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Abstract Strong topographic variation interacting with low
stature alpine vegetation creates a multitude of micro-
habitats poorly represented by common 2 m above the
ground meteorological measurements (weather station
data). However, the extent to which the actual habitat
temperatures in alpine landscapes deviate from meteoro-
logical data at different spatial scales has rarely been
quantified. In this study, we assessed thermal surface and
soil conditions across topographically rich alpine land-
scapes by thermal imagery and miniature data loggers from
regional (2-km?) to plot (1-m?) scale. The data were used to
quantify the effects of spatial sampling resolution on
current micro-habitat distributions and habitat loss due to
climate warming scenarios. Soil temperatures showed
substantial variation among slopes (2—3 K) dependent on
slope exposure, within slopes (3—4 K) due to micro-
topography and within 1-m? plots (1 K) as a result of plant
cover effects. A reduction of spatial sampling resolution
from 1x1 m to 100x100 m leads to an underestimation of
current habitat diversity by 25% and predicts a six-times
higher habitat loss in a 2-K warming scenario. Our results
demonstrate that weather station data are unable to reflect
the complex thermal patterns of aerodynamically decoupled
alpine vegetation at the investigated scales. Thus, the use of
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interpolated weather station data to describe alpine life
conditions without considering the micro-topographically
induced thermal mosaic might lead to misinterpretation and
inaccurate prediction.
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Introduction

The alpine life zone is dominated by strong topographic
variation and extreme climatic conditions forcing plants and
animals to a high degree of specialisation and adaptation
(Billings and Mooney 1968; Korner and Larcher 1988;
Korner 2003). The steep environmental gradients and the
reduction in land area with increasing elevation supposedly
cause alpine environments to be particularly sensitive to
global warming (Beniston et al. 1996; Diaz et al. 2003;
Beniston 2006). In addition, most climate warming scenar-
ios predict higher than average warming in most alpine
areas (Meehl et al. 2007; Nogués-Bravo et al. 2007). The
Alps warmed by +1.5 K compared with the global average
of +0.7 K during the last century and therefore are often
considered as particularly threatened (Beniston et al. 1997,
Theurillat and Guisan 2001; Schréter et al. 2005; Nogués-
Bravo et al. 2007). It is widely believed that the recent and
future climate warming is driving species ranges polewards
and towards higher elevations (Beniston et al. 1996;
Theurillat and Guisan 2001; Walther 2004; Colwell et al.
2008) and may cause regional species extinctions. In fact,
there is evidence of upslope migration of plant species in
the Alps (Grabherr et al. 1994; Walther et al. 2002, 2005;
Pauli et al. 2007; Lenoir et al. 2008) as well as evidence for
substantial resistance to climatic forcing in plants inhabiting
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the same location over thousands of years (Steinger et al.
1996; Bahn and Kdorner 2003).

Species distribution models (SDMs; Guisan and
Zimmermann 2000; Guisan and Thuiller 2005) have been
employed to project the impact of future climate change
on species distributions (Bakkenes et al. 2002; Thomas et
al. 2004; Thuiller et al. 2005; Randin et al. 2009). SDMs
statistically fit the environmental niche (Hutchinson 1957;
Kearney and Porter 2004) by relating abiotic habitat
conditions with occurrences of a species (Guisan and
Thuiller 2005; Araujo and Guisan 2006). Strong impacts
on biodiversity and species abundance have been pre-
dicted (Bakkenes et al. 2002; Thuiller et al. 2005),
especially in mountain ranges.

Yet the predicted habitat loss in mountainous regions
strongly depends on model selection (Araujo et al. 2005b;
Algar et al. 2009) and the spatial resolution of the SDMs
(Trivedi et al. 2008; Randin et al. 2009). Scherrer and
Korner (2010a) showed that in alpine landscapes there is
substantial variation in actual plant surface and soil
temperature within 1-km?” test areas, not reflected in the
commonly referred to 2-m-aboveground air temperature.
The thermal mosaic created by micro-topography, in fact,
offers suitable habitats for many species with different
thermal preferences requiring hardly any migration for a
2-K warming scenario (Scherrer and Korner 2010b). This
results from both geo-diversity (topography) as well as
aerodynamic decoupling of low stature alpine vegetation
from atmospheric conditions at a centimetre scale (Korner
2003). Most models work on interpolated weather station
data at much larger scales, with the noteworthy exception
of an attempt for a small-scale resolution by Randin et al.
(2009). Although not based on actual plant temperatures,
this study revealed the significance of scale. Given the key
role of spatial sampling resolution of climatic conditions to
describe patterns of current micro-habitats, fact-based life
conditions need to be assessed, the aim of the work
presented here.

Modern thermal imagery techniques and miniature data
loggers allow us to record surface and soil temperature data
at high spatial resolution across rough alpine terrain. In this
study we recorded surface (plant canopy) and soil temper-
ature (root zone) data at different spatial resolutions ranging
from centimetre to kilometre scale. This data were used (1)
to partition the surface and soil temperature variation into
among-slopes, within-slope and centimetre scale variation,
(2) to identify the most influential factors for surface and
soil temperature at different spatial scales, (3) to quantify
the observed variation in surface temperature dependent on
spatial sampling resolution, and (4) to estimate the
projected habitat loss under climate warming scenarios
and the dependence of predictions on spatial resolution.
This information will improve predictions of future habitat
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conditions and thus reduce uncertainties in projected habitat
distribution.

Materials and methods
Study sites

The study area is situated in the temperate-alpine zone near
the Furka Pass in the Swiss Central Alps (46°34'35"N, 08°
25'17"E), well above the climatic tree line (which is at c.
2,150 m in this region). Within an area of about 2-km?
(study area), we chose three steep mountain slopes with
NNW (centre at 2,500 m), W (2,480 m) and SSE (2,430 m)
exposure. All slopes showed strong variation in micro-
topography but no change in macro-exposure and covered
elevation ranges of 400—600 m on the NNW and W slope
and 200 m on the SSE slope. Within each slope, we defined
four 1-m” plots (near the centre) which were used for
detailed small-scale measurements. For logistical reasons
(power supply, road access) and a field station for night
measurements, we designated the NNW slope as our core
site.

Field data

The surface temperatures of the study slopes and plots were
measured with a thermal camera (VarioCAM®; Infra Tec,
Dresden, Germany) which records the long-wave infra-red
at a resolution of 76,800 image points and transforms the
radiation directly into temperature. The accuracy of the
absolute temperature is =1 K and the relative differences
between measurement fields (pixels) have a resolution
of £0.1 K. To create mean thermal images (integrated over
time) of whole slopes, the thermal camera was placed on
the opposite slope (to have optimal angle of vision), and for
each target slope, we recorded at least one (if possible
more) diurnal series of thermal images under clear sky
conditions. The series of images had a temporal resolution
of 15 min (time between two images), started at midnight
and ended 2 h after sunset. The detailed surface temperature
of the twelve 1-m? plots (four per slope) was recorded three
times during the growing season (16 July 2009, 18 August
2009 and 08 September 2009) by placing the camera
directly over the centre of each plot (90° angle and fixed
distance). The ground resolution for the slope measure-
ments was about 0.75-m? per pixel and 0.2-cm? for the plot
measurements.

Longer-term soil temperature within slopes and plots
was recorded with 281 small waterproof temperature
loggers (iButtons; Maxim Integrated Products, Sunnyvale,
CA, USA) which have a resolution of 0.5 K and record for
80 days with one temperature reading per hour. To capture
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the spatial and temporal variation of the soil temperature
within each of the three mountain slopes, we defined at
least one horizontal and one vertical transect (three
horizontal and three vertical ones at our core site, the
NNW exposed slope) of a minimum length of 150 m
(varying from 150 to 350 m depending on topography). The
loggers were buried in the top soil rooting zone at a depth
of 3 cm along the horizontal (one logger every 10 m) and
vertical transects (one logger every 15 m). In total, we
placed 86 temperature loggers on the NNW, 33 on the SSE
and 54 on the W exposed slope along transects which
recorded the soil temperature for 75 days (22 June—
8 September 2008). Additionally, to get an impression of
the small-scale variation of top soil temperature, we placed
36 loggers within one 1-m” plot per slope (20x20 cm grid)
which recorded the soil temperature for 75 days in 2009 (29
June—13 September 2009). These 75-day periods repre-
sented the main growing season at the Furka Pass in the
study years 2008 and 2009. Standard meteorological data
2 m above the ground (air temperature, air humidity, solar
radiation) were recorded with a 10-min temporal resolution
by a weather station (Vantage Pro2 Plus™ with solar
radiation sensor; Davis Instruments, Hayward, CA, USA)
within the study area at 2,445 m.

To identify the most influential abiotic factors on soil
temperature at the centimetre scale, we measured (at the
position of each logger within the 1-m? plots) the
inclination, exposure and surface structure (concave, con-
vex or flat). By a grid-point intercept method applied to the
25-cm® above each logger (1x1 cm grid, 36 points;
modified from Herrick and Range 2005), we measured the
specific cover of each vascular plant species, mosses,
lichens, litter and rocks, the percentages of bare ground
and the mean and maximum vegetation height. Addition-
ally, functional classifications of plant species (classifica-

tions for functional group, growth form, life form, stem
growth type, leaf distribution) were performed following
Cornelissen et al. (2003).

Data analysis

The many thermal images of one time series were
aggregated to a mean image representing the 6 h with
highest insolation and daytime warming (‘day time’, 1200—
1800 hours). By aggregating over time, we averaged out
short-term fluctuations and obtained more reliable informa-
tion about the micro-climatic conditions within a given
slope (Scherrer and Korner 2010a). Because the time series
were not recorded on the same day, we standardised the
surface temperature of a slope by subtracting the air
temperature 2 m above the ground for the corresponding
period. This makes the data of different days more easily
comparable. From the detailed thermal images of the 1-m?
plots, we extracted leaf temperature of eight individuals for
14 different plant species. All the species are common in
the study area and prominent in at least one of the study
slopes (the 14 species are listed in Table 1).

For each soil temperature logger, we calculated three
different mean values: first, the mean temperature for the
complete measuring period (‘seasonal mean’), second, the
mean for night hours (0000—0600 hours), and third, the mean
for day hours (1200—1800 hours).

We analyzed the surface and soil temperature variation on
three different scales: first, the regional variation (variation
among whole slopes), second, the within-slope variation, and
third, the within-plot variation. For each slope, we calculated a
mean surface temperature during ‘day time’ and the mean soil
temperatures for seasonal mean, night-hours and day-hours.
These mean slope temperatures were then compared to obtain
the among-slopes variation. The within-slope and within-plot

Table 1 Plant species-specific
leaf temperatures of 14 selected

plant species with different
growth forms (mean + sd)

? Bas leaves concentrated in basal
parts of plant, Mid leaves concen-
trated in middle parts of plant, 7us
leaves concentrated in tussocks

Plant species Growth form* Life form® Leaf temperature (°C)
Sesleria caerula Tus Hem 21.4+1.7
Elyna myosuroides Tus Hem 21.9+1.5
Carex curvula Tus Hem 22.5+1.4
Helictotrichon versicolor Mid Hem 22.5+1.1
Gentiana punctata Mid Hem 23.3+4.1
Trifolium alpinum Bas Hem 23.3+1.9
Leontodon helveticus Bas Hem 23.9+2.7
Anthyllis vulneraria Mid Hem 24.0+£2.2
Polygonum viviparum Mid Geo 25.4+3.5
Aster alpinus Mid Hem 26.8+3.4
Geum montanum Mid Hem 26.9£2.5
Homogyne alpina Bas Hem 27.3+2.0
Dryas octopetala Bas Cha 32.3+3.6
Saxifraga paniculata Bas Cha 34.0+4.7

® Geo geophyte, Hem hemicrypto-
phyte, Cha chamaephyte
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variation was calculated by taking 90% of the data points
(loggers, IR-pixels) within one slope and plot, respectively.
We excluded the 5% of the lowest and highest values to
exclude bias due to extreme values of single data points such
as, for example, stones heating up to 80°C under strong
insolation. This was done separately for surface temper-
ature during ‘day time’ and soil temperature during
seasonal mean, night-hours and day-hours. To identify
the most important physical and biological factors
influencing the small-scale pattern of soil temperature
within our 1-m? plot we conducted a correlation analysis
of the recorded parameters (see above) and the seasonal
mean, night-time and day-time soil temperatures.

While the soil temperature data (loggers) represent point
measurements, the IR images deliver integrated data over
an area (slope, plot). This allowed us to artificially
manipulate (decrease) the spatial resolution of our IR
images For example, we can observe the same slope with
a 1-m?, 10-m? or 100-m?> resolution just by aggregating
pixel 1nformat10n. By doing this, we not only lose
information but also decrease the surface temperature
variation observed within a slope and thus underestimate
the real micro-climatic variation. We therefore analyzed the
variation within each slope and plot at different spatial
resolutions by randomly sampling 10,000 points per
resolution, slope and plot respectively. This results in a
correlation of the spatial resolution of sampling and the
observed variation in surface temperature.

To quantify the losses of micro-habitats within a single
mountain slope dependent on the sampling resolution, we
simulated mean temperature increases of 2, 3 and 4 K. This
was done by taking the current distribution of surface
temperature at 1x1, 5x5, 10x10, 25%25 and 100x100 m
resolution and shifting the temperatures by the desired
temperature increase. This way, only the mean temperature
was increased, while the spatial variation of temperatures
stayed the same. By comparing (overlapping) the two
temperature distributions (current and future), we can estimate
the micro-habitat temperatures of the current distribution that
are lost in a warmer climate assuming a similar air-surface
temperature correlation and similar solar forcing. We excluded
the coldest and warmest 5% of the recorded micro-habitats to
avoid conditions that are extremely rare and therefore
biologically not significant on the applied scale of this study.
This was done for the different spatial resolutions (1x 1, 5x5,
10x10, 25%25 and 100%x100 m) and the three warming
scenarios (2, 3 and 4 K).

Results

On clear sky days during day time, we observed increasing
variation in surface temperature with increasing resolution.
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The difference in surface temperature among slopes was only
2.4 K while the range containing 90% of the data points within
a given slope (c. 0.5-km?) was 4.8+1.06 K (mean =+ SE) and
14.1£1.13 K within a 1-m* plot (Fig. 1). The range
containing 90% of the data points was similar for all 1-m*
plots, irrespective of their macro-exposure (NNW, W, SSE).

The soil temperature data showed a different pattern. The
largest variation in soil temperature was always found within a
slope, with a range containing 90% of the data points of 3.2+
0.14 K (mean = SE) for seasonal mean, 3.24+0.58 K during
night-hours and 4.1+£0.20 K during day-hours (Fig. 2). The
within-plot soil temperature range containing 90% of the data
points was larger during day-hours with 3.2+0.77 K than for
the seasonal mean, with 1.4+0.05 K, and night-hours with
1.65+0.29 K (Fig. 2). The differences among slopes were
2.3 K for seasonal mean, 3.1 K during night-hours and 1.9 K
during day-hours (Fig. 2). The macro-exposure had no
significant influence on the within-slope or within-plot
variation of soil temperature, but significantly influenced
the mean soil temperatures of slopes with a seasonal mean of
8.7£0.13°C (mean + SE) on the NNW, 10.1+£0.12°C on the
W and 11.0+£0.11°C on the SSE exposed slope.

The 1-m? plots showed large differences in their
seasonal mean soil temperature with 8.0+0.28°C (mean +
SE) on the NNW, 10.4+0.34°C on the W and 11.7+0.30°C
on the SSE slope. Therefore, we used macro-exposure as a
random factor for the analysis of the influence of surface
and vegetation structure on the within-plot soil temperature
variation. Otherwise, the strong signal of macro-exposure
would have covered all effects of small-scale temperature
variation. The most influential factors for within-plot
seasonal mean soil temperature were inclination (ANOVA,

15
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Surface temperature range (K)
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Among slopes  Within slopes Plot
(2-km?; (0.5-km?; (~1-m2;
0.5- km2 resolution) 1 m2 resolution) 1 cm2 resolution)

Fig. 1 Surface temperature range at three different scales and
sampling resolutions (mean, SE). The data were collected on clear
sky days during June 2008 and June 2009 from 1200 to 1800 hours
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4 Fig. 2 a Density distribution of seasonal mean soil temperatures for
individual plots (1-m?%; dotted lines), whole slopes (0.5-km?; dashed
lines) and total region (2-km?; solid line). The inset shows the soil
temperature range for three spatial scales (among slopes, within
slopes, within plots). b The same information, but for daytime mean
temperatures, and ¢ for night-time mean temperatures. The data for the
1-m? plot level were collected from 29 June to 13 September 2009 and
for the slope level from 22 June to 8 September 2008

p<0.001), followed by plant canopy cover, and mean
vegetation height (p<0.05). During day-hours with bright
sky insolation the influence of inclination, canopy cover and
mean vegetation height was strongest while there was no
effect on night-time soil temperature. Plant species identity
as well as the functional group, life form, stem growth type
and leaf distribution of the plants had no consistent influence
on small-scale soil temperature. Only the growth form
(namely cushion versus tussock) had a tendency to influence
day-hours soil temperature but this was likely the result of a
strong correlation of percent cushion and tussock plants
respectively and mean vegetation height. The leaf temper-
atures of all 14 plant species were higher than concurrent air
temperature 2 m above the ground (c. 16°C) and showed
significant differences among species (Table 1). These
differences basically could be explained by the different
plant architecture: plants with leaves concentrated close to
the soil surface (mainly rosette plants) had the highest leaf
temperature (28.2+5.3°C; mean + SD), plants with leaves
concentrated in middle parts of the stem had a medium leaf
temperature (24.8+3.3°C), and tussocks (graminoids), ex-
posing their long erect leaves to the wind, had the lowest leaf
temperature (21.9£1.6°C; Table 1).

The artificial manipulation of spatial resolution on both
slope and plot level led to an exponential decrease of
surface temperature variation with decreasing resolution
(Fig. 3). As expected, the spatial sampling resolution had
absolutely no influence on the estimated mean surface
temperature of both the plot and slope. The reduction of the
spatial resolution from 1x1 m to 100x100 m strongly
narrowed the distribution of the observed surface temper-
atures (Fig. 4). This led to an underestimation of the true
habitat variability within the study area. With decreasing
spatial resolution, a substantial part of currently existing
micro-habitat conditions were cooler or warmer than the
detected range of temperatures (Table 2). A decreasing
sampling resolution led to an increase in the proportion of
current micro-habitats (suitable climate space) that would
disappear in the event of a warmer climate (Table 3),
especially if the spatial resolution was lower than 10x 10 m.
As expected, the fraction of current micro-habitats that
disappeared within a given slope under climate warming
scenarios increased with increasing temperature difference
(Table 3).
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Discussion
Within-plot variation

Our results show substantial variation in both surface and soil
temperature on all three scales (among slopes, within slopes
and within plots). The variation in surface temperature was
highest on the finest scale (within plots) and independent of
macro-exposure. This can partly be explained by a technical
issue. For logistical reasons (only one thermal camera), it was
impossible to monitor the 1-m? plots for longer time intervals
(6 h) and we only have repeated snapshots. Therefore, some
of the observed variation in surface temperature would likely
average out in longer term means. But the strong variation in
surface temperature at the centimetre scale illustrates the
important effect of radiative heating in aerodynamically
decoupled systems such as alpine vegetation (Kérner 2003).
Many studies have shown that leaf temperatures in alpine
landscapes largely deviate from 2 m above the ground air
temperature (e.g., Takasu 1953; Salisbury and Spomer 1964;
Cernusca 1976; Larcher and Wagner 1976; Korner and
Cochrane 1983; Larcher et al. 2010; Scherrer and Korner
2010a). Our results show that plant species were warmer
than the air temperature (Table 1), and that growth form
directly influences the leaf temperature as had been shown in
the studies cited above. Upright plant structures such as
tussock leaves are far better coupled to the atmosphere and
therefore are closer to 2 m above the ground air temperature
than rosette leaves attached to the ground (e.g. K&rner and
Demoraes 1979; Korner et al. 1983; Koémer and Cochrane
1983). With thermal imagery, these differences are directly
accessible within one image. Leaf temperature provides
information about physiological processes such as rate of
photosynthesis, respiration or tissue formation. Additionally,
leaf temperature can be used as an indicator for evaporative
forcing (Smith and Geller 1979). By comparing species-
specific leaf temperatures under dry and moist conditions,
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one can identify the species most affected by water shortage
(Schmid, unpublished data).

Within single plots, we observed consistent seasonal
(75-day) mean soil temperature differences of several K
depending on topography and plant structure. The variation in
soil temperature within a 1-m” plot was three times higher
during day-time than night-time. Night-time soil heat flux
averages out most of the variation within a 1-m” area, while
under strong insolation, there are up to 4 K soil temperature
differences at the centimetre scale. The dominant factor on
the smallest scale was slope inclination, defining the solar
incidence angle and therefore the energy balance of the
inclined surface. Also, the vegetation height and vegetation
cover had a significant influence on soil temperature at the
centimetre scale. Both factors increase the shading of the soil
and therefore reduce the amount of direct radiation reaching
the ground. These shading effects on soil temperature are
well documented in forests and are one of the factors which
explain sharp tree lines (Korner 1998; Koérner and Paulsen
2004). Root zone temperatures are known to be important for
root growth, root development and nutrient uptake (Kaspar
and Bland 1992; Koérner 2003).

Within-slope variation

Within slopes, we observed substantial soil and surface
temperature variation independent of macro-exposure. As
was shown by Scherrer and Kérner (2010a), these micro-
climates are mainly the effect of micro-topography and only
marginally influenced by plant structure (within the small
stature alpine vegetation). Even though the soil and surface
temperatures show the same micro-climatic patterns, the
quality of their signals differs. The within-slope surface
temperatures represent larger scale integrated measure-
ments. All the leaf surface temperatures within one pixel
(around 1-m?) are averaged on this scale. Therefore, the
thermal image of a slope directly delivers micro-climate
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Fig. 4 The observed micro-habitat temperatures based on surface
temperature measurements at different spatial scales (1x1 m, 10x
10 m, 100100 m)

temperatures at metre scale, only marginally influenced by
the dominating life form (Scherrer and Koérner 2010a). For
technical and logistical reasons, the thermal imaging data
were only available for selected days and not continuously,
but we assume the quality of the observed micro-climatic
pattern within slopes is retained and only the absolute range
varies with irradiance.

Table 2 Fraction of undetected thermal micro-habitat conditions
dependent on spatial sampling resolution based on IR surface
temperatures of three alpine slopes (mean + SD)

Spatial resolution (m) Undetected conditions (%)

1x1 -

5%5 0

10x10 1.8+0.4
25%25 9+2.8
100> 100 22.546.3

Soil temperature measurements in the upper rooting
zone, on the other hand, were continuously measured over a
75-day period and therefore show consistent seasonal
differences of micro-habitats. But the loggers only integrate
over an area of c. 100-cm” and therefore represent point
measurements not necessarily representative of the sur-
roundings at metre scale (distance between loggers >10 m).
About 30-50% of the soil temperature variation observed
within a slope, achieved by spreading the loggers all over
the slope, would also be recorded within a single plot
(1-m?; Fig. 2). The within-slope variation of soil temper-
ature therefore reflects a combined signal of centimetre
scale influences (inclination, vegetation cover, vegetation
height) and metre-scale factors such as topography.

Among-slope variation

The among-slope variation was quite similar for surface and
soil temperature with south-exposed slopes about 2-3 K
warmer than north-exposed slopes. These differences reflect
the effects of macro-exposure on the incoming radiation
dose due to incidence angle, the duration of direct
insolation, and self-shading, respectively. Here, the infor-
mation from the surface and soil temperature measurements
are similar, both delivering mean slope temperatures by
aggregating information (pixel, logger) within a slope.

Table 3 Fraction of the coldest thermal micro-habitat conditions that
are assumed to disappear under different climate warming scenarios
depending on spatial sampling resolution based on IR surface
temperature data of three alpine slopes (mean + SD)

Spatial 2 K scenario 3 K scenario 4 K scenario
resolution habitat loss habitat loss habitat loss
(m) (%) (%) (%)

1x1 7.5+£0.9 20.3£8.0 40.4£19.0
5x5 16.8+9.9 40.0+22.2 57.5+30.0
10x10 17.4+£7.6 42.8420.1 67.1£24.3
25x%25 44.1£24.3 68.1+£25.6 86.2+11.3
100x100 64.7+28.9 95.5+£3.7 100+0.0
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All three spatial scales influence both mean surface and
soil temperatures, as well as their variation. As shown by
Scherrer and Koérner (2010b), the distribution of micro-
habitat temperatures correlate with the assemblages of plant
species to vegetation units. Sampling or describing alpine
landscapes, dominated by the high variation in micro-
topography, with a crude spatial resolution might therefore
be dangerous as highlighted by our climate warming
modelling experiment.

Manipulation of spatial sampling resolution

In this study, we re-sampled the mountain slopes at
different spatial resolutions and made simple predictions
for warmer climates. The results show that the spatial
resolution of sampling strongly biases the outcome of any
prediction of climate warming. This bias is mostly the result
of a narrowing of the range of micro-habitats, leading to an
underestimation of the range of current habitat conditions
and an overestimation of the percentage of micro-habitats
lost in the event of climate warming. By decreasing the
spatial resolution from 1x1 m to 100x100 m, we lose
almost 25% of the current thermal micro-habitats found
within a single slope at highest resolution (Table 2). A 2-K
climate warming scenario revealed that, based on the high
resolution data (1x1 m), less than 10% of the current
micro-habitat conditions (climate space) disappear from a
slope, while, at a lower resolution (100 100 m), more than
60% would be predicted to disappear (Table 3). In fact, the
10% of current micro-habitat conditions that might disap-
pear under moderate climate warming (2 K) at the 1x1 m
resolution were not detected with a 100x 100 m resolution
under current conditions. Therefore, we conclude that none
of the micro-habitats identified with a 100x 100 m sampling
grid will disappear under a moderate 2-K climate warming
within a single slope. The climate warming scenarios of 3
and 4 K yielded similar results with up to 100% predicted
micro-habitat loss within our study slopes at low resolu-
tions but only c. 40% at high 1x1 m resolution. Apart from
habitats disappearing within an area due to climate
warming, there will also be a large proportion of habitats
decreasing and increasing in their abundance (Scherrer and
Korner 2010b). The proportion of these habitats is also
strongly dependent on the sampling resolution. Changes in
micro-habitat abundance will change the competitive
situation for many species and may exert biodiversity
effects different in nature from those implied by large-scale
shifts of isotherms and associated large-scale migration
needs. While, due to climate warming, the coldest habitats
within a given area will disappear, new warmer habitats
will emerge as the area stays constant and new species
might replace those which are lost, resulting in no changes
in species richness at all.

@ Springer

In this study, we artificially manipulated the spatial
resolution of our data (plant canopy and soil temperature)
by aggregating information, in contrast to most models
which base their predictions on interpolated and down-
scaled meteorological data. Although the modern algo-
rithms employed might be very sophisticated and high
resolution digital elevation models are used to incorporate
local and regional climate (Zimmermann and Kienast 1999;
Guisan and Thuiller 2005; Randin et al. 2006, 2009), we
have two major concerns: first, most of the climate models
used predict meteorological conditions 2 m above the
ground and it is therefore questionable whether such data
reflect the actual alpine life conditions, with the majority of
organisms living in micro-habitats strongly decoupled from
atmospheric conditions and strongly interacting with micro-
topography at the centimetre to metre scale. Second, the
field data used for interpolation might not be represen-
tative for a wider region. As shown, there is strong
variation in surface and soil temperature but also soil
moisture (Hills and Reynolds 1969; Reynolds 1974;
Charpentier and Groffman 1992), nutrient availability
(Jackson and Caldwell 1993; Reynolds et al. 1997) and
precipitation (Cosma et al. 2002) are known to vary at
small spatial scales. The environmental envelope achieved
by interpolation might therefore strongly differ from real
environmental conditions.

The popularity of species distribution models to predict
climate warming impacts on biodiversity and species
distribution have led to an ongoing debate about model
selection (Elith et al. 2006; Pearson et al. 2006; Aratijo and
New 2007), validation (Aratijo et al. 2005a; Aratijo and
Guisan 2006; Pearson et al. 2007), uncertainty (Thuiller et
al. 2004; Aratjo et al. 2005b; Pearson et al. 2006),
transferability (Randin et al. 2006) and spatial scale
(Trivedi et al. 2008; Randin et al. 2009). Apart from SDMs
predicting the potential distribution of each species indi-
vidually, based on their climatic envelope, other models
directly predict species richness based on macroecology
theory (Fischer 1960; Currie 1991; Hawkins et al. 2003).
These models directly correlate various environmental
conditions (mainly climatic variables) with regional species
richness. While these models often predict lower extinction
rates than SDMs (Algar et al. 2009; Sommer et al. 2010),
they also seem to be prone to scale issues (Field et al.
2009), with insufficient correlation at small scales. The
current debate about modelling future biodiversity and
species distribution in mountains leads to numerous new
approaches and improved methods, but the modelling
community tends to keep their focus mostly on model
technical issues and often ignores the source of the data
used for modelling. It is important to keep in mind that
almost all models discussed here use weather station data
for their projections. As shown here and in previous works,
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this is highly inappropriate for aerodynamically decoupled
vegetation such as low stature alpine heath. The correlation
of weather station data and real climate conditions for a
plant species might strongly vary among life forms,
depending on their aerodynamic coupling to the atmo-
sphere. The more strongly an ecosystem is decoupled from
atmospheric conditions by topography and vegetation
structure, the more thermal micro-habitat variation is
observed (Scherrer and Korner 2010a). The number of
these micro-habitats that are detected depends on the
methods and spatial scale used to collect the climate data.
The quality (spatial resolution) of this data might drastically
influence or even bias the result of projections, independent
of the modelling approach. These scale effects might be less
important when the centre of species distributions is
modelled, but they distort the results when modelling
extinctions near niche boundaries. Based on this study, we
advocate not only consideration of the uncertainty and
variability in biodiversity projections caused by model
technical issues but also the need to account for the effects
of the quality and spatial scale of the climate data used. The
data presented here re-confirm that alpine habitats are in
fact more suitable for organisms to cope with climatic
change than had commonly been assumed.
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