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10.1 Introduction

High mountains are climatically extreme

environments. Short growing seasons and low

temperatures are the most important factors limiting

plant life at higher altitudes. In the mountains of tem-

perate and cold climates, the period available for

growth, flowering and seed production varies with

relief and snow accumulation in winter (e.g. Crawford

2008; Galen and Stanton 1991; Kudo 1991, 1992;

Galen and Stanton 1995; Kudo and Suzuki 1999;

Inouye et al. 2002, 2003; K€orner 2003; Ladinig and

Wagner 2005; Molau et al. 2005; Kudo and Hirao

2006; Ladinig and Wagner 2007; Inouye 2008). In

the European Alps, the growing season lasts 3–5

months in the alpine belt and 1–3 months in the ice-

free areas of the nival belt (Larcher 1980; Larcher and

Wagner 2009; Wagner et al. 2010). Not only short

snow-free periods but also large temperature

fluctuations and sudden cold spells with fresh snow,

which can occur at any time during the growing sea-

son, are typical of mountain habitats. This produces a

stop–start situation, additionally shortening the time

available for growth and development. The plant spe-

cies differ in how well they have adapted to such

climatic extremes which increase with elevation.

Accordingly, in the Alps, species richness decreases

from more than 200 species in the upper alpine zone to

about 30 species in the nival zone (Grabherr et al.

1995). Only a dozen specialists still occur above

4,000 m a.s.l. (Ozenda 1988; Grabherr et al. 1995;

K€orner 2003). To be successful in such a harsh envi-

ronment, plants need to cope with temperature

extremes while actively growing (Larcher and Wagner

1976; Neuner et al. 1999; Taschler and Neuner 2004;

Larcher et al. 2010), to maintain metabolism over a

broad temperature range (Larcher and Wagner 1976;

K€orner and Diemer 1987) and to complete vegetative

and reproductive development within a short period of

time.

Reproductive development, which is particularly

susceptible to disturbances, requires the precisely

coordinated timing of different processes from floral

induction to seed maturation. During floral induction

the shoot apex shifts from vegetative to reproductive,

forming an inflorescence or a single flower. In most

mountain plants, floral development is initiated 1 year

prior to maturation (Billings and Mooney 1968; Mark

1970; Nakhutsrishvili 1999; Larl and Wagner 2006;

Ladinig and Wagner 2009), or even earlier (Diggle

1997). Overwintering flower buds are also the rule in

most arctic plants (Sørensen 1941). The earlier floral

development starts and the further developed flower

buds enter winter, the earlier they bloom in the follow-

ing growing season (Molau et al. 2005). Thus, the

timing of reproductive phases in the year of anthesis

is determined by the course of floral development in

the preceding year.

Anthesis is the functional phase of a flower. The

length of time a flower is functional depends on a

variety of factors. On the one hand, species-specific

properties such as type of gender sequence

(adichogamous or dichogamous) and pollination

mechanisms are decisive. On the other hand environ-

mental factors such as temperature and, in insect
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pollinated flowers, pollinator frequency affect the

course of anthesis. Fertilization marks the onset of

seed development which is comprised of histogenesis

(formation of seed tissues and early embryogenesis)

and maturation. With the release of mature seeds the

reproductive cycle is terminated. Mature seeds of

many alpine plants exhibit relative dormancy (Amen

1966; Billings and Mooney 1968; Giménez-Benavides

et al. 2005; Shimono and Kudo 2005) and can persist

for a variable length of time in seed banks. This

persistence is pivotal in renewing populations

(St€ocklin and B€aumler 1996; Erschbamer et al. 2001;

Marcante et al. 2009).

Timing and dynamics of all these reproductive

processes depend on both the species-specific devel-

opmental pattern and on environmental factors – in

particular on temperature and photoperiod. In the lit-

erature, the time course of reproductive development

in high-mountain plants is mainly documented by

phenological observations at the population level

(e.g. Arroyo et al. 1981; Bahn and K€orner 1987;

Prock 1990) or at the plot level (e.g. Kudo 1991;

Theurillat and Schl€ussel 2000; Kudo and Hirao 2006;

Inouye 2008; Makrodimos et al. 2008). Such records

show the length of different phenophases such as

prefloration (time span between snowmelt and first

flowering), anthesis, seed development and seed matu-

rity for a cohort of individuals, however, they provide

little information about the species-specific develop-

mental dynamics in individual flowers.

To get a more in-depth view of reproductive pro-

cesses in high-mountain plants, the reproductive

timing and the development dynamics were analysed

on the basis of single flowers in a multi-year study.

Eleven abundant herbaceous plant species with

different altitudinal distributions in the European

Alps were studied (Table 10.1). Species are common

either in the alpine zone (Gentianella germanica,

Ranunculus alpestris, Saxifraga androsacea,
S. caesia) or from the subnival to the nival zone

(Androsace alpina, Cerastium uniflorum, R. glacialis,

S. biflora, S. bryoides). Saxifraga moschata and

S. oppositifolia cover a particularly wide altitudinal

range and occur from the alpine to the nival zone.

Some of the nival species have even been recorded

above 4,000 m at climatically favourable microsites.

In this chapter we give an overview of the species-

specific patterns and strategies of reproductive devel-

opment. Special focus is given to developmental

dynamics and to the influence of the environmental

factors, temperature and day length. We further

address the question of whether reproductive

strategies differ with respect to the altitudinal distribu-

tion and what impact prolongation of the growing

season might have on the reproductive performance

in the investigated species. Some of the results have

already been presented in individual publications

(Ladinig and Wagner 2005, 2007, 2009; Larl and

Wagner 2006; Steinacher and Wagner 2010; Wagner

et al. 2010; Steinacher and Wagner 2011). Here we

draw general conclusions from the comparative

analyses.

10.2 Study Sites and Methods

Most investigations took place between 2001 and

2008. The investigations were carried out at different

elevations at four localities in the Tyrolean Alps

(alpine zone: Hafelekar 2,320 m a.s.l., Northern Cal-

careous Alps, 47�180N, 11�230E; subnival zone:

forelands of the Tux Ferner 2,650 m a.s.l., Zillertal

Alps, 47�040N, 11�400E and the Schaufelferner

2,850 m a.s.l., Stubai Alps, 46�590N, 11�070E). At

each alpine and subnival locality, early and late-

thawing sites were chosen. Plant temperatures (bound-

ary layer temperatures) were recorded at all sites at

hourly intervals throughout the investigation period,

using small data loggers (Tidbit, Onset, Bourne,

MA, USA). To follow the developmental dynamics

exactly, all investigations were conducted on individ-

ually labelled plants and flowers. Structural changes to

reproductive tissues were quantitatively recorded

using different microscopic methods (DIC, SEM, fluo-

rescence microscopy) and image analysis software

(Optimas 6.5, Optimas Corp., Seattle, WA, USA).

For more details see e.g. Ladinig and Wagner (2007,

2009), Steinacher and Wagner (2010), and Wagner

et al. (2010).

10.3 Timing of Flower Development

The majority of the investigated species extend the

reproductive cycle over two growing seasons, but

there were marked differences among species in the

extent of flower preformation and the timing of the

different reproductive phases (Fig. 10.1). Most
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investigated species show a two-season strategy, i.e.

flower bud initiation occurs in the first year and

flowering and fruiting in the second year. Only two

species (C. uniflorum, S. caesia) follow the one-season

strategy and develop the flower buds completely in the

year of anthesis.

In S. oppositifolia, single terminal flowers develop

on short-stem shoots. The preformed flower buds over-

winter in a nearly fully differentiated pre-meiotic

state. Meiosis is passed immediately after snowmelt;

often female gametogenesis is still ongoing during

anthesis (Wagner and Tengg 1993; Ladinig 2005;

Larl and Wagner 2006). Anthesis starts about 1 week

after snowmelt regardless of the date of snowmelt.

This differs from flower bud initiation. In our

investigations we found flower bud initials only in

June and July. This means when anthesis occurs in

May – which is the case in earlier melting sites in the

alpine zone – flower bud formation starts about 1

month later. At later melting sites in the subnival

zone, anthesis and flower bud formation started at the

same time. This has led to the assumption that flower

initiation of S. oppositifolia is day-length dependent

and occurs under long-day conditions only (Larl and

Wagner 2006). For arctic ecotypes it is possible that

the long-day requirement for floral induction is partic-

ularly marked, as the plants experience 24-h days dur-

ing the period of active growth.

Table 10.1 Characteristics of study species

Species Abbr. Geographical

distribution

Mountain

belta
Vertical

distribution in

the European

Alps (m a.s.l.)b

Sampling

sitesc
Flowering

time

Gender

sequence

Androsace
alpina L.

A. alp European Alps Subnival –

nival

2400–4000

[4200]

TxG, StG July–August Protandrous

Cerastium
uniflorum
(Clairv.)

C. uni European Alps Subnival –

nival

2000–3400 StG July–August Protandrous

Gentianella
germanica
(Willd.) subsp.

germanica

G. ger Alpine

grasslands in

Western and

Central Europe

Subalpine

– alpine

500–2400

[2700]

PK Sept–Oct Adichogamous

Ranunculus
alpestris L.

R. alp European

mountains

Alpine 1700–2800

[2940]

HK June Adichogamous

Ranunculus
glacialis L.

R. gla Arctic,

European

mountains

Subnival –

nival

2300–4000

[4275]

StG June–July Adichogamous

Saxifraga
androsacea L.

S. and Eurasic

mountains

Alpine 1800–3000 HK June–July Protogynous

Saxifraga
biflora All.

S. bif European Alps Subnival –

nival

2200–4000

[4450]

TxG July–August Protogynous

Saxifraga
bryoides L.

S. bry European

mountains

Subnival –

nival

2000–4000

[4200]

StG July–August Protandrous

Saxifraga
caesia L.

S. cae European

mountains

Alpine 1600–3000 HK July–August Protandrous

Saxifraga
moschata
Wulfen

S. mos Eurasic

mountains

Alpine –

nival

1600–4000

[4200]

HK June–July Protandrous

Saxifraga
oppositifolia

S. opp Arctic;

mountains in

Europe, Asia,

N-America

Alpine –

nival

1800–3800

[4500]

HK, TxG May–July Protogynous

aMountain belt: subnival ¼ alpine-nival ecotone (Pauli et al. 1999), nival ¼ glacier zone (above the permafrost limit; Grabherr

et al. 2003)
bVertical distribution according to Anchisi (1985), Hegi (1975), Kaplan (1995), K€orner (2011), Landolt (1992) and Zimmermann

(1975); numbers in square brackets give the highest localities in the Swiss Alps reported up to date
cSampling sites: HK Mt. Hafelekar, PK Mt. Patscherkofel, TxG Tux Glacier foreland, StG Stubai glacier foreland
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S. biflora shows a similar developmental pattern to

the closely related S. oppositifolia (H€orandl and

Gutermann 1994; Gugerli 1997), however develop-

ment proceeds faster. Unlike S. oppositifolia, S. biflora
inflorescences bear 1–12 flowers. As S. biflora

colonizes late melting sites in the subnival and nival

zone, reproductive and vegetative development starts

under the thinning snow cover, a phenomenon regu-

larly observed when radiation reaches the ground

(Kimball and Salisbury 1974; Salisbury 1985). The

terminal flower starts anthesis about 1 week after

snowmelt, lateral flowers open at intervals over the

following week. During anthesis of the current year,

flower buds for the following year show all flower

whorls in a primordial state (Larl 2007). Flower pre-

formation is terminated at the time of fruit maturity of

the current year flowers, which occurs about 8 weeks

after the plants have become snow-free. Terminal

flowers reach a well-differentiated pre-meiotic state,

lateral flowers lag somewhat behind.

S. moschata flowers about 1 month after snowmelt,

which in our study on an alpine population was at the

end of June in earlier melting sites and at the end of July

for later sites. Irrespective of the flowering date, flower

development did not start before late August. As a

consequence, flower buds entered winter in an early

primordial state and had to pass through most floral

development stages in the year of anthesis (Larl 2007).

Similarly, flowers of S. bryoides develop largely or

even completely in the year of anthesis (Ladinig and

Wagner 2009). New floral apices appear as day-length

decreases from August on. Flower buds attain only

primordial stages before winter and form three cohorts

of flowers in the second year. The most developed

buds immediately resume floral development after

winter and bloom about 7 weeks later. A second cohort

of buds flowers about 10 weeks after snowmelt,

whereas a third cohort does not develop beyond a

middle stage. At the end of the growing season, flower

buds of different stages are present, but only primor-

dial stages survive winter.

S. caesia follows the one-season strategy (Larl

2007). The transition from the vegetative to reproduc-

tive apex (Fig. 10.2) possibly occurs during snowmelt

in spring. In individuals becoming snow-free in early

May it took 3 weeks until the floral apex of the termi-

nal flower bud became visible. Bolting began 6 weeks

and anthesis about 2 months after snowmelt. In late

melting individuals (at the end of June–early July),

development was clearly accelerated: early stages of

flower development were passed within 1 week and

anthesis set in within 7 weeks. At the latest melting

site (mid-July) floral development was markedly

retarded again and flower buds did not enter anthesis

before winter.

Among the non-saxifrages, the Ranunculus species

show the most advanced flower preformation

(Widmann and Wagner, unpublished). In R. glacialis,
inflorescences develop at the end of lateral branches of

the below-ground sympodial rhizome system. In

plants emerging from the winter snow, the shoot

apex is already floral when it appears, which suggests

Fig. 10.1 Timing of flower development in saxifrages in the

investigation period 2001–2002 at climatically different sites. A

alpine site; SN subnival site; Early, Mid, Late refer to the

melting dates of the winter snow cover. Columns show different

events during the year; narrow hatched: winter snow cover;

wide hatched: temporary snow cover; white: periods without

active flower development; grey: period of flower development

in the first year; black: period of flower development in the

year of anthesis (corresponds to the prefloration period); round
symbol: anthesis
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that the transition from the vegetative to reproductive

apex occurs at the end of the previous growing season.

Flower bud preformation goes on below ground during

flowering and fruiting of the current year and stops

when the above-ground parts of the plants senesce. By

this time sepals fully cover the flower bud, petals are

still short, stamens begin to differentiate into filaments

and anthers, and in the still poorly developed carpels

ovule primordia emerge. After winter, flower buds

need 2–3 more weeks before entering anthesis. During

this period stamens and carpels further differentiate

and sporogenesis and gametogenesis take place.

Taking all species together, the length of the

prefloration period was negatively correlated with the

degree of flower bud preformation at snowmelt in

spring (Fig. 10.3). This signifies that the timing of

flower development and the state of flower bud prefor-

mation in the first year had a clear impact on the length

of the prefloration period (snowmelt to first flowering)

in the second year. Or in other words, the differences in

flowering phenology among different species at the

same site to a large extent reflect the species-specific

pattern of flower preformation. This is in accordance

with whatMolau et al. (2005) report for tundra plants in

northern Swedish Lapland, when relating prefloration

periods to the winter bud stages documented by

Sørensen (1941) in northeast Greenland.

Among the species investigated in our study,

S. oppositifolia had the shortest prefloration period

(6–10 days, Larl and Wagner 2006) which is in the

range reported for arctic and alpine genotypes (Bliss

1971; Stenstr€om and Molau 1992; Stenstr€om et al.

1997). The prefloration time in S. biflora is similarly

short. In order of increasing length, it is followed by

R. alpestris (7–14 days), S. androsacea (9–20 days),

R. glacialis (14–21 days, up to 30 days in the nival

zone, Wagner et al. 2010) and A. alpina (21–28 days).

S. moschata needed about 1 month (Ladinig and

Wagner 2005). The longest prefloration periods

were observed in C. uniflorum (6 weeks), S. bryoides

Fig. 10.2 Stages of floral development in Saxifraga caesia. (a)
Stage 0: vegetative shoot apex (VA) with alternately arranged

leaf primordia (L). (b) Stage 1: floral apex (FA) of the terminal

flower forms; bract (B) with lateral flower bud (LB) visible. (c)
Stage 2: sepal primordia (S) arise, stamen primordia (St) weakly
visible. (d) Stage 3: stamen primordia clearly visible, petal

primordia (P) appear. (e) Stage 4: carpels (C) emerge. (f)
Early stage 5: stamen primordia differentiate into filaments

and anthers, carpels begin to elongate. During the remaining

course of stage 5 floral organs further elongate and differentiate

(not shown). Carpels become cone-shaped and ovule primordia

emerge. Meiosis occurs shortly before anthesis

Fig. 10.3 Correlation between the stage of flower preformation

at snowmelt in spring and the length of the prefloration period

(r ¼ 0.94, Pearson, p < 0.001). For each species, the median of

the maximum stage of flower development in n ¼ 10

individuals emerging from the snow was determined and plotted

against the mean prefloration period of individuals with the

same melting date at the same site; error bars indicate the

minimum and maximum of the first individual flowering; for

staging see Fig. 10.2. For abbreviations of species names see

Table 10.1. Data: S. Widmann, unpublished
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(6–7 weeks, Ladinig and Wagner 2009) and S. caesia
(8 weeks), in which flower preformation in the year

before was limited (S. bryoides) or completely absent

(C. uniflorum, S. caesia).

The total time taken from flower bud initiation

to anthesis was longest in S. oppositifolia, S. biflora,
R. glacialis, R. alpestris (about 1 year) and was shortest

in C. uniflorum and S. caesia (6 and 8 weeks, respec-

tively). Active flower development (i.e. the time

between flower initiation and anthesis excluding the

periods of winter dormancy and summer snow cover,

which are not effectively used for development), how-

ever, did not differ much among species and generally

amounted to 6–8 weeks. This signifies that there is little

difference in the time needed to construct reproductive

tissues among species, and it is the species-specific

timing which causes developmental diversity.

10.4 Anthesis – The Functional Phase
of the Flower

At corolla opening, the flower enters the functional

phase, which in hermaphroditic flowers comprises the

male phase (pollen dissemination) and the female

phase (pollen deposition on the stigma and fertiliza-

tion). The length of time a flower is functional may be

an important determinant of male and female repro-

ductive success (Evanhoe and Galloway 2002). Floral

longevity is basically species-specific and depends on

heritable traits such as gender sequence, breeding sys-

tem and flower morphology (Primack 1985). How-

ever, flower longevity can be optimized by natural

selection in response to the pollination environment

(Ashman and Schoen 1994). Several studies have

shown that flower longevity generally increases with

altitude (Arroyo et al. 1981; Primack 1985; Bingham

and Orthner 1998; Blionis and Vokou 2002), which is

seen as compensation for the variability in pollinator

visitation rates in the stochastic high mountain climate

(Primack 1978; Arroyo et al. 1985; Muñoz and Arroyo

2006). Within a plant species, flower longevity is

plastic and not a fixed trait. It may be extended or

shortened in response to short-term environmental

variations (Evanhoe and Galloway 2002; Clark and

Husband 2007; Lundemo and Totland 2007). For 26

species tested in the European Alps, a mean flower

longevity of 8.7 days was found (Fabbro and K€orner

2004; Steinacher andWagner 2010). However, there is

a high variation among species, and within a species

among different investigation periods, ranging from a

few days (e.g. G. germanica, R. alpestris,
C. uniflorum) to more than 2 weeks (R. glacialis,

saxifrages); (Table 10.2). For the species listed in

Table 10.2 we further tested the potential flower lon-

gevity, i.e. the capacity to prolong flower functions

(corolla life-time; duration of stigma, style and

ovule receptivity) in the case when pollinators are

absent or rare (Steinacher and Wagner 2010).

Unpollinated flowers generally increased longevity,

but the plasticity of single floral functions was quite

different. Among the female functions, stigma recep-

tivity could be maintained longest (maximum stigma

life-times were 29 days in R. glacialis and 24 days in

G. germanica). Ovule receptivity, however, ceased

between 16 and 20 days after onset of anthesis in

most species. In some species, corolla life-time was

even less plastic. Thus, the maximum longevities of

individual flowers with fresh corolla and receptive

pistils were around 20 days in saxifrages but only

8 days in R. alpestris and C. uniflorum.

As soon as compatible pollen is deposited on the

stigma, the progamic phase, i.e. the period between

pollination and fertilization, starts. Pollen germination

and pollen tube growth are strongly temperature-depen-

dent. Mountain plants show a wide optimum tempera-

ture range for progamic processes (Steinacher and

Wagner 2011), which is consistent with the high tem-

poral variability as a result of large diurnal variations in

site temperatures (see Larcher, chap. 3, this book;

Neuner and Buchner, chap. 6, this book). In the studied

species (listed in Table 10.2), most progamic processes

were still functioning at near freezing temperatures,

which can be seen as an adaptation to the generally

low night temperatures in high mountains (about 5�C
in the alpine zone, 3–5�C in the subnival zone and

�0–3�C in the nival zone; Larcher and Wagner 2009).

At the other extreme, sexual functions were still

intact at 25–30�C, which corresponds to the flower

temperatures on clear summer days (Luzar and

Gottsberger 2001; Steinacher and Wagner 2011). The

length of the progamic phase strongly depends on the

speed of pollen tube growth and on the species-specific

lengths of stigma and style, which is the distance the

pollen tubes have to cover. Highest speeds were

attained at 30�C (mean growth rates 3,100 mm h�1 in

G. germanica, 1,550 mm h�1 in C. uniflorum,
418 mm h�1 in R. glacialis, and 250 mm h�1 in
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R. alpestris) and at 25�C (saxifrages, mean maximal

growth rate about 600 mmh�1). These speeds are within

the range reported for lowland plants: e.g. Lilium

longiflorum 2,400 mm h�1 at 17–20�C (Janson et al.

1994), Prunus avium 300 mm h�1 at 25�C and Primula
obconica 290 mm h�1 at 30�C (Lewis 1942). Due to

efficient pollen tube growth in most mountain species,

the progamic phase lasted only a few hours at 20–30�C
and between 12 and 30 h at 5�C (Steinacher and

Wagner 2011). In comparison, lowland plants need

12–72 h at 20–30�C (Dafni et al. 2005) but mostly

show a drastically reduced pollen performance below

10�C (e.g. Lewis 1942; Pasonen et al. 2000).

The full period from onset of anthesis until fertili-

zation (Figs. 10.4 and 10.5) primarily depends on

whether pistils are receptive from the very beginning

(adichogamous and protogynous flowers), or whether

the female phase follows the male phase (protrandrous

flowers).

Additionally, weather conditions (temperature, pre-

cipitation) and related pollinator frequency, and the

speed of pollen tube growth (see above) affect

this time span. Fertilization occurs fastest in the

adichogamous species G. germanica, whose stigma

is already receptive on the first day of anthesis

(Steinacher and Wagner 2010). Seed development

starts only a few hours after pollination (Steinacher

and Wagner 2011). In the adichogamous to weakly

protandrous species R. glacialis, stigmas lie close

together at the onset of anthesis, however stigma tips

are already papillous and receptive (Steinacher and

Wagner 2010). Nevertheless, first fertilizations were

observable only 2–3 days after onset of anthesis

(DAA). This is because only about 60% of ovules

contain mature embryo sacs when flowers open.

In the remainder of ovules, gametogenesis was still

going on. Similar holds true for the protogynous

saxifrages S. androsacea, S. oppositifolia and

S. biflora. Fertilizations occurred from two DAA

in S. androsacea and after four to five DAA in

S. oppositifolia and S. biflora. In the two latter species

most ovules were still in an early stage of gametogen-

esis at the beginning of flowering (Wagner and Tengg

1993; Ladinig 2005). Thus pistils were ready for pol-

lination but not for fertilization which can be seen as a

mechanism to make self-fertilization more difficult.

Table 10.2 Actual longevity (natural pollination) and potential longevity (emasculated, pollinators excluded) of corollas, and

lengths of gender phases in climatically different years and periods

Species Year Site Mean

temperatures

[�C]/days with
snow

Actual longevity [days] Potential longevity

[days]

Source

Corolla

longevity

Male

phase

Female

phase

Corolla

longevity

Female

phase

C. uniflorum 2001 TxG 11.4/0 Up to 4 Up to 2 Up to 2 – – E

2007 StG 10.1/1 4–8 (11) 1–4 (6) 2–7 4–7 6–8 B

G. germanica 1998 PK 12.1/0 Up to 5 Up to

2 (3)

Up to 5 – – F

2005 PK 6.3/2 3–5 2–5 3–5 6–15 14–24 B

R. alpestris 2003 HK 13.0/0 6–8 4–5 (6) Up to 8 9–10 10–11 A

2005 HK 10.2/3 4–9 4–7 7–11 4–9 10–18 B

R. glacialis 2001 TxG 9.5/0 6–7 8 5–8 – – E

2003 StG 11.3/0 6–7 4–7 4–7 8–9 >20 A

2007 TxG 9.5/6 8–18 7–17 8–18 4–19 16–29 B

S. bryoides 2002 StG 6.5/3 12 – (14) Up to 8 3–5 – – C

2003 StG 9.3/1 Up to 10 Up to 5 3–4 – – C

2007 StG 10.1/1 8–11 2–4 3–7 8–19 10–16 B

S. caesia 2005 HK 7.0/7 17–19 6–11 6–8 13–24 7–13 B

S. moschata 2001 HK 9.6/1 – 7–8 Up to 6 – – D

2005 HK 7.9/7 11–13 4–7 4–7 13–22 6–13 B

Temperatures are mean temperatures during the investigation periods. The duration of respective flower functions are ranges or

maxima in days. Numbers in brackets refer to single flowers. Male phase: first anther dehiscing until all pollen sacs empty; female

phase in individual flowers: stigma expanded and turgid

Investigation sites: HK Mt. Hafelekar, PK Mt. Patscherkofel, TxG Tux Glacier, StG Stubai glacier

A present authors, unpublished results; B Steinacher and Wagner (2010); C Ladinig and Wagner (2007); D Ladinig and Wagner

(2005); E S. Erler, unpublished; F Wagner and Mitterhofer (1998). – no observations
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The moderately protrandrous flowers of C. uniflorum
and A. alpina were fertilized four to six DAA, whereas

the markedly protrandrous flowers of S. caesia,

S. moschata and S. bryoides needed up to 10 days for

fertilization to take place (Ladinig 2005; Ladinig and

Wagner 2005, 2007).

10.5 Dynamics of Seed Development

Fertilization marks the onset of seed development

which, depending on the species, started 2–10 days

after onset of anthesis (DAA) (cf. Figs. 10.4 and 10.5).

Fig. 10.4 Phase lengths during seed development in different

Saxifraga species at alpine and subnival sites. Columns give the
mean duration �SD for n sites (s) and years (y). Data based on

about 100 investigated flowers and 300 seeds per site and year.

Phases: (fert) time-span between onset of anthesis and fertiliza-

tion, (hist) histogenesis, (mat) maturation phase, (dev) seed

development from fertilization to seed maturity, and (total)
total phase from onset of anthesis until seed maturity
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Two main phases of seed development can be distin-

guished: (1) histogenesis during which the seed coat,

the nutrient tissue (endosperm or perisperm) and a

globular embryo form and (2) seed maturation which

comprises seed filling (reserve deposition), further

embryo growth and maturation drying to acquire des-

iccation tolerance (Fig. 10.6a).

The length of time taken to complete histogenesis

differed markedly among species, even within the

same genus. Within the saxifrages (Fig. 10.4), the

mean time taken to form the seed tissues was relatively

short in S. androsacea (15 days), S. bryoides (15 days)

and S. caesia (16 days). The longest time taken to

complete histogenesis was observed in the subnival

population of S. oppositifolia (32 days), whereas

the alpine population completed this phase in only

26 days. The length of histogenesis in saxifrages

appears to be linked to seed size, as there is a positive

correlation (Pearson r ¼ 0.93, p ¼ 0.007) between

seed size and the length of histogenesis (Fig. 10.7).

R. glacialis, C. uniflorum and A. alpina are exceptions

with histogenesis taking only around 20 days despite

seeds being comparatively large. The mode of

resource allocation and the developmental pattern

in these species might play a role. C. uniflorum
and A. alpina partition most of their dry matter in

above-ground tissues, and obviously invest carbon in

offspring rather than in filling large below-ground

reserve pools (K€orner and Renhardt 1987). Further-

more, in the seeds of C. uniflorum, perisperm,

instead of endosperm, evolves rather quickly from

the existing nucellus tissue. In R. glacialis, the

above-/below-ground dry matter ratio is compara-

tively small (K€orner and Renhardt 1987; Prock and

Fig. 10.5 Phase lengths during seed development in the nival

plant species A. alpina, C. uniflorum and R. glacialis. Columns

give the mean duration �SD for n sites (s) and years (y). Data
based on about 100 investigated flowers and 300 seeds per site

and year. For phases see Fig. 10.4

Fig. 10.6 Seed development in Saxifraga androsacea. (a)
Dynamics of seed development expressed as the increase in

the length of the entire seed, the endosperm, and the embryo.

Values are means�SD of 100 seeds and 30 embryos on average.

(b) Duration of histogenesis (open symbols), maturation period

(grey symbols) and total period for seed development (black
symbols) plotted against thermal time. Trend lines: linear regres-
sion for each period
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K€orner 1996). However, the comparatively large leaves

already show a highly positive leaf carbon balance 3–4

weeks after snowmelt (Diemer and K€orner 1996), at a
time when anthesis is largely over and young seeds start

to develop. Thus, an abundant supply of carbohydrates

by the leaves can be assumed.

In most species investigated here, the zygote

divides in an early stage of nuclear endosperm devel-

opment. Firstly, a proembryo consisting of suspensor

cells and an apical cell is formed. From the apical cell

the embryo proper arises, which as a rule attains the

globular stage at the end of histogenesis (Akhalkatsi

and Wagner 1997; Ladinig 2005; Wagner et al. 2010).

During seed maturation, the embryo further enlarges

within the nutrient tissue. The final stage of embryo

development depends both on the species and on

the climatic site conditions. In a long growing season

under favourable weather conditions, embryos of

saxifrages mostly reach the early to late torpedo

stage. In cool and short seasons, however, embryo

growth often does not go beyond the heart stage, and

seeds with underdeveloped embryos are shed (Ladinig

and Wagner 2005, 2007). Mature seeds of R. glacialis

generally contain a morphologically undifferentiated

embryo in the late globular or early heart stage with

only one poorly developed cotyledon (Wagner et al.

2010). By contrast, embryos of C. uniflorum are usu-

ally highly developed: the hypocotyl and cotyledons

elongate markedly and due to spatial restrictions

within the seed become curved (Wagner and Tengg

1993). During maturation, seeds of most investigated

species become dormant. The mechanisms range

from cold-stratification requirements (C. uniflorum,
G. germanica) to complex still unknown dormancy

mechanisms (R. glacialis, most saxifrages).

Depending on the plant species, the maturation

phase lasted from 1 week (C. uniflorum, R. glacialis)

to 1 month (A. alpina). No relationships between the

length of the maturation phase on the one hand and the

length of histogenesis, seed size and embryo size on

the other hand could be found. The maturation process

obviously follows a species-specific autonomous

programme and moreover seems to be scarcely

affected by temperature (Wagner and Reichegger

1997; Wagner and Mitterhofer 1998).

The period for seed development (histogenesis plus

maturation) in a single flower is shortest in R. glacialis

and C. uniflorum (28 days on average; Fig. 10.5).

S. androsacea, S. bryoides und S. moschata require

about 31 days (Fig. 10.4). Seed development lasts

longest in S. oppositifolia (subnival site 46 days,

alpine site 58 days), and A. alpina (52 days) which

represents a doubling of time compared with the

fastest group of species. Adding the time for seed

development to the time between onset of anthesis

and fertilization results in a total postfloration period

of about 1 month for an individual flower in the fastest

group of species (Fig. 10.8a).

Within the saxifrages development is only as fast

in S. androsacea, mainly because flowers are

protogynous and histogenesis is particularly short.

Most saxifrages need between 40 and 50 days. How-

ever, the alpine population of S. oppositifolia needs

more than 60 days and the postfloration period in

A. alpina is similarly long (57 days on average).

Remarkably, seeds of S. oppositifolia mature more

rapidly in the subnival than in the alpine population.

It is possible that subnival genotypes – which have

adapted to the shorter growing season by enhancing

development including floral development and leaf

turnover (Larl and Wagner 2006) – have evolved.

Evidence for adaptive variation within S. oppositifolia
comes from early and late flowering genotypes in the

high Arctic which differ markedly in morphology,

growth speed, and various ecophysiological

characteristics (Crawford et al. 1995; Brysting et al.

1996; Kume et al. 1999).

Fig. 10.7 Relationship between seed size and duration of his-

togenesis, the period of seed growth. There is a good correlation

(Pearson r ¼ 0.93, p ¼ 0.007) between seed size and the length

of histogenesis in saxifrages, but not for the remainder of spe-

cies. For abbreviations of species names see Table 10.1
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10.6 Time Lapse from Snowmelt to Seed
Maturity

The species-specific period required for reproductive

development within a growing season comprises the

prefloration period (snowmelt until onset of anthesis)

and the postfloration period (onset of anthesis until

seed maturity); (Fig. 10.8b). The minimum total

period to produce at least some mature seeds is

shortest in R. alpestris, R. glacialis and S. androsacea

(40–44 days), somewhat longer in S. biflora (55 days),
followed by A. alpina, C. uniflorum, S. oppositifolia

and S. moschata (about 70 days). The longest repro-

ductive periods were found in S. bryoides (90 days)

and S. caesia (110 days). This period can be seen as

decisive for the colonization potential of a species in

high mountain habitats. Only species that regularly

produce mature seeds have the chance to establish at

a site. To prevent seed production from being reduced

to a level below that necessary for recruitment, at least

some individuals within a population have to produce

mature seeds. To achieve this, more time than the

minimal periods indicated above is necessary. For

the investigated species, the period needed to com-

plete reproductive development in most individuals

at a site extends by a further 2–3 weeks (Fig. 10.9).

Comparing the time required from snowmelt to first

seed maturity with the length of the growing season

shows that in the alpine zone only later flowering

individuals such as S. caesia are at risk of not maturing

seeds in time, particularly at mid and late melting sites.

Fig. 10.8 (a) Species order according to the average length of

the postfloration period (i.e. the time-span between onset of

anthesis and seed maturity) of individual flowers presented by

the total length of each column. Within the column the time

spans from onset of anthesis until fertilization (grey filling), for

histogenesis (hatched) and for maturation (dark grey) are

indicated. (b) Species order after adding the prefloration period

(i.e. the time span between snowmelt and first flowering; white
filling) to the columns in A. The total column length gives the

time from snowmelt to first seed maturity
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The situation is different in the subnival zone. During

the investigation period 2003–2009 the seed crop of R.
glacialiswas never at risk. Only in 1 year did S. biflora

and S. oppositifolia fail to produce any mature seeds

and then only at a later melting site. C. uniflorum
failed to produce mature seeds in the same year at

both a mid and late melting site. For A. alpina and

S. bryoides reproductive success was ensured only at

early melting sites, but failed at mid and late melting

sites in 3 and 4 years out of 7, respectively.

10.7 Reproductive Development
and Temperature

Temperature generally influences the length of repro-

ductive phases as reported for a number of arctic and

alpine plant species (Sandvik and Totland 2000;

Inouye et al. 2002; Molau et al. 2005 and citations

therein; Huelber et al. 2006). This in principle also

applies to the species investigated here, but our

analyses have shown that the temperature effect is

not linear over the full temperature range. We tested

the hypothesis that variation in the speed of develop-

ment was affected by site temperatures, by calculating

cumulative degree-days (thermal time) as a measure

for total heat accumulation during different develop-

mental phases. Contrary to our expectations, there was

frequently no relationship or even a positive one

between the heat sum and the length of the different

developmental phases, e.g. in S. moschata (Ladinig and
Wagner 2005) and S. oppositifolia (Larl and Wagner

2006). A further example is shown in Fig. 10.6b for

the phases of seed development in S. androsacea. In
different periods of investigation, histogenesis remained

constant at around 13 days, while the temperature sum

varied between 30 and 200 degree days. Maturation

and the whole period for seed development turned out

to be even longer the higher the temperature sumwas. A

missing or a positive relationship between developmen-

tal time and thermal time indicates that temperature was

not generally limiting reproductive development, on the

contrary, there werewarmer periods duringwhich tissue

differentiation could not be further accelerated. How-

ever, in some cases the heat sum did matter. So, the

length of seed development and its sub-phases were

negatively correlated with thermal time in S. bryoides

(Ladinig andWagner 2007) andG. germanica (Wagner

and Mitterhofer 1998). In both cases seed development

occurred relatively late in the growing season (August

and September–October, respectively), when a heat sur-

plus is less likely. Thus, thermal time is useful only to a

Fig. 10.9 Time span between snowmelt and first seed maturity

(dark bar) and seed maturity in most individuals (right end of
the white bar) compared with the lengths of the growing seasons

2003–2009 at early, mid and late-melting alpine and subnival

sites (open circles). In the alpine zone only the late flowering

species S. caesia was at risk of not maturing seeds. In the

subnival zone, R. glacialis was never at risk, whereas the

remainder of species, depending on the site, failed to mature

seeds in 1–4 years. Mean melting dates at early/mid/late sites

were day numbers 125/140/150 for the alpine zone and day

numbers 155/170/180 for the subnival zone
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degree for explaining development times in mountain

plants and mostly fails during warmer periods in high

summer and at thermally favoured, sun-lit sites where

plants can be up to 20 K warmer than the free air

temperature (Larcher and Wagner 2009; Larcher,

chap. 3, this book; Neuner and Buchner, chap. 6, this

book). The relationships between the length of a devel-

opmental phase and the frequency of hours which

can not be used for growthwasmore consistent (Ladinig

and Wagner 2007; Wagner et al. 2010). For cold-

adapted plant species the thermal limit for growth usu-

ally lies around 2–3�C (K€orner 2003, 2006). Thus in

mountain plants, the length of a developmental phase is

not necessarily a function of the sum of warm hours but

to a large extent depends on the frequency of hours with

low temperatures when development slows down or

even stops.

10.8 Reproductive Development
and Day Length

Photoperiod can affect both flower initiation (primary

induction) and flowering (secondary induction; Heide

1994). Particularly in cold habitats with marked sea-

sonal variations in climate, photoperiod control plays a

crucial role in the correct timing of developmental

processes. But this also means that the time available

for certain developmental processes to be initiated and

completed is minimized. Most knowledge about the

effect of photoperiod on primary and secondary induc-

tion stems from laboratory investigations on cold-

adapted plants of northern origin (e.g. Heide 1989,

1992a, b; Heide et al. 1990). In phytotron experiments

most species show a short day (SD) requirement for

flower induction over a wide temperature range, which

is remarkable, as plants usually do not experience SD

in their natural environment at high latitudes during

the growing season. However, most species also have

an alternative long day (LD) pathway for floral initia-

tion at low temperatures (12�C and lower) and possi-

bly initiate floral primordia in the late arctic summer in

response to low temperatures (Heide et al. 1990).

Flowering occurs under LD conditions only, whereby

a 24 h LD (i.e. continuous light) is most promoting.

European ecotypes of Oxyria digyna from different

latitudes (45–78�N) show a short-long-day response

as well. However, the critical day lengths vary among

plants of different origins, which clearly indicates

adaptation to the respective environment (Heide 2005).

The SD response for flower initiation was greatest in

provenances from Central Europe and decreased with

increasing latitude; conversely, the critical day length

for LD secondary induction of flowering increased from

the southern to the northern populations. Keller and

K€orner (2003) investigated the role of photoperiodism

and temperature on flowering (second induction) in 23

high-elevation species of the European Central Alps in

the laboratory. About half of the species were found to

be sensitive to photoperiod and flowered under LD

conditions only; the rest were either insensitive to pho-

toperiod or needed decreasing day length for flowering

(three species).Most species were insensitive to temper-

ature under LD-conditions, whereas an increase in tem-

perature enhanced flowering under SD conditions.

Interestingly, typical high-elevation species such as C.

uniflorum, Elyna myosuroides, R. glacialis, S.
oppositifolia and S. seguieri were insensitive to both

photoperiod and temperature.

In our in situ study, S. oppositifolia was found to

initiate flower buds (primary induction) only under

long-day conditions (above 15 h) in June and July

(Larl and Wagner 2006). Individuals thawing in early

May did not develop floral shoot apices until the

beginning of June. By contrast, individuals that

became snow-free in July started floral development

immediately after thawing. Similarly, in S. biflora

early floral stages were observed immediately after

thawing in mid-July. Flower development

quickly proceeded during August, but at this time no

more flowers were initiated (Larl 2007). Thus,

S. oppositifolia and S. biflora follow the strategy of

long-day plants combined with a low temperature

requirement during winter as a precondition for

flowering in the following growing season. Proleptic

flowers in S. oppositifolia without winter vernalization

were not functional, showing malformed anthers and

pistils. Unlike S. oppositifolia and S. biflora,
S. moschata did not set flowers before the end of August

(day length 12–13 h), irrespective of the date of

thawing in spring (cf. Fig. 10.1). This species obvi-

ously needs a decreasing day length to shift from the

vegetative to the reproductive state and thus can be

classified as short-day plant with a vernalization

requirement for flowering in the next growing season.

S. caesia is different from the other saxifrages as this

species sets flowers in the year of anthesis,

irrespectively of the day-length. When cultivated
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under lowland conditions, floral initiation occurs

already in March (day length 11–12 h) and flowering

starts in mid-May (A. Seiwald and J. Wagner, unpub-

lished). At the alpine sites, floral initiation can be

observed soon after snowmelt from late May onwards.

Thus, day length seems to affect flower initiation in

at least three of the investigated saxifrages, however

the date of anthesis is not affected. First flowering was

primarily dependent on the date of snowmelt and set in

after a species-specific prefloration period which is

needed to complete floral development after winter

dormancy (cf. Fig. 10.3). However, it has to be

added that a possible LD requirement for flowering

would have remained undetected in our field studies,

as most of the investigated species had already experi-

enced photoperiods of 15 h (passed in mid-May in

Central Europe) and longer when thawing. According

to Keller and K€orner (2003) the critical photoperiod is

15 h, belowwhich photoperiod-sensitive species show a

response. In this context the observation that S. biflora

individuals, transplanted to the alpine site, did not start

flowering before mid-June though plants had become

snow-free 2–3 weeks earlier is noteworthy. This would

point to a distinct LD requirement for flowering, which

ismet at the latermelting sites where this species usually

occurs (J. Wagner, pers. obs.).

10.9 Differences in Reproductive
Strategies Between Alpine
and Nival Plant Species

One of our objectives was to find out whether plant

species colonizing the nival zone employ special

reproductive strategies enabling quick and effective

seed production. Our investigations have shown that

there is more than one reproductive strategy which is

suited to the particular climatic requirements in the

nival zone. There are species restricted to the alpine

zone that reproduce quickly and effectively (e.g.

R. alpestris, S. androsacea) and typical nival plant

species that require a surprisingly long period for

reproduction (S. bryoides, A. alpina, C. uniflorum).

R. glacialis appears best adapted for a life at high

altitudes combining a short developmental period with

a high phenological plasticity, and a relatively high

reproductive success even at nival sites (Wagner et al.

2010). S. biflora, though requiring about 55 days for seed

production, can use even shorter snow-free periods by

maturing seeds below the snow (Ladinig 2005). In con-

trast to S. oppositifolia, S. biflora does not show reduced

reproductive fitness when thawing late and flowering

and fruiting in August. The sexual reproduction of

S. bryoides is amazingly vulnerable to climatic

extremes. Summer snow fall and frost from �2�C and

lower regularly injure a large number of flower buds,

flowers and young fruits (Ladinig et al. in prep.). In

addition, the species is a typical seed-risker in the

sense of Molau (1993), failing to mature seeds when

winter conditions set in too early. But a high seed num-

ber in a singlematured capsulemight compensate for the

regular losses of reproductive structures (Ladinig and

Wagner 2007). Equally, C. uniflorum and A. alpina are

at high risk of losing the seed crop when the growing

season is too short. Accordingly, fruit set varies between

0% and 100% (C. uniflorum) and between 0% and 60%

(A. alpina) among sites and years (G. Steinacher, S. Erler

unpublished). These results show that quick and efficient

reproduction, though advantageous, does not seem to be

a prerequisite to colonize the nival zone.More important

than a yearly seed crop might be the individual lifetime-

reproductive success. Compact alpine cushion plants

can live for several decades (Morris and Doak 1998)

and contribute to seed banks in climatically favourable

growing seasons (Molau and Larsson 2000).

Germination and seedling establishment is the most

critical phase in the life cycle of a plant. Though

climatic and mechanistic constraints increase with

altitude, recent studies did not show significant

relationships between establishment and altitude

(Venn and Morgan 2009; Cavieres et al. 2007). Rather,

the combination of various microsite factors such as

shelter, soil moisture, substrate type, and extreme low

and high substrate temperatures seems to be more

decisive for seedling survival (Giménez-Benavides

et al. 2007a; Wenk and Dawson 2007; Venn and

Morgan 2009). Seed size may play a positive role in

seedling emergence, particularly at higher altitudes.

When compared to related lowland species, alpine

species tend to have larger seeds as was shown for

29 species pairs in the Swiss Alps (Pluess et al. 2005).

As seedlings of large-seeded species have higher sur-

vivorship than those of small-seeded species (Westoby

et al. 1997), there might be a selection pressure for

species with heavier seeds at higher altitude (Pluess

et al. 2005). The species investigated in our study

largely match this thesis (cf. Fig. 10.7). Within the
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saxifrages, the pure alpine species S. androsacea and

S. caesia form the smallest seeds, S. oppositifolia the

largest at both sites. When comparing all species, the

typical nival species A. alpina, R. glacialis, and C.

uniflorum are characterised by particularly large seeds.

10.10 Reproduction in a Changing
Climate

The extraordinarily warm year of 2003 can serve as a

model for how climate warming, together with a lon-

ger growing season, could affect the reproductive per-

formance of high mountain plants. The growing

season started about 1 month earlier at all sites and

warm and dry weather conditions prevailed until the

beginning of September. During the growing season,

mean boundary layer temperatures were about 3 K

higher at all altitudinal levels than in climatically

normal years, and precipitation was 30–40% less

than usual (Ladinig and Wagner 2005, 2007, 2009).

Under these climatic conditions reproductive develop-

ment was expected to be enhanced, the reproductive

success to be particularly high and more shoot apices

were expected to shift from vegetative to reproductive,

increasing the flower frequency in the following year.

As already stated earlier, above a certain temperature

threshold, more warmth could not accelerate repro-

ductive development. However, the long growing sea-

son was beneficial for later flowering species in that

fruits became ripe long before onset of winter

conditions. Nevertheless, reproductive success was

not increased in all species. For S. moschata, S.

bryoides and S. caesia the period of seed development

coincided with the warmest but also driest months

June and July. Enduring drought led to substantial

losses during seed development (Ladinig and Wagner

2005, 2007). On the other hand, species with quick,

early seed development such as R. glacialis and R.

alpestriswere not affected by summer drought, because

they were supplied with sufficient water from snowmelt

during their active phase. In these species, seed set was

significantly higher than in a standard year. A check of

the flowering frequency in the 2004 growing season did

not show a significant increase in flowering shoots. On

the contrary, S. oppositifolia sets even less flowers than

in the preceding year, and in S. moschata a high per-

centage of shoots had died off.

These examples show that the effect of a change in

site climate on different plant species would strongly

depend on the seasonal timing of their development.

Climate warming and a longer growing season might

be beneficial for middle to late flowering species that

need longer for reproductive development, but would

increase the risk of heat and drought damage (Buchner

and Neuner 2003; Giménez-Benavides et al. 2007b).

When the growing season starts earlier, early

flowering species are more at risk of damage from

late spring frost events. An increase in the frequency

of frost damage because of earlier snowmelt has been

reported for both high altitudes (Bannister et al. 2005;

Inouye 2008) and high latitudes (Molau 1996, 1997).

Hence, the impacts of a changing climate differ among

species according to the phenological response. The

persistence of each species will essentially depend on

how often and to what extent sensitive developmental

phases are impaired by changing climatic forces.
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