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ABSTRACT

ARTICLE HISTORY

High-elevation ecosystems will experience increasing periods of above-average warmth and
altered precipitation changes because of climate change. This causes uncertainties for community
properties such as productivity and biodiversity. Increasing temperature may increase productivity
by increasing growing season length and metabolic rate or decrease productivity by causing
drought stress. Competitive outcomes between species may change with altered climatic conditions, causing shifts in community composition. This study investigates the resistance of aboveground biomass and plant community composition of montane and alpine grassland ecosystems
to abruptly altered temperature and precipitation conditions. Intact plant-soil communities were
translocated downslope spanning an elevational gradient of 2,090 m in the European Alps. We
hypothesize that increasing temperature leads to (1) increased aboveground biomass in the
absence of precipitation deficits, (2) decreased species richness, and (3) shifts in plant community
composition. After one year of exposure to their new environment, aboveground biomass
changes appeared to be dependent on precipitation regimes, whereas species richness declined
consistently with changed climatic conditions. No deterministic shift in community composition
was found. Abrupt changes in climatic conditions can lead to rapid responses of community
properties, indicating that these high-elevation communities may have low initial resistance to
future heat waves and droughts.
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Introduction
Temperature rise because of anthropogenic climate
change is expected to be most extreme at high latitudes
and elevations (Ceppi et al. 2012; Gobiet et al. 2014;
Pepin et al. 2015). Temperature is a fundamental regulator of chemical and biological processes and is likely
to both directly and indirectly affect plant community
properties (Rustad et al. 2001). Properties such as biomass production and species diversity can be tightly
linked (Fraser and Pither 2015; Hautier et al. 2015),
and studying their joint responses to rapid environmental shifts can reveal additional properties of communities, such as resistance (Kreyling et al. 2017).
Increased temperature within a single season can affect
these properties in cold biomes by extending growing
seasons for plants because of changes in snow regimes
CONTACT Bernd Josef Berauer
bernd.berauer@uni-bayreuth.de
Universitätsstraße 30, 95447, Bayreuth, Germany.
Supplemental data for this article can be accessed here.

KEYWORDS

Alpine; climate manipulation
experiment; community
ecology; elevational
gradient; grasslands;
resistance

(Myneni et al. 1997; Inouye and Wielgolaski 2003;
Laternser and Schneebeli 2003; Klein et al. 2016;
Asam et al. 2017). In addition, higher metabolic rates
at higher temperatures (Billings and Mooney 1968;
Lucht et al. 2002; Larcher 2003) may increase the
plant productivity of cold-adapted ecosystems. Despite
these potential gains in productivity, plants may simultaneously suffer from even short-term increases in temperature. At more extreme temperatures, this may
occur directly via the damage of tissue or overheated
photosystems (Larcher 2003; Buchner et al. 2015).
Although, well before such extremes, temperature can
indirectly reduce productivity via reduced soil-water
availability resulting from increased evapotranspiration
and altered precipitation regimes (De Boeck et al.
2016). These conflicting drivers may explain why
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experimental warming studies of grasslands revealed
contradicting results on productivity effects. Negative
effects of increased temperature on productivity have
been found in both in situ warming experiments (De
Boeck et al. 2008) and translocation experiments (Egli
et al. 2004); positive productivity effects have also been
found in both in situ warming experiments (de Valpine
and Harte 2001; Wan et al. 2005) and translocation
experiments (Sebastià 2007). Additional studies have
found no effect of warming on productivity (Dukes
et al. 2005) or results that varied temporally or with
soil moisture conditions (Harte and Shaw 1995;
Cantarel, Bloor, and Soussana 2013). But to our knowledge it remains unclear which underlying mechanisms
prevail and which environmental conditions cause
a change in the importance of both conflicting drivers.
The stability and resistance of community diversity to
changing conditions may conserve ecosystem functions, such as productivity (Hodgson, McDonald, and
Hosken 2015; Donohue et al. 2016). Given this lack of
consensus in warming experiments and the risk of
increased warm and dry periods in cold-biome ecosystems, continued research on the resistance of communities to abrupt environmental changes is needed.
Resource acquisition and allocation strategies determine species coexistence, as plants compete for limiting
resources (Harpole et al. 2016). Temperature changes
may alter plant-resource availability through multiple
pathways, such as increased decomposition rate
(Gavazov 2010; García-Palacios et al. 2013) or the
depletion of soil moisture (Schär et al. 1999; Jung
et al. 2010). Increased microbial activity may increase
nitrogen availability (Rustad et al. 2001; Wang et al.
2016), potentially alleviating belowground competition
and shifting it toward aboveground competition for
light (Hautier, Niklaus, and Hector 2009; Borer et al.
2014). Such gains or reductions in plant-resource availability may shift competitive outcomes among species
of an established community, leading to species loss or
community-structure reorganization. An extended
growing season may also shift the competition pattern
and subsequently the community composition because
cold-adapted species might be less adapted to leverage
the extended growing season into higher growth and
fertility (Wipf 2010). This can result because of the
sensitivity of increased exposure to frost events as the
insulating effect of snow is lost (Wipf, Rixen, and
Mulder 2006), or by advantaging early emerging species
that preempt resource uptake (Mwangi et al. 2007).
Thus, in montane and alpine grasslands future warm
periods are likely to promote fast adapting, fast growing, high-statured species such as graminoids, which
are able to benefit efficiently from the changed resource

availability (Bret-Harte et al. 2004; Veen et al. 2015;
Klanderud et al. 2017) and therefore outcompete
others. Especially graminoids, with their taller stature,
were shown to profit from increased temperature and
nutrient availability and hence outcompete smallerstatured growth forms for light and space (Theurillat
and Guisan 2001; Klanderud, Vandvik, and Goldberg
2015). In the absence of dispersal, this should lead to
deterministic decreases in species richness by outcompeting species unable to adapt to the novel biotic and
abiotic environment. These losses may be mitigated or
even reversed, however, if novel plant species colonize
into an existing community (Engler et al. 2009;
Alexander, Diez, and Levine 2015; Rixen and Wipf
2017). Nonetheless, the life cycle and demographic
properties of species will cause the processes underlying
the colonization of new habitats to lag behind the speed
of change (Alexander et al., 2017; Dullinger et al. 2012).
Here, we investigate community resistance by examining the initial, one-year responses of plant communities to simulated, abrupt changes in temperature and
precipitation climatic conditions on montane and
alpine grasslands using an experimental downslope
translocation of intact plant-soil monoliths in the
European Alps. We hypothesize that:
(1) Aboveground biomass increases with increasing temperature in the absence of severe precipitation differences.
(2) In the absence of colonization, increasing temperature leads to a loss of species because of
shifts in interspecific competition reflected in
shifting functional group dominance and light
transmission.
(3) Community composition will shift with
increasing temperature and both diverge compared to the original composition (between
translocation sites) and show decreased variability relative to its original composition
because of deterministic competitive exclusion
(within translocation sites).

Materials and methods
Study sites
This study was conducted along an elevation gradient ranging from 350 m to 2,440 m a.s.l. across Germany (DE),
Austria (AU), and Switzerland (CH) in the European Alps.
Six representative grassland sites ranging from colline to
alpine ecosystems were selected for downslope translocation
of intact plant-soil monoliths. These six sites were Bayreuth
(DE, 350 m a.s.l.), Fendt (DE, 550 m a.s.l.), Graswang
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(DE, 900 m a.s.l.), Esterberg (DE, 1,300 m a.s.l.), Stubai
(AU, 1,850 m a.s.l.), and Furka (CH, 2,440 m a.s.l.). All of
the selected grasslands are seminatural, with the exception
of alpine Furka, where natural grasslands occur above the
tree line. For a description of the environmental site conditions see Table 1.
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for unintended treatment effects resulting from the
extraction and the PVC tubes themselves (e.g., isolation
from surrounding soil, which might hamper or inhibit
lateral subsurface flows, root damage, etc.).

Experimental setup

Measured environmental and ecological
parameters

In the summer of 2016, a total of 126 intact plant-soil
monoliths were taken from native grasslands by inserting in PVC tubes with a diameter of 30 cm (similar
method to Kreyling et al. 2017; Wu et al. 2012) using
a modified jackhammer. This experimental unit size is
sufficient to allow for studying the integrative responses
to a multitude of community interactions in small
statured grasslands (Milbau et al. 2007). The sampling
depth was variable: At the four low- to mid-elevation
sites (DE) monoliths were taken with a depth of 40 cm,
but because of shallow soils and increasing stoniness,
this depth was reduced to 25 cm for monoliths from
Stubai (AU) and Furka (CH). The bottoms of the
monolith units were left open to allow for water flow.
The monoliths were taken with the turf 1–2 cm below
the rim to minimize microclimatic effects while avoiding excess water runoff. The shallow soils of Furka
(CH) prevented this, so the monoliths were instead
filled from the bottom with local soil to achieve the
desired distance between upper rim and turf. After
excavation of the monoliths at their site of origin,
they were translocated downslope to the recipient sites
and dug into the extant vegetation with the rim of the
monolith flush to its surrounding. Monoliths were
installed in raised beds at the lowest (Bayreuth, DE)
and highest (Furka, CH) location. This was done
because of high groundwater tables at Bayreuth and to
avoid excessive disturbance of the sensitive habitat at
Furka. Monoliths of the four German sites, ranging
from 1,350 m to 350 m a.s.l., were translocated to
each site with a lower elevation than the monolith
origin. Monoliths originating from Stubai (AU,
1,850 m a.s.l.) and Furka (CH, 2,440 m a.s.l.) were
translocated only to Bayreuth to test the ecological
limits of alpine and subalpine grasslands reacting to
abrupt changes in environmental conditions. The high
sensitivity of these grasslands to disturbance minimized
the number of replicates that could be extracted, preventing translocation to intermediate elevations. At all
study sites, additional sets of monoliths were translocated within the respective site as control monoliths
(see Table 2 for an overview of replicates from origin
and recipient sites, as well as Figure 1). The installation
of site-specific control monoliths allowed us to control

Within the first ten days after snowmelt in spring 2017,
sensors for soil moisture (EcH2O 5-TM, Decagon
Devices Inc., USA) were installed horizontal at 5 cm
depth together with data loggers (EcH2O Em50,
Decagon Devices Inc., USA) using one monolith from
each origin at each recipient site. Data were recorded at
15 min intervals to allow fine scale resolution, but were
aggregated to daily means for this study. Additionally,
on-site weather station data were used to determine
precipitation amounts and growing degree days
(GDD) as a proxy for thermal time available for plant
growth. The GDD was calculated as the sum of the area
beneath a sinusoidal curve that was fit to the minimum
and maximum daily temperature, with a lower bound
of 5°C (Baskerville and Emin 1969). This provides
a site-specific estimate for the thermal energy available
for plants, although it should be noted that with
increasing elevation, the thermal microclimate of plants
becomes increasingly decoupled from air temperature
(Scherrer and Körner 2009). Here, we present data for
the entire calendar year until the date of harvest as well
as for the site-specific growing-season length of 2017.
Growing season was defined as the number of days
between the first five consecutive days with mean air
temperature above 5°C (Zhang et al. 2011) and the date
of harvest; both dates are site specific.
During the 2017 growing season, aboveground biomass
of each monolith was harvested 3 cm above ground level at
the time of peak biomass at each site. Aboveground biomass was sorted into single vascular plant species, inventoried to provide species richness per monolith, and then dried
at 60°C for 48 h and weighed. In 2016, all monoliths were
harvested after translocation at peak season to provide
a baseline of aboveground production in subsequent
years. Because of harvests in the previous year, litter had
not accumulated. Dead or senesced tissue from the 2017
growing season was included in the species-specific biomass. This represented one full year of exposure to the
climate of the recipient sites.
The percentage of green cover of each monolith was
estimated weekly by a visual survey during the growing
season in Bayreuth, always by the same observer (from
March 16 to July 10, 2017). This was measured as
a proxy of environmental stress, as senesced tissue

Plant
Sociology

Climatic

Geographic

Bayreuth (DE)
Fendt (DE)
Graswang (DE)
Esterberg (DE)
Stubai (AU)
Furka (CH)
Elevational belt
Colline
Montane
Montane
Montane
Subalpine
Alpine
Coordinates
49°55ʹ16ʺN
47°49ʹ44ʺN
47°34ʹ11ʺN
47°30ʹ59ʺN
47°07ʹ44ʺN
46°34ʹ36ʺN
11°34ʹ55ʺE
11°03ʹ58ʺE
11°01ʹ51ʺE
11°09ʹ28ʺE
11°18ʹ19ʺE
08°25ʹ17ʺE
Elevation (m a.s.l.)
350
550
900
1,300
1,850
2,440
MAT (°C)
8.2
8.6
6.6
NA
3
−0.5
MAP (mm)
724
959
1,285
NA
1,097
1,600
Growing degree days 2017 Total amount
1,035
1,106
916
879
763
337
Vegetation period
982
1,046
860
779
664
285
(heat sum)
Precipitation 2017 (mm)
Total amount
275
513
643
556
550
658
Vegetation period
204
419
489
418
465
320
Temperature 2017 (°C)
Total amount
8.1
7
6.3
5.3
5.9
0.5
Vegetation period
13.1
11.7
11.2
10.5
9.9
8.7
Plant association
Arrhenatheretum elatioris Arrhenatheretum elatioris Trisetetum flavescentis
Cynosuretum cristati
Trisetetum flavescentis
Caricetum curvulae
Dominant species
Agrostis capillaris
Alopecurus pratensis
Dactylis glomerata Anthoxanthum odoratum
Agrostis capillaris
Carex curvula
Anthoxanthum odoratum
Dactylis glomerata
Festuca pratensis
Cynosurus cristatus
Trisetum flavescens Helictotrichon versicolor
Festuca rubra
Elymus repens
Festuca rubra
Elymus repens
Dactylis glomerata
Poa alpina
Achillea millefolium
Lolium perenne
Trisetum flavescens
Festuca pratensis
Carum carvi
Nardus stricta
Pilosella piloselloides
Poa angustifolia
Pimpinella major
Festuca rubra
Leontodon helveticus
Luzula lutea
Plantago lanceolata
Poa pratensis
Plantago lanceolata
Lolium perenne
Leontodon hispidus
Campanula barbata
Rumex acetosa
Taraxacum officinalis
Trifolium pratense
Trifolium pratense
Rumex acetosa
Homogyne alpina

Site (Country)

Table 1. Geographic, climatic, and plant sociologic characteristics of the study sites along the elevational gradient in the European Alps from low to high. All vegetation-period specific
values are site specific. Data shown were calculated from on-site weather-station data. Long-term data for Esterberg are not available.
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Table 2. Experimental setup. Number of monoliths translocated from origin (rows) to recipient sites (columns).
Recipient/Origin
Furka
Stubai
Esterberg
Graswang
Fendt
Bayreuth
Number Translocated

Furka

Stubai

Esterberg

Graswang

Fendt

Bayreuth

Number Excavated

9

–
9

–
–
9

–
–
9
9

–
–
9
9
9

9

9

9

18

27

9
9
9
9
9
9
54

18
18
36
27
18
9
Σ 126



Sample  XControl
Relative Change ¼
 100
(1)
XControl

Figure 1. Scheme of experimental setup. Each colored plant
represents nine plant-soil monoliths, either translocated as
control at the respective origin or to a specific recipient site.
Colors of plants represent the investigated temperature gradient, from cold (blue) to warm (red). The grey scale of the
mountain represents ecological zones spanned along this elevational gradient, ranging from colline (low elevation) to montane to alpine (high elevation).

may indicate either drought stress or water limitation
(De Boeck et al. 2016).
We quantified light transmission to ground level by
measuring the photon flux density of photosynthetically
active radiation (PAR) immediately before harvest for all
monoliths. We measured PAR above vegetation and at
ground level to build a ratio of intercepted light by vegetation structure aboveground. This integrated measure of
light transmission was used as a proxy for aboveground
competition and shifting resource limitation (from belowto aboveground) in relation to hypothesis 2. We conducted
these measurements using a light-ceptometer (AccuPAR
LP-80, Decagon Devices Inc., USA) with the calibration set
to 30 cm gauge length to capture PAR along the full
diameter of the monolith.

Statistical analyses
The treatment effects for all response parameters were
calculated as relative changes compared to the control.

with Sample a single translocated monolith of a specific
origin and XControl the mean of all excavated and
reinserted control monoliths of the same specific
origin.
Data were checked for normality and homoscedasticity. All analyses were done using R Statistics version
3.3.1 (R Core Team) and the packages “nlme” and
“lsmeans.” We tested the effects of translocation on
aboveground biomass and species richness, using linear
models with the origin of the monolith with either
changes in elevation, GDD, or precipitation as predictors. Additionally, we tested for interactions between
origin and each environmental variable. The effects of
translocation on changes in relative proportion to community aboveground biomass of the plant functional
groups graminoids, forbs, and legumes were tested in
the same way to detect possible dominance shifts in
communities’ plant functional group composition in
relation to hypothesis 3. Then, to compare recipient
site-specific differences, we used linear mixed-effect
models to test whether recipient sites had differing
effects on the relative changes in aboveground biomass
and total species richness with site of origin as
a random factor. We then used a post hoc TukeyHSD
to examine each pairwise comparison. To test if the
change in aboveground biomass or species richness at
a single recipient site was significantly different from
zero we used similar linear mixed-effect models without intercept.
To demonstrate the robustness of our monolith
approach, we report several additional components of
our monolith communities in the supplementary material. First, mean species richness and mean maximum
relative abundance (percentage of total aboveground
biomass produced by the most abundant species within
a monolith) of each origin’s control and translocated
monoliths demonstrates that our monoliths were of
sufficient
size
for
examining
community
dynamics. Second, we demonstrate that plant communities were initially indistinguishable following translocation and experimental setup in 2016. We examined
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the origin-specific effects of translocations on aboveground biomass and richness to different recipient sites
from initial data collected in 2016 using ANOVA, followed by a TukeyHSD post hoc test for origins with
multiple recipient sites. This comparison was unavailable for the Esterberg site because of recent mowing
immediately before monolith extraction.
We tested for mechanisms underlying changes in
species richness and aboveground biomass by correlating the relative changes of (1) biomass on light transmission and species richness, (2) light transmission on
species richness, and (3) graminoid dominance (relative
abundance of graminoids) on species richness, using
linear mixed-effect models with a unique originrecipient site ID nested within the site of origin as
random effects.
Because of the observed non-linearity, we used generalized additive models (GAM) to model the observed
green cover versus day of the year. GAM was implemented through the “mgcv” package in R using cubic regression splines and cross-validation to select the optimal
amount of smoothers for estimating how green cover
was predicted by day of the year interacting with monolith
origin. Thus, model estimates are composed of six
smoothing functions and an intercept value.
Differences in community composition were tested
using the modified PERMANOVA approach proposed
by Bacaro, Gioria, and Ricotta (2012). Bray-Curtis dissimilarity is an abundance-weighted beta diversity
metric and was calculated for pairwise combinations
of monoliths. For each combination of a translocation
treatment (n = 9) and its control (n = 9) the following
pairwise comparisons were made: Each monolith at the
control site compared to all others at that site (labeled
“within-control”), each monolith at the site of translocation compared to all others at that site (labeled
“within-translocation”), and each monolith at the control site compared to each monolith at the translocation
site (labeled “between”). To minimize the number of
statistical comparisons made, we only tested for differences between the two “within” groups (e.g., does
translocation to a given site cause monolith communities to become more or less alike one another than
those at the site of origin?) and the “between” group to
the “within-control” group (e.g., does translocation
cause monolith communities to become more dissimilar than control monolith communities are to each
other?). To avoid issues of inherent non-independence
that arise as a result of each monolith being used for
multiple comparisons, an F statistic was calculated for
observed differences between each overall statistical
comparison made, followed by 9999 Mantel randomizations of the observed values within the dissimilarity

matrix and recomputation of the F statistic. A p value
was calculated based on the percentage of randomized
F statistics that were larger than the observed F statistic.
Because of the multiple comparisons made, we adjusted
the 0.05 level of significance using Bonferroni corrections for the number of comparisons made within each
origin. This allowed us to be cautious in our interpretation of significant differences, while avoiding being
overly conservative in these adjustments.

Results
Aboveground biomass
Downslope translocation led to increased thermal time
(GDD) for all translocated monoliths, except for the
translocation from Fendt (550 m a.s.l.) to Bayreuth
(350 m a.s.l.). However, the increased thermal time of
Fendt relative to Bayreuth is entirely the result of the
five additional days until harvest in Fendt, as the sites
were otherwise equivalent. All monoliths that were
translocated to the lowest site (Bayreuth, 350 m a.s.l.)
experienced a substantial decrease in precipitation
(Table 1). After a full year of exposure to these new
environments, changes in aboveground biomass of the
montane and alpine grassland communities did not
correlate with elevational distance or thermal time
(GDD) changes because of translocation (effect of elevation: p = .17, R2 = 0.05; effect of GDD: p = .7,
R2 = 0.04). However, aboveground biomass positively
responded to changes in precipitation (effect of precipitation: p < .001, R2 = 0.2; Figure 2a). Recipient sites of
translocated plant communities had different influences
on the relative change of aboveground biomass
(p < .001; F = 18.51). Aboveground biomass increased
for all communities that were translocated to the intermediate recipient sites Graswang (900 m a.s.l.) and
Fendt (550 m a.s.l.) on average by 35 percent
(p < .01) and 29 percent (p < .01), respectively, even
where precipitation was slightly reduced (Figure 2a).
However, the overall aboveground biomass decreased
for communities that were translocated to the warmest,
driest elevation site Bayreuth (350 m a.s.l.) by an average of 24 percent (p < .05; see Figure 3a). However, the
aboveground biomass of communities originating from
Fendt (decrease) and Furka (increase) showed no significant change after translocation to the warmest and
driest site. Of note is the contrasting pattern of aboveground biomass between the two lowermost recipient
sites, which both had reduced precipitation relative to
higher sites but to different extents. This indicates
a threshold of soil-water limitation. We found no significant effect of change in elevational distance, thermal
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Figure 2. (a) Aboveground biomass and (b) Species richness change of plant communities in response to changes in elevation,
growing degree days and precipitation resulting from downslope translocation. Significant influence of altered environmental
conditions are shown as a black line with grey-shaded 95% confidence intervals. Significance of model factors indicated by asterisk
(*** p < .001; ** p < .01; * p < .05; n.s non-significant) and overall model R2 are displayed in the lower right corner of the respective
panel. Mean and standard error are displayed in all graphs. For the control monoliths mean and standard error was calculated for all
controls grouped. Color code of legend is valid for all panels.

time (GDD), or precipitation on the relative proportion
of the plant functional groups graminoids, forbs, or
legumes to community aboveground biomass (see
Supplementary Table 1).
Species richness
The species richness of plant communities at all recipient sites consistently decreased with translocation.
Thus, after the first year of exposure after downslope
translocation, the species richness decline of montane
and alpine grasslands was highly correlated with the
change in elevation, thermal time, and precipitation
(effect of elevation: p < .001, R2 = 0.46; effect of
GDD: p < .001, R2 = 0.52; effect of precipitation:
p < .001, R2 = 0.35; Figure 2b). The recipient sites had
a significant influence on the relative decrease of

species richness (F = 6.6; p < .01). Species richness
decreased in monoliths translocated to Graswang
(900 m a.s.l.), Fendt (550 m a.s.l.), and Bayreuth
(350 m a.s.l.) by a mean relative change of 13 percent
(p < .05), 46 percent (p < .001), and 30 percent
(p < .001), respectively (Figure 3b).
The mean species richness of the control monoliths
ranges from 6.0 species to 20.4 species. While there is
variation between origins, we see a significant loss of
species in four of five origins at their respective transplanted sites (ranging from a mean species richness of
5.33 to 15.4; Supplementary Figure 1a). Further, the mean
maximum relative abundance of control monoliths
ranges from 29.1 percent to 48.5 percent, suggesting that
single species (and thus individuals) are not dominating
the monoliths. For translocated monoliths this generally
increased (origin means ranging from 40.6 percent to
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Figure 3. (a) Aboveground biomass and (b) species richness change in plant communities (monoliths) after one year of passive
warming by translocation. Relative change for plant communities of all origins translocated downslope to the respective recipient
site (m a.s.l. given) grouped together. Replicates at each recipient site given at the bottom of each panel. Mean and standard error
are displayed in all graphs. Letters indicate significant differences between recipient sites as results of TukeyHSD post hoc tests
conducted after ANOVA p < .001.

68.2 percent), showing a significant increase in two of the
five origins (Supplementary Figure 1b).

higher soil-moisture values during the initial dry period,
and decreased in green cover only after a second dry
period of 17 d without any precipitation in mid-June.

Green cover
The amount of green cover in plant communities after
a full year of exposure to warming at the lowest site
(Bayreuth, 350 m a.s.l.) decreased during mid-summer in
periods coinciding with low soil moisture measured in the
monoliths (Figure 4). After translocation to the lowest
elevation site, the rates of increase and amount of green
cover of all plant communities from higher elevations—
irrespective of elevational distance translocated—differ significantly from the local control communities of the lowest
site (p < .001 for all origins, R2DOY x Origin = 0.77). Plant
communities from the lowest elevation site (Bayreuth)
showed high resistance to dry periods regarding green
cover. In contrast, green cover of plant communities originating from intermediate elevation decreased after an
initial, less pronounced dry period of ten days in late
May with only one 0.87 mm precipitation event. Notably,
plant communities from the highest elevation alpine site
(Furka) were generally slower to green up, maintained

Light transmission and graminoid proportion
within plant communities
Light transmission at the ground level of plant communities decreased significantly as aboveground biomass increased (p < .001, R2 = 0.15; see Figure 5a).
Yet, species richness was uncorrelated to both aboveground biomass (p = .23; see Figure 5b) and light
transmission at ground level (p = .35; see Figure 5c).
A significant but weak correlation of decreasing species
richness with increasing relative proportion of graminoids to community aboveground biomass was found
(p < .01, R2 = 0.12; see Figure 5d).
Beta diversity
Bray-Curtis dissimilarity (abundance-weighted beta
diversity) did not vary significantly between withinsite of origin (control) and within-translocated
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Figure 4. Green cover of translocated plant communities to the lowest elevation site (Bayreuth) showing different speed in greening
up and different reaction to low soil-moisture availability. Green cover modeled as GAM shown as solid green line with 95 percent
confidence intervals (dashed lines). Blue lines indicate soil moisture for the specific site of origin at the lowest elevation site (350 m
a.s.l.). Red line shows harvest date at the recipient site (Bayreuth).

(warmed in respect of GDD) communities for any site.
However, dissimilarity values between control and
translocated communities did differ significantly for
four of eight translocation combinations spanning
a range between 200 m and 2,090 m of elevational
distance. These significant differences in beta diversity
were found for plant communities originating from the
highest alpine site (Furka to Bayreuth, 2,090 m elevational distance, p < .001) and from intermediate montane sites (Esterberg to Bayreuth, 950 m elevational
distance, p < .01; Graswang to Bayreuth, 550 m elevational distance; and Graswang to Fendt, 350 m elevational distance, both p < .05), with a fifth translocation
(Esterberg to Fendt, 750 m elevational distance) showing a marginal significance after Bonferroni adjustments (p = .08). For a visual display of community
dissimilarity results see Figure 6.
Initial state after experimental setup in 2016
In 2016, aboveground biomass increased in the monoliths
originating from alpine Furka (2,440 m a.s.l.) and montane
Graswang (900 m a.s.l.) after translocation to the lowest
site, Bayreuth (350 m a.s.l.; p < .05), while all other translocations were nonsignificant (Supplementary Table 2). This

suggests that the short-term residence in Bayreuth may
have increased biomass shortly after translocation, but
this influence was not evident in the 2017. Species richness
in 2016 showed only one significant difference within
origins, as Graswang (900 m a.s.l.) monoliths translocated
to Fendt (550 m a.s.l.) had higher species richness than
those in other sites (p < .05; Supplementary Table 2). This
result did not persist in 2017, and was in fact inverted.
Ultimately, the process of downslope translocation did not
appear to negatively affect the monoliths, which may have
been indicated by initial loss of species or aboveground
biomass.

Discussion
Abrupt warming following downslope translocation of
plant-soil monoliths from montane and alpine grasslands revealed rapid changes in productivity and diversity, indicating low resistance. Consistent with our
hypothesis, aboveground biomass increased with temperature in mid-elevation sites where the precipitation
regime was similar, but decreased at the lowest elevation
site where warming was coupled with a strong reduction
in precipitation. Downslope translocation consistently
led to species loss, again consistent with our hypothesis.
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Figure 5. Changes in aboveground biomass and species richness showing relationship of relative change compared to the specific
controls of (a) aboveground biomass versus light transmission, (b) aboveground biomass versus species richness, (c) light transmission versus species richness, and (d) proportion of graminoids versus species richness. Black lines with grey-shaded 95 percent
confidence intervals are the overall model estimate; R2 and p values are given if significant. Colored lines represent site-of-origin
model estimates.

However, contrary to our expectations the detected loss
of species richness was independent of variations in
aboveground biomass and light transmission. This outcome suggests that increased aboveground competition
did not drive species loss. Richness decline was significantly stronger with increasing graminoid abundance,
although it was still observed at weaker levels in monoliths that showed reduced graminoid abundance.
Together with the observed beta-diversity changes
between translocation sites, but not within translocation
sites, we conclude that community composition shifts
were neither highly deterministic nor converging toward
similar communities.

Initial aboveground biomass response to abrupt
warming
The observed increases in aboveground biomass of
grassland communities at intermediate translocation
range is consistent with an increase in the length of
the growing season because of an earlier snow melt

(Inouye and Wielgolaski 2003; Laternser and
Schneebeli 2003; Ernakovich et al. 2014; Gobiet et al.
2014) and faster metabolic processes (Lucht et al. 2002;
Larcher 2003). The loss in aboveground biomass within
plant communities that were translocated to the lowest
site (350 m a.s.l.) may be the result of increasing water
limitation (Schär et al. 1999, 2004; Kreyling et al. 2017),
which is likely stressful for all the translocated plant
communities that originated from regions of higher
precipitation. The natural drought periods at the end
of May (10 d) and in mid-June (17 d) at the lowest site
(Bayreuth, 350 m a.s.l.), coupled with high summer
temperatures, may have led to increased transpiration
demand in the plants and a higher evaporation rate.
This led to depleted soil moisture (Seneviratne et al.
2010; Quesada et al. 2012; Kreyling et al. 2016; Wolf
et al. 2016) as shown by prolonged troughs in the soilmoisture trend lines in Bayreuth for monoliths of all
origins. Low soil-moisture availability reduces stomatal
conductivity, photosynthetic rate, and indirectly growth
and carbon allocation (De Boeck et al. 2006, 2007;
McDowell et al. 2008). Of note is the opposing

Figure 6. Dissimilarity in community composition among plant communities translocated along an elevational gradient from 2,440 m a.s.l. to 350 m a.s.l. Bray-Curtis dissimilarity values
among indicated plant community (monolith) groupings for each monolith origin-translocated pairing. Panels are sorted according to elevational distance traveled by plant communities
via translocation. Plotted values are means of all possible pairwise values in the indicated grouping with standard deviation error bars. PERMANOVA was used to test “within control
dissimilarities” versus “between control/translocated” dissimilarities. Red asterisks indicate the significance between the translocated and control dissimilarities at p < .05 after adjusting
for the multiple comparisons made within each origin group, additional p values are given in the lower left corner of each panel.
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direction of aboveground biomass changes between
monoliths translocated to the two lowest elevation
sites (350 and 550 m a.s.l.). These sites had similar
amounts of thermal time, but only half the amount of
precipitation fell at the lowest site (Table 1). Together,
this suggests that drought stress induced by high temperature and low precipitation at the lowest site drove
the observed decrease in aboveground biomass at the
lowest site. The slight reduction in precipitation experienced by communities that were translocated to the
intermediate recipient site did not result in reduced
aboveground biomass. We speculate that a critical
threshold of reduced precipitation underlies the
observed contrasting pattern of aboveground biomass
between the two lowest recipient sites. This is in line
with previous studies stating that aboveground biomass
is more sensitive to soil water content than temperature
under low precipitation regime (Fei et al. 2015;
Winkler, Chapin, and Kueppers 2016). High-elevation
plant communities have been shown to be prone to
direct tissue damage by overheating after being translocated to lower elevation if transpirational cooling of
the plant tissue is impeded because of limited soilmoisture availability (De Boeck et al. 2016). All of
these drought effects together with the reduction of
precipitation explain the observed reduction in aboveground biomass of plant communities from midelevations (550–1850 m a.s.l.) at our lowest and warmest site in Bayreuth at 350 m a.s.l. It underpins the
importance of jointly considering both temperature
and precipitation effects in experiments seeking the
ecological impacts of either variable.
The occurrence of drought stress is supported by the
rapid reduction in community green cover within plant
communities originating from intermediate elevation
(900–1,850 m a.s.l.) compared to the local control originating from the lowest elevation (350 m a.s.l.) during
natural drought events. Interestingly, alpine plant communities from the highest elevation (2,440 m a.s.l.) show
a delayed decrease in green cover starting only during
the second natural drought event (mid-June) compared
to the ones from mid-elevations (550 m–1850 m a.s.l.)
starting during the first natural drought event (late May).
Those high-elevation plant communities green up slower,
which may be caused by photoperiod regulation of plant
growth (Ernakovich et al. 2014). The measured soil
moisture of the alpine plant communities remained
higher than the measured soil moisture in plant communities from intermediate elevations throughout the year
at the lowest elevation site. This may indicate that the
edaphic properties of this system buffered the community response, although caution is warranted given the
lack of replication in soil-moisture measurements.
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Hence, our results suggest that montane grasslands may
be less resistant to periods of water scarcity than grasslands of high, alpine elevation. Alternatively, as longlived and clonal species inhabit plant communities of
high, alpine elevation, they could be particularly slow in
response to changing environments (Dullinger et al.
2012; Gritsch, Dirnböck, and Dullinger 2016).
Initial diversity response to abrupt warming
The consistent loss of plant species with downslope translocation is remarkable. In particular, mid- to high-elevation
plant communities experienced significant species losses
within one year at all recipient sites relative to the control
mesocosms that were extracted and reinserted at their site
of origin. However, as the loss of species richness was
correlated with the degree of elevational distance, both
temperature and precipitation change, our results suggest
that the observed species loss is the result of complex
interactions between multiple altered environmental drivers changed by translocation. Interestingly, species richness losses were highest at the second lowest site, where
thermal time was similar to the lowest site and precipitation
was similar to higher elevation sites. This could be an
indication of water limitation restraining competitive
exclusion at the lowest elevation site and merits further
observation in future years. We note that because of the
timing of translocations, monoliths are likely to experience
limited colonization pressure from the matrix vegetation in
this first year of sampling, meaning that future years could
see a reversal in this species-loss pattern as the monoliths
are colonized. Previous studies conducted at longer temporal scales did not detect a loss of plant species richness
throughout time because of either natural global warming
(Vittoz et al. 2009; Steinbauer et al. 2018) or experimental
warming (Price and Waser 2000). Conversely, short-term
experimental studies detect a loss of species richness after
experimental warming (Debouk, de Bello, and Sebastià
2015; Sebastià, Kirwan, and Connolly 2008), which is
aligned with the results presented here. This discrepancy
between long- and short-term studies might be because of
the time lag of colonization (Alexander et al., 2017;
Dullinger et al. 2012). Additionally, observational studies
can generally consider larger spatial scales than experimental studies, which inherently incorporates the role of habitat
heterogeneity into maintaining diversity. Nonetheless,
short-term studies reveal important aspects of community
dynamics, such as the biotic conditions that promote resistance to abrupt changes (Kreyling et al. 2017). Our study
shows a decrease in species richness that was stronger in
communities with increased graminoid dominance.
Evidence of alpine habitats suggests that shifts in plantcommunity composition can occur based on abundance

shifts toward more thermophile species that outcompete
more cold-adapted species (Gottfried et al. 2012). This has
also been attributed to competitive interaction among various plant functional groups (Theurillat and Guisan 2001)
and species resource acquisition and allocation strategies
(Aerts 1999; Diaz et al. 2004). With shifting environmental
conditions, the relative strengths of community assembly
mechanisms and species interaction have been shown to
shift as well (Gellesch et al. 2013; He, Bertness, and Altieri
2013), including temperature-limited ecosystems such as
arctic (Klanderud, Vandvik, and Goldberg 2015), montane,
and alpine habitats (Callaway et al. 2002). While in our
study competition was not measured per se, the observed
loss of species in relation to beta-diversity patterns, light
availability shifts, and functional group shifts informs species interaction effects.
Despite the consistent species loss, observed betadiversity shifts within one year after translocation
were less consistent. Most notably, plant communities
originating from subalpine Stubai (1,850 m a.s.l.)
showed a significant loss of species, but no significant
shift in community dissimilarity when comparing
translocated communities with their high-elevation
controls. Because our dissimilarity metrics are weighted
abundances, this suggests a general loss of rare or lowabundance species with a maintenance of the dominant
species in plant communities. The opposite was
observed for plant communities originating from midelevation Esterberg (1,350 m a.s.l.), with no species loss
because of translocation to the lowest elevation site, but
a strong increase in abundance-weighted dissimilarity
compared to the control communities remaining at the
site of origin. This pattern is consistent with dominance
shifts, where previously subordinate species are able to
take advantage of their new environment at the expense
of previously dominant species that are reduced in
abundance but still persist as part of the population.
Overall, this points to a high amount of local site
specificity in predicting grassland changes.
While our observed loss of species is consistent with
increasing interspecific competition from colder to warmer mountain habitats (Kikvidze et al. 2005), we found
no evidence suggesting that aboveground competition
induced this species loss, as we did not find any significant correlation of light transmission (a proxy for aboveground competition intensity, sensu DeMalach, Zaady,
and Kadmon 2016) and the loss of species. Increased
temperature has been observed to increase decomposition rates and thus increased nitrogen availability
(Gavazov 2010; García-Palacios et al. 2013; Wang et al.
2016). An improved soil-nutrient status often leads to
increased light competition (Hautier, Niklaus, and
Hector 2009; Borer et al. 2014; DeMalach, Zaady, and
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Kadmon 2016). Although we did not measure any soil
parameters directly, we speculate that the lack of evidence
of increased aboveground competition indicates
a nonsignificance in changes of soil-nutrient competition
in our monoliths. Potentially, any increased nitrogen
availability with warming is masked by other temperature-regulated mechanisms, such as soil microbial activity or increasing asynchrony between nitrogen
availability and plant growth (Ernakovich et al. 2014),
causing a high level of belowground competition.
The observation of stronger species richness losses in
plant communities with increased graminoid dominance
is consistent with other studies that found graminoids to
be most responsive to warming in cold-adapted habitats
(Dormann and Woodin 2002; Brooker 2006; Winkler,
Chapin, and Kueppers 2016). Nonetheless, the relative
contribution of plant functional groups to aboveground
biomass did not show a correlation with the degree of
change of either temperature or precipitation.
Furthermore, as species richness losses were also observed
in plant communities with strong shifts toward forbs, our
results of community composition suggest that nondeterministic processes such as priority effects prevail
during initial phases of severe environmental change. If
the variance of beta diversity within translocated communities converges with warming (i.e., increased similarity
among translocated monoliths), this would support the
idea of deterministic processes (Chase and Myers 2011;
Kreyling, Jentsch, and Beierkuhnlein 2011; Segre et al.
2014). Overall, this suggests that translocated plant communities are not filtered in the initial stages according to
a system-wide competitive hierarchy of resident species.
Rather, within-monolith priority effects may allow previously subdominant species to take advantage of the
more favorable temperature and to outcompete the now
subordinate species (Suding et al. 2005), indicating a role
of community asynchrony (Ma et al. 2017). Our results
capture only the first-year initial dynamics of the translocated plant communities. As the monoliths continue to be
exposed to their new environments, colonization pressure
from the matrix vegetation will likely mitigate or even
reverse our observed changes in species richness and
composition.
The shift in precipitation regime at our lowest site highlights the uncertainty of precipitation regimes in future
climate scenarios and how they are coupled to the effects
of temperature on productivity and diversity of grasslands
(Backhaus et al. 2014; Grant et al. 2014a, 2014b). Our
results underline the importance of understanding the
interplay of temperature and precipitation (Easterling
et al. 2000; Schär et al. 2004) in driving grassland community dynamics, especially for abrupt climatic changes.
These findings highlight that water supplementation at
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our lowest and driest site may yield additional insights
onto the interactive effects of precipitation and temperature and will be an avenue of future research in this study.
This study suggests that climate warming may increase
aboveground biomass of montane grasslands as long as it
is not coupled with a decrease in precipitation or sustained
periods of drought. These montane grasslands are likely
not adapted to drought stress during the growing season.
The consistent loss of species in the first year indicates
significant and rapid reordering of competitive outcomes
in these communities, which may lead to unpredictable
outcomes in the future at larger temporal and spatial scales.
Shifts in composition can lead to challenges for conservation as well as for economy. Species loss or homogenization
decreases community asynchrony (Gross et al. 2014;
Hautier et al. 2018) and stability (Hautier et al. 2015), and
the ability of those communities to buffer extreme events is
also reduced, causing less secure ecosystem services in
future climates (Wilcox et al. 2017). As disparities in
responses of biomass production and richness to environmental changes in these systems remain, continued observational and experimental studies are warranted, and joint
consideration of temperature and precipitation are critical.
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