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Abstract
While climatic research about treeline has a long history, the climatic conditions corresponding to the upper limit of closed 
alpine grasslands remain poorly understood. Here, we propose a climatic definition for this limit, the ‘grassline’, in anal-
ogy to the treeline, which is based on the growing season length and the soil temperature. Eighty-seven mountain summits 
across ten European mountain ranges, covering three biomes (boreal, temperate, Mediterranean), were inventoried as part 
of the GLORIA project. Vascular plant cover was estimated visually in 326 plots of 1 × 1 m. Soil temperatures were meas-
ured in situ for 2–7 years, from which the length of the growing season and mean temperature were derived. The climatic 
conditions corresponding to 40% plant cover were defined as the thresholds for alpine grassland. Closed vegetation was 
present in locations with a mean growing season soil temperature warmer than 4.9 °C, or a minimal growing season length 
of 85 days, with the growing season defined as encompassing days with daily mean ≥ 1 °C. Hence, the upper limit of closed 
grasslands was associated with a mean soil temperature close to that previously observed at the treeline, and in accordance 
with physiological thresholds to growth in vascular plants. In contrast to trees, whose canopy temperature is coupled with 
air temperature, small-stature alpine plants benefit from the soil warmed by solar radiation and consequently, they can grow 
at higher elevations. Since substrate stability is necessary for grasslands to occur at their climatic limit, the grassline rarely 
appears as a distinct linear feature.

Keywords Alpine life zone · GLORIA · Growing season · Plant–Climate interactions · Soil temperature · Vascular plants

Introduction

The geographical distribution of species is strongly related 
to their dispersal mode, habitat suitability, and biotic interac-
tions (Lortie et al. 2004). Among the factors controlling hab-
itat suitability, climate is one of the most important, at both 
the global and the local scales (Walter and Breckle 1985). 
In mountainous areas, with steep temperature gradients that 
correlate with elevation, the relationship between climate 

and species distribution is particularly strong (Körner 2003; 
Leuschner and Ellenberg 2017).

Studying abiotic thresholds to plant growth along tem-
perature gradients, such as those along elevation, are useful 
for ascertaining distribution limits defined by physiological 
limits of plants (Körner and Paulsen 2004; Dvorský et al. 
2017). The ability of species to grow or reproduce can 
change abruptly along abiotic gradients (Crawford 2008). 
Such thresholds are sometimes visible as sharp boundaries 
on mountain slopes, for example, in the case of the tree-
line (see Brockmann-Jerosch 1919; Körner 2012). Körner 
and Paulsen (2004) concluded that a mean growing season 
soil temperature (at 10 cm depth) of 6.7 °C coincided with 
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the position of the subalpine-alpine treelines around the 
world. Tree growth at the treeline is not limited by carbon 
acquisition, but by tissue growth (Hoch and Körner 2012). 
Observations and experiments confirmed that xylogenesis 
is not possible with air temperatures below 3–4 °C (Rossi 
et al. 2008), and root growth is strongly reduced when soil 
temperature drops below 5 °C (Häsler et al. 1999; Schenker 
et al. 2014), with minimum soil temperature for root growth 
in trees measured at 2.3 °C (Sorbus aucuparia; Schenker 
et al. 2014). As growth limitation of trees above the treeline 
appears to be related to physiological constraints, a simi-
lar physiological threshold may be assumed for all vascular 
plant species, regardless of their growth form. Körner and 
Paulsen (2004) suggested that alpine plants face similar ther-
mal limitations as trees, but reach limiting temperatures at 
higher elevations due to warmer daytime conditions closer 
to the ground during sunny days. For example, Scherrer and 
Körner (2010) measured surface temperatures on average 
4.7 K warmer than air temperature (at 2 m) in south-south-
east-exposed alpine grasslands in the Swiss Alps (2430 m 
a.s.l.) between 12 and 18 h during sunny days.

Not only temperature, but also the length of the growing 
season is an important limitation to vascular plant growth. 
Tree growth in the northern hemisphere (from 28 to 68° 
latitude) has been found to be possible at a mean growing 
season length of 126 ± 18 days, with a minimum length 
of 91 days (Körner and Paulsen 2004). For alpine plants, 
Körner (2003) reported that 42–49 days without snow are 
necessary for a vascular plant to survive, and Theurillat 
et al. (1998) noted that, in the Alps, the upper limit of closed 
grasslands corresponds to a growing season length of around 
50 days (with daily means ≥ 5 °C). However, these values are 
based on regional observations. At larger scales, values for 
the length of the growing season, and the mean temperature 
during the growing season at the upper limit of grasslands, 
have not been reported.

The upper limit of the closed alpine vegetation is gen-
erally considered as the alpine-nival ecocline (Reisigl and 
Pitschmann 1958; Gottfried et al. 2011). Although often 
patchy and thus less visible in the landscape than the tree-
line, this limit, hereafter referred to as grassline, is analo-
gous to the treeline. If limited by temperature or growing 
season length, and assuming suitable substrates for plant 
growth are present, this grassline would be expected to move 
upslope in a warming climate, thus fundamentally changing 
the appearance of high-elevation mountain ranges through a 
greening of the summits (Rogora et al. 2018).

To date, mean soil temperatures of 9.6 ± 2.7 °C and grow-
ing season lengths of 164 ± 33 days have been reported for 
the middle of the alpine belt (200–250 m above climatic 
treeline) for a wide range of latitudes in western and cen-
tral Europe (Körner et al. 2003). However, being limited to 
the mid-alpine belt rather than the grassline, the hypothesis 

of a climatic threshold to closed alpine vegetation remains 
open. To assess if there is such a climatic set point for a 
grassline, we used soil temperature data and vegetation 
monitoring plots on 87 mountain summits across Europe. 
Based on previous studies, we hypothesized that the posi-
tion of the grassline was related to (1) a mean soil tempera-
ture in the growing season similar to that of the treeline, 
i.e. around 5–7 °C, and (2) a growing season length that 
would fall between the minimum required for vascular plants 
(42–49 days) and the minimum length observed for the tree-
line (91 days).

Materials and methods

Data collection

Vegetation and soil temperature data were derived from 
permanent plots established within the Global Observa-
tion Research Initiative in Alpine Environments (GLORIA, 
www.glori a.ac.at) network, initiated in 2001 to monitor 
climate warming impacts on mountain vegetation (Pauli 
et al. 2015). Each region belonging to the network consists 
of (usually) four summits along a temperature gradient, 
ideally from the treeline ecotone to the subnival zone (or 
to the highest summit of the region). Monitoring plots on 
these summits were set up between 2001 and 2006, and re-
surveyed at ca. 7-year intervals since. Regions with avail-
able soil temperature data for at least two complete growing 
seasons resulted in including 87 mountain summits, from 
22 European mountain regions, and ten different mountain 
ranges (Table 1 and Fig. 1). Each region was assigned to a 
‘biome’, following Winkler et al. (2016): boreal in Northern 
Europe, temperate in Central Europe, and Mediterranean in 
Southern Europe (Table 1).

On each summit, a quadrat cluster of 3 m × 3 m (hereaf-
ter cluster) was established 5 m below the peak in each of 
the four cardinal directions. In four cases the slopes were 
too steep for establishing clusters, leading to a total of 344 
clusters out of 348 potential locations for 87 summits. In the 
four 1 m × 1 m corner plots of each cluster, the cover of each 
vascular plant species was estimated visually to the nearest 
0.01%, together with the percentage surface cover of vascu-
lar plants, bryophytes, lichens, solid rock, scree, bare soil 
and litter. For regions with two or more surveys, the second 
one (mostly conducted in 2008) was used in the analyses, 
or the one that came closest to the period with temperature 
time series data (Table 1).

Temperature data were derived from temperature log-
gers (Onset TidbiT and GeoPrecision M-Log5W) buried at 
10 cm soil depth in the centre of each 3 m × 3 m cluster, 
assuming that the measured temperatures reflect the ther-
mal conditions in the four neighbouring vegetation plots 

http://www.gloria.ac.at
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Table 1  List of the 22 incorporated regions

Columns are the GLORIA code, the year of the field survey used in analyses, the period with measurements of soil temperatures, the biome they 
belong to, and the elevation of the summits per region (Corsica counts only three summits)

Region name Code Survey year Temperature data Biome Summit elevation [m. a.s.l.]

1. Polar Urals (Russia) RU-PUR 2008 2002–07 Boreal 300, 417, 641, 839
2. South Urals (Russia) RU-SUR 2008 2002–07 Boreal 1109, 1413, 1437, 1565
3. N-Scandes/Latnjajaure (Sweden) SE-LAT 2001 2002–07 Boreal 492, 1000, 1300, 1560
4. S-Scandes/Dovrefjell (Norway) NO-DOV 2008 2002–07 Boreal 1161, 1418, 1651, 1845
5. Cairngorms (Scotland, United Kingdom) UK-CAI 2008 2002–07 Boreal 742, 904, 978, 1111
6. Central Caucasus/Kazbegi (Georgia) GE-CAK 2008 2003–07 Temperate 2240, 2477, 2815, 3024
7. E-Carpathians/Rodnei Mts (Romania) RO-CRO 2008 2002–07 Temperate 2116, 2063, 2221, 2268
8. W-Carpathians/High Tatras (Slovakia) SK-CTA 2008 2002–07 Temperate 1919, 2052, 2061, 2335
9. NE-Alps/Hochschwab (Austria) AT-HSW 2008 2002–07 Temperate 1910, 2065, 2214, 2255
10. S-Alps/Dolomites (Italy) IT-ADO 2008 2002–07 Temperate 2199, 2463, 2757, 2893
11. Central Alps/Texelgruppe (Italy) IT-TEX 2017 2014–16 Temperate 2108, 2619, 3074, 3287
12. Central Alps/SNP—carbonatic (Switzerland) CH-SN1 2015 2016–17 Temperate 2438, 2542, 2836, 3092
13. Central Alps/SNP—siliceous (Switzerland) CH-SN2 2015 2016–17 Temperate 2424, 2519, 2797, 3104
14. W-Alps/Valais (Switzerland) CH-VAL 2008 2002–07 Temperate 2360, 2550, 2989, 3212
15. W-Alps/Mont Avic (Italy) IT-MAV 2012 2013–17 Temperate 2340, 2584, 2790, 3014
16. Northern Apennines (Italy) IT-NAP 2008 2002–07 Temperate 1722, 1815, 1855, 1978
17. Central Pyrenees/Ordesa (Spain) ES-CPY 2008 2002–07 Temperate 2242, 2519, 2779, 3022
18. Corsica/Monte Cinto (France) FR-CRI 2001 2002–07 Mediter 2144, 2305, 2607
19. Central Apennines/Majella (Italy) IT-CAM 2001 2002–05 Mediter 2405, 2511, 2635, 2737
20. Sierra Nevada—West (Spain) ES-SNE 2008 2002–07 Mediter 2778, 2968, 3150, 3327
21. Sierra Nevada—Northeast (Spain) ES-SNN 2011 2006–07 Mediter 2668, 2717, 2800, 3144
22. Crete/Lefka Ori (Greece) GR-LEO 2008 2002–07 Mediter 1664, 1965, 2160, 2339

Fig. 1  Distribution of the 22 
GLORIA regions incorporated 
in the study. The inset enlarges 
the Alps and Northern Apen-
nines. Corresponding region 
names and further information 
are given in Table 1
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(distance from logger to the centre of each plot ca. 1.5 m). 
Soil temperature was recorded in one-hour intervals. For 
most regions, the 2002–2007 measurement period was used 
for the analyses; in some regions, data were not available 
for the whole period (Table 1). Raw temperature time series 
were plotted and inspected visually for outliers, extreme val-
ues and sudden changes in amplitudes. Temperature records 
that fell outside the 0.05–99.95 percentile, often immedi-
ately before and after technical breaks (e.g., because of bat-
tery change), or subsequent readings exceeding a threshold 
of 4 K were excluded after comparison with simultaneous 
readings by neighbouring loggers.

Data preparation

Following Grabherr et al. (2003), the upper limit of the 
grassline was defined as the elevation where the total cover 
of vascular plants per plot fell below 40% (see Table S1 in 
Appendix 2 for alternative cover values). Since vascular 
plant growth may be co-determined locally by factors other 
than temperature at such high elevations (e.g. gravitational, 
periglacial and deflational processes, freeze–thaw cycles, 
water availability), only the 1 m × 1 m plot with the high-
est vascular plant cover within each cluster was used in the 
analyses. We assumed that this plot offered the best condi-
tions for plant growth on the local fine scale. In the other 
three pseudo-replicate plots per cluster, substrate-related 
factors, variation in disturbances or differences in slope or 
exposure are expected to have more strongly contributed to a 
lower plant cover. Consequently, selecting only the plot with 
the greatest plant cover of each cluster, up to the grassline, 
is the best way to limit the influence in the analyses of the 
other local factors that may limit vascular plant growth and 
to identify the upper limit of the fundamental niche of closed 
grasslands. Using the mean or the median of the four plots 
would have resulted in lower cover than the actual potential 
plant cover related to local microclimate (see Appendix 1 
for results with the median). For the same reasons, five clus-
ters located on slopes steeper than 45° were discarded, since 
steepness favours unstable conditions and substrate solifluc-
tion, which are detrimental to plant cover.

Growing season length was calculated as the number of 
days in the year where the daily mean soil temperature at a 
depth of 10 cm was above a threshold level. Following previ-
ous studies (Theurillat et al. 1998; Körner et al. 2003; Körner 
2011), three different temperature thresholds were utilised 
(1 °C, 2 °C and 5 °C). Lower temperatures (e.g. 0 °C) were 
not considered since days with snow cover would have been 
counted as belonging to the growing season. The threshold 
used by Körner and Paulsen (2004) in their global study 
of treelines (3.2 °C) was similarly rejected. This value has 
been specifically defined for root temperature at the treeline 
as corresponding approximately to a weekly mean canopy 

temperature of 0 °C. It is therefore not directly applicable 
to grassland soils, which, in contrast to trees, are exposed to 
strong solar radiation. Because Mediterranean and oceanic 
regions can have rather long periods with warm conditions, 
the whole year was considered to potentially belong to the 
growing season, as long as the mean daily temperature was 
above the retained temperature threshold. The growing sea-
son can be interrupted by cold and/or snow cover events that 
are common under alpine conditions.

Seasonal mean soil temperature per logger was calculated 
from all days belonging to the growing seasons as defined 
above. Degree-days (°d) per season were calculated by sum-
ming all daily temperatures above 1 °C. For all clusters, 
the multi-year means of temperature, length of the growing 
seasons and degree-days were calculated by averaging all 
complete years available. Years with more than 20 missing 
days in temperature data were excluded, and sites having a 
temperature data series shorter than 2 years were excluded 
(13 clusters).

Out of the 87 summits with 344 clusters present in the 
original data set, 326 clusters were retained for analyses (five 
were discarded with a slope ≥ 45° and 13 with insufficient 
logger data). The mean length of the temperature time series 
was 4.7 ± 1.6 years (71% of clusters with time series of 
4–7 years, and 29% with 2–3 years; Table 1). For all regions, 
local atmospheric temperatures (ERA5; Copernicus Climate 
Change Service 2017; see Appendix 3 for details) during the 
periods of soil temperature measurements were found to be 
representative for the 1979–2019 period (within the 95% 
confidence interval; see Appendix 3).

Statistical analyses

The cover of vascular plants in the 1 m × 1 m plots was 
plotted against their respective multi-year mean of grow-
ing season parameters (soil temperature, length and degree-
days). We considered that plant cover, as a function of a 
given seasonal parameter, is constrained by two horizontal 
asymptotes: the lower one at 0% cover (absence of plants) in 
very cold conditions, and the upper one at or close to 100% 
cover in sufficiently warm conditions. Between these two 
extremes, we calculated the sigmoid following the highest 
observed cover for each value of seasonal parameter. In this 
way, the sigmoid can be assumed to follow the best potential 
conditions for vascular plant cover, limited by climatic con-
ditions only. Plots situated under the sigmoid have a plant 
cover below the potential one due to other uncontrolled fac-
tors (e.g., unstable substrate, rock outcrop). To calculate the 
sigmoid, the x-axis was divided into intervals of 0.5 K (for 
mean soil temperature), 10 days (for growing season length), 
or 100°d (for degree-days). For each interval, the 95th per-
centile of all cover values which fell into the interval was 
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calculated following the definition 7 of Hyndman and Fan 
(1996).

The sigmoid curve was fitted to the 95th percentiles of 
each interval using non-linear least squares (function nls in 
R; Bates and Watts 1988; Bates and Chambers 1992). The 
equation y(x) = A +

K−A

1+e−B(x−M)
 was implemented for the sig-

moid function, where A is the value on the y-axis of the 
lower asymptote (0% as starting value), K is the value on the 
y-axis of the upper asymptote (also called carrying capacity, 
the maximum of all available points in the graph used as the 
starting value), B is the slope of the curve between the two 
asymptotes, and M the value on the x-axis of the sigmoid’s 
mid-point. These four parameters were calculated by itera-
tion convergence. The corresponding seasonal parameter 
value at a vascular plant cover of 40% was considered to 
represent the threshold for the grassline, that is, the upper 
limit of closed alpine vegetation. The potential differences 
between biomes (boreal, temperate and Mediterranean) and 
aspects were evaluated with the respective data subsets.

All data preparation and statistical analyses were done in 
R 3.5.1 (R Core Team 2018).

Results

Vascular plant cover decreased strongly below a mean soil 
temperature around 5–6 °C in the growing season. A vas-
cular plant cover of 40% corresponded to a mean soil tem-
perature of 4.9 °C when the growing season was defined as 
encompassing days with a mean temperature ≥ 1 °C (Fig. 2). 
The temperature threshold climbed to 7.3 °C for a growing 
season calculated ≥ 5 °C (Table 2; Fig. S3).

Similarly, plant cover decreased strongly below a growing 
season length of around 100 days (Fig. 2). The minimum 
growing season length allowing a vascular plant cover of 
40% was calculated at 85 days for a growing season defined 
as days ≥ 1 °C, and 40 days for days ≥ 5 °C (Table 2; Fig. 
S3). During the growing season, a minimum of 498 degree-
days above 1 °C was necessary for the establishment of a 
plant cover of 40% (Table 2; Fig. S4).

When considering the three biomes separately (Fig. 3), 
boreal and temperate sites had similar thresholds for the 
mean soil temperature (5.1 °C and 4.9 °C, respectively, for 
a growing season calculated ≥ 1 °C). However, boreal sum-
mits were characterized by a shorter growing season length 
(83 days) than temperate summits (107 days; Table 2), with 
corresponding differences in the necessary degree-days (cal-
culated above 1 °C): 505°d on boreal summits and 683°d 
on temperate summits (Fig. S4). The available data for the 

Fig. 2  Vascular plant cover in relation to mean soil temperature of the 
growing season (4.9  °C; left), and mean length of the growing sea-
son in days (85  days; right). Growing days were retained for mean 
daily soil temperatures ≥ 1 °C (see Fig. S3 in Electronic supplemen-
tary material for the other values). Filled circles correspond to indi-
vidual 1 m × 1 m plots (highest cover value in each 3 m × 3 m cluster), 

coloured according to the elevation belt of the summit. Open circles 
are the 95th percentile of each interval of soil temperatures or grow-
ing season values, respectively, used to calculate the sigmoid curve. 
Dashed lines refer to the 40% plant cover and the respective corre-
sponding threshold values
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Mediterranean summits did not allow for the calculation of 
a sigmoid.

There were no obvious differences, neither for mean soil 
temperature nor for the growing season length, in relation to 
slope exposure (Fig. S5). However, the sigmoids could not 
be calculated for each exposure category separately due to 
an insufficient number of data points.

On the European scale, the mean length of the grow-
ing season was highly variable for a given mean soil tem-
perature. For instance, the growing season length for a soil 
temperature around 6 °C ranged from 84 to 276 days (Fig. 
S6). Conversely, the soil temperatures for a growing sea-
son length around 110 days ranged from 4.9 to 9.0 °C, with 
growing degree-days between 523 and 974°d, respectively.

Table 2  Soil temperatures, 
length of the growing season 
and degree-days at the upper 
limit of the alpine grasslands

Three levels of daily mean soil temperature were used for considering a day as a growing day. The data set 
was insufficient to calculate thresholds in the Mediterranean biome (see Fig. 3 and S3 for corresponding 
graphics)

Temperature threshold [°C] Threshold for the growing season 
length [day]

Degree-
days 
[°d]

Temperature limit for a 
growing day

1 °C 2 °C 5 °C 1 °C 2 °C 5 °C 1 °C

Complete data set 4.91 5.35 7.27 85.2 81.5 39.5 498
Biomes
 Boreal 5.10 5.65 7.36 83.4 81.9 41.8 505
 Temperate 4.88 5.35 7.27 107.0 97.7 72.2 683
 Mediterranean – – – – – – –

Fig. 3  Vascular plant cover on a, b boreal, c, d temperate, and e, f 
Mediterranean summits in relation to mean soil temperature (left) and 
mean length of the growing season (right), when growing days are 
above a daily mean of 1 °C. The sigmoids for the Mediterranean sum-

mits could not be calculated because of insufficient data and too vari-
able plant covers in warm conditions. Filled, open circles and dashed 
lines as in Fig. 2. See Table 2 for corresponding threshold values
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Discussion

The results, based on data of 87 summits distributed across 
Europe, suggest that alpine plant communities cannot 
exceed a vascular plant cover of 40% when the length of 
the growing season (days ≥ 1 °C) is lower than 85 days, or 
when the mean soil temperature during the growing season 
is below 4.9 °C (Fig. 2; Table 2).

Temperature

In this study, the threshold for seasonal mean temperature 
at 10 cm soil depth was around 5 °C, which is similar to 
the thresholds for plant growth reported in previous stud-
ies; either as daily or seasonal mean values, or as lowest 
instantaneous temperature allowing plant growth. At the 
treeline, wood formation in conifers is strongly reduced 
when the daily mean air temperature is below 5.6–8.5 °C 
(Rossi et al. 2007), and xylogenesis stops below 3–4 °C 
(Rossi et  al. 2008). According to Körner and Paulsen 
(2004), the treeline corresponds to a mean soil tempera-
ture of 6.7 ± 0.8 °C during the growing season (measured 
between 1996 and 2003). For low-stature arctic and alpine 
plant species, root growth is strongly reduced when soil 
temperatures drop below 5 °C (Nagelmüller et al. 2016), 
although some growth is still possible at 0–2 °C (e.g., 
Dupontia fisheri, Eriophorum angustifolium, Billings et al. 
1977; Ranunculus glacialis, Poa alpina, Nagelmüller et al. 
2017; Soldanella pusilla, Körner et al. 2019).

These observations point towards a physiological limit 
to growth for temperatures below ca. 5 °C. Carbon assimi-
lation is an unlikely limiting factor, since the lower limit 
for net photosynthesis in alpine plants is close to the freez-
ing tolerance of plant leaves (− 2 to − 6 °C; Körner 2003). 
Rather, limitation of tissue formation (investment of the 
acquired carbon) has been suggested as a more likely 
mechanism (Hoch et al. 2002; Körner 2003; Hoch and 
Körner 2012). For instance, tree roots growing below 5 °C 
are less ramified, paler and more brittle than those grow-
ing at higher soil temperatures (Schenker et al. 2014). Cell 
elongation and xylem lignification are clearly inhibited 
around 1 °C in alpine plant species, with secondary roots 
being formed only rarely below 5 °C (Nagelmüller et al. 
2017). Stalks of Soldanella pusilla can grow very slowly 
at 0 °C under the snow, with lignified xylem vessels. How-
ever, the sclerenchyma of the inner cortex only developed 
cell-wall lignification during warmer temperatures follow-
ing snow melt (Körner et al. 2019).

Alpine plants are able to grow at higher elevations than 
trees because of their low stature. Indeed, in the Euro-
pean Alps, the alpine zone extends over 700 m in elevation 

above the treeline (Theurillat and Guisan 2001), corre-
sponding to a mean air temperature ca. 4.2 K lower at the 
grassline than at the treeline, assuming an adiabatic lapse 
rate of 0.6 °C/100 m. Nevertheless, the difference between 
mean soil temperatures of the two ecotones in growing sea-
son was found to be much smaller: 4.9 °C at the grassline 
(growing season ≥ 1 °C; Table 2) and 6.7 ± 0.8 °C at the 
treeline (start and end of the growing season ≥ 3.2 °C; 
Körner and Paulsen 2004). This discrepancy between soil 
and air temperatures can be explained by contrasted effects 
of solar radiations on plants. At the treeline, tree canopy 
temperature is coupled to atmospheric temperature, with 
little heating effect through solar radiation. This was cor-
roborated by model predictions of mean air temperature 
at treeline using WorldClim data (30 year means), which 
resulted in a very similar mean air temperature of 6.4 °C 
(Paulsen and Körner 2014) as the mean soil temperature of 
6.7 °C during growing season (Körner and Paulsen 2004). 
Conversely, the short-growing alpine plants are exposed to 
strong soil heating by solar radiation (Wilson et al. 1987). 
For example, Scherrer and Körner (2010) found root tem-
peratures under alpine grasslands to be 2–4 K warmer than 
air temperature in summer.

Length of the growing season

The length of the growing season can be a limiting factor 
for closed alpine vegetation in some habitats. The observed 
thresholds (40–85 days, for a growing season above 5 °C or 
1 °C, respectively) are in accordance with Theurillat et al. 
(1998), who set the upper limit of the closed alpine vegeta-
tion in the European Alps at 50 growing days with air tem-
perature above 5 °C. This threshold for closed alpine veg-
etation is shorter than the mean treeline threshold of around 
126 days, but close to the absolute minimum of 91 days 
(with a growing season ≥ 3.2 °C; Körner and Paulsen 2004).

According to Körner (2003), a leaf of Ranunculus gla-
cialis at 2600 m a.s.l needs 37 days to amortize the carbon 
investment of leaf production, and 40–50 days is gener-
ally considered as the minimum for alpine vascular plant 
to survive in snowbeds. In a transplantation experiment in 
the Himalayas, Klimeš and Doležal (2010) observed that 
the highest surviving plants, at 6030 m a.s.l., had 47 days 
above 0 °C, but none of the species survived at 6160 m a.s.l 
with only 19 days above 0 °C. Wagner et al. (2012) noted 
that 40–44 days was the strict minimum after snowmelt 
to achieve seed maturity, but most of the species needed 
60–100 days to reproduce in the subnival belt.

These timespans apply to forbs particularly adapted to 
cold conditions. Some of them are able to reproduce clon-
ally, but without being able to form extensive cover. How-
ever, one may hypothesize that longer and warmer growing 
seasons are necessary for species with an efficient enough 
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clonal reproduction (e.g., Poaceae and Cyperaceae) for form-
ing closed grasslands. Another important biological trait to 
build alpine grasslands is longevity insuring the continuity 
of the plant cover. However, long longevity could be particu-
larly limited by low mean temperatures, as these are associ-
ated to a higher frequency of extremely adverse conditions, 
liable to damage or kill plants. Once graminoids, or other 
clonal species, have colonized a surface, one can assume that 
they create a virtuous loop towards the development of dense 
grasslands: graminoids are particularly effective in capturing 
aeolian sediments (Küfmann 2003), and their dense roots 
strongly contribute to accumulation of below-ground organic 
material and to stabilisation of fine soil material (Schröter 
1926; Jenny-Lips 1948). This initial soil improves water 
and nutrient availability and the retention of heat from solar 
radiation. These are important factors that favour colonisa-
tion of additional species, which in turn contribute to the 
stability of the whole system.

With a reduced growing season length with elevation, 
periglacial, gravitational and deflation processes take more 
and more importance, preventing non-pioneer plants from 
establishing, developing and persisting (Klimeš 2003). 
However, the most important clonal graminoids in alpine 
vegetation are not pioneer species and need some stabil-
ity to develop closed grasslands (Schröter 1926). There-
fore, the thresholds of 4.9 °C and 85 days for the growing 
season corresponds to a tipping point regarding the mini-
mum necessary warmth for efficient clonal plants, mostly 
graminoids in the northern hemisphere, to develop closed 
grasslands. In colder conditions, plant life is still possible, 
but as more or less isolated individuals. For example, Dvor-
ský et al. (2015) observed five plant species in Ladakh at 
6150 m.a.s.l, with a mean soil temperature of 2.9 °C, whilst 
Körner (2011) described the life conditions of a Saxifraga 
oppositifolia cushion at 4507 m.a.s.l in the Alps, with a 
mean temperature of 2.6 °C for 66 days with a mean rooting 
temperature > 0 °C.

Latitude and slope orientation

The minimum soil temperatures for closed vegetation are 
quite similar in the boreal and temperate sites, suggesting 
that a universal threshold exists. However, the length of 
the growing season is longer in the temperate than in the 
boreal sites, hence corresponding to a much higher sum of 
degree-days on temperate summits. A similar difference was 
observed for the treeline, with 104 ± 2 growing days in three 
Eurasian subarctic and boreal sites, against 135 ± 10 days for 
12 temperate sites in the Alps (Körner and Paulsen 2004). 
With a worldwide scope, these authors concluded that the 
growing season length alone has no explanatory power for 
the treeline, since it can be up to 365 days at the equator. 
We can realistically hypothesize the same latitudinal pattern 

for the grassline. Unfortunately, we could not test this with 
the Mediterranean biome, as very high summits with cold 
enough conditions to exclude grassland development were 
not available in our dataset (Fig. 3 and S6).

As expected, the thresholds for mean growing season 
temperature and season length for closed alpine vegetation 
appear similar for all aspects (Fig. S5). However, the eleva-
tion of the grassline differs among aspects and along the lati-
tudinal gradient. The thermal grassline limit is not reached 
in Sierra Nevada (Spain, 37.1°N) at 3327 m a.s.l. (the eleva-
tion of its highest study summit), but it lies at around 2990 m 
a.s.l. in the Swiss Alps (46.0°N) and around 1560 m a.s.l. in 
the Northern Scandes (Sweden, 68.3°N), in both cases on 
the north-facing aspect. Similarly, the grassline is located 
higher on the south- or east-facing slopes than on west- and 
north-facing ones, as south and east are warmer than north 
and west slopes (Winkler et al. 2016). According to our 
data set, with south-facing slopes ca. 0.62 K warmer than 
north-facing slopes on the upper alpine and subnival sum-
mits (analysis not shown, data available as supplementary 
material), one can expect a grassline situated approximately 
100 m higher on south-facing than on north-facing slopes 
(temperature lapse rate of 0.6 °C/100 m). This difference 
contrasts with the situation at the treeline. At the grassline, 
the root temperature of the low-stature plants depends on the 
solar radiation reaching the soil surface, whereas at the tree-
line, exposure effects are buffered by tree canopies (Paulsen 
and Körner 2001; Körner and Paulsen 2004).

Supplementary factors affecting thresholds

The low number of plots with a plant cover close to 0% 
due to cold conditions or short-growing season limits the 
precision of the calculated thresholds. Such data are absent 
because most of the GLORIA target regions have no subni-
val or nival summits or because only summits with plants 
were selected. In addition, in the absence of plants, soil is 
generally missing and measuring soil temperature is not 
possible. Conversely, although the 1 m × 1 m plot with the 
highest vascular plant cover per quadrat cluster was selected 
for analyses, many sites have plots with 0% cover in warmer 
conditions than the calculated thresholds. According to the 
GLORIA field manual, the clusters are always set 5 m below 
the summit (Pauli et al. 2015). Thus, plot positions may not 
represent the best local conditions for plant growth. Indeed, 
plots may be situated on limestone pavements, scree or steep 
slope; all situations where plant colonisation is strongly 
inhibited by the absence of fine substrate or its instability. 
In the Mediterranean sites, summer drought adds an impor-
tant stress which probably explains the very low plant cover 
recorded in many plots, despite growing seasons exceeding 
11 °C and 200 days (Pescador et al. 2016; Fig. 3e, f). Lam-
precht et al. (2021) showed that on Sierra Nevada summits 
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(Spain), changes in vegetation cover are independent of 
temperature variations but are related to rainfall variations.

A further reason of deviation may arise from the potential 
mismatch between (1) the present distribution of the limit 
to closed alpine vegetation, which is mostly a legacy of the 
prevailing climate before the 1980s, and (2) the recorded 
soil temperatures in the 2000s that were already influenced 
by ongoing climatic warming (Qian et al. 2011; Fig. S2). 
For example, in the Swiss Alps, air temperature increased 
by 0.57 °C per decade at the end of the twentieth century 
(Rebetez and Reinhard 2008) and snow cover duration 
decreased by 8.9 days per decade (Klein et al. 2016). In the 
Southern Scandes (Norway), air temperature increased by 
0.34 °C and the growing season by 6.2 days per decade since 
the 1960s (Michelsen et al. 2011). In the Central Apennines, 
air temperature increased by 0.26 °C per decade during the 
last half of the twentieth century (Evangelista et al. 2016). 
However, this large-scale trend has some exceptions, such 
as in the Cairngorms (Scotland), where snow cover dura-
tion increased locally between 2002 and 2015 by around 
81 ± 21 days (Andrews et al. 2016). Although the process 
of species colonization is rapid on European alpine summits 
(e.g., Pauli et al. 2012; Matteodo et al. 2013; Steinbauer 
et al. 2018), one can reasonably expect that the develop-
ment of closed vegetation is much slower in the subnival 
belt (Kulonen et al. 2018; Lamprecht et al. 2018). Therefore, 
actual threshold values for the European grassline at 10 cm 
soil depth are probably slightly lower than the calculated 
4.9 °C and 85 days for mean soil temperature and growing 
season length. Conversely, root meristems of alpine plants 
are often situated only 1–3 cm below soil surface (Körner 
2003). Therefore, the actual mean temperature for growth at 
the grassline is expected to be warmer than the calculated 
values.

Conclusion

The alpine-nival ecocline is defined as the transition 
between the closed alpine grasslands and the mostly 
unvegetated nival zone (Reisigl and Pitschmann 1958; 
Leuschner and Ellenberg 2017). On the basis of the spe-
cies composition and snow cover, Gottfried et al. (2011) 
calculated an elevation around 2900–2970  m for the 
alpine-nival ecocline in the European Alps, correspond-
ing approximately to the summer snow line (Hantel et al. 
2012). According to our analyses, a mean soil tempera-
ture above 4.9 °C during the growing season, defined as 
encompassing days with daily mean temperatures ≥ 1 °C, 
is necessary for the presence of closed alpine swards, a 
value close to that observed in soils of treeline habitats 
(Körner and Paulsen 2004). This temperature threshold 

is in accordance with several studies on vascular plant 
growth under cold conditions dealing with plant physi-
ology or alpine ecology (e.g., Billings et  al. 1977; 
Nagelmüller et al. 2016). As expected, with a minimum 
of 85 days ≥ 1 °C, the length of the growing season is 
an intermediate value between the shortest possible time 
for the growth of vascular plants (40–50 days) and the 
shortest growing season length observed at the treeline 
(91 days between the first and last days ≥ 3.2 °C; Körner 
and Paulsen 2004).

Based on a large data set, our study confirmed previous 
values hypothesized for the climatic conditions determin-
ing the grassline at the alpine-nival ecocline (e.g., Theuril-
lat et al. 1998; Körner 2003) and improved our under-
standing of the upper limit of closed alpine swards in high 
mountains. Complementary studies in mountain ranges of 
other continents, especially in tropical, subtropical and 
arid-temperate regions, would be required for a global 
assessment. As with the treeline, the minimum mean soil 
temperature value for the presence of a closed alpine veg-
etation is expected to be approximately the same every-
where, whilst the growing season length increases towards 
the equator. Studies focusing on soil formation and biotic 
processes at the grassline and on the cold-adaptations of 
different growth forms would be important for a better 
understanding of the grassline and its potential to move 
upwards under climate change.
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