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Abstract: In high-mountains, cold spells can occur at any time during the growing season
and plants may be covered with snow for several days. This raises the question to what
extent sexual processes are impaired by low temperatures. We tested pollen performance
and fertilization capacity of high-mountain species with different elevational distribution in
the European Alps (Cerastium uniflorum, Gentianella germanica, Ranunculus glacialis,
R. alpestris, Saxifraga bryoides, S. caesia, S. moschata) during simulated cold snaps in the
laboratory. Plants were exposed to 0 °C (the temperature below the snow) for 12, 36, 60
and 84 h. In S. caesia, the experiment was verified in situ during a cold snap. Sexual
processes coped well with large temperature differences and remained functional at
near-freezing temperatures for a few days. During the cooling-down phase a high
percentage (67-97%) of pollen grains germinated and grew tubes into the style. At zero
degrees, tube growth continued slowly both in the laboratory and in situ below the snow.
Fertilization occurred in up to 100% of flowers in the nival species and in G. germanica,
but was strongly delayed or absent in the alpine species. During rewarming, fertilization
continued. Overall, progamic processes in high-mountain plants appear fairly robust
toward weather extremes increasing the probability of successful reproduction.

Keywords: alpine plants; fertilization; plant reproduction; pollen germination; pollen tube
growth; low temperature; cold snap
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1. Introduction

Anthesis is one of the most critical phases in the life cycle of a plant and extremely vulnerable to
unfavorable climatic conditions. The different male and female processes during the progamic phase
(i.e., the phase between pollination and fertilization) are strongly affected by temperature and can only
be maintained within a certain temperature range [1-4]. Temperatures that are too low as well as those
that are too high result in reduced reproductive success or complete reproductive failure [5]. Temperature
limits for sexual processes vary among species and genotypes according to their adaptation to the
temperature climate in the respective habitat [6—11]. In most lowland plants of the temperate zone, pollen
germination and tube growth proceed optimally between 20 and 30 °C, but are drastically reduced below
10 °C [12-16] often leading to poor or no seed set [17,18]. Reports about pollen performance in plants
from cooler habitats are rare. McKee and Richards [7] found tube growth in different Primula species to be
most efficient between 15 and 26 °C, but still sufficient at 6 °C to give rise to seeds.

High-mountain plants experience particularly wide temperature fluctuations during the growing
season. On clear days, flowers may reach maximum temperatures of 25-30 °C [19,20], partly because
of warming under heliotropism [21-24]. When cloudy and during the night, plants largely adopt the
temperature of the free air. Night-time temperatures drop to about 5 °C in the alpine zone and to near
zero in the nival zone [25,26]. In clear weather, plants may even cool down below the air temperature
due to night-time radiation [27]. The constant switch between warm and cold temperature responses is
particularly challenging for reproductive processes.

Flowers of high-mountain species not only have to cope with large diurnal temperature oscillations but
with cold spells, which can occur at any time during the growing season. During cold spells, plants are
mostly covered with snow resulting in temperatures constantly around zero for several days [25-29].
Summer cold snaps with snowfall are sudden events. Hence, flowers may be pollinated around midday
at mild temperatures and may be covered with snow a few hours later. It is not known whether these
flowers continue their reproductive development or not.

A recent study has shown that the performance of the pollen of mountain plants is remarkably
flexible over a wide temperature range [30]. Pollen adhesion was possible from —2 to 40 °C, pollen
germination and tube growth from 0-35 °C. Fertilization, however, occurred in a narrower temperature
range from 5 to 30-32 °C in most species. In that study, flowers were exposed to the respective target
temperature immediately after pollination. At low temperatures, pollen germination and pollen tube
growth was slow from the beginning and, except for one species (Gentianella germanica), fertilization
did not occur within the maximum exposure time of 50 h. Thus, the question of whether fertilization in
mountain plants is considerably delayed or does not take place at all below 5 °C has been raised. A
failure to perform in the cold would mean that initiation of seed development is restricted to warmer
periods and that flowers that go through a cool period after pollination are lost for reproduction.

The present follow-up study should reveal more details about sexual performance in the cold. In
laboratory experiments, seven plant species (Table 1), which differ in their elevational distribution
range, were exposed to temperature conditions as they occur during summer cold snaps in high-mountains.
To this end, flowers were pollinated with allopollen, gradually cooled down to 0 °C (the temperature
below the snow), and kept at this temperature for up to four days. Pollen performance including
fertilization was analyzed at the end of the cooling-down phase, after exposure for varying intervals at
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0 °C, and after the respective warm-up phase. By chance we succeeded in verifying the experiment for
one of the study species during a cold snap with snowfall at the mountain site.

Table 1. Characteristics of the investigated species.

Mountain . Geographical _Ve_rtmql Sampling  Flowering  Gender . Mln—m_ax
1 Plant species L2 distribution .3 . distance stigma—
belt distribution ) site time sequence 4
(mas.l) ovary (pum)
. Gentianella Alpine grasslands .
Subalpine= oo onica (Willd)  in Westernand 002400 p September— Adicho- 5 00 4 7e)
alpine . (2,700) October gamous
subsp. germanica Central Europe
. Ranunculus European 1,700-2,800 Adicho-
Al . . ’ ’ H 1-1,144
pine alpestris L. Mountains (2,940) June gamous 7811,
Alpine  Saxifraga caesia L. European 1,500-3,000 H July- Prot- 1,502-2,146
Mountains August androus
Alpine— Saxifraga Eurasian >1,800 Prot-
nival moschata Wulfen mountains (4,200) H June-July androus 1,124-1,833
Subnival- Cerastium July- Prot-
. . . E Al 2 3,4 2,124-4
nival uniflorum (Clairv.) uropean Alps ,000-3,400 S August androus ’ 096
Subnival— Ranunculus Arctic, European  2,300—4,000 Adicho-
nival glacialis L. Mountains (4,275) S June-July gamous 1,257-1.917
Subnival—- Saxifraga European 2,000-4,000 July— Prot- 5250-3.001
nival bryoides L. Mountains (4,200) August androus ’ ’

! Mountain belt in the European Alps: subnival = alpine-nival ecotone [31], nival = ice-free areas within the
glacier zone; * Vertical distribution in the European Alps according to [32—35]; numbers in brackets give the
highest documented localities in the Swiss Alps; * Sampling sites: P = Mt Patscherkofel (1,950 m a.s.l.),
H = Mt Hafelekar (2,350 m a.s.l.), S = Stubai Glacier foreland (2,880 m a.s.l.); * Mean minimum and
maximum distance between stigma and first ovules within the ovary; n = 12—32 carpels per species.

We addressed the following questions: (1) to what extent are sexual processes during anthesis
impaired by low temperatures in high-mountain plants—are they decelerated, temporarily interrupted,
or irreversibly impaired; (2) in the case of deceleration or interruption, do processes continue in the
normal way when temperature conditions become more favorable again; and (3) if so, how long can
sexual processes be delayed or interrupted and remain functional?

Both alpine and nival species repeatedly experience cold weather periods during the growing
season. Thus, we assumed that progamic processes of both species groups tolerate temperatures around
zero to a certain extent. However, since nival plants regularly have to cope with subzero night
temperatures we expected them to perform better during cold snaps than alpine species.

2. Results
2.1. Simulation of a Cold Snap in the Laboratory

A cold snap simulation experiment consisted of a 7 h cooling-down phase from 14 to 0 °C, a cooling
phase at 0 °C (12, 36, 60, 84 h, respectively), and a 5 h warm-up phase from 0 to 20 °C plus a further 4 h
at 20 °C (cf. Figures 1 and 2, middle graph). Immediately after pollination, plants were transferred to
temperature-controlled freezers and the temperature run was started. During each temperature run
pollen performance was checked after the cooling-down phase, after the respective cooling phase, and
at the end of the 9 h warm phase.
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Figure 1. Performance of alpine species during the simulation of a cold snap in the
laboratory. Middle graph: temperature course during the cooling-down phase (green line), the
0 °C-phase (blue line) and the warm-up phase (red line); numbers of the x-axis indicate the
hours after pollination (ap) and the exposure times at zero (az). Lower graphs: mean
lengths of pollen tubes (+SD) and percentages of investigated flowers with pollen tubes in
the ovary and fertilized ovules, respectively, after the cooling-down phase (7 h ap) and
after different exposure times at zero (12, 36, 60, 84 h az). Upper graphs: percentages of
investigated flowers with pollen tubes in the ovary and fertilized ovules after different
exposure times at time zero and the respective warm-up phase; S. moschata which occurs
from the alpine to the nival zone was assigned to the alpine species group, as the

investigated individuals originated from an alpine site.
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Figure 2. Performance of nival species during the simulation of a cold snap in the
laboratory. For further details see Figure 1.
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Pollen germination and tube growth could be observed in all investigated flowers of all investigated
species. Maximum percent pollen germination and tube growth were already attained during the 7 h
cooling-down phase and did not change significantly during the cooling phase at 0 °C and the warm-up
phase (Table 2). Percentage germination was above 70% in most species. The fraction of pollen grains
that had germinated and continued tube growth into the style varied strongly among species and was
between 17% (G. germanica) and 96% (R. alpestris).
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Table 2. Pollen performance in the laboratory experiments and in the in situ experiment.

Mean number + SD of pollen grains per stigma lobe, germinated pollen grains and pollen

tubes in the style after different phases. n carpels: number of investigated carpels per plant

species and phase; n.d. not determined. As there were no significant differences among

exposure times in the 0 °C and the warm-up phase (Kruskal-Wallis test) data of the

respective phase were pooled together and a total average was calculated.

Pollen performance after

Laboratory experiments cooling-down phase 0 °C-phase  warm-up phase
n grains 437+ 44 379 + 86 513 +93
G. germanica % germination 77+11 78 £8 78 +7
% tubes 18+9 20+ 12 17+5
n carpels 16 34 33
n grains 6+4 10£5 11+£6
R. alpestris % germination 97+9 99 +3 99 +5
% tubes 93+11 96 +8 96 £ 8
n carpels 50 156 151
n grains 147 + 66 172 + 64 188+ 71
S, caesia % germination 67 +£20 59 £22 62 £20
% tubes 34+ 14 31+16 33+19
n carpels 19 62 64
n grains 227+ 72 234+ 123 256 + 143
S. moschata % germination 79+9 73 £28 76 £22
% tubes 29+ 13 37+23 46 £ 19
n carpels 16 62 74
n grains 36 £21 41 +27 35+26
C. uniflorum % germination 84 +£10 75+£19 70 £23
% tubes 47+ 15 39+ 19 37+18
n carpels 64 126 102
n grains 29+13
- % germination 94 +6
R. glacialis g% tubes 704 12 n.d. n.d.
n carpels 43
n grains 296 + 105 282 + 138 402 +£ 157
S. bryoides % germination 8111 70 £ 18 73£19
% tubes 47+9 41+ 13 41+ 17
n carpels 20 69 65
In situ experiment 1st sampling 2nd sampling
n grains 234+ 52 276 + 86
S, caesia % germination 53+ 19 54+£12
% tubes 21+ 11 18+6
n carpels 24 30

Pollen tubes grew quickest during the cooling-down phase. During the incubation at 0 °C tubes

grew slower but elongated steadily. They entered the ovary and, except for in S. caesia, fertilizations

occurred (Figures 1 and 2, lower graphs; Figure 3). At zero, the mean growth rate was lower in the
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alpine species R. alpestris (10 pm-h™") and S. caesia (19 pm-h™") than in the nival species C. uniflorum
(43 umh™), R. glacialis (26 um:h™") and S. bryoides (38 pumh™'), and the alpine-nival species
S. moschata (27 pm-h™"). However, the time required until pollen tubes reached the ovary additionally
depended on the species-specific style length (cf. Table 1). In G. germanica, due to a particularly high
tube growth rate (121 pm-h™"), pollen tubes were already found in all ovaries after the cooling down
phase; in one ovary fertilization had taken place. After 12 h at 0 °C, 80% of ovaries contained
fertilized ovules. In S. moschata, 50% of ovaries showed pollen tubes, and about 40% contained
fertilized ovules at the same point in time. In the remainder of the species, pollen tubes had reached the
ovary within 36 h (50-80% of the flowers). Fertilization rate increased continuously during the
exposure at time zero: at the end of the longest incubation period (84 h) about 50% (R. alpestris,
S. bryoides), 70% (S. moschata), 90% (C. uniflorum) up to 100% (R. glacialis) of flowers showed
fertilized ovules. During the warm-up phase, fertilization continued and was observed in 80—100% of
flowers in the majority of species (Figures 1 and 2, upper graphs). Exceptions were R. alpestris and
S. caesia where the final flower fertilization rate at the end of the warm-up phase decreased with
increasing duration of the preceding cooling phase.

Figure 3. Pollen tube growth in R. glacialis during the cold snap experiment in the
laboratory. (A) End of the cooling-down phase: Seven hours after pollination (ap) pollen
tubes have passed about half of the length of the style; (B) 43 h ap (7 h cooling-down and
36 h at 0 °C): pollen tubes have entered the ovary; (C) 67 h ap (7 h cooling-down and 60 h
at 0 °C): fertilized ovule. Yellow arrow: tip of the longest pollen tube; arrowhead: vascular

strand; ov: ovule. Scale bars = 100 um.

Because of the squash-technique it was not possible to determine the exact fraction of fertilized
ovules per ovary. At 0 °C only a smaller part of ovules became fertilized. In most species a number of
pollen tubes grew along the placenta or past the micropyles without entering the ovules. After the
warm-up phase fertilized ovules were clearly more frequent than at the end of the 0 °C-phase.
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2.2. In Situ Experiment on S. caesia during a Summer Cold Snap with Snowfall

Figure 4 shows the course of temperature and weather conditions during a cold snap in the summer
of 2005 at the alpine site. When on 14 August, between 1.00 and 2.15 pm, flowers of S. caesia were
pollinated, the sun was shining and temperatures near the ground were around 17 °C. Shortly after
temperatures dropped rapidly, it started to rain and finally to snow. Snowfall continued during the
whole night and the following morning, and stopped in the afternoon for a few hours. At that time the
first sampling took place. A further day with snowfall followed. On the fourth day the sky cleared up
and temperatures rose again. The rest of the pollinated flowers was sampled in the early afternoon.

Figure 4. Weather conditions, temperature course and pollen performance in S. caesia
during a cold snap at the alpine site (14—17 August 2005). Bars in the lower graph show the
percentage of investigated flowers with pollen tubes in the ovary, and with fertilized
ovules, respectively.
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In situ pollen performance was largely consistent with the findings in the laboratory experiments
(Table 2). Percent germination did not differ significantly between laboratory and field, only percent
tube growth was lower at the natural site (p < 0.001, Mann-Whitney-U-test). In all investigated
flowers, pollen germination and tube growth had taken place. In the first sample, taken on the second
day of the cool weather phase, more than 60% of flowers showed pollen tubes in the ovary but no
fertilization. In the second sample, drawn after rewarming, pollen tubes were found in all ovaries and
fertilized ovules in more than 80% of ovaries (Figure 4). Germination and tube growth rates were not
significantly different between the first and second sampling (Mann-Whitney-U-test).

3. Discussion
3.1. Pollen Performance and Female Functions in the Cold

The most important finding of this study is that sexual functions of mountain plants remain largely
intact even when pollinated flowers are exposed to near-freezing temperatures for several days. This
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can be seen as an adaptation to cool environments where a sudden fall in temperature with snowfall is
possible at any time. The exact timing of pollen receipt and dispersal, and a quick start to the progamic
processes are critical for successful reproduction in a stochastic climate. In insect pollinated species,
the timing of these anthesis functions is largely coupled to pollinator activity. Visitation rates linearly
increase with temperature and irradiation and are highest around midday [36-39]. Cool temperatures
but also high wind speeds and high air humidity due to fog or rain reduce pollinator flight [39,40].
Flower and anther opening are genetically regulated [41], but additionally depend on appropriate
environmental conditions. In accordance with pollinator activity, anthesis is enhanced by warm and
dry conditions, and delayed or inhibited at high relative humidity and low temperatures (e.g., [42—46]).
Thus, there is a high probability that in mountain plants pollination and the subsequent critical phases
such as pollen adhesion (with complex recognition reactions), pollen hydration and pollen germination
take place during favorable weather conditions.

From a recent study [30] we know that pollen grains of the study species germinate shortly after
transfer to the stigma and grow pollen tubes into the style within a few hours. Pollen tubes protected by
the tissues of the style and the ovary seem to be less vulnerable to unfavorable weather conditions. As
shown by the field experiment on S. caesia, tube growth still proceeded when it was raining and
snowing. At zero degrees, pollen tubes grew slowly but steadily which signifies that the continuous
exchange of signals between the pollen tube and the transmitting tissue [47] can still function and
structural alterations such as depolymerization of the actin cytoskeleton [48] obviously do not take
place in mountain plants in the cold. Thus, the slow tube growth can be mainly seen as the result of a
reversible retardation of metabolic processes.

Penetrating the ovule and fertilization seem to be more critical phases. Though pollen tubes
appeared sooner or later in the ovaries of all flowers, fertilization was less frequent or did not take
place at all (S. caesia) when cooled. Pollen tubes are guided by signals coming from the unfertilized
ovules as soon as they enter the ovary [49,50]. Obviously signals were often too weak in the cold so
that pollen tubes grew past the micropyles without entering the ovules. However, these malfunctions
were partly reversible as evidenced by the increase in fertilization during the warm-up phase. This
became particularly apparent in S. caesia: both in the laboratory experiments and in the field
experiment fertilization failed at temperatures near zero but recovered as soon as the temperatures rose.

To survive a multiday period below the snow, flowers need to have a sufficiently long lifetime.
Flowers of high-mountain plants generally live longer than lowland flowers to compensate for
unreliable pollinator visits [5S1-56]. Flower longevity is not a strictly fixed trait but plastic to some
extent in response to short-term environmental variation (e.g., [57—60]). The duration of pistil
receptivity is critical for the female reproductive success of a flower. A separate study on the species
being examined here revealed that within the different pistil functions, ovule receptivity is the first
function to cease [56]. In most species, ovule receptivity began to decrease around day 10 after onset
of anthesis. Thus, the progamic phase should be extendable for several days without loss of function.
Some species such as C. uniflorum and S. bryoides, however, already lose ovule receptivity from
day 4 on which means that in these cases a delay or interruption of progamic processes would only be
tolerated for a short period of time.
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3.2. Comparison between Alpine and Nival Species

Since nival plants more often experience temperatures around zero during anthesis and are covered
with snow for a longer period during cold spells (see chapter Site Temperatures in the Experimental
Section), they were expected to perform better in the cold than species restricted to the alpine zone.
This has proven true in part. Pollen tubes generally grew faster in nival species than in alpine species,
however, the time span between pollination and the entry of the pollen tubes into the ovary depended
on both the length of the style and the speed of pollen tube growth. Processes around fertilization seem
to be less susceptible to near-freezing temperatures in nival species than in their alpine counterparts. In
the nival species R. glacialis and C. uniflorum, and in the alpine-nival species S. moschata, fertilization
occurred soon after the pollen tubes had arrived in the ovary. The proportion of fertilized flowers
increased during exposure to 0 °C and reached values of up to 100%. In contrast, fertilization was
strongly delayed in the alpine species R. alpestris and was absent in S. caesia. The longer the sexual
processes were interrupted in the cold the lower was the fertilization frequency in the following
warm-up phase. This suggests irreversible dysfunctions in the fertilization process, which would
reduce the reproductive output during prolonged cold periods at least in these two alpine species.

However there were exceptions both within the nival and the alpine species group. In the nival
species S. bryoides, the fertilization rate was low and only reached 50% at zero degrees and 70-80%
during the warm-up phase. The opposite applied to the alpine species G. germanica, which showed the
shortest progamic phase of all investigated species. After 5 h at 0 °C, 80% of flower fertilization had
taken place. These results are in line with the particularly short reproductive cycle of this species and a
high seed output [61]. G. germanica flowers in several cohorts from August until late October when
night frosts and snow falls occur more often and thus is obviously adapted to reproduce at
low temperatures.

3.3. Functional Limits for Progamic Processes in the Cold

What is the minimum temperature threshold for progamic processes to remain functional in
mountain plants? At temperatures as low as —2 °C, Steinacher and Wagner [30] observed some pollen
germination in all species investigated here, and even substantial tube growth in G. germanica and
R. glacialis. Single experiments on R. glacialis at =3 °C have shown that the lower temperature limit
of pollen activity was reached when freezing in reproductive tissues set in. From a recent study we
know that flowers during anthesis are ice-sensitive in most species [27,62]. First frost damage (LT;)
to the most susceptible reproductive structures (stigma, style, flower stalks) occurred between —2 and
—4 °C (cooling-down rate 2 K-h™', exposure time at target temperatures 4 h). Due to supercooling,
however, flowers may cool down below temperatures causing frost damage. For the cushion plants
S. bryoides, S. caesia, S. moschata and Silene acaulis, Hacker et al. [63] could show that ice
nucleations occur independently in each single reproductive shoot—mainly in the stalks, and less
frequently in the flower buds and flowers—and ice does not propagate into neighboring shoots.
Independent freezing events limited to single reproductive shoots increase the chance of supercooling
and thus the chance of survival for the remaining shoots and flowers. During anthesis the mean
temperature range between first (LTo) and severe frost damage (LToy) was around 4 K in R. glacialis,
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S. moschata and S. bryoides but only 1.4 K in S. caesia and 2.8 K in C. uniflorum [27]. Injury
following ice formation in reproductive shoots usually led to full fruit loss whereas reproductive
success of frost-treated but undamaged shoots did not differ significantly from control values. This
would suggest that shorter periods below zero during anthesis do not cause negative aftereffects on
reproductive processes as long as ice does not form in reproductive structures. An exception might be
R. glacialis whose reproductive shoots, in contrast to the other species, are ice tolerant. Ice spreads
throughout at temperatures as high as —3 °C; however, frost damage mostly occurs at distinctly lower
freezing temperatures (LT;p —6.2 £ 1.9 °C; [27]) possibly because of freeze-dehydration. As indicated
above, extracellular ice formation within the flowers stops pollen tube growth but obviously does not
impair reproductive structures as long as temperatures do not drop below the damage threshold. Thus,
in this cold adapted plant species, reproductive processes are assumed to continue as soon as
temperatures rise again even after extracellular ice has formed in the reproductive tissues. Further
investigations are necessary to confirm this.

4. Experimental Section
4.1. Study Species and Sampling Sites

The study species and their characteristics are summarized in Table 1. All species are hermaphroditic
and insect pollinated. Selection criteria were: (1) Species are representative of different elevational
zones in the European Alps (subalpine, alpine, subnival, nival; zonation according to [64] with
different temperature regimes during the growing season [25,27]; (2) species flower at different times
(early, mid and late flowering), and (3) there is detailed knowledge about reproductive characteristics
from earlier studies for all species [29,30,56,60,61,65-67].

For laboratory experiments, plant individuals were sampled at the timberline on Mt Patscherkofel
(1,950 m a.s.l., 47°12'N, 11°27'E; G. germanica), in the alpine zone on Mt Hafelekar (2,350 m a.s.l.,
47°18'N, 11°23'E; R. alpestris, S. caesia, S. moschata), and in the subnival zone in the forelands of the
Stubai Glacier (2,880 m a.s.l., 46°59'N, 11°07'E, Stubai Alps; C. uniflorum, R. glacialis, S. bryoides)
in the Tyrolean Alps (Austria). Plants were sampled in the bud stage shortly before onset of anthesis.
Whole individuals (G. germanica, R. glacialis), individual groups (R. alpestris), or parts of cushions
(saxifrages, C. uniflorum) were excavated with adhering root balls (n = about 50 individuals or
individual groups per species). Plants were wrapped in moist filter paper and placed in a cooler box for
immediate transport to the laboratory. The time from sampling to reaching the laboratory was one hour
(alpine sites) and two hours (subnival site), respectively. Plants were potted in original soil and kept at
about 20 °C for 6—8 h during the day and then placed in a growth chamber at 4-5 °C for the remainder
of the 24 h period (photoperiod 16 h light/8 h dark).

About 140 flowers per species were marked with small color-coded plastic rings (cut from
drinking-straws) by day of corolla opening. To avoid uncontrolled self-pollination, G. germanica,
C. uniflorum and the saxifrages were emasculated before the male phase started. In the
Ranunculus-species, carpels were delimited from stamens with plastic rings, 5 mm in height. Flowers
of protandrous species (see Table 1) were marked with a second color-coded ring on the day the stigma
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became fully unfolded (onset of the female phase). For each species a set of flowers remained
undisturbed (no emasculation, no labeling); these flowers acted as pollen donors.

4.2. Simulation of a Cold Snap in the Laboratory

The temperature-data recorded during summer cold snaps at the mountain sites (cf. Figure 4) was
used to create temperature runs that imitated naturally occurring cold snaps in the laboratory.
A temperature run consisted of a 7 h cooling-down phase from 14 to 0 °C (2 K per hour), a cooling
phase of different duration (12, 36, 60 and 84 h) at 0 °C (which corresponds to the temperature below
the snow), and a warm-up phase from 0 to 20 °C (4 K per hour) plus a further 4 h at 20 °C (cf. middle
graph in Figures 1 and 2). Temperature runs were conducted in freezers (Liebherr GT 2102 Economy,
Lienz, Austria), which were modified in order to expose plant samples to controlled temperature runs.
The control unit of the system included a programmable data-logger, which allowed independent
temperature runs in each of the freezers (software program LabView, National Instruments, Austin,
TX, USA). Air temperatures within the propagating boxes (see below) were monitored by NTC-sensors,
exact flower temperatures were measured with fine thermocouples.

For each temperature run 10—12 individuals or individual groups (R. alpestris) with open flowers in
the appropriate female stage were selected. From previous investigations on the same plant
species [30,56] it was known that the whole pistil was most receptive 1 d (C. uniflorum), 1-2 d
(S. bryoides), and 1-3 d (the remaining species) after onset of the female phase. During this period,
stigma papillae appear translucent and fully turgid. Beforehand pollination with allopollen, stigmas
were checked to ensure that they were free of pollen under a stereo zoom microscope at
40x magnification (Olympus SZH). Stamens with freshly dehisced anthers of at least five different
individuals were collected using tweezers and mixed in Eppendorf tubes. Small stamen portions with
the adhering pollen mixture were brushed lightly over the stigma lobes until the surface was uniformly
coated. Three to five flowers were pollinated per individual or individual group (R. alpestris).

Immediately after pollination, plants were enclosed in propagating boxes (lined with moist filter
paper) with a clear cover (ventilation slots open), and exposed to the simulated cold snaps in the
freezers. Flowers were sampled after the cooling-down phase, after the respective exposure time at
0 °C and at the end of the warm-up phase. Each time a total of 10-15 flowers from the different
individuals was taken and immediately fixed in FPA 50 (50% ethanol, formalin, propionic acid;
90:5:5). Each individual was used for only one single temperature run.

4.3. In Situ Experiment on S. caesia During a Summer Cold Snap with Snowfall

The in situ experiment was conducted in the alpine zone on Mt Hafelekar (2,334 m a.s.l.) on
naturally growing S. caesia individuals. During a separate field experiment, studying pollen tube
growth of high mountain plants at the natural sites, a sudden cold snap with snowfall gave the
opportunity to investigate postpollination processes under adverse weather conditions. In advance of
the cold snap, 150 flowers in 24 individuals of S. caesia had been emasculated and plants bagged with
a highly transparent fine-mesh organza. When weather conditions changed, 30 emasculated flowers
with receptive stigmas in 18 individuals were available for the natural experiment. Flowers were
hand-pollinated with allopollen as indicated above and plants were bagged again. Temperatures
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dropped immediately after pollination; within a few hours it started to rain and later to snow (see
Figure 4). The first sample (12 flowers from 12 individuals) was taken the day after (26 h after
pollination) when temperatures were still low. A second sample (18 flowers from 18 individuals) was
taken after 74 h, when the adverse weather period was over and plant temperatures were around 20 °C
again. Sampled flowers were immediately fixed in FPA 50.

4.4. Microscopic Analysis

Pollen performance was analyzed following [30], using the fluorescence standard method with
aniline-blue [68]: Pistils were washed twice in dist. water (1 h per wash), soaked in 8 N NaOH-solution
at 60 °C (15 min: Ranunculus-species, C. uniflorum; 20 min: saxifrages, G. germanica), rinsed again
twice in dist. water and stained for at least 2 h with 0.1% aniline-blue in Sérensen phosphate buffer,
pH 8. Pistils were gently squashed and examined under a fluorescence microscope (Olympus BH2,
excitation filter 405—435 nm). The number of pollen grains on the stigma, the number of germinated
grains (pollen tube longer than the pollen grain diameter), and the number of pollen tubes in the
transmitting tract of the style were counted. Lengths of the longest pollen tubes in each investigated
style lobe were measured using either an ocular-micrometer or a camera with image analyzing
software (ProgRes CF, Jenoptik, Jena, Germany). Additionally, the percentage of flowers with pollen
tubes reaching the ovaries was assessed and ovules were checked for fertilization. For the number of
investigated carpels see Table 2.

4.5. Site Temperatures

During the in situ experiment on S. caesia ambient temperatures at the height of the flowers were
recorded at 5 min intervals using small temperature loggers (Tidbit, Onset, Bourne, MA, USA). In three
individuals, loggers were mounted inside the organza bags in immediate proximity to the inflorescences.

To ascertain the number of cold snaps with snowfall during the summer months June—August and
the number of days with snow cover each time, microenvironmental temperature data from the
different sites—where the investigated plant species occured—were analyzed. Plant temperatures were
recorded at hourly intervals between 2002 and 2009 at the alpine site (2,350 m a.s.l., Mt Hafelekar),
the subnival site (2,880 m a.s.l., Stubai Glacier), and a nival site (3,450 m a.s.l., Mt Brunnenkogel,
46°55'N, 10°52'E) using small Tidbit temperature loggers. Loggers were placed near the ground in
plant cushions or below the leaves of R. glacialis. During the main growing season (June,
July, August) two—four cold snaps occurred. On average flat growing plants were covered with snow
for 2.7 £ 0.8 d in the alpine zone, for 3.1 £ 1.5 d in the subnival zone, and for 4.8 + 3.7 d in the
nival zone.

4.6. Statistics

For each species, mean percent pollen germination and pollen tube growth at different times of a
temperature run in the laboratory were tested for statistical difference. As data were mostly not
normally distributed, nonparametric tests (Kruskal-Wallis-test, Mann—Whitney-U-test) were applied.
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Analyses were performed with SPSS (SPSS Inc., Chicago, IL, USA), the critical level of significance
a=0.05.

Acknowledgments

This research was funded by the Austrian Science Fund (FWF) as part of the project “Pollen tube

growth and pistil receptivity of high-mountain plants under extreme climatic conditions” (P-18398-BO3).
We thank Bernhard Kénig for helping with the fieldwork and Jiirgen Hacker for writing the LabView

software program and for technical advice. Gilbert Neuner kindly provided technical lab facilities. We
further thank the Stubaier Gletscherbahn and the Patscherkofelbahn for free transportation by cable car.

Conflict of Interest

The authors declare no conflict of interest.

References

1.

10.

1.

12.

Stephenson, A.G.; Lau, T.-C.; Quesada, M.; Winsor, J.A. Factors that Affect Pollen Performance.
In Ecology and Evolution of Plant Reproduction; Wyatt, R., Ed.; Chapman and Hall: New York,
NY, USA, 1992; Chapter 3, p. 119.

De Graaf, B.H.J.; Derksen, JJW.M.; Mariani, C. Pollen and pistil in the progamic phase.
Sex. Plant Reprod. 2001, 14, 41-55.

Hedhly, A.; Hormaza, J.I.; Herrero, M. Global warming and sexual plant reproduction.
Trends Plant Sci. 2008, 14, 30-36.

Zinn, K.E.; Tunc-Ozdemir, M.; Harper, J.F. Temperature stress and plant sexual reproduction:
Uncovering the weakest links. J. Exp. Bot. 2010, 61, 1959-1968.

Hedhly, A. Sensitivity of flowering plant gametophytes to temperature fluctuations. Environ. Exp.
Bot. 2011, 74, 9-16.

Luza, J.G.; Polito, V.S.; Weinbaum, S.A. Staminate bloom date and temperature responses
of pollen germination and tube growth in 2 walnut (Juglans) species. Am. J. Bot. 1987, 74,
1898-1903.

McKee, J.; Richards, A.J. The effect of temperature on reproduction of five Primula species.
Ann. Bot. 1998, 82, 359-374.

Pirlak, L. The effect of temperature on pollen germination and pollen tube growth of apricot and
sweet cherry. Europ. J. Hort. Sci. 2002, 67, 61-64.

Hedhly, A.; Hormaza, J.I.; Herrero, M. The effect of temperature on stigmatic receptivity in sweet
cherry (Prunus avium L.). Plant Cell Environ. 2003, 26, 1673—-1680.

Hedhly, A.; Hormaza, J.I.; Herrero, M. Effect of temperature on pollen tube kinetics and
dynamics in sweet cherry, Prunus avium (Rosaceae). Am. J. Bot. 2004, 91, 558-564.

Hedhly, A.; Hormaza, J.I.; Herrero, M. The effect of temperature on pollen germination, pollen
tube growth, and stigmatic receptivity in peach. Plant Biol. 2005, 7, 476-483.

Lewis, D. The physiology of incompatibility in plants I. The effect of temperature.
Proc. R. Soc. Lond. B Biol. Sci. 1942, 131, 13-26.



Plants 2013, 2 368

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Jefferies, C.J.; Brain, P.; Stott, K.G.; Belcher, A.R. Experimental systems and a mathematical
model for studying temperature effects on pollen-tube growth and fertilization in plum. Plant Cell
Environ. 1982, 5, 231-236.

Richards, A.J. Plant Breeding Systems; Chapman & Hall: London, UK, 1997; p. 59.

Pasonen, H.L.; Kapyla, M.; Pulkkinen, P. Effects of temperature and pollination site on
pollen performance in Betula pendula Roth—Evidence for genotype-environment interactions.
Theor. Appl. Genet. 2000, 100, 1108—1112.

Kremer, D.; Jemric, T. Pollen germination and pollen tube growth in Fraxinus pennsylvanica.
Biologia 2006, 61, 79-83.

Elgersma, A.; Stephenson, A.G.; den Nijs, A.P.M. Effects of genotype and temperature on pollen
tube growth in perennial ryegrass (Lolium perenne L.). Sex. Plant Reprod. 1989, 2, 225-230.
Jakobsen, H.B.; Martens, H. Influence of temperature and ageing of ovules and pollen on
reproductive success in Trifolium repens L. Ann. Bot. 1994, 74, 493-501.

Luzar, N.; Gottsberger, G. Flower heliotropism and floral heating of five alpine plant species and
the effect on flower visiting in Ranunculus montanus in the Austrian Alps. Arct. Antarct. Alp. Res.
2001, 33, 93-99.

Philipp, M.; Bocher, J.; Mattsson, O.; Woodell, S.R.J. A quantitative approach to the sexual
reproductive biology and population structure in some arctic flowering plants: Dryas integrifolia,
Silene acaulis and Ranunculus nivalis. Medd. Grgnl. Biosci. 1990, 34, 3—-60.

Kevan, P.G. Sun-tracking solar furnaces in high arctic flowers: Significance for pollination and
insects. Science 1975, 189, 723-726.

Totland, @. Flower heliotropism in an alpine population of Ranunculus acris (Ranunculaceae):
Effect on flower temperature, insect visitation, and seed production. Am. J. Bot. 1996, 83, 452—458.
Galen, C.; Stanton, M.L. Sunny-side up: Flower heliotropism as a source of parental
environmental effects on pollen quality and performance in the snow buttercup, Ranunculus
adoneus (Ranunculaceae). Am. J. Bot. 2003, 90, 724-729.

Galen, C. Solar furnaces or swamp coolers: Costs and benefits of water use by solar-tracking
flowers of the alpine snow buttercup, Ranunculus adoneus. Oecologia 2006, 148, 195-201.
Larcher, W.; Wagner, J. High mountain bioclimate: Temperatures near the ground recorded from
the timberline to the nival zone in the Central Alps. Contrib. Nat. Hist. Berne 2009, 12, 857-874.
Korner, C. Coldest place on earth with angiosperm plant life. Alp. Bot. 2011, 121, 11-22.

Ladinig, U.; Hacker, J.; Neuner, G.; Wagner, J. How endangered is sexual reproduction of
high-mountain plants by summer frosts?—Frost resistance, frequency of frost events and risk
assessment. Oecologia 2013, 171, 743-760.

Korner, C. Alpine Plant Life, 2nd ed.; Springer: Berlin, Germany, 2003; p. 33.

Ladinig, U.; Wagner, J. Dynamics of flower development and vegetative shoot growth in the high
mountain plant Saxifraga bryoides L. Flora 2009, 204, 63-73.

Steinacher, G.; Wagner, J. Effect of temperature on the progamic phase in high-mountain plants.
Plant Biol. 2012, 14, 295-305.

Pauli, H.; Gottfried, M.; Grabherr, G. Vascular plant distribution patterns at the low temperature
limits of plant life—The alpine-nival ecotone of Mount Schrankogel (Tyrol, Austria).
Phytocoenologia 1999, 29, 297-325.



Plants 2013, 2 369

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Hegi, G. lllustrierte Flora von Mitteleuropa; Paul Parey: Berlin, Germany, 1975; Volume V/3,
pp. 2036-2040.

Kaplan, K. Saxifragaceae. In Gustav Hegi—Illustrierte Flora von Mitteleuropa; Weber, H.E., Ed.;
Blackwell: Berlin, Germany, 1995; Volume 4/2A, pp. 130-229.

Landolt, E. Unsere Alpenflora; Fischer: Stuttgart, Germany, 1992; pp. 166-225.

Zimmermann, W. Ranunculaceae. In Gustav Hegi—Illustrierte Flora von Mitteleuropa; Rechinger,
K.H., Damboldt, J., Eds.; Paul Parey: Berlin, Germany, 1975; Volume 3/3, pp. 295-300.

Arroyo, M.T.K.; Armesto, J.; Primack, R. Community studies in pollination ecology in the high
temperate Andes of Central Chile. II. Effect of temperature on visitation rates and pollination
possibilities. Plant Syst. Evol. 1985, 149, 187-203.

Inouye, D.W.; Pyke, G.H. Pollination biology in the Snowy Mountains of Australia: Comparisons
with montane Colorado, USA. Aust. J. Ecol. 1988, 13, 191-210.

MccCall, C.; Primack, R.B. Influence of flower characteristics, weather, time of day, and season on
insect visitation rates in three plant communities. Am. J. Bot. 1992, 79, 434-442.

Totland, ©. Influence of climate, time of day and season, and flower density on insect flower
visitation in alpine Norway. Arct. Alp. Res. 1994, 26, 66-71.

Pacini, E. Pollination. In Encyclopedia of Ecology; Jorgensen, S.E., Fath, B., Eds.; Elsevier:
Oxford, UK, 2008; pp. 2857-2861.

Ishiguro, S.; Kawai-Oda, A.; Ueda, J.; Nishida, I.; Okada, K. The DEFECTIVE IN ANTHER
DEHISCENCE! gene encodes a novel phospholipase Al catalyzing the initial step of jasmonic
acid biosynthesis, which synchronizes pollen maturation, anther dehiscence, and flower opening
in Arabidopsis. Plant Cell 2001, 13, 2191-2209.

Linskens, H.F.; Cresti, M. The effect of temperature, humidity, and light on the dehiscence of
tobacco anthers. Proc. K. Ned. Akad. Wet. C 1988, 91, 369-375.

Lisci, M.; Tanda, C.; Pacini, E. Pollination ecophysiology of Mercurialis annua L. (Euphorbiaceae),
an anemophilous species flowering all year round. Ann. Bot. 1994, 74, 125-135.

Keijzer, C.J.; Lefering-Ten Klooster, H.B.; Reinders, M.C. The mechanics of the grass flower:
Anther dehiscence and pollen shedding in maize. Ann. Bot. 1996, 78, 15-21.

Pacini, E. From anther and pollen ripening to pollen presentation. Plant Syst. Evol. 2000, 222,
19-43.

Garcia, C.; Nepi, M.; Pacini, E. Structural aspects and ecophysiology of anther opening in Allium
triquetrum. Ann. Bot. 2006, 97, 521-527.

Hiscock, S.J.; Allen, A.M. Diverse cell signalling pathways regulate pollen-stigma interactions:
The search for consensus. New Phytol. 2008, 179, 286-317.

Wu, J.-Y.; Jin, C.; Qu, H.-J.; Tao, S.-T.; Xu, G.-H.; Wu, J.; Wu, H.-Q.; Zhang, S.-L. Low
temperature inhibits pollen viability by alteration of actin cytoskeleton and regulation of pollen
plasma membrane ion channels in Pyrus pyrifolia. Environ. Exp. Bot. 2012, 78, 70-75.

Herrero, M. Changes in the ovary related to pollen tube guidance. Ann. Bot. 2000, 85, 79-85.
Herrero, M. Ovary signals for directional pollen tube growth. Sex. Plant Reprod. 2001, 14, 3-7.
Arroyo, M.T.K.; Armesto, J.J.; Villagran, C. Plant phenological patterns in the High Andean
Cordillera of Central Chile. J. Ecol. 1981, 69, 205-223.

Primack, R.B. Longevity of individual flowers. Annu. Rev. Ecol. Syst. 1985, 16, 15-37.



Plants 2013, 2 370

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Bingham, R.A.; Orthner, A.R. Efficient pollination of alpine plants. Nature 1998, 391, 238-239.
Blionis, G.J.; Vokou, D. Structural and functional divergence of Campanula spatula subspecies
on Mt Olympos (Greece). Plant Syst. Evol. 2002, 232, 89—-105.

Fabbro, T.; Korner, C. Altitudinal differences in flower traits and reproductive allocation.
Flora 2004, 199, 70-81.

Steinacher, G.; Wagner, J. Flower longevity and duration of pistil receptivity in high mountain
plants. Flora 2010, 205, 376-387.

Arathi, H.S.; Rasch, A.; Cox, C.; Kelly, J.K. Autogamy and floral longevity in Mimulus guttatus.
Int. J. Plant Sci. 2002, 163, 567-573.

Clark, M.J.; Husband, B.C. Plasticity and timing of flower closure in response to pollination in
Chamerion angustifolium (Onagraceae). Int. J. Plant Sci. 2007, 168, 619-625.

Lundemo, S.; Totland, @. Within-population spatial variation in pollinator visitation rates, pollen
limitation on seed set, and flower longevity in alpine species. Acta Oecol. 2007, 32, 262-268.
Wagner, J.; Ladinig, U.; Steinacher, G.; Larl, I. From the flower bud to the mature seed: Timing
and dynamics of flower and seed development in high-mountain plants. In Plants in Alpine
Regions: Cell Physiology of Adaptation and Survival Strategies; Liitz, C., Ed.; Springer: Vienna,
Austria, 2012; Chapter 10, pp. 135-152.

Wagner, J.; Mitterhofer, E. Phenology, seed development, and reproductive success of an alpine
population of Gentianella germanica in climatically varying years. Bot. Acta 1998, 111, 159-166.
Neuner, G.; Erler, A.; Ladinig, U.; Hacker, J.; Wagner, J. Frost resistance of reproductive tissues
during various stages of development in high mountain plants. Physiol. Plant. 2013, 147, 88—100.
Hacker, J.; Ladinig, U.; Wagner, J.; Neuner, G. Inflorescences of alpine cushion plants freeze
autonomously and may survive subzero temperatures by supercooling. Plant Sci. 2011, 180, 149-156.
Ozenda, P. Die Vegetation der Alpen im europdischen Gebirgsraum; Gustav Fischer: Stuttgart,
Germany, 1988; pp. 230-232.

Wagner, J.; Steinacher, G.; Ladinig, U. Ranunculus glacialis L.: Successful reproduction at the
altitudinal limits of higher plant life. Protoplasma 2010, 243, 117-128.

Ladinig, U.; Wagner, J. Sexual reproduction of the high mountain plant Saxifraga moschata
Waulfen at varying lengths of the growing season. Flora 2005, 200, 502-515.

Ladinig, U.; Wagner, J. Timing of sexual reproduction and reproductive success in the high
mountain plant Saxifraga bryoides L. Plant Biol. 2007, 9, 683—-693.

Linskens, H.F.; Esser, K.L. Uber eine spezifische Anfirbung der Pollenschliuche im Griffel und
die Zahl Kallosepfropfen nach Selbstung und Fremdung. Naturwissenschaften 1957, 44, 16.

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



