. The default settings for automatic IR detection 
embedded in OGDRaw assume that IR sequences are completely 
identical (Lohse et al., 2013); otherwise, the algorithm terminates 
the search when single nucleotide polymorphisms (SNPs) are 
encountered in the sequences. Considering that sequence conversion 
is acting over the IRs, this is the proper methodological procedure, 
since OGDraw also allows the visualization of non-identical IR 
sequences using the manual function. This assumes that users 
carry out quality controls before graphically displaying their 
chloroplast genome maps. The example of G. abyssinica shows 
that errors might slip the attention of researchers, and an error-
aware IR detection method would help reduce such error rates. 
In the case of G. abyssinica, the junction sites JSB (IRb/SSC) 

FIGURE 1 | Screenshot of the Chloroplot online web interface. Chloroplot gives vast control over the generated output with respect to the predefined color 
schemes and interesting genomic indices.
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Abstract: Genome skimming has the potential for generating large data sets for DNA barcoding and
wider biodiversity genomic studies, particularly via the assembly and annotation of full chloroplast
(cpDNA) and nuclear ribosomal DNA (nrDNA) sequences. We compare the success of genome skims
of 2051 herbarium specimens from Norway/Polar regions with 4604 freshly collected, silica gel dried
specimens mainly from the European Alps and the Carpathians. Overall, we were able to assemble
the full chloroplast genome for 67% of the samples and the full nrDNA cluster for 86%. Average
insert length, cover and full cpDNA and rDNA assembly were considerably higher for silica gel dried
than herbarium-preserved material. However, complete plastid genomes were still assembled for
54% of herbarium samples compared to 70% of silica dried samples. Moreover, there was comparable
recovery of coding genes from both tissue sources (121 for silica gel dried and 118 for herbarium
material) and only minor di↵erences in assembly success of standard barcodes between silica dried
(89% ITS2, 96% matK and rbcL) and herbarium material (87% ITS2, 98% matK and rbcL). The success
rate was > 90% for all three markers in 1034 of 1036 genera in 160 families, and only Boraginaceae
worked poorly, with 7 genera failing. Our study shows that large-scale genome skims are feasible
and work well across most of the land plant families and genera we tested, independently of material
type. It is therefore an e�cient method for increasing the availability of plant biodiversity genomic
data to support a multitude of downstream applications.
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290 days
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A First Phylogeny of 
a Whole 
Biogeographic Area

6986 taxa - 4,775 full cpDNA + 2,211 
ORTHOSKIM) - 84 genes (79 CDS, 4 rRNA, trnL-
UAA) - 62,049 Nt (49,660 informative; 9.05% 
missing)
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Where is it Going? 
more data, more taxa and more complex models (phylogeny and dating): utopia vs reality (Dahu)?  

v2 in progress with 
new taxa (230 new + 
984 added)

Calibration for molecular 
dating (fig from Magallón 

2021) needs additional 
taxa (NCBI)

Bayesian molecular dating: Opening the black box 5
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Fig. 2. Flowchart describing a simplified process of Markov chain Monte Carlo (MCMC) for Bayesian molecular dating. An initial
state, consisting of a tree topology, branch lengths, and parameter values (represented by θ ), is either chosen randomly or specified
by the user. A new state is proposed by making incremental changes to the branch lengths, model parameters, and tree topology.
Depending on the program, each step can propose a single or multiple changes. The initial and proposed states are evaluated for
their unnormalized posterior probability and a ratio calculated. If the random number drawn from a uniform distribution between
0 and 1 is greater than the ratio of the two posterior probabilities, then the proposal is rejected and the chain stays on the current
state, but if the random number is smaller than the ratio of the two posterior probabilities, the proposal is accepted and it becomes
the current state. The process continues until it reaches an arbitrary stopping point or when the user decides that a sufficient number
of samples has been drawn.

we generally do not know which set of date estimates is correct
unless we have additional, uncontroversial information about
the evolutionary timescale. But, by the very nature of the
problem, there are relatively few data sets for which we
can compare our date estimates against a known timescale.
This is partly because molecular dating analyses are used
to infer unknown divergence times, so are rarely applied to
cases where the answer is already known. More importantly,
however, Bayesian molecular dating typically incorporates
all prior information about divergence times, so the resulting
date estimates cannot be independently used to evaluate the
estimates.

There are surprisingly few cases in which a subset
of calibrating information is used to estimate the dates
of other nodes for which the age is already known.
One example is a Bayesian analysis of DNA from bison
(Bison priscus), which correctly identified the ages of most
of the ancient DNA sequences from samples that had
already been radiocarbon-dated (Shapiro et al., 2011).
Bayesian date estimates can be evaluated in light of
other evidence for an evolutionary timescale. For example,
molecular date estimates for the origin of planktonic algae
(Sánchez-Baracaldo et al., 2017) have been considered to be
consistent with biogeochemical evidence (Knoll, 2017).

In the absence of independent information on the
evolutionary timescale with which to evaluate the veracity
of Bayesian date estimates, simulation studies can be used
to explore the performance of the methods under different
evolutionary processes and patterns. Studies of synthetic data
generated by simulation under known conditions can tell us
how reliable methods are in specific (and often simplified)
scenarios, but we can never be certain that those conditions

are an appropriate reflection of reality. If we lack the means
to give a definitive answer on which methods are always
reliable, how are we to decide which are the best choices
for methods and models for a given data set? This choice
will depend partly on the characteristics of the genetic data,
including the nature of the markers being analysed and the
sampling scheme.

II. DATA

(1) Data selection

Molecular dating analyses are based on comparing
homologous sequences in order to reveal the history of
populations or lineages. These are usually sequences of a
number of loci, representing a miniscule fraction of the
whole genome. The hope is that the chosen loci will be
adequate to infer the history of the lineages from which they
were sampled. Since different loci can evolve at different
rates and have different evolutionary histories, the model of
molecular evolution employed in a dating analysis will need
to be appropriate to the data being analysed.

In a molecular dating study, DNA sequences in the
alignment can represent conspecific individuals, populations,
species, or higher taxa. Few data sets contain sequences
representing all the descendants of the last common ancestor
at the root of the tree. Instead, most molecular dating studies
rely on an incomplete sample of the tips (terminal nodes)
of the phylogeny. Increasing the density of taxon sampling
to include more tips in the phylogeny will often improve
inferences of topology (Heath, Hedtke & Hillis, 2008; Soares

Biological Reviews (2017) 000–000 © 2017 Cambridge Philosophical Society

Model of nucleotide substitution 
process (bottom left) and process of 
MCMC for bayesian molecular dating 
(top right) - Bromham et al. 2017

8 Lindell Bromham and others
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Fig. 3. Models of the nucleotide substitution process. (A) Substitution models of the general time-reversible family comprise the
replacement rates between pairs of nucleotides and the equilibrium base frequencies. In the Jukes–Cantor (JC) model, all six
of the nucleotide replacement rates are equal. In the HKY model, the nucleotide replacement rates can be constrained so that
transitions and transversions occur at different rates. In the general time-reversible (GTR) model, the six replacement types occur
at different rates. These rate matrices can be combined with a proportion of invariable sites and with a gamma distribution to
model rate variation across sites. (B) An example of a five-taxon data set that has been partitioned into two subsets. An HKY
(Hasegawa–Kishino–Yano) model has been assigned to the first subset, whereas a GTR + I + ! (general time-reversible model
with a proportion of invariable sites and gamma-distributed rates across sites) model has been assigned to the second subset. (C)
Substitution models consist of rate matrices (Ri) and base frequency vectors (

∏
i). Different combinations of these model components

are shown in different colours along the branches of the trees. Most substitution models assume that the evolutionary process is
time-reversible, homogeneous, and stationary, as shown in the left tree. However, these assumptions can be relaxed by varying
the substitution model across branches. If the rate matrix varies across the tree, but base frequencies are constant, the process is
considered to be stationary, but neither reversible nor homogeneous (second tree). If base frequencies also vary through the tree,
then the process is also non-stationary (third and fourth trees).

applied to nucleotide data because these models are highly
computationally efficient and have been shown to be robust
under a wide range of conditions in simulation studies
(Sullivan & Joyce, 2005).

There are equivalent time-reversible models for amino
acid data (Adachi & Hasegawa, 1996; Yang, Nielsen &
Hasegawa, 1998; Huelsenbeck et al., 2008), but these are
rarely used because they require large numbers of parameters
to be estimated in the analysis. Instead, the most common
approach for protein sequences is to fix the parameter values
using empirical estimates of the relative rates of change for
each kind of amino acid transition, estimated from large
protein data sets (e.g. Dayhoff, Schwartz & Orcutt, 1978;
Jones, Taylor & Thornton, 1992; Whelan & Goldman, 2001).

In addition to variation in rates between different kinds of
substitution, substitution models can allow for variation in
rates across sites in an alignment (Fig. 3). Failure to account
for variation in rates across sites can have negative impacts
on Bayesian date estimates (Marshall, Simon & Buckley,

2006), and different models of rates across sites can result
in changes to date estimates (Brandley et al., 2011; Soubrier
et al., 2012; Jia, Lo & Ho, 2014). Variation in substitution
rate across sites is usually modelled by assuming that the
rates follow a parametric distribution (Yang, 1993, 1994).
The gamma distribution is commonly used for this purpose
because it is non-negative and simple to parameterize, and its
various forms can resemble the lognormal and exponential
distributions. So the popularity of the gamma distribution
is due to its practical benefits rather than any empirical
evidence that it is biologically realistic (Felsenstein, 2001; Jia
et al., 2014).

The choice of substitution model, or the form of the
priors on the parameters of the model, can affect date
estimates (Duchêne et al., 2015; Marshall et al., 2016). In
particular, using an underparameterized substitution model
can cause the amount of genetic change to be underestimated
(Lemmon & Moriarty, 2004). However, the impact of the
choice of substitution model is not always easy to predict. For
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Jones (2017) Algorithmic improvements to species delimitation and phylogeny estimation under the multispecies coalescent. Journal of 
Mathematical Biology, 74(1-2): 447-467

Species Tree And 
Classification Estimation, 
Yarely (STACEY)

Bayesian MSC-based approach derived from DISSECT 
and implemented in BEAST2 that infers both species 
delimitations and species trees using multilocus data.

STACEY infers a “species or minimal clusters tree” 
(SMC) under the birth-death-collapse tree prior and 
without a guide tree. The tips of the SMC tree 
represent minimal clusters of individuals that may 
be collapsed to a single putative species, if branches 
are shorter than a specified length (collapse height).

Powerful, does not need prior assignment of 
specimens or guide tree. Like BPP and other MSC-
based approached, STACEY could suffer from 
violation of MSC-model basic assumptions.
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