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Abstract

In contrast to adult plants, little is known about the frost-tolerance of seedlings of alpine species, despite the fact that frost
has been considered as one of the main factors limiting plant recruitment in high elevation. Here we report the results of
a comparative study on seedling frost-tolerance of nine congeneric species pairs with lowland (0-900 m a.s.l.) and alpine
(18002700 m a.s.l.) distribution. Similarly to adult alpine plants, we expected seedlings of alpine species to be more frost-
tolerant than their lowland counterparts. Frost-tolerance was estimated under laboratory conditions by exposing seedlings to
frost events from — 1 to — 9 °C, calculated as the temperature at which 50% of the seedlings were lethally damaged by frost
(LT5p). The LT5, values varied between — 1.95 and —6.11 °C suggesting that seedling of all tested species could potentially
survive mild and/or short frosts, but might be lethally damaged by severe and/or continuous frost events. The LT, values for
lowland and alpine species did not differ statistically and were on average —3.96+0.18 °C and —4.16+0.43 °C, respectively.
These findings did not confirm our hypothesis that seedlings of alpine species have higher frost-tolerance than seedlings
of lowland species. Four possible reasons could explain this pattern. They include (1) comparable levels of negative-stress
in both lowland and alpine habitats, (2) opportunistic seed germination strategy in alpine plants, (3) peculiarities of our
experimental set up and (4) potentially stronger effects of drought on alpine seedling survival than frost.
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Introduction

Harsh climatic conditions in alpine environments can neg-
atively affect the sexual reproduction success in plants of
those habitats (Sakai and Larcher 1987; Korner 1999). Short
growing seasons with low temperatures coupled with fre-
quent frost events limit growth and regeneration in all plant
life stages, from gametophyte development to seedlings and
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adult plants (Korner 1999). Plants” exposure to sub-zero
temperatures, even for short periods, can result in damages
of generative organs (Larcher and Wagner 2004), consid-
erable reduction in fruit production (Inouye 2008; Gerdol
et al. 2013) or complete crop failure, and seedling mortality
(Shen et al. 2014; Bianchi et al. 2019). Thus, the sensitiv-
ity of early life stages in plants is the major limiting factor
in upper distributional boundaries along elevation gradients
(Loik and Redar 2003; Taschler and Neuner 2004; Larcher
et al. 2010; Rosbakh and Poschlod 2015).

To minimize negative effects of frost on sexual repro-
duction, alpine plants have developed a number of adapta-
tions. One adaptation to low-temperature stress is delayed
flowering phenology. Compared to lowland plants, alpine
plants tend to flower when the frost probability is com-
paratively low, in mid or late summer (Inouye 2008;
Bucher et al. 2019). Furthermore, particular plant growth
forms such as cushion plants or low-stature are adapta-
tions facilitating sexual reproduction, because the flow-
ers of such plants are located very close to the ground,
where local thermic conditions are much more favourable
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to fertilization and seed maturation than the corresponding
macro-habitat (Korner 1999; Geiger et al. 2009). In addi-
tion to these adaptations, alpine plant generative organs
(e.g., anthers, style and ovules) have been shown to tol-
erate freezing temperatures as low as —5 °C (Sakai and
Larcher 1987; Neuner et al. 2013). Considering further
sexual reproduction phases, seed maturation of alpine
plants, such as Saxifraga moschata (Ladinig and Wagner
2005) and Gentianella germanica (Wagner and Mitter-
hofer 1998) has been observed to be insensitive to low
temperature exposure, partly due to the protecting role of
snow cover (Neuner 2014; Neuner et al. 2020). Many high-
elevation plants produce dormant seeds to postpone ger-
mination from the year of dispersal until the next summer,
encouraging the rapid onset of germination after snowmelt
(Schwienbacher et al. 2011; Baskin and Baskin 2014).
Such seeds contain a dehydrated embryo that is able to
survive to temperatures as low as — 19 °C (Sakai and
Larcher 1987; Marcante et al. 2012). Several studies have
reported that germination in alpine species is triggered by
higher temperatures when compared to their lowland coun-
terparts (Rosbakh and Poschlod 2015; Picciau et al. 2019),
at least in temperate climates. This ‘avoidance strategy’ is
a way of preventing early-spring germination, when there
is a high probability of seedlings being injured by frost
(Cavieres and Arroyo 2000; Rosbakh and Poschlod 2015;
Mondoni et al. 2018).

Following germination, seedling survival represents
another major bottleneck to species recruitment (Fenner
and Thompson 2005). Dormant alpine seeds are highly
frost-tolerant, but this tolerance is quickly lost with the
onset of germination (Sakai and Larcher 1987; Marcante
et al. 2012). Consequently, seedling survival of a frost event
depends on mitigating freezing risks, the ability to recover
from frost damage, or tolerating frost (Sakai and Larcher
1987). Frost mitigation in alpine seedlings can be partially
achieved by adapting the germination timing from early to
late spring or early summer, when the probability of extreme
frost events is low (Cavieres and Arroyo 2000; Rosbakh and
Poschlod 2015; Mondoni et al. 2018). However, extreme
frost events can still occur, even during putatively favour-
able periods for growth and establishment (Korner 1999),
thereby putting the seedlings at risk of being killed by frost
(Meyer and Badaruddin 2001; Forbis 2003; Marcante et al.
2012; Sierra-Almeida and Cavieres 2012). Recuperation
via undamaged belowground organs is almost impossible
in seedlings, due to their low accumulation of dry matter
in the roots necessary to cope with unfavourable conditions
(Korner 1999; Meyer and Badaruddin 2001; Marcante et al.
2012; Sierra-Almeida and Cavieres 2012). Therefore, tol-
erating frost might be the only freezing-survival option for
a seedling. This point still remains to be tested, since the
available research on this matter is limited to only a few
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case studies (Sakai and Larcher 1987; Marcante et al. 2012;
Sierra-Almeida and Cavieres 2012).

The specific aim of the present study was to determine
frost-tolerance of alpine seedlings sensu stricto, young
plants with cotyledons but no true leaves, and compare their
frost-tolerance to frost-tolerance of their lowland counter-
parts. The study also aims to give a clearer understanding
of the adaptations employed in alpine plant reproduction at
low temperatures. Our a priori assumption was that seed-
lings of alpine species are more frost-tolerant than seedlings
from lowland species, as it is the case in adult alpine plants
(Sakai and Larcher 1987; Loik and Redar 2003; Taschler
and Neuner 2004). As suggested by Marcante et al. (2012)
under certain circumstances frost hardening may be pos-
sible in seedlings, allowing them to adapt to frost-events. In
nature, this process might take place already at temperatures
slightly above 0 °C (Sakai and Larcher 1987). The alterna-
tive hypothesis was that seedlings from alpine and lowland
species do not differ in their frost-tolerance, since seedlings
were noted to not follow such elevation gradient patterns in
terms of their frost-tolerance (Loik and Redar 2003; Bricefio
et al. 2014), and species from both habitats have the same
chance of experiencing spring/summer frost-events (Vitasse
et al. 2017; Rosbakh et al. 2017; Bianchi et al. 2019).

Materials and methods
Study species and seedling material

A comparative study using congeneric pairs of species with
contrasting habitat preferences was conducted to investigate
whether seedling performance co-vary predictably with
habitat. Nine pairs of congeneric species with contrasting
elevation distributions (lowland and alpine), were selected
(Table 1). Each pair contains an independent replicate of
evolutionary divergence in habitat specialization (ten Brink
et al. 2012). Selected lowland species are naturally distrib-
uted in a range from O to 900 m above sea level (m a.s.l.),
whereas the alpine species have their main distribution from
1700 to 2800 m a.s.l. The seeds were obtained from two
commercial seed suppliers (Rieger-Hofmann GmbH, Ger-
many, and Schutz Filisur Samen und Pflanzen AG, Switzer-
land). According to suppliers, the mother plants were culti-
vated under natural conditions at elevations typical for each
species. Seeds were collected at maturity; after collection,
seeds were air-dried for several days and stored, dry at 4 °C,
prior to experiments.

Seeds of Anthoxanthum alpinum, A. odoratum, and of
Luzula multiflora, L. lutea, were cold-stratified in Petri
dishes lined with moist filter paper at 4 °C for 6 weeks to
overcome physiological dormancy. To produce enough seed-
lings for the experiment, 5000—6000 seeds per species were
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Table 1 Data on focal species including elevation ranges, distribution patterns, seed collecting sites and frost-tolerance (LT')

Species Family Species eleva- Distribution pattern Seed collection site Seedling LT50

tional ranges (m °O)
a.s.l.) EE——
Estimate SE

Achillea millefolium L Asteraceae 0-900 Lowland Baden-Wiirttemberg, 400 m -3.80 093
a.s.l., Germany

Achillea millefolium ssp. alpes- 900-2000 Alpine Plan Grond, 2050 m a.s.1., -3.09 055

tris (Wimm. and Grab.) Gremli Switzerland

Anthoxanthum odoratum L Poaceae 0-900 Lowland Baden-Wiirttemberg, 400 m -528 0.18
a.s.l.,, Germany

Anthoxanthum alpinum A. et D. 2200-2800 Alpine Furka, 2450 m a.s.l., Switzerland —4.65 0.17

Love

Dianthus carthusianorum L Caryophyllaceae  0-900 Lowland Baden-Wiirttemberg, 400 m -195 0.29
a.s.l., Germany

Dianthus sylvestris Wulf 1700-2800 Alpine Glatthorn, 2581 m a.s.l., Swit- -252  0.11
zerland

Lotus corniculatus L Fabaceae 0-900 Lowland Baden-Wiirttemberg, 400 m —-3.18 0.13
a.s.l., Germany

Lotus alpinus Schleich. ex Ram 2200-2800 Alpine Monte Baldo, 2000 m a.s.l., Italy —3.62  0.09

Luzula multiflora (Retz.) Lej Juncaceae 0-900 Lowland Baden-Wiirttemberg, 400 m -5.04 0.13
a.s.l., Germany

Luzula lutea (All.) DC 2200-2800 Alpine Glatthorn-Kastelberg, 2200 m -4.06 0.18
a.s.l., Switzerland

Phleum phleoides (L.) Karst Poaceae 0-1000 Lowland Baden-Wiirttemberg, 400 m -5.70 0.23
a.s.l., Germany

Phleum alpinum L 2200-2800 Alpine Ravais, 2400 m a.s.l, Switzer- —-6.11 0.14
land

Plantago lanceolata L Plantaginaceae ~ 0-900 Lowland Baden-Wiirttemberg, 400 m —-248 0.10
a.s.l., Germany

Plantago alpina L 2200-2800 Alpine Zermatt-Schwarzsee, 2585 m -294  0.10
a.s.l., Switzerland

Poa pratensis L Poaceae 0-900 Lowland Baden-Wiirttemberg, 400 m —4.68 0.23
a.s.l., Germany

Poa alpina L 1700-2800 Alpine Grossglockner, 2260 m a.s.1., -5.73 0.16
Austria

Silene vulgaris (Moench) Garke = Caryophyllaceae 0-900 Lowland Baden-Wiirttemberg, 400 m -3.50 0.10
a.s.l.,, Germany

Silene glareosa Jord 1600-2500 Alpine Val Zuondra, 2400 m a.s.l., —3.66 0.10

Switzerland

Seeds were obtained from a commercial supplier. Estimates on LT, (temperature when 50% of seedlings were lethally damaged) derive from

non-linear Weibull functions
SE standard error

sown in Petri dishes on two layers of filter paper, which
were moistened with distilled water. Seedlings were culti-
vated in a climate chamber (22/14 °C) until they reached
the appropriate developmental stage for further treatments
(fully developed cotyledons and radicles, just before the
emergence of the first true leaf). The photoperiod was set
to 16/8 h, representing light conditions that the seedlings
experience in nature after germination in late spring/early
summer (Schwienbacher et al. 2011). The onset and duration
of the seedling stage differed among the target species, but
was synchronistic between two species of a congeneric pair.

Experimental design, frost treatment

Prior to the frost treatment, seedlings were incubated in a
climate chamber at 6/0 °C (16/8 h photoperiod) for 3 days,
to allow them to acclimate to cold conditions. Frost treat-
ments were conducted using freezing chambers operated by
a manual temperature controller SIKA R38 (Ingenieurbiiro
Heino Winter GmbH & Co.). During treatments, seedlings
were kept in parafilm-sealed Petri dishes lined with moist
filter paper to prevent frost desiccation. Natural frost events
of different severity (0, — 1, -2, -3, -4, -5, -6, =7, =8,
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—9 °C) were simulated by slow cooling of the Petri dishes
from 10 °C downwards, at a rate of 2 K h™!, until the target
temperature was reached (Bucher et al. 2019). Thereafter,
samples were kept at target temperatures for 4 h, which is
similar to durations of freezing events in nature (Sakai and
Larcher 1987; Taschler and Neuner 2004; Neuner 2014).
Following the same procedure as freezing, thawing was
induced at a rate of 2 K h™! until the original temperature
was reached. Each temperature level was repeated three
times with ten seedlings of each species. Three additional
Petri dishes containing ten seedlings of each species were
kept in a climate chamber at 22/14 °C (16/8 h photoperiod),
and another three Petri dishes in a laboratory refrigerator
at —26 °C, for the same period of time as the frost treat-
ment. The seedlings in these two treatments were used as
references for fully viable and completely frost-damaged
seedlings, respectively.

Seedling viability

After the frost treatment, the Petri dishes containing the
seedlings were put in a climate chamber (22/14 °C, 16/8 h
photoperiod) for 96 h, to allow frost damage to develop. Due
to comparatively low sizes, seedling viability was then deter-
mined by visual inspection; seeds with undamaged roots and
vivid green coloured healthy-looking cotyledons that were
able to continue growing, were considered as being viable.

Statistical analysis

Frost-tolerance was estimated as the temperature at which
50% of the seedlings were lethally damaged by frost (LTs).
To obtain these values, non-linear Weibull functions (Ritz
2010) were fitted to the cumulative binary data (1—viable
seedling, 0—dead seedling) for all replicates and test tem-
peratures for each species. Model fitting was carried out
using the drc package (Ritz and Streibig 2005) in R software
version 3.6. (R core development team 2018). The compari-
son between the LT, values of alpine and lowland species
was done with linear mixed-effect models implemented in
the packages /me4 (Bates et al. 2015) and /merTest (Kuznet-
sova et al. 2014). To account for genus-specific variation in
the LT, values, genus was included as a random effect into
the model (Funk et al. 2015). In all cases, the model require-
ments and assumptions were met.

Results and discussion
In contrast to adult plants (Sakai and Larcher 1987; Taschler
and Neuner 2004; Neuner 2014), little is known about the

frost-tolerance of seedlings, despite the fact that frost has
been considered as one of the main causes of seedling
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mortality in high-elevation habitats (Forbis 2003; Mar-
cante et al. 2012; Sierra-Almeida and Cavieres 2012). In
this regard, our study is a small, yet an important contribu-
tion to research on plant sexual reproduction success in high
elevation habitats.

Seedling frost-tolerance (LTs,) values (Fig. 1; Table 1;
see also Online Appendix 1 for frost-tolerance data and fitted
curves) varied in temperatures ranging between —1.95 °C
(Dianthus carthusianorum) and —6.11 °C (Phleum alpi-
num). Phleum congeners were found to be the most frost-
tolerant species with LTs, of —5.70 °C in the lowland P.
phleoides and —6.11 °C in P. alpinum. The most frost-
susceptible congeneric pair was lowland D. carthusiano-
rum (LT5, of —1.95 °C) and alpine D. sylvestris (LT5, of
—2.52 °C). These results suggest that seedlings of all the
species tested could potentially survive mild and/or short
frosts, especially when protected by standing crop and plant
litter. Nevertheless, they might be lethally damaged by
severe and/or continuous frost events (Marcante et al. 2012;
Sierra-Almeida and Cavieres 2012).

Seedling frost-tolerance in alpine vs. lowland
seedlings

On average, LTs, values for lowland and alpine species
were —3.96+0.18 °C and —4.16 +0.43 °C, respectively.
The comparison of the LTS5, values revealed no differences
(p=0.308, linear mixed-effect model) in seedling frost-
tolerance between lowland and alpine species. These find-
ings confirm our alternative hypothesis: seedlings of alpine
species do not have higher frost-tolerance than seedlings of
lowland species. Supporting this hypothesis, previous works
also noted no clear elevation pattern of frost-tolerances of
seedlings (Loik and Redar 2003; Brizefio et al. 2012). There-
fore, we suggest discarding the expectation of alpine seed-
lings to be more frost-tolerant than lowland seedlings. We
propose four possible reasons that could explain this pattern.

(1) First, plants from lowland and alpine habitats are
equally affected and constrained by low-temperature
stress. Alpine habitats are widely assumed to be harsher
than lowland habitats (Korner 1999), in regard that lower
temperatures are generally unfavourable for growth, and
frequent freezing events can happen throughout the year
(Sierra-Almeida and Cavieres 2012; Neuner 2014). How-
ever, recent studies suggested that the freezing of vegeta-
tive tissues down to — 10 °C occur more often at lower
elevations than higher elevations, due to reduced snow
cover and earlier snowmelt in lowlands (Rosbakh et al.
2017; Bianchi et al. 2019). Therefore, seedlings of low-
land and alpine plants require similar frost-tolerance to
harsh climatic conditions at least during the months in
spring and early summer.
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Fig.1 Frost-tolerance (LT5) of congeneric species pairs from different elevation origin (Distribution). Error bars indicate Standard Error. For
species names see Table 1

(2) Secondly, frost survival depends not only on frost-
tolerance, but also on frost avoidance strategies (Taschler
and Neuner 2004; Marcante et al. 2012). Since the seed-
ling stage is the most vulnerable time in the plant life
cycle, the ecological theory suggests that the germination
timing is the strongest denominator of plant life (Grubb
1977; Grime 2002). Therefore, germination should opti-
mally occur only when the subsequent environmental
conditions allow growth and establishment of juveniles.
The need of breaking physiological dormancy by cold
stratification before germination (Schwienbacher et al.
2011), coupled with high minimum germination tem-
peratures in alpine habitats, ensure emergence only after
the risk of frost has declined, increasing the chances of
seedling survivorship (Rosbakh and Poschlod 2015). This
opportunistic strategy of alpine species could explain the
lack of better frost-tolerance in alpine seedlings compared
to their lowland counterparts.

(3) The third explanation for non-significant LT, dif-
ferences might be found in the experimental setup itself.
Previous research suggested that cold acclimation of
seedlings could already take place at temperatures near
0 °C within a few days (Sakai and Larcher 1987), but
the comparatively short vernalisation period in our
study (72 h at 6/0 °C, 16/8 h photoperiod) might not
have been cold or long enough for frost hardening to
develop. As shown in a study on seedlings of Arte-

misia tridentata, cold acclimation has been seen, but
the determination happened after a period of 14 days
(Loik and Redar 2003), much longer than the period
in our study. In a comparative study of frost-resistance
on juvenile plants tested in an alpine glacier foreland,
field grown individuals had lower LT5, values (about
—2 °C) than individuals cultivated in the laboratory
(Marcante et al. 2012). This suggests that frost hard-
ening under natural conditions might force seedlings
to develop a higher frost-tolerance. If we had used a
longer vernalisation period and/or lower temperatures,
the results might have been different.

(4) Finally, frost is not the only factor determining seed-
ling survival in alpine habitats (Marcante et al. 2012).
Seedling mortality during the growing season may be
caused by seedlings vulnerability to drought conditions,
equally or more than by extreme cold temperatures
(Soyrinki 1938; Welling and Laine 2000; Forbis 2003;
Marcante et al. 2012). We speculate that due to limited
resources, seedlings of alpine plants tend to invest more
in drought-tolerance than in frost-tolerance. Yet, this
remains to be investigated.
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