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Abstract
Alpine plants complete their seasonal phenological cycle during two to three snow-free months. Under climate change, snow-
melt advances and the risk of summer droughts increases. Yet, photoperiodism may prevent alpine plants from benefiting 
from an earlier start of the growing season. To identify the drivers of flowering phenology in the seven main species of an 
alpine grassland, we experimentally shifted the snowmelt date through snow manipulations, and excluded precipitation during 
summer. With “time-to-event” models, we analysed the beginning of main flowering with respect to temperature sums, time 
after snowmelt, and calendar day (photoperiod). We identified two phenology types: four species tracking snowmelt dates 
directly or with a certain lag set by temperature sums, including the dominant sedge Carex curvula, Anthoxanthum alpinum 
Helictotrichon versicolor, and Trifolium alpinum, and three species tracking photoperiod: Geum montanum, Leontodon 
helveticus and Potentilla aurea. Photoperiodism did not act as daylength threshold but rather modulated the thermal sums 
at flowering. Hence, photoperiod delayed flowering after earlier snowmelt. The grass A. alpinum was the only one of seven 
species that clearly responded to drought by earlier and longer flowering. The remarkably high importance of snowmelt 
dates for both phenology types suggests an earlier onset of flowering in a warmer climate, particularly for non-photoperiod-
sensitive species, with an increasing risk for freezing damages and potential disruptions of biotic interactions in the most 
frequent type of alpine grassland across the Alps. Consequentially, the distinct microclimate and species-specific responses 
to photoperiod challenge temperature-only based projections of climate warming effects on alpine plant species.
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Introduction

In alpine regions, the length of the growing season is deter-
mined by snow cover duration and alpine plant development 
is closely linked to snowmelt timing (Körner 2021). Dur-
ing recent decades, shifts in snow cover have been observed 
particularly below the treeline, but also for alpine and nival 
zones (Marty 2008; Scherrer et al. 2013; Klein et al. 2016; 
Hock et  al. 2019). Further massive reductions in snow 
cover duration are predicted under ongoing and future cli-
mate change (Keller et al. 2005; Steger et al. 2013; Hock 
et al. 2019). Summer droughts are expected to occur more 
frequently and to be more severe (IPCC 2018), and may, 

therefore, limit alpine plant species that otherwise profit 
from an earlier growing season.

Photoperiodism

Given the long-lasting snow cover, alpine plants have to 
complete their growth and reproduction very rapidly within 
a 10–12-week growing season. Besides bud preforma-
tion (Erschbamer et al. 1994; Meloche and Diggle 2001), 
mechanisms are required to precisely control plant phenol-
ogy. About half of 23 species studied in the high alpine belt 
(2600–3200 m a.s.l) have displayed pronounced photoperi-
odism in the greenhouse (response to daylength, thus to pho-
toperiod; Keller and Körner 2003). Photoperiodism prevents 
plant development during warm spells in late winter or early 
spring and facilitates synchronised flowering, presumably 
increasing reproductive success (Heide 2001; Keller and 
Körner 2003). Heide (1985, 1990, 1992, 2005; Heide et al. 
1990) provided compelling evidence that photoperiod plays 

 * Maria Vorkauf 
 evamaria.vorkauf@unibas.ch

1 Institute of Botany, Department of Environmental Sciences, 
University of Basel, Schönbeinstrasse 6, 4056 Basel, 
Switzerland

http://orcid.org/0000-0002-0080-6958
http://orcid.org/0000-0002-7823-5163
http://orcid.org/0000-0001-7768-7638
http://orcid.org/0000-0002-0704-0780
http://crossmark.crossref.org/dialog/?doi=10.1007/s00035-021-00252-z&domain=pdf


74 Alpine Botany (2021) 131:73–88

1 3

a decisive role in many arctic plant species. The significance 
of photoperiod has predominantly been studied in form of 
thresholds or long-day requirements (e.g. Heide 2001; Kel-
ler and Körner 2003). In the context of climatic change, 
photoperiodism may prevent species from benefiting from 
earlier snow melt. Species that are tightly linked to pho-
toperiod cues could have a competitive disadvantage over 
more non-photoperiod-sensitive species. Wadgymar et al. 
(2018) highlighted that the flowering phenology of six subal-
pine forbs has not advanced as rapidly as the snowmelt dates 
(1973–2016: 1 week earlier snowmelt induced 3.5–5 days 
earlier flowering only).

However, in  situ evidence for photoperiodism in the 
alpine belt is still scarce. Recently, several studies with trans-
planted montane and alpine plants at different elevations 
(common gardens) underline that plant species from higher 
elevation flowered earlier when brought to lower elevation 
with earlier snowmelt (Gugger et al. 2015), especially early-
flowering species or graminoids seem to be more responsive 
to earlier snowmelt than late flowering species (Wadgymar 
et al. 2018). Although common gardens have many advan-
tages such as allowing a differentiation between genotypic 
and phenotypic acclimatisation, pre-cultivation of alpine 
plant species at lowland conditions (in the greenhouse) and 
commonly offering nutrient rich soil substrates or restricting 
rooting volumes by pots may affect plant performances and 
also phenological responses in common gardens.

In general, natural differences in photoperiod under vari-
able snowmelt in the field are typically far smaller than those 
often applied in greenhouse and transplant experiments.

Furthermore, higher temperatures are expected to accel-
erate plant development in addition to photoperiod signals 
(Heide 1992). Without photoperiod control, temperature 
sums alone may drive plants to respond to early snowmelt, 
causing earlier flowering, but simultaneously increasing the 
risk of freezing damages.

The cascade of processes in a plant after the photoperiod 
threshold for flowering is passed, the interaction with tem-
perature in particular, is not well understood. To predict 
future plant responses to an earlier onset of the growing sea-
son such interactions between drivers have to be accounted 
for. Here, we aim at deciphering these interactions experi-
mentally by manipulating the onset of the growing season by 
snow manipulation under alpine field conditions.

The effect of snowmelt date and temperature 
on phenology

A 31-year-long study in the Rocky Mountains revealed a 
close correlation of first flowering and snowmelt dates, pro-
vided snowmelt did not occur exceptionally early in the year 
(Inouye 2008). A tight coupling of plant development with 
snowmelt dates was also observed in other high-elevation 

and high-latitude ecosystems, which differed in daylength 
(e.g. Canaday and Fonda 1974; Ram et al. 1988; Wipf and 
Rixen 2010). For alpine plant species not assumed to be pho-
toperiod sensitive, post-snowmelt temperatures were consid-
ered to control the phenology (e.g. Kudernatsch et al. 2008; 
Livensperger et al. 2016; warming with open-top chambers). 
Earlier attempts at identifying drivers of alpine plant phe-
nology have already considered both, temperature and pho-
toperiod, but have not addressed their potential interaction 
(Molau et al. 2005; Hülber et al. 2010).

When studying temperature effects on alpine plant spe-
cies, it is important to account for the actual growing condi-
tions of meristematic tissues. Given that the compressed, 
small stature of alpine plants creates a warmer microclimate, 
weather station data, as often used for phenological models, 
are not a reliable data source for temperatures that are driv-
ing alpine plant development (Scherrer and Körner 2010; 
Dietrich and Körner 2014; Körner and Hiltbrunner 2018).

Summer drought

Despite the typically positive water balance at high eleva-
tions in temperate mountains (Weingartner et al. 2007), 
recent heat waves and precipitation deficits in the Alps 
(2003, 2015, 2018) have shown that summer drought occurs 
above the upper treeline and plants have been spotted wilt-
ing (personal observations). In a low elevation grassland, 
drought both advanced flowering and prolonged flower dura-
tion by 4 days (Jentsch et al. 2009). Complete rain exclusion 
during 43 days in an otherwise very humid region increased 
the seed mass of plant species occurring at higher elevations, 
presumably promoting seedling recruitment in a calcareous 
grassland (Rosbakh et al. 2017). An experimental drought 
for 17 days reduced phytomass production in alpine grass-
land (de Boeck et al. 2016). Schmid et al. (2011) observed 
reductions of 12–35% in above-ground biomass of a similar 
grassland type under summer drought. None of these stud-
ies included phenological observations. Nevertheless, the 
combination of shifting snowmelt dates and summer drought 
may have a large impact on alpine grassland, in particular 
on developmental processes (phenology), with implications 
for biotic interactions and gene flow, as well as for future 
species distribution.

Main objectives

In this study, we aimed at identifying the drivers of flower-
ing phenology and flower duration for the main plant spe-
cies in a late successional alpine grassland and to explore 
how summer drought interferes with these drivers. To 
assess drivers and their interactions, we established a snow 
manipulation and rain exclusion experiment at 2500 m 
a.s.l. This late successional grassland, dominated by Carex 
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curvula, is the most widespread type of alpine grassland 
on siliceous bedrock in the European Alps (Oberdorfer 
2001; Leuschner and Ellenberg 2017). We present a phe-
nological dataset covering the 3 years 2016–2018, supple-
mented with detailed microclimatic data for the growing 
seasons.

As snowmelt commonly occurs around summer solstice 
at our field site, we hypothesise (1) that temperature after 
snowmelt plays a more crucial role for phenology than 
does photoperiod, with (2) an influence of photoperiod 
after exceptionally early snowmelt only. As soil moisture 
continuously decreases under ongoing drought, we expect 
(3) late flowering species to be significantly more affected 
by drought than early-flowering species.

Materials and methods

Site description

The study site is located at 2500 m a.s.l. near the Furka 
pass in the Swiss central Alps (46° 33′ 47′′ N, 8° 23′ 28′′ 
E) in a late successional grassland on siliceous podsol. 
For an earlier site description and productivity data, see 
Schäppi and Körner (1996). The growing season lasts 
approximately 3 months with snowmelt usually occur-
ring in June and senescence starting in the second half 
of August. Mean air temperatures during June, July and 
August are 6.0 °C, 8.7 °C and 8.3 °C (Furka pass, www. 
alpfor.ch). As a result of the continuous snowpack at the 
site, soils commonly do not freeze in winter. Summer pre-
cipitation amounts to ca. 400 mm (Jun–Aug, Furka pass). 
With an inclination of 10°, the terrain is relatively flat for 
alpine terrain and well suited for an experiment with snow 
manipulations and summer drought. Most of the roots and 
the apical shoot meristems are located in the upper 5 cm 
of the soil profile and the mean rooting depth is around 
20 cm (few roots down to 1 m depth). Besides the domi-
nant sedge Carex curvula All., other frequently occurring 
species are the grasses Anthoxanthum alpinum Á. Löve & 
D. Löve, Helictotrichon versicolor (Vill.) Pilg. and Poa 
alpina L., the forbs Geum montanum L., Leontodon hel-
veticus Mérat, Potentilla aurea L., Sibbaldia procumbens 
L. and Soldanella pusilla Baumg., and the  N2-fixing forb 
Trifolium alpinum L. (species nomenclature according to 
Lauber et al. 2018).

Fruticose lichens (Cetraria islandica L. and various 
Caldonia species) are abundant in this alpine grassland. 
However, as the age of the lichens cannot be determined 
and lichens may dry out for longer periods, we did not 
include them in the field observations.

Snow manipulation and summer drought

We implemented all combinations of summer drought (con-
trol, moderate-5-week drought spanning the main period for 
the above-ground biomass production, intense-10.5-week 
drought covering almost the entire growing season) and 
snow manipulations (control, addition, removal) in a fully 
factorial experimental design. We had 45 parcels (2 × 2.5 m), 
organised in 5 replicated blocks. In each block, the nine par-
cels were randomly assigned to one fixed treatment combi-
nation. To avoid any boundary effects of the drought treat-
ment, we defined a central plot (1 × 1 m) within each parcel.

We conducted the snow manipulations in late spring 
2016–2018 (beginning of June 2016, end of May 2017, 
first half of June 2018), 2–3 weeks before natural snow-
melt (Fig. 1). In 2016 and 2017, we decreased the snow 
depth from roughly 1–0.5 m to achieve earlier snowmelt, and 
we increased the snow depth to 2.2–2.5 m to delay snow-
melt. An unstable weather period in 2018 postponed the 
snow manipulation, so that the mean snow depth was only 
0.5 m, thinner than desired for the treatment. We, therefore, 
removed snow down to 0.3 m and added it up to 0.5–0.7 m, 
depending on snow availability. Then, because of the lower 
snow depth on the snow addition parcels, we covered the 
snow addition parcels with a white, water permeable fleece 

Fig. 1  Snow manipulations and rainout shelters at the field site 
at 2500  m a.s.l. in 2017. The insert with snow manipulations was 
retrieved from https:// www. webcam- 4insi ders. com/ de/ Oberw ald/ 
15221- Oberw ald. php (on-site webcam)

https://www.webcam-4insiders.com/de/Oberwald/15221-Oberwald.php
https://www.webcam-4insiders.com/de/Oberwald/15221-Oberwald.php
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(Datex KN 25, Fritz Landolt AG, CH), which was removed 
after 10 days when snow height was 0.3 m.

We applied the drought treatments using rainout shelters, 
starting directly after snowmelt: on June 16th, 2017 and on 
July 2nd, 2018 (no drought treatment in the year 2016).

The basal area of the shelters was 2.5 × 3 m, thus, they 
were 0.5 m larger than the parcels in either direction. The 
tent-like shelters had a ridge height of 1.2 m, with both long 
edges reaching down to 10 cm above the ground and covered 
by UV-B permeable foil (Lumisol AF clear, Hortuna AG, 
CH). The triangular openings of the short sides were ori-
ented in the main wind direction (W–E), ensuring a constant 
air flow to minimise microclimatic effects. Wooden strips at 
both long sides of the shelter drained the excluded rainwater 
outside the lower end of the parcel. These rainout shelters 
were constructed to withstand harsh alpine weather condi-
tions and have already been successfully implemented for 
a drought experiment (Schmid et al. 2011, photo of rainout 
shelter in the Fig. 1).

Temperature sensors in the centre of each plot (HOBO 
UTBI-001 TidbiT v2 Temp, Onset, US, 1-h measurement 
intervals) measured the soil temperature adjacent to most 
alpine plants’ meristems (3–4 cm depth). Diurnal tempera-
ture fluctuations after snowmelt revealed exact snowmelt 
dates within each plot. We additionally used the soil tem-
peratures for assessing temperature effects of rainout shelters 
(day- and night-time effects separated: 11 a.m.–10 p.m. and 
11 p.m.–10 a.m. These 12-h intervals consider daily minima 
and maxima of soil temperatures, lagging 2 h behind air 
temperatures. During the growing seasons 2017 and 2018, 
every 10 min, two weather stations (Vantage Pro2, Davis 
Instruments Corp., USA) recorded precipitation, global 
radiation and air temperatures at 1.5 m above ground. Sur-
face temperatures were measured with an IR thermal camera 
 (VarioCAM®, Infratec, Dresden, GER). Thermograms were 
taken in each plot on six sunny days with all rainout shel-
ters removed (two times in 2017, four times in 2018) from 
a distance of 180 cm southwards of the plots at an angle 
that covered the whole plot. Pixel-based temperatures were 
extracted using the software IRBIS 2.20 (Infratec, Dresden, 
GER; temperatures are shown in ESM 1.1 and 1.2).

We manually measured the soil moisture of the top 5 cm 
(Theta probe ML2x, Delta-T Devices, UK), with a 1–2-week 
interval. For assessing the drought effect in both years, we 
averaged the soil moisture values over five separate time 
periods as rainout shelters were immediately installed after 
snowmelt, and therefore, differed in the date between the 
2 years (N indicates the number of measuring campaigns 
during the corresponding period). Two time periods with 
all rainout shelters installed (moderate and intense drought, 
1st and 2nd half), two time periods during intense drought 
(1st and 2nd half), and one after the removal of all rainout 
shelters. Eight soil moisture retention curves (pF curves, pF 

as the  log10 of the matrix potential) served as a reference for 
the actual drought effect (10 and 30 cm soil depth, measured 
with a HYPROP 2, METER Environment/UMS, GER). The 
growing season 2018 was exceptionally dry and we observed 
wilting adjacent to our study site, therefore, we watered the 
controls twice (1st and 28th of August), with 17 L  m−2 each, 
to prevent any drought damages in the controls.

Phenology

We assessed phenology twice a week directly after snow-
melt, weekly throughout the main season, and biweekly at 
the end of the season (after flower senescence). This resulted 
in 7, 12 and 10 phenology assessments in the years 2016, 
2017 and 2018, respectively. For each plot and each species 
growing on it, we determined its phenological stage. We 
characterised main flowering as the state when the majority 
(≥ 50%) of flowering individuals on a plot had fully open 
flowers, and clearly visible open anthers and stigmas in 
case of sedge and grass species. We assessed flower senes-
cence when the majority of flowering individuals had dried 
or fallen off petals or dried and broken off anthers for the 
graminoids. We then defined the transition to main flowering 
(TMF) as the start date of main flowering, and the flower 
duration as the time span until flower senescence. TMF was 
used for the analysis instead of the transition to earliest flow-
ering because of its distinct signal at plant species level (e.g. 
CaraDonna et al. 2014).

Although we selected the most abundant species only, not 
all of these occurred in each plot. Dominant graminoids (C. 
curvula, H. versicolor) had often more than 50 individuals 
per plot, while forb species were much less abundant (6–20 
individuals per plot). We, therefore, restricted our analysis 
to species that occurred at least three times per implemented 
treatment combination (snow and drought treatments) in 
all 3 years (n = 3–5). These were the sedge C. curvula, the 
grasses A. alpinum and H. versicolor as well as the forbs G. 
montanum, L. helveticus, P. aurea, and T. alpinum. In 2016, 
flowering was not recorded in A. alpinum.

Drivers for flowering phenology and interval 
censoring

We differentiated between flowering phenology driven by 
(1) snowmelt or by snowmelt and the subsequent tempera-
ture regime, and (2) photoperiod (or an interaction between 
photoperiod and temperature). A special case of (1) would 
be a fully opportunistic plant species that starts flowering 
immediately after snowmelt with concurrent temperature 
allowing for a delay of only a few days till TMF. For the 
transition to main flowering (TMF), we thus considered (1) 
the day of the year (DOY) with its specific photoperiod (PP), 
(2) the time in days elapsed since snowmelt (DSM), and 
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(3) temperature, expressed by thermal sums (TS, °h ≥ 0 °C 
or ≥ 5 °C) measured close to apical meristems (at 3–4 cm 
soil depth; TS ≥ 5 °C are presented in the ESM 2 only).

DSM and TS are highly correlated across the whole 
growing season, but not necessarily during the first few days 
after snowmelt. Especially for early-flowering species, these 
temperatures at the very start of the growing season may be 
decisive for TMF, and therefore, both drivers were consid-
ered here, but analysed separately.

From the phenology census, we identified the interval of 
the transition for TMF and flower senescence, respectively. 
The last observation prior to TMF corresponds to the lower 
interval boundary and the first observation of main flower-
ing represents the upper interval boundary after the transi-
tion. For these intervals with the phenological shift, we have 
continuous records of the three potential drivers (DOY/PP, 
DSM, and TS).

Data analysis

Drivers of TMF

For each driver and each plant species separately, we ana-
lysed whether snow manipulation, summer drought or the 
different years led to a significant shift (delay/advance) of 
TMF. We used time-to-event analysis (R package survival 
v 2.43.3, Therneau 2015) with our census observations to 
delineate TMF. Time-to-event regression is specifically 
designed for situations when only the interval of an event 
occurrence is known but not its exact time. Here, “event” 
refers to a phenological transition (TMF, flower senescence), 
and “time” denotes a phenological driver (DOY/PP, DSM, 
and TS).

The so-called hazard function describes the probability 
of TMF to occur at time x and the corresponding survival 
curve provides the probability of the phenological transition 
to have already occurred by the time x (Klein and Moesch-
berger 2003). With the time-to-event regression, we fit a  
parametrical hazard function to the interval censored data. 
For each driver, each plant species and the two transitions, 
we tested three parametric distributions (exponential, 
Weibull, and log-logistic) and the best fit was chosen based 
on the log-likelihood. In addition, we compared paramet-
ric to non-parametric stepwise models, and we graphically 
analysed response residuals. For each treatment and each 
year, we determined TMF at the driver’s value with a 50% 
probability for individuals within plots to have transitioned 
(p50). We calculated the TMF’s p50 values and their confi-
dence intervals for each treatment combination in each year.

As summer drought was implemented in 2017 and 2018 
only, we tested its effect for these 2 years separately (model 
with drought, snow manipulations and years, n = 3–5). In 
case of a significant drought effect, only parcels without 

drought treatments were used for the further analysis of the 
snow treatments across all three years (2016–2018). For 
all analyses, we allowed twofold interactions, as higher 
number of interactions could not be interpreted in an eco-
logically reasonable manner for the given setup. Signifi-
cant treatment and year effects were assessed using type 
III ANOVA. Since TMF occurred before the end of the 
moderate drought treatment, we averaged the values for 
the moderate and intense drought treatments. We present 
absolute values, but the drivers for TMF were standard-
ised to values between 0 and 1 to allow direct compari-
sons among drivers. The predictive power of a driver was 
judged by its degree of concurrence with the observed 
onset of TMF. The best fitting driver was identified by a 
very small difference between the earliest and the latest 
onset of a phenological shift across experimental treat-
ments in all 3 years (standardised range of TMF).

Photoperiod‑dependent temperature sums

In addition to the treatment effects, we investigated the linear 
relation of TS (°h ≥ 0 °C) at TMF and snowmelt dates (with 
its respective photoperiod) for each species, again with time-
to-event analysis, using a Gaussian hazard distribution. For 
those species with a drought effect in the prior analysis, we 
also tested the response to drought, allowing for the interac-
tion of drought and snowmelt dates.

Flower duration

We assessed the flower duration as the time difference 
between TMF and the transition to flower senescence (both 
p50 values). p50 values were extracted from survival mod-
els, based on the driver days since snowmelt (DSM). Par-
ticularly later in the growing season, DSM and TS are highly 
correlated, and therefore, we here report flower durations 
expressed in DSM (days) but not in TS (°h). For flower dura-
tion, we considered 2017 and 2018 only. The difference in 
natural snowmelt dates among the 2 years was far larger 
than what we achieved through snow manipulations. Thus, 
for flower duration, we accounted for differences between 
years and for the effect of drought, but not for the effect of 
snow manipulation. Thereof, we derived one flower dura-
tion per treatment combination and year. This resulted in a 
replicate of n = 3 per drought treatment and year. We applied 
stepwise backwards model selection to the full model with 
interaction effects between species, years, and drought treat-
ment. Contrasts were calculated through Tukey HSD post 
hoc comparisons (R package emmeans v1.4.2., Lenth et al. 
2019). All analyses were performed with the statistical soft-
ware R-3.5.2 (R Core Team 2019).
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Results

Snow manipulation and snowmelt dates

2016 was a relatively normal year with respect to snow 
cover and snowmelt date (Fig. 2; compared to the data for 
the 2013–2020 period from the Furka weather station). 
Very little snow in the winter 2017 and an exceptionally 
warm spring led snowmelt to occur 24 days earlier than in 
the previous year, and 14 days earlier than in 2018. Snow 
manipulation in 2016 caused a 9-day earlier snowmelt (snow 
removal) and a delay of 1 day only through snow addition. 
In 2017, snow removal advanced melt by 6 days and snow 
addition delayed it by 4 days. After a period with thunder-
storms in spring 2018, snow manipulation was late and the 
combination of snow addition and fleece postponed snow-
melt by 6 days, while the removal of snow from an already 
thin snowpack advanced snowmelt by 2 days only. Across 
all 3 years with snow manipulations, the range of snowmelt 
dates covered 38 days.

Drought treatment and microclimatic effects

The drought treatments (moderate and intense) during 
the growing seasons 2017 and 2018 successfully reduced 
soil volumetric water contents (Table 1). Compared to the 
relatively normal summer precipitation in 2017 (+ 17% 
compared to the 2013–2016 mean for June–August), the 
2018 growing season was very dry (− 40% compared to 
2013–2016) and temporarily, soil moisture in the controls 
of 2018 was lower than in the extreme drought treatment of 
2017. Throughout the second half of the moderate drought 
treatment, soil moisture was on average 7.8 vol% (2017) 
and 7.3 vol% (2018) lower than in the control parcels. Dur-
ing the second half of the intense drought treatment, soil 

moisture was 15.2 vol% (2017) and 10.9 vol% (2018) lower 
than in controls, respectively. Mean soil moisture values did 
not drop below the permanent wilting point of 10.1 vol% 
(derived of eight pF curves at 10 cm soil depth; 8.8 vol% 
at 30 cm soil depth), but in single parcels, soil moisture 
reached these values. After termination of the moderate 
drought treatment, average soil moisture values recovered 
to values in the range of the control parcels. Our weekly 
assessments showed that the snow manipulations did not 
affect the soil water contents beyond 2 weeks after the start 
of the drought treatment in 2017, and 3 weeks in 2018 (data 
not shown).

The rainout shelters induced slightly higher soil tempera-
tures (0.3–1.4 K, Table 1), because of the inhibition of radia-
tive cooling during night (0.1–0.4 K for the period with the 
intense drought treatment). Further, an increased warming 
effect under intense drought compared to moderate drought 
indicated less evaporative cooling under extreme drought. 
The overall soil temperature increase under rainout shelters 
amounted to 0.9 K.

Surface temperatures (thermal imaging) at single, sunny 
days (rainout shelters briefly removed) were typically higher 
under experimental drought (up to 3.9 K under intense 
drought), pointing to stomatal closures and elevated sensible 
heat fluxes from leaves and soil surface (ESM 1.1 and 1.2).

Transition to main flowering (TMF)

The early snowmelt in 2017 induced early TMF in all spe-
cies. Correspondingly, snow removal consistently induced 
an earlier, snow addition a later TMF in all species (DOY in 
Fig. 3). Thus, no critical threshold in photoperiod could be 
observed. Nevertheless, we identified two groups of species, 
differing in their responsiveness to early snowmelt dates. The 
early snowmelt in 2017 (24 days earlier) advanced flowering 
by 20–24 days in C. curvula, H. versicolor and T. alpinum 
(no records for A. alpinum in 2016), indicating that TMF of 
this group of species is driven by the snowmelt date and the 
subsequent temperature regime. In a second, less responsive 
group, consisting of the forbs G. montanum, L. helveticus and 
P. aurea, flowering set in only 10–13 days earlier in 2017.

The driver DOY/PP consistently exhibited the broadest 
variation across all years and snow manipulations, whereas 
DSM and TS were always less variable (smaller horizontal 
grey bars in Fig. 3). Without snow manipulation, DSM at 
TMF only varied by 4 days for the species C. curvula, A. 
alpinum, H. versicolor and T. alpinum, but by 7–13 days 
for G. montanum, L. helveticus and P. aurea. Thus, these 
results suggest that within the observational period of our 
study, DSM and TS exerted a substantially larger effect than 
DOY/PP, even in a year with exceptionally early melt and 
additional snow removal. In the following, we present the Fig. 2  Snowmelt dates (mean ± SD) in three consecutive years 

(2016–2018) with snow manipulations (see Fig. 1)
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best fitting driver for TMF for each species of the two groups 
(Table 2).

Temperature sums and days since snowmelt 
at the transition to main flowering

TMF in C. curvula was characterised by very similar TS 
(between 2300 and 3400°h ≥ 0 °C) across years and snow 
manipulations (Table  2). DSM ranged between 9 and 
15 days, but the total range of TMF (scaled) for TS was 45% 
smaller than for DSM. In control plots, C. curvula started 
flowering after accumulating 2300–2900°h, with lowest 
values in 2018. Significant differences between years and 
snow manipulations (Table 2) were slightly smaller than 
TS typically accumulated during two average days in July 
(ca. 600°h ≥ 0 °C  day−1). This dominant sedge flowers very 
quickly after snowmelt and thus, represents a fully oppor-
tunistic flowering behaviour with respect to snowmelt date.

Similarly, but not as extreme as in C. curvula, for T. alpi-
num, TS was the best describing driver for TMF and com-
pared to DSM, the range of TS at TMF was 15% smaller. T. 
alpinum’s TMF started at 10200°h on control plots without 
any significant differences between years. Snow manipula-
tion significantly influenced TS at the TMF (p = 0.03), with 
a delay after snow removal (+ 900°h) and acceleration fol-
lowing snow addition (− 700°h). This slight compensatory 
effect within years increased the temporal synchronisation 
of flowering (Fig. 3). Nevertheless, flowering after snow 
removal started up to 5 days earlier than on control plots. 

TS at TMF did not increase after snow removal in the early 
melt year 2017.

For H. versicolor, TS and DSM predicted the TMF 
equally well (2% difference in the range of TMF between 
the two drivers). Following natural snowmelt, it took H. ver-
sicolor 42–46 days to start flowering. Across all years, snow 
manipulations increased DSM by 1–4 days, except for snow 
addition in 2017, which accelerated TMF by 4 days com-
pared to the control (interaction between snow manipulation 
and years, p = 0.04). The same pattern was observed for the 
driver TS (Fig. 3). TMF in A. alpinum on average occurred 
28 days after snowmelt without any significant differences 
between years nor snow manipulations and with very a simi-
lar course for TS.

In contrast to the species above, TMF of L. helveticus 
showed large differences in both TS and DSM among years 
and snow manipulations (Fig. 3). TMF started 33 (2016) to 
43 (2017) days after natural snowmelt (pyear < 0.01). Snow 
removal prolonged the time between snowmelt and flower-
ing by 0.5–2.5 days, while snow addition caused contrast-
ing responses among years (snow manipulation: p = 0.01, 
snow manipulation × year interaction: p = 0.05, Table 2). The 
same pattern was observed for the driver TS (Fig. 3). For 
G. montanum and P. aurea, the total range of TMF (scaled) 
across years and snow manipulations was slightly smaller 
for TS than for DSM (12% and 9%). Although the difference 
between years was not as pronounced as for L. helveticus, it 
was statistically significant for both forbs (p < 0.01). High-
est TS were accumulated in the early melt year 2017 and 
lowest TS after late melt in 2016 (Table 2). Main flowering 

Table 1  Soil moisture 
(mean ± SD) in the topsoil 
(0–5 cm, manually measured) 
of plots with moderate and 
intense drought during 
selected time periods 2017 
and 2018 (n = 5 per treatment, 
5 measuring points each) and 
soil temperature (mean ± sd) 
in 3–4 cm depth (continuous 
measurements)

N indicates the number of soil moisture measuring campaigns during the corresponding time period

Time period Drought Soil moisture (vol%) Soil temperature (°C)

2017 2018 2017 2018

N N Day Night Day Night

Mod. Drought
1st half

Control 32.2 ± 4.6 2 24.7 ± 4.4 2 16.1 ± 3.9 10.7 ± 2.4 16.3 ± 2.7 10.9 ± 1.4
Moderate 24.4 ± 6.2 19.5 ± 6.1 16.1 ± 3.6 11.5 ± 2.5 16.4 ± 2.5 11.7 ± 1.3
Intense 25.4 ± 5.7 20.2 ± 5.2 16.4 ± 3.8 11.5 ± 2.5 16.6 ± 2.6 11.8 ± 1.4

Mod. drought
2nd half

Control 30.0 ± 6.7 4 20.9 ± 5.4 4 15.2 ± 3.6 11.2 ± 2.1 17.0 ± 3.4 12.1 ± 1.8
Moderate 22.2 ± 5.8 13.6 ± 4.6 15.3 ± 3.4 11.9 ± 2.0 17.4 ± 3.3 13.1 ± 1.9
Intense 22.2 ± 5.9 13.9 ± 4.8 15.6 ± 3.5 11.9 ± 2.0 17.8 ± 3.4 13.3 ± 1.8

Intense drought
1st half

Control 34.0 ± 3.5 1 29.1 ± 5.5 2 14.4 ± 3.7 11.2 ± 1.9 15.5 ± 2.6 11.5 ± 1.2
Moderate 27.6 ± 5.8 21.1 ± 5.8 14.4 ± 3.8 11.0 ± 1.9 15.6 ± 2.7 11.4 ± 1.4
Intense 21.4 ± 5.8 15.2 ± 6.5 15.0 ± 3.1 12.0 ± 1.8 16.4 ± 2.6 12.5 ± 1.2

Intense drought
2nd half

Control 38.3 ± 4.4 1 25.1 ± 3.9 2 14.7 ± 3.2 10.1 ± 2.0 13.0 ± 2.7 9.3 ± 1.7
Moderate 35.0 ± 4.8 19.8 ± 4.5 14.8 ± 3.3 10.0 ± 2.0 13.0 ± 2.8 9.2 ± 1.7
Intense 23.1 ± 5.8 14.2 ± 4.9 15.7 ± 2.6 11.5 ± 1.7 13.8 ± 2.9 10.2 ± 1.7

After drought Control 22.6 ± 3.4 1 29.2 ± 3.7 1 8.3 ± 4.8 6.0 ± 3.5 13.9 ± 2.5 9.6 ± 1.3
Moderate 21.1 ± 4.0 25.8 ± 3.8 8.5 ± 4.9 6.1 ± 3.5 14.1 ± 2.6 9.5 ± 1.4
Intense 17.1 ± 3.3 20.6 ± 5.5 8.4 ± 5.0 6.0 ± 3.6 14.7 ± 3.1 9.6 ± 1.6
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in G. montanum started at 3200°h (2016) to 5500°h (2017), 
in P. aurea at 6300°h (2016) to 9900°h (2017). For G. mon-
tanum, snow manipulation had a marginal influence on TS 
(p = 0.06), with higher TS after snow removal (delaying 
effect), whereas for P. aurea there was no significant influ-
ence of the snow manipulations. The patterns for DSM were 
very similar as for TS for both species (Fig. 3).

Overall, for the species C. curvula, A. alpinum, H. ver-
sicolor, and T. alpinum, one single driver explained TMF 
adequately well. Relatively constant TS or DSM defined 
their TMF. These patterns with respect to TMF did not 
vary much between thresholds of 0 °C and 5 °C. The total 
variability in TMF was slightly larger for the 5 °C threshold 
(ESM 2). In contrast, the forbs G. montanum, L. helveticus, 
and P. aurea exhibited a much larger variation in DSM and 

TS. For those species, photoperiod signals are likely to influ-
ence TS at TMF.

Photoperiod‑dependent temperature sums

To further investigate photoperiod effects, we additionally 
analysed the TS at TMF in relation to the date of snowmelt. 
For the four apparently non-photoperiod sensitive species 
(Table 3), the TS at TMF did not depend on the date of 
snowmelt (all p > 0.1), evidenced by horizontal regression 
lines (Fig. 4). The TS changes per 1-week difference in 
snowmelt dates did not evoke changes that were higher than 
300°h (a typical, daily °h-value in July). Thus, the TMFs of 
these species were fully insensitive to photoperiod (Table 3).

On the contrary, TS in L. helveticus and similarly in G. 
montanum and P. aurea (Table 3) significantly decreased 

Fig. 3  TMF for the three drivers DOY, DSM and TS (°h ≥ 0  °C) of 
each plant species in 2016–2018 (DOY: day of the year, DSM: days 
since snowmelt, TS: temperature sum). Error bars represent 95% con-
fidence intervals of TMF (n = 3–5). Grey bars indicate the range of 

the driver at the TMF (earliest vs. latest TMF). Species were ordered 
by functional groups (sedge, grass, and forb). No data for A. alpinum 
in 2016
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with later snowmelt dates, revealing a high photoperiod sen-
sitivity (Fig. 4). Across our observational period, one week 
of difference in snowmelt dates caused TS at TMF of L. hel-
veticus to decrease by 825°h, and for the other two species, 
TS decreased in the range of 440–490°h (Table 3).

Drought effects on TMF

Only for three out of seven species, the TMF was affected by 
summer drought (Table 2), and A. alpinum and T. alpinum 
both responded directly (without drought × year interaction). 
Under drought, TMF of A. alpinum occurred 5 days earlier 
than in controls (p < 0.01), and irrespective of the snow-
melt date, drought reduced TS at TMF by 2000°h (p < 0.01, 
Fig. 4). For T. alpinum, drought accelerated TMF by reduc-
ing TS by 600–700°h compared to the controls (p = 0.04, 
Fig. 4). The drought response in P. aurea was less uniform, 
accentuated by a marginally significant interaction between 
drought and years (p = 0.06). Drought in 2017 reduced TS 
at TMF (800°h on average) but increased it in 2018 (400°h) 
in relation to controls.

Flower duration

The flower durations in 2017 and 2018 were estimated as the 
time difference between TMF and the transition to flower 
senescence for each species and drought treatment. The 
flower durations in 2017, with very early melt, were longer 
than those in 2018 (p < 0.01, Table 4), and drought increased 
the flower duration significantly (p = 0.04). However, the 
effects of both, early snowmelt and the drought treatment, 
were very species specific. We did not find an interaction 
effect between drought and years (p = 0.61).

For individual species, only the two grasses A. alpi-
num and H. versicolor strongly differed in flower durations 
between the 2 years. A. alpinum flowered 15 days in the early 
snowmelt year 2017 and 6 days in 2018. Similarly, H. ver-
sicolor’s flower duration in 2017 lasted 15 days and 10 days 
in 2018, respectively (p < 0.01). In the forb T. alpinum, the 
flower duration was marginally longer in 2017 than in 2018, 
(10 days in 2017 and 6 days in 2018; p = 0.06). For the spe-
cies with a short flower duration (C. curvula, G. montanum, 
L. helveticus and P. aurea) in the range of 1–5 days, no sig-
nificant differences between the 2 years were observed.

Only one species, A. alpinum, flowered significantly 
longer under drought (8 days in both years; p < 0.01, Fig. 5). 
As mentioned above, our results suggest slightly longer 
flower durations for all species in 2017 than in 2018, except 
for C. curvula. In 2017, the mean July air temperatures at 
the site were 1.0 K lower than in 2018 (ESM 3 for on-site 
weather conditions).

Discussion

This snow manipulation and summer precipitation exclu-
sion experiment at 2500 m a.s.l. revealed that the flower-
ing phenology of the main species in this alpine grass-
land closely pursue snowmelt date and the microclimatic 
conditions thereafter. Drought had a minor influence on 
TMF, most likely because flowering started before the 
soil had gone through the most severe dehydration. DOY/
PP at snowmelt varied by 38 days among the three dif-
ferent years (2016–2018) and the snow manipulations. 
We were able to distinguish between non-photoperiod-
sensitive species (C. curvula, A. alpinum, H. versicolor, 
and T. alpinum) and species that closely track the photo-
period (L. helveticus, G. montanum, P. aurea). In species 
exhibiting photoperiodism, later snowmelt accelerated 
TMF and caused a higher degree of flowering synchrony. 
This increased synchrony may be of larger importance 
for plant species that depend on pollinators, as all three 
photoperiod sensitive species are insect-pollinated forbs. 
The non-photoperiod sensitive species (all but one wind 
pollinated) showed very similar TS at TMF across experi-
mental manipulations and years.

The role of snowmelt and microclimate

The number of days elapsed since snowmelt (DSM) at TMF 
was consistently less variable than DOY at TMF, even for 
photoperiod-sensitive species. Snow removal led to earlier 
flowering irrespective of DOY and snow addition caused 
later flowering. This confirms other snow manipulation stud-
ies performed in (sub-) alpine and arctic ecosystems (e.g. 
Totland and Alatalo 2002; Lambert et al. 2010; Wipf and 

Table 3  The linear relation between TS at TMF (temperature sums in 
°h ≥ 0 °C) and plot-specific snowmelt dates (2016–2018)

The ‘change TS per week’ indicates the change in TS per 1-week 
later snowmelt. Test statistics are presented by log-likelihood devi-
ances and p-values (ANOVA, n is total number of observed intervals)
a Years 2017, 2018 only

Species Change TS 
per week 
(°h/week)

n Log-likeli-
hood devi-
ance

p-value PP sensitive

C. curvula − 24 135 0.17 (1) 0.68 No
A. alpinuma 3 75 0.02 (1) 0.89 No
H. versi-

color
− 181 117 2.10 (1) 0.15 No

G. monta-
num

− 441 96 32.95 (1) < 0.01 Yes

L. helveticus − 825 132 85.80 (1) < 0.01 Yes
P. aurea − 491 111 19.16 (1) < 0.01 Yes
T. alpinum 20 98 0.36 (1) 0.85 No
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Rixen 2010). Particularly for C. curvula, TS at the TMF 
varied by 45% less than DSM. Hence, in these species, TMF 
was determined by the snowmelt date, but with a time lapse 
defined by species-specific heat sum requirements. Low tem-
peratures immediately after snowmelt may delay the floral 
development. The later snowmelt occurs, the stronger the 
correlation of TS and DSM. For late flowering species (e.g. 

H. versicolor), DSM and TS may thus be substituted by each 
other as drivers.

We assume that the highly opportunistic flowering 
behaviour of the dominant species C. curvula that was also 
observed by Wagner and Reichegger (1997), is related to a 
rather complete preformation of the inflorescences (Ersch-
bamer et al. 1994), allowing such rapid flowering. The less 
complete inflorescences are preformed, the greater the 

Fig. 4  TS at TMF (temperature sums at the transition to main flowering) in relation to the snowmelt date in 2016–2018, with census intervals, 
regression line (blue: no drought, orange: drought, black: no significant drought effect) and 95% CI (grey)
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influence of weather conditions after snowmelt on TMF. In 
some species, preformation (primary induction sensu Heide, 
1990) may take up to 2 years prior to flowering (Diggle and 
Mulder 2019). The tight coupling of flowering with snow-
melt (with only minor weather-dependent delay) in the wind 
pollinated C. curvula creates topography driven reproduc-
tion cohorts which flower simultaneously -  tracking the 
distinct small-scale snowmelt patterns. This may promote 
ecotype formation (reproductive guilds) over longer time 
periods. TMF in T. alpinum also correlated with TS. This 
species forms very large and complex inflorescences, the full 
development of which requires more time, and thus, depends 
more strongly on the weather conditions in the weeks after 
snowmelt.

Covering a wide range of high-latitude and high- 
elevation phenological observations, Prevéy et al. (2019) 
 demonstrated that under current global warming, late flow-
ering species may start flowering earlier in the season. In 
contrast to our results, Prevéy and co-authors assumed that 
early-flowering species followed photoperiod more closely 
(in addition to snowmelt date), and late flowering species 

pursued the temperature regime. In contrast, Wadgymar 
et al. (2018) observed that in six subalpine forb species, 
flowering advanced fastest in earlier flowering species. Our 
data show that both, an early-flowering species C. curvula 
as well as a later flowering species T. alpinum were triggered 
by thermal sums. Both species required higher TS till TMF 
after snow removal, but lower TS following snow addition, 
suggesting a slight flowering synchronisation in these two 
non-photoperiod-sensitive species.

Whether an earlier start of the seasonal phenological 
development will also yield reproductive benefits is rather 
questionable (Gugger et al. 2015). A potential trade-off of 
an earlier snowmelt date is the greater risk of late freez-
ing events (Wipf et al. 2009). In a 31-year-long phenology 
study in the Rocky Mountains, Inouye (2008) found a higher 
degree of frost damage after early snowmelt. Number of 
flowers, leaf growth and survival of the evergreen forb Gen-
tiana nipponica were significantly reduced in populations 
with 1-month earlier snowmelt (Kawai and Kudo 2018). 
However, occasional frost damages do not necessarily cause 
a population decline, given that these taxa are all long lived 
and, to variable degree, clonal. Observations in the subalpine 
sunflower Helianthella quinquenervis revealed that early 
snowmelt (between 1999 and 2012) increased the risk of 
frost damages, but it also enhanced the number of flowers in 
the following growing season (Iler et al. 2019). The authors 
suggested a higher allocation of assimilates to preforming 
buds for the next year, thus, overcompensating for the frost 
damages.

The role of photoperiod

The fact that TMF in three of the seven species was modu-
lated by photoperiod underlines the observations by Keller 

Table 4  ANOVA results for the flower duration (recalculated after 
removing non-significant variables from the full model)

Sum Sq df F value p value

Intercept 4638.8 1 835.5593 < 0.01
Drought 25.2 1 4.5446 0.04
Species 1346.1 6 40.4114 < 0.01
Year 229.8 1 41.3853 < 0.01
Species × drought 206.8 6 6.2083 < 0.01
Species × year 140.8 6 4.2281 < 0.01
Residuals 349.8 63

Fig. 5  Flowering duration (mean ± SE) for the seven plant species in 2017 and 2018 (n = 3, without snow manipulations). Open symbols: con-
trols, filled symbols: drought (moderate and intense averaged). Letters refer to Tukey post hoc comparisons by species
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and Körner (2003) that half of 23 alpine and nival species 
revealed a photoperiod effect on flowering (though much 
stronger than observed here). Hence, these three species 
were unable to utilise an earlier onset of the snow-free 
period. The photoperiod control became less decisive once 
a minimum daylength requirement had been surpassed. Yet, 
the plants studied by Keller and Körner (2003) started the 
growing season in daylight growth chambers with a 4 h 
shorter photoperiod than would normally occur in the field. 
At our field site, such a difference would correspond to a 
snowmelt in mid-March and even the exceptionally early 
snowmelt in 2017 (3.5 weeks earlier) corresponds to a pho-
toperiod difference in the range of minutes only (maximum 
of 10 min). At field conditions, it is, therefore, unlikely 
that differences in photoperiod of several hours will come 
into action in a warmer future. Iler et al. (2013) studied 58 
subalpine plant species over 38 years and found that peak 
flowering linearly advanced with snowmelt dates in 38% of 
all species. However, roughly one-fifth of the species had 
longer development times when snowmelt occurred before 
a certain date. Using a similar time-to-event analysis as in 
our study, with temperature sums (soil temperature), snow-
melt dates and photoperiod, Hülber et al. (2010) concluded 
that temperature was the dominant driver for the transition 
to flowering in all ten alpine species tested along a natural 
snowmelt gradient.

The challenge with such conclusions is that these three 
components, the date of snowmelt, the temperature condi-
tions and photoperiod interact in a non-linear way on species 
that differ in their degree of flower bud preformation (and 
thus, the time required to grow an inflorescence). When con-
ditions are favourable and plants enter the winter with almost 
completed flower buds, it seems that temperature after snow-
melt is the only factor driving TMF. The role of photoperiod 
comes into action as a modulating factor when snowmelt 
occurs much earlier (as was observed in 2017). This gradual 
nature of the photoperiod influence complicates the interpre-
tation. When species are released at a date at which they are 
sensitive to photoperiod, they seem to require more thermal 
energy (TS) after earlier snowmelt till flowering. We found 
such a gradual influence in L. helveticus and less pronounced 
in G. montanum and P. aurea. For the observed period, TS at 
TMF increased linearly with earlier snowmelt dates, includ-
ing a year with 3.5-week earlier snowmelt than usual.

For snowbed species, reduced heat requirements for flow-
ering have been observed after late snowmelt (Carbognani 
et al. 2016). Larl and Wagner (2006) noticed a substantially 
faster seasonal cycle of Saxifraga oppositifolia in subnival 
(2.5 months) than in alpine populations (4-month season), 
along with lower temperature sums for reaching all develop-
mental stages. They hypothesised that the evolved genotypes 
at the subnival sites require less thermal energy. This is in 
line with results of Prock and Körner (1996), who unveiled 

an origin-specific influence of photoperiod on flowering 
and plant senescence (but not for the Rosaceae species they 
included) by means of a cross-continental transplant experi-
ment. The modulating effect of photoperiod on phenology 
may enhance such micro-evolutionary processes.

Drought effects

TMF was largely unaffected by summer drought. Only the 
grass A. alpinum showed a pronounced shift by a 5-day ear-
lier flowering and a longer flower duration under drought 
(plus 8 days). A similar response was observed in a low-
land grassland, where flowering under drought lasted 4 days 
longer (Jentsch et al. 2009). The TMF of C. curvula, H. 
versicolor, G. montanum, and L. helveticus remained com-
pletely unaffected by drought, similar to findings for the 
Bavarian Alps by Cornelius et al. (2013). These authors 
explored drought effects along an elevational gradient 
(800–2000 m a.s.l.) and in contrast to the lower elevation 
sites, plants at higher elevations did not respond to drought. 
However, the drought treatment in the study of Cornelius 
and co-authors started late (4 weeks after snowmelt, thus 
missing the most critical period). The transitions to flower-
ing of 20 montane and alpine species was clearly advanced 
by an elevational down-shift of 1000 m a.s.l., but not by 
drought alone, revealed by a transplant experiment (Gugger 
et al. 2015). Sheltering off rain did also not affect flower-
ing phenology in a montane grassland in the French Massif 
Central (Bloor et al. 2010). In these cases, it is very likely 
that rain exclusion did not evoke substantial responses in 
flowering phenology because flowering occurred early in 
the season when the soil profile still contained sufficient 
moisture, causing soil profile depth to become an important 
co-variable. However, our IR surface temperatures point to 
prevalent stomatal closures under drought, underpinning that 
our alpine plants experienced water shortage in situ.

Flower duration

The longer flower duration observed in the early melt year 
2017 compared to 2018 could compensate for the cooler 
early season weather and presumably, less abundant pol-
linators. Several studies in montane grassland have noted 
prolonged flower durations in case of early snowmelt (e.g. 
Dunne et al. 2003; Pardee et al. 2019). Alpine forbs have 
been shown to be very plastic in their flower durations in 
the absence of pollinators and/or under bad weather con-
ditions (Trunschke 2017; see the review in Körner 2021). 
Extended flowering may facilitate higher visitation num-
bers by insects (Pardee et al. 2019). And in case of a spe-
cific plant-pollinator dependency, flowering time can be 
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decoupled from pollinator activity, as was suggested for 
the ephemeral Corydalis ambigua and its bumblebee under 
early snowmelt (Kudo and Cooper 2019). However, alpine 
plants commonly receive a very broad pollinator spectrum 
(e.g. Erhardt 1993; Tiusanen et al. 2019) and often have 
several cohorts of flowers, making pollinator limitation for 
reproduction very unlikely (Wagner et al. 2016; Arroyo et al. 
2017), in addition to the fact that many alpine plants grow 
clonally (Körner 2021).

Conclusions

Our snowmelt manipulation and the natural variation of 
snowmelt date demonstrated the importance of snowmelt 
date and the subsequent microclimatic conditions for flow-
ering phenology in late successional alpine grassland, with 
photoperiod playing a species-specific modulating role in at 
least three of the seven species studied. A 3.5-week earlier 
snowmelt in the exceptional year 2017 reinforced the pho-
toperiod effect. Even subtle changes in the snowmelt regime 
modified the heat sum required till flowering, suggesting a 
complex interaction between temperature and photoperiod. 
We, therefore, warn against simplistic projections of corre-
lations between climatic warming (commonly extrapolated 
from weather stations), snowmelt date and flowering phe-
nology. The earlier snow melts, the stronger become pho-
toperiod constraints, responses, presumably selected for 
escaping freezing damage. These evolutionary constraints 
to phenology will limit potential benefits in terms of growth 
and reproduction of current alpine grassland taxa and their 
currently abundant ecotypes by a longer alpine season in a 
warmer climate.
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