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ABSTRACT

Understanding how climate change will affect the distribution and the phenology
of plants is becoming an increasingly important topic in ecological studies. In
response to climate warming, there are documented upward shift and
alterations of phenology and physiology of several plant species. Despite this,
the effects of climate change on plant regeneration from seeds have largely
been neglected. However, regeneration from seeds, a key event in the plant life
cycle, could be significantly affected by climate warming. In this regard, we
investigated how climatic changes will affect the seasonal dynamics of seed
germination and seedling survival in two different alpine context. The first part
refers to five species inhabiting a snowbed located at the Gavia pass (Parco
Naturale dello Stelvio). Here, plants were exposed, in the field, to natural
conditions and to artificial warming using Open Top Chambers proposed by the
ITEX (International Tundra Experiment). The germination curves of seeds
produced were compared in order to highlight differences in seed germination
ecology and in seed physiology induced by the climate warming. In the second
part, we considered two tree species that form the treeline in Davos
(Switzerland). As a surrogate of climate warming we used the natural thermal
gradient driven by the altitude and we compared the germination behavior of the
species studied in three sites at three different elevations in order to evaluate

the likelihood of treeline shift under the predicted climate warming.






PREFACE

The overall objective of this thesis is to investigate the effect of global warming
on the early stages of the plant life cycle. | attempt to study this broad topic in
two main sections. Part one refers to the main PhD project developed at the
University of Parma (laly), while the second part refers to a collateral project
developed in collaboration with the SLF Institute for Snow and Avalanches

Research, located in Davos (Switzerland).

The introduction chapter gives a broad overview of the background to
biodiversity loss, the climatic change in alpine environments and the importance

of seeds.

Chapters 1.3, 1.4 and 2.2 have been written as stand-alone scientific
papers and are very closely interrelated. Each paper has been written so that it
can be read independently. Consequentely, in order to provide the relevant
background within each chapter, there is inevitably a small amount of repetition

between them.

Chapter 1.3 has been published in Alpine Botany (Springer) and the
chapter 1.4 has been submitted to Annals of Botany (Oxford Journals), but they
are formatted and presented as for the rest of the thesis for consistency (the
published and submitted versions are also provided in the final Appendix A1
and A2).

Chapter 2.2 is in preparation for submission to journals.

Figures and tables are numbered from the beginning within each chapter,

while all references are provided at the end of the thesis to avoid repetition.
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INTRODUCTION

Particular of Cerastium cerastoides

(Photo: Giulietta Bernareggi)

Loss of biodiversity in a changing climate

Biodiversity loss is one of the most remarkable environmental problems
of the twenty-first century. Current plant extinction is estimated to be 100-1000
times higher than that of the recent geological past (Pimm et al., 1995). One of
the main factors affecting biodiversity is climate change. Indeed, the biosphere
is currently subjected to a climate warming caused principally by the continued
accumulation of anthropogenic greenhouses gases in the atmosphere that
would lead to important impacts on natural and human systems (Crowley, 2000;
Mann et al., 2003). Carbon dioxide is the most important greenhouse gases,

and its level in atmosphere is passed, because of human activities like the use
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of fossil fuels and deforestation, from preindustrial levels of ~280 ppm to the
current ones of ~380 ppm (IPCC 13) and the levels are still rising.

According with some sources (Bali Road Map, UN-Development
Program) an increase in the annual mean temperature of 2.5 ° C would lead to
the extinction of 20-30% of the species present on the Earth. Although, in the
short term, climate change does not represent a major cause of biodiversity
loss, in the next decades, it is expected that its effects will assume higher
importance in comparison with others threatening factors, like habitat
destruction, pollution, invasion of ecosystems by non-native plant and animal
species (Thuiller, 2007).

Climate change in alpine environments

The issue of climate change is a matter of great conservation concern,
both at descriptive (the analysis of climate alterations can help in the study
about plant and animals population dynamic) and predictive (modeling of
temporal trends allows predictions for future years) level.

Between 1901 and 2000, in many alpine areas, the increase of the mean
annual temperatures has been of 2 °C (Beniston et al., 1997), which is much
higher in comparison with the increase of 0.74 °C observed on a global scale
(Jones and Morberg, 2003), with a trend that has almost been doubled in the
last fifty years (0.13 °C every decade). In the current century, warming is
expected to continue and, for the mid latitude European mountain, the increase
of the mean temperature, provided by the A1Fl and B1 scenario, will be
between +2.9 °C and +5.3 °C within 2085 (Nogue's-Bravo et al., 2007).

It follows that alpine ecosystems, characterized by low temperature, short
vegetative seasons (Korner, 2003) and inhabited by species highly specialized
to cold climates, are considered particularly threatened by rapid climate change
(Christensen et al. 2007). In addition, it is expected that the indirect effects of
the global warming on the ecosystems will probably assume an higher
importance than the direct ones (Shaver et al., 2000). Indeed, in alpine regions,
the provided climate warming will cause the alteration of water regimes,

increasing annual precipitation with otherwise changing seasonality (i.e.
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reduction between 20 and 40 % of summer rainfalls and soil drying) (Gobief et
al., 2014), the reduction of the snow cover depth and duration (Valt & Cianfara,
2010) and the fast and alarming retreat of glaciers (minus 50 — 90%) (Haeberli
and Beniston, 1998). It is expected that many small glaciers will disappear,
while the volume of large glaciers will be reduced by 30 % to 70 % by 2050,
with consequent reductions in discharge in spring and summer.

Such environmental alterations are associate with changes in phenology
(i.e. advanced of phenological phases) (Wipf and Rixen, 2010; Oberbauer et al.,
2013), physiology (i.e. advanced seed germination) (Mondoni et al., 2015) and
distribution of alpine species (Grabher et al., 1994; Sandvik et al., 2004;
Klanderud and Totland, 2005; Gottfried et al., 2012), which lead to changes in
the species composition and in the structure of plant communities (e.g.
Elumeeva et al., 2013; Carbognani et al., 2014a; Sandvik and Odland, 2014).

High altitude cenosis are thus considered the most threatened by climate
change, since the presence of numerous biodiversity hotspots might rapidly
disappear due to the rising of share of lower environments (Dirnbdck et al.
2011; Engler et al.,, 2011), with important consequences for the survival of
several alpine/arctic plants (e.g. Theurillat and Guisan 2001) and a biodiversity
loss that could reach the 60% in the most pessimistic models (Thuiller et al.,
2005).

Alpine snowbed

Within the alpine life zone, snowbed communities are currently
considered among the most threatened habitats by climate warming.

Defined by Wahlberg (1813) as “/oci uliginosi frigidi a nive serius relictl’,
snowbeds are topographically fragmented and azonal habitats that develop in
correspondence of persistent snow accumulation, limiting the duration of the
snow-free period from one to four months a year. Alpine snowbed are a unique
component of alpine biodiversity, hosting exclusive species and plant
communities (Bjork & Molau 2007). Such communities, attributable in

phytosociological terms to the Salicefea herbaceae class, are characterized by
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a very small vegetation, composed of lichens, bryophytes and vascular plants
grasses or low shrubs, which are limited by the length of the snow-free period
(Carbognani et al., 2012) and by soil resources (Petraglia et al., 2013, 2014a).

In the context of the upward migration of plants following the climate
warming (Parolo and Rossi, 2008), snowbed are, among the alpine habitat,
those that will suffer higher restrictions (Theurillat & Guisan 2001), because of
their development in low-slope zones, which dramatically decreases towards
higher altitudes. In this regard, ongoing changes in snowbed vegetation
structure and composition have already been documented (Virtanen et al. 2003;
Elumeeva et al. 2013; Sandvik and Odland 2014; Carbognani et al., 2014a) and
are expected to lead, at long term, to a reduction or the disappearance of these
habitats (Theurillat and Guisan 2001), with the consequent loss of a substantial
component of the alpine biodiversity (Bjork and Molau 2007).

Moreover, the special sensibility to the future climatic scenarios makes
snowbeds suitable natural laboratories to analyse the effects of climate change

on alpine vegetation (Bjérk and Molau 2007; Schéb et al., 2008a).

Snowbeds are worthy of being used as “field laboratories” for analysing
the effects of the variability of environmental parameters on plant species living
close to the limits of their physiological tolerance (Korner et al., 2005).
Moreover, snowbeds are characterized by the occurrence of a broad spectrum
of plant growth forms (Wookey et al. 2009), by the variability of the dominant
functional type and by a relatively low structural complexity and species
diversity. All these features, together with the special sensibility to the future
climatic scenarios, are currently regarded as “ideal” for experimental
manipulations (Shaver and Chapin 1991) in evaluating the effects of climate

change on alpine vegetation (Bjork and Molau 2007; Schob et al., 2008a).
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The Treelines

Treelines, represent an abrupt transition in life-form dominance. In arctic and
alpine systems, treelines occur where trees reach the limit of their climatic
tolerance, marking forest transitions to non-forested ecosystems. Treeline
ecotones are important reservoirs of biodiversity, provide wildlife habitat, and
important ecosystem services such as carbon storage (G-Tree: Global Treeline

Expansion Experiment).

The importance of seeds

Despite the many studies on the overall impact of climate change on
plant species (see Pautasso et al., 2010), the effects on plant regeneration from
seeds has largely been neglected (Hedhly et al., 2009). Nevertheless, seeds
are thought to play an important role in a rapidly changing environment, being
the main vehicle for plant migration (Parolo and Rossi, 2008), regeneration
(Walck et al., 2011), functional adaptation (e.g. Kochanek et al., 2011;
Bernareggi et al., 2015) and persistence (Schwienbacher and Erschbamer,
2001). However, seed success and seedling survival are largely influenced by
climate (Lloret et al., 2004), and the alteration of temperature and water supply
due to global climate change could preclude, delay or enhance regeneration
from seeds (Walck et al., 2011).

In alpine environments, seedling recruitment has long being considered
rare because of summer drought and/or winter frost (Kérner, 2003). However, in
the last years, a number of studies highlighted both high rates of seedling
establishment (Schlag and Erschbamer, 2000; Welling and Laine, 2000) and
high genotype variability (Jonsson et al., 1996; Gabrielsen, 1998) within alpine
plants, arguing the importance of sexual reproduction in the maintenance and in
the expansion of plant populations. The impact of climate change on
regeneration from seeds is therefore of growing interest (e.g. Shevtsova et al.,
2009; Milbau et al., 2009; Mondoni et al.,, 2012) and changes in phenology,
physiology, distribution and seedling establishment in response to climate

warming have already been documented (e.g. Grabherr et al., 1994; Sandvik et
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al., 2004; Klanderud and Totland, 2005; Lenoir et al., 2008; Gottfried et al.,

2012; Carbognani et al., 2014a, Bernareggi et al., 2015, Mondoni et al., 2015).
Improving our knowledge about the future of cold adapted species in a

rapidly warming climate is become a pressing need for biodiversity conservation

and will help to preserve an important part of biodiversity increasingly at risk.
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THESIS OUTLINE

The aim of this study is to investigate the effects of climate change on
alpine plants, with particular reference to the most critical phases of plant life
cycle: seed dispersal and germination.

More specifically, Chapter 1.3 addresses the issue of seed longevity, the
ability of seeds to remain viable for long time, that is a crucial prerequisite for
seed persistence in the soil and in germplasm banks. We analyzed the effects
of a moderately warmer parental growth environment on subsequent seed
longevity of four alpine snowbed species using a laboratory-controlled
accelerated ageing.

In Chapter 1.4, we investigated how the interplays between pre- and
post-dispersal temperatures drives seed dormancy release and seed
germination requirements by means of controlled germination tests in
laboratory.

The last part, Chapter 2.2, addresses the problem of the shifting of the
treelines, aiming to disentangle seed versus substrate limitations on treeline
recruitment. The germination of two treelines species were studied in field, with
and without seeding, at three different elevations (forest zone, transition zone at

the current treeline and alpine zone) and in two consecutive years.






PART 1

CHAPTER 1.1 STUDY AREA AND STUDY SPECIES

The snowbed area at the Gavia Pass

(Photo: Giulietta Bernareggi)

1.1.1 Geography

The study area is located within the Stelvio National Park (46°20'N
10°30'E, 2700 m a.s.l.), in the high Gavia Valley, included in the Ortles-
Cevedale Group in the ltalian Rhaetian Alps (Eastern Alps). The high Gavia
Valley (oriented North-South) includes a plateau that is delimited to the West by
Gavia Mount (3223 m), to the East by Tre Signori Horn (3360 m) and to the
South by Gavia Pass (2618 m) and Gaviola Mount (3025 m).

The climate of the Ortles-Cevedale Massif is temperate-continental, with

cold winters and maximum rainfall in summer and autumn (Albertini, 1955). The



10 PART 1 - Chapter 1.1 Study Area and Study Species

nearest meteostation, located at the Forni Glacier at 2180 m of altitude, detects
mean annual temperatures of 1.6 °C and mean annual rainfalls of about 700
mm (Geological Monitoring Center, Regione Lombardia, 1980-2002). Regarding
the high Gavia Valley, Worldclim data interpolation (Hijmans et al., 2005), at
spatial resolution of 30 arc s (1 km) shows a mean annual temperature of 1.6 °C
and a mean annual rainfall of about 1150 mm.

The study site is located at the base of a glacial circle, 1 km far from the

Gavia Pass, within an area of about 1 ha at around 2700 m of altitude.

1.1.2 Geology

The geological unities units that outcrop in the Gavia Valley, that is
located north of the fault system known as Lineamento Insubrico, are part of the
Austroalpine domain. The current position of such domain comes from the from
the overlap of faults due to the action of compressive forces; translations of
Austroalpine faults are both occurred in the Cretaceous (towards West and
Northwest) that Eocene (towards North). This structure was further modified by
the displacement along the Lineamento Insubrico during the Oligocene; such
tectonic line marks the southern boundary of the Austroalpine domain and
separates it from Subalpine domain.

The geological formations that outcrop in the study area are related to
the medium Ausroalpine, i.e. Languard-Campo-Ortle System, that is the
complex of wunity between the Ilower (Margna, Sella, Bernina) and
upper(Grosina, Tonale) austroalpine faults. In particular, in the Gavia Valley, the
Campo Fault includes two units: one composed of phyllite, structurally superior
and of a low metamorphic grade, and another one composed of gneiss and
mica-schists, structurally below and of a higher metamorphic grade.

The phyllitic unit, also known as Cevedale Phyllitic Formation, is not
lithologically homogeneous: the general mineralogical association of the basic
litotype is quartz-muscovite-chlorite, to which are often associated biotite,
granet and plagioclase; moreover there are considerable intercalations of
amphibolite and chlorite schist (Andreatta 1954). The second unit, named Punta

di Pietra Rossa Formation, shows two facies: one made of muscovitic-chloritic
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mica-schists, and another made of biotitic- amphibolitic gneiss. Moreover, there
are presences of quartzites and amphibolitic schists (Berruti 1981).

In the study area there are also igneous rocks belonging to the group of
the hypo-abysmal rocks, that derive from the intrusion of magmatic materials
into the splits. The cooling speed is of thousands of years, that makes it at an
intermediate level between the effusive and intrusive extremes. Such rocks
usually have a tabular shape, that is evident in the porphyrite outcropping in the

area of the Gavia Pass.

1.1.3 Geomorphology

The shape of the reliefs derives from the interaction between the forces
within the Earth's crust, which determined the height and the main features, and
the unceasing erosion made by the weathering.

The alpine morphology shows signs of the old glacial stages; in the study
area the relief has been carved by ice and the subsequent characteristic forms
are still present: cirques, truncated spurs, moraines and sheepbacks.

The climatic conditions at high altitudes promote the cryo-clastic
breakdown of rocks and slow down the pedogenetic process, that is a system of
chemical, physical and biological activities which aimed at the transformation of
the lithoid substrate in soil. For these reasons, the soil surface of the high Gavia
Valley is often uneven, and bare bedrock or fragmented lithoids represent
substantial areas.

The study area is located at an altitude that facilitates a prolonged
permanence of snow on the ground, and therefore the presence of snowbed

community.

1.1.4 Flora and vegetation

The term flora indicates the set of plant species, traditionally limited to
vascular plants, found in an area, while vegetation refers to the system of

populations of plant species that grow in line with their settlement sites and that
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form, together with all other life forms that grow therein, an ecosystem
(Westhoff 1970). Species have different forms of growth, denominated
biological forms in the system proposed by Raunkiaer (1934), and the range of
these forms can be used to compare the floras of different territories. The shape
of vegetal organisms, i.e. their habitus, is considered a fundamental component
of the adaptation process to their settlement environment; therefore, a similarity
in the range of biological forms attests an affinity of the ecological factors,
climate in particular. The Raunkiaer classification system is based on the
morphological shape that plants adopt to overcome the unfavorable season. In
particular, the position of winter buds allows to distinguish the vascular species
in chamaephytes, hemicryptophytes, cryptophytes and therophytes.

The area of the high Gavia Valley is included in the alpine belt of the
altitudinal succession, that corresponds to the alpine ecological environment
and that is characterized by a mean annual temperature of about 1 °C. Such
altitudinal range, devoid of plant organisms with arboreal habitus, is dominated
by herbaceous plants, with closed phytocoenosis very rich in species. More
precisely, the study area in question falls within the high alpine zone. As
mentioned above, the altitude and the topography of the area favour the
prolonged permanence of the snow cover and the consequent settlement of the
snowbed communities. Such flora is highly selected by the length of the growing
season, and it is composed by lichens, mosses, herbaceous plants and
prostrate dwarf willows. The Gavia Valley is characterized by a siliceous
substrate and, therefore, plant communities are composed predominantly by
acidophilic species. According to the phytosociological classification,
phytocenoses of snowbeds on siliceous substrates are assigned to the alliance
Salicion herbaceae.

The different phytocoenoses of snowbed can be differentiated according
not only to the lithology of the substrate, but also to other micro-environmental
factors, such as the length of the snow-free period or the level of soil moisture.
Indeed, a long snow cover (ten or eleven months) is associated with the
dominance of bryophytes, such as the hepatic Anthelia juratzkana or the moss
Polytrichum sexangulare. Contrariwise, in the absence of geomorphological and

edaphic conditions which determine surface waterlogging, the dominant species
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in is a tiny prostrate willow, defined by the Swedish botanist Carolus Linnaeus
(1707-78) as “minima infra omnia arbor” (The most tiny of all the trees). This
Salix herbacea, a species widespread throughout the Alps and, sporadically, on
the highest peaks of the northern and central Apennines. Least willow forms
mixed communities with those bryophytes included in Polytrichetum
sexangularis and some angiosperms, the majority of which cohabit with the tiny
willow throughout the Alps. These include Alpine bittercress (Cardamine
belliflora subsp. alpina), sibbaldia (Sibbaldia procumbens), alpine arctic
cudweed (Gnaphalium supinum), Alpine speedwell (Veronica alpina) and ear-
like wood-rush (Luzula alpino-pilosa). Other angiosperms which coexist with
least willow have a more limited distribution. They include cut-leaved lady’s
mantle (Alchemilla pentaphyllea), which grows from the north-western Alps to
the Rhaetian Alps, dwarf snowbell (So/danella pusilla), confined to the central
and eastern Alps, and most importantly, pygmy buttercup (Ranunculus

pygmaeus), recorded in only a few sites in the Swiss Alps and South Tyrol.
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1.1.5 Species studied
Cardamine bellidifolia (L.) subsp. alpina Willd.

C bellidfolia © Pignatt
Family: Brassicaceae
Biological form: H scap (herbaceus and perennial plant)
Choritype: Circum-Arctic-Alpine
Flowering: VII-VIII
Altitude: 1900-3000 m
Morphological description: Heigh 2-10 cm. Unbranched and hairless stem. Basal
leaves grouped in rosette, with long petiols, undivides, elliptics to suborbiculars,
sometimes sinuate-lobed. Cauline leaves 13, undivided, attenuated at the base
or short-stalked. Sepals 2 mm long, white petals petals 3-4 mm long. Straight
siliques, 10-20 mm long. Pedicel up to max half the length of the silique.

Habitat: Snowbeds, wet rocks, siliceous soils.

Ellenberg’s Ecological Index
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Cerastium cerastoides (L.) Britton

© Pignatti

Family: Caryophyllaceae

Biological form: H scap (herbaceus and perennial plant)

Choritype: (Circum.) Arctic-alpine

Flowering: VII-VIII

Altitude: 1800-2900 m

Morphological description: 5-15 cm height. Prostrate or creeping stem, rooting,
with fertile branches, glandular at the top. Oblong-lanceolate leaves, hairless,
approx. 1 cm long. Peduncles 15-20 mm long, sepals 4-6, white bilobe petals,
1.3-1.5 times longer than sepals. 3-5 styles, 2-5 mm long. Capsule exceeding
the calyx, opening with 6 teeth.

Habitat: Snowbeds, wet depressions (long lasting snow). Trampled soils.

Calcifuge.

Ellenberg’s Ecological Index
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Gnaphalium supinum L.

G. supinum (ic. nova) © Pignatti

Family: Asteraceae

Biological form: H scap (herbaceus and perennial plant, erect)

Choritype: Arctic - Alpine

Flowering: VII-VIII

Altitude: 2400-3400 m

Morphological description: 2-10cm height. Grey and hairy, forming dense bushes
and dwarf, with short and ascending stems. Linear-lanceolate leaves (1-2cm).
Flowers grouped in capitulum, in groups of 1-5 on axils of upper leaves. Only
tubular flowers, tiny. Achene fruit with short pappus.

Habitat: Snowbeds and scree slopes with long lasting snow cover (siliceous).

Ellenberg’s Ecological Index
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Leucanthemopsis alpina (L.) Heyw.

Family: Asteraceae

Biological form: H scap (herbaceus and perennial plant, erect)

Choritype: Orof. SW-Europe

Flowering: VII-IX

Altitude: 2000-3600 m

Morphological description: 5-15 cm height, reddened at the top. Simple and
erect stem, monocephalic, glabrous or tomentose, with some little leaves. Basal
leaves grouped in rosetta, petiolate, fleshy, pennatifide, with 5 -7 short laciniae.
The few leaves of the scape are sessile, linear and undivided. Flowers grouped
in capitulum of 2-4 cm in diameter. The disk floret are tubular, yellow, with
wingless corolla. The ray floret are ligulate, white and about 12 mm long.
Achenes about 3-4 mm long.

Habitat: Landslide slopes and scree, cliffs (pref. siliceous soils)

L. alpina
© Pignatti

Ellenberg’s Ecological Index
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Veronica alpina L.

Family: Scrophulariaceae

Biological form: H scap

Chorotype: Arctic - Alpine - Eurasian

Flowering: VI-VIII

Altitude: 1500-3000 m

Morphological description: erect undivided stem, sessile leaves, oval to elliptical,
obtuse or acute, with scattered and ciliated hairs; racemes with few flowers,
lower bracts are usually elongated, opposite and hairy, floral peduncles are
shorter than bracts (about half or less), calyx of 3-4 mm, with 4 oblong laciniae,
blue with corolla with diameter of 4-7 mm; elliptical capsule higher than the calyx,
hairy, bluish when ripe, bearing numerous small and orange seeds.

Habitat: common in snowbed, more rarely in the alpine meadows, in the windy

ridges and edges of streams.

V. alpina (ic. nova)
© Pignatti

Ellenberg’s Ecological Index:




CHAPTER 1.2 ARTIFICIAL WARMING

An OTC in field, Gavia Mount on the back

(Photo: Giulietta Bernareggi)

The International Tundra Experiment (ITEX) is a collaborative effort
involving scientists from more than 11 countries, including all the Arctic,
Subarctic and Alpine nations. The ITEX seeks to examine the response of
circumpolar cold adapted plant species and tundra ecosystems to
environmental change. Empirical knowledge based on experiments coupled
with available evolutionary history, ecology, and genetics was chosen as the
best way to predict species response to climate change. The ITEX research
uses the OTCs (passive Open Top field Chambers) as a common tool to
simulate global warming, since such a system is considered the most suitable
for the majority of the tundra environments (Marion et al. 1997). In this study,
the warming has been produced using tetragonal OTCs made of
polymethylmethacrylate (PMMA, ACRIDITE® ACRISUN, Plastidite, Italy). The

chambers were built using a modified version of the ITEX protocol; the
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dimensions, similarly to other studies (e.g. Sandvik et al. 2004) are: 28 cm high,
diameter of 50 cm at the top and 90 cm at the base, 3 mm thick, inclined at 60°
and hooked with a total of 8 metal hinges (6x2.5 cm).

The warming treatment started in 2008. From the end of June to the mid
of July 2008, at snowmelt dates, 20 plots were randomly located within the
study area. The OTCs were placed in 10 randomly selected plots; the other 10
plots were left as natural control. Every year, the OTCs were placed in the field
immediately after snow melting and recovered at the end of growing season, at
the timing of snowfall. Hereafter, the warming treatment will be referred to “W”
and the control (i.e. plants exposed to natural climate) with “C”.

Soil and Air temperatures were measured with a number of data-loggers
(HOBO and Tecnosoft) variable between a minimum of 2 and a maximum of 6
for each treatment (C and W) during the years 2008-2015. The loggers were
placed in field after the snowmelt and recovered at the end of the growing
season. The data, hourly acquired, were expressed as daily mean
temperatures.

The data showed that the chambers produce a significant increase of the
temperatures of both soil and air; such an increase is consistent with the
estimated temperature increase predicted by the thermal models.

The warming produced significant differences between air and soil
temperatures during the snow-free period. However, the increase in the soil
temperatures was more constant than that of air temperatures, that showed a
progressive reduction during the season (in average +2.3, +1.9 and +1.4 °C in

July, August and September, respectively).



CHAPTER 1.3 SEED LONGEVITY

Seedling of Leucanthemopsis alpina emerged during a laboratory controlled
germination test

(Photo: Giulietta Bernareggi)

1.3.1 Introduction

In the last century, Earth’s mean global surface temperature increased
considerably. Temperatures are expected to further increase in the next years
(IPCC 2013), particularly in high-elevation and high-latitude ecosystems, with
important consequences for the survival of several alpine/arctic plants (e.g.
Theurillat and Guisan 2001). In response to climate warming there are
documented changes in phenology, physiology, distribution (as upward shift)

and seedling establishment of several alpine species (Grabherr et al., 1994;
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Sandvik et al., 2004; Klanderud and Totland, 2005; Lenoir et al., 2008; Gottfried
et al., 2012; Mondoni et al., 2015). In this context, seeds are thought to play an
important role, being the main vehicle for plant migration (Parolo and Rossi
2008), regeneration (Walck et al., 2011) and persistence (Schwienbacher and
Erschbamer 2001). The impact of climate change on regeneration from seeds is
therefore of growing interest, especially in arctic (e.g. Shevtsova et al., 2009;
Milbau et al., 2009) and in alpine (Mondoni et al., 2012; Hoyle et al., 2013)
environments. Despite this, little is known about the effects of global climate
change on the ability of seeds to remain viable for a long time. However, the
longevity of seeds is a fundamental plant trait, being a prerequisite for seed
persistence in the soil and allowing long-term (tens or hundreds of years) ex situ
plant conservation under seed bank conditions (Walters et al., 2005).

In orthodox seeds (sensu Roberts 1973), the longevity of seed is mainly
determined by seed moisture content and temperature, with lifespan increasing
with decreasing temperature and moisture content (Ellis and Roberts 1980;
Murdoch and Ellis 2000; Bewley et al., 2013). By means of experimental
alteration of these two factors in laboratory, it is possible to accelerate the
ageing process and thereafter seed longevity can be predicted on the base of
the viability parameters extrapolated from seed survival curve (Ellis and
Roberts, 1980). These parameters, which refer to the initial quality and the rate
of deterioration over time of seeds (respectively denoted as A;and o' in the
seed viability equation, see below), allow the comparison of seed viability
between different seed lots and, consequently, can be used to assess
environmental induced changes in potential seed longevity. Moreover,
accelerated ageing experiments have been used to predict seed life span under
seed bank conditions (Probert et al., 2009) and seed persistence in the field
(Long et al. 2008). More recently, results from controlled ageing tests have
been considered useful indicators of the development of heat resistance in
relation to post-dispersal environmental conditions (Mondoni et al., 2014). In
this regard, the climate experienced by plants has been demonstrated to have a
large influence on seed longevity. For example, Probert et al. (2009) showed
that seeds of species from cool, wet climates are shorter lived than those of

species from warm, dry climates. Similarly, in Mondoni et al. (2011) seeds of
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alpine plants were shorter lived compared to populations or related species
from lower elevation (and consequently warmer) habitats. These evidences
suggest that a cold and wet post-dispersal environment may contribute to
preserve seed from deterioration (see Bewley et al., 2013); therefore, the higher
seed longevity of plants from warmer and drier climate might be an adaptation
to cope with more stressful post-dispersal environmental conditions, not able to
prevent the deterioration of seeds.

Moreover, seed longevity has shown significant transgenerational
changes associated with short-term environment-induced effects (Kochanek et
al., 2011), suggesting that differences between collections could also be driven
by plastic responses to the local environment or seasonality. Indeed, the ability
of maternal environment to affect offspring phenotype, through changes in gene
expression, may potentially allow progeny adaptation to habitat conditions
experienced by the maternal parent (Luzuriaga et al., 2006; Hoyle et al., 2008;
Donohue 2009; Nicotra et al., 2010). Functionally adaptive transgenerational
effects, elicited by environmental stress, are known to affect several plant traits
in the offspring, including germination and seedling growth (Meyer and Allen
1999; Boyko et al., 2010), biomass (Kou et al.,, 2011), and fruit and seed
production (Whittle et al., 2009). More recently, Mondoni et al. (2014) found that
when an alpine seed lot is grown in a warmer lowland environment, seed
longevity (of the progeny) is greatly enhanced, indicating strong adaptive
responses to the local environment. Adaptive adjustments of seed longevity due
to transgenerational plasticity may therefore play a fundamental role in survival
and persistence of the species in the face of future environmental challenges,
such as climate warming. For example, while a warmer climate could modify
soil conditions (e.g. temperature) influencing seed preservation (Ooi et al.,
2009), the potential increase in seed resistance to heat stress driven by the
maternal effects (see above) could buffer seeds against such thermal variations
in their environment. However, such an interesting possibility, in the context of
climate warming, still needs to be investigated.

Within the alpine life zone, snowbed communities are currently

considered among the most threatened habitats by climate warming. Indeed,
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the ongoing changes in snowbed vegetation structure and composition
(Virtanen et al., 2003; Elumeeva et al., 2013; Sandvik and Odland, 2014;
Carbognani et al., 2014a) are expected to lead, at long term, to a reduction or
the disappearance of these habitats (Theurillat and Guisan, 2001), with the
consequent loss of a substantial component of the alpine biodiversity (Bjork and
Molau, 2007). This especial sensibility to the future climatic scenarios makes
snowbeds suitable natural laboratories to analyse the effects of climate change
on alpine vegetation (Bjork and Molau, 2007; Schéb et al., 2008a).

Here, in order to investigate whether and how global warming could
affect seed longevity, four alpine species inhabiting snowbed habitats were
exposed to a moderate temperature warming in their growing area. The seeds
produced from plants exposed to warming and to natural conditions were used
to determine how seed longevity responded to changes in the parental
environment. In particular, specific research questions were: do seeds produced
by plants under warmer temperatures show higher resistance to ageing? Is

such increase consistent across the species studied?

1.3.2 Methods

Study area
See Chapter 1.1 Study Area and Study Species.

Experimental design
See Chapter 1.2 Artificial Warming.

Microclimatic features

In each plot, the snowmelt dates were monitored by direct observations.
Air (5 cm height) temperatures of the snow-free period were recorded at hourly
interval in four randomly selected plots two plots per treatment (C and W), using
four probes in total (Onset, Cape Cod, MA, USA and Tecnosoft, Milan, Italy). In
addition, four soil moisture readings (5 cm depth, Onset, Cape Cod, MA, USA)

were placed in the same plots; these probes recorded the volumetric water



PART 1 - Chapter 1.3 Seed Longevity 25

content (by the Time Domain Reflectometry technique) every hour, then

transformed in relative water content to saturation (RWC).

Seeds collection

Between 19 Aug. and 07 Sep. 2012, seeds of Cardamine alpina Willd.
(Brassicaceae), Leucanthemopsis alpina (L.) Heywood (Asteraceae),
Gnaphalium  supinum L. (Asteraceae) and Veronica alpina L.
(Scrophulariaceae) were collected at the time of natural dispersal from both
heated and non-heated plots. Such forbs, selected among the most frequent
and abundant species in the study site, are characterized by different flowering
timings. In particular, the anthesis of C. ajpina is the earliest in comparison with
the other species (“early” flowering class vs “intermediate” flowering class,
respectively) (Petraglia et al., 2014a). The number of replicates (plots) per
species and treatments varied (from 3 to 6) according with the occurrence and
abundance of each species/seeds inside the plots (see Table 2a). After
collection, seeds were cleaned and held dried at seed bank condition (15 % RH
and 15 °C, Diekmann et al., 1994) until use. The high initial viability (> 80 %,
Online Resource 1) of fresh seed samples was checked through germination
tests at conditions previously found to be optimal for germination (25 °C
constant + addition of 250 mg L™' GAs at 12-h daily photoperiod) (Table S1).

Experimental ageing

Seed longevity was determined using a standard rapid ageing protocol
(Newton et al., 2009). Ageing experiments commenced in Nov. 2012 and were
concluded after approximately 5 months. For each seed lot (i.e. the collection of
seeds from a single plot), six samples of 50 seeds for V. alpina and seven
samples of 50 seeds for the other species were transferred to a electrical
enclosure box, over a non-saturated solution of LiCl at 60 % RH, placed in a
compact incubator (Binder FD53, BINDER GmbH - Headquarters, Tuttlingen,
Germany) without light at 45 + 2 °C. The RH generated by the LiCl in the box
was checked with a data logger with LCD display of current readings placed

inside the enclosure box (Tinytag View 2 Temperature/Relative Humidity
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Logger, Gemini Data Logger, Chichester, UK). The bulk solution was adjusted,
if necessary, by adding distilled water, stirring and allowing the solution to
equilibrate (Hay et al., 2008; Newton et al., 2009). One sample of 50 seeds for
each seed lot was removed after 2, 4, 6, 8, 10, and 15 d for V. ajpina and 2, 5,

10, 15, 20, 25, and 30 d for the other species for germination testing.

Germination test

Seeds were sown on 1 % distilled water agar held in 50 mm diameter
Petri dishes and placed in a temperature and light-controlled incubator (LMS
250A, LMS Ltd, Sevenoaks, UK) at conditions previously found to be optimal for
germination (25 °C constant + addition of 250 mg L' GA3) and 12-h daily
photoperiod (photosynthetically active radiation 40-50 ymol m2 s-1). Plates
were checked weekly for germination and seeds scored as germinated once the
radicle had reached approximately 2 mm. At the completion of each germination
test (4 weeks after sowing), ungerminated seeds were cut-tested to confirm
whether there were empty seeds. Ungerminated full seeds were assumed to be
killed or weaken by the ageing treatments, since there were no other constrains
to germination, while ungerminated empty seeds were excluded from the

following analyses.

Data analysis

For each species, a Generalized Linear Model, with binomial error and
probit link function, was fitted to the survival data from the germination test
(number of seeds germinated, number of seeds sown) performed after the
experimental ageing. This analysis was carried out using GenStat Release 15
(VSN International Ltd., Oxford, UK), with storage period as covariate and both
treatment (C or W) and replicates (plots) as factors, thereby fitting the viability
equation (Ellis and Roberts, 1980; Hay, 2004):
v=Ki—(plo)
This equation states that the probit of percent viability after any storage period
(u, expressed in normal equivalent deviates, NEDs) is equal to the initial viability
(K, or the intercept on the y-axis, in NEDs) decreased by the seed deaths that

can be expected in that time period (p) according to the slope (o) of the line,
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so that o is the time (in day) for viability to fall by 1 NED (i.e. 1 standard
deviation of the normal distribution of seed deaths over time).

In order to detect differences between species of mean seed longevity
(ps0) and to test if experimental warming differently affected species psop, two-
ways analysis of variance (ANOVA), followed by multiple comparison Tukey
HSD post-hoc test, was carried out. Prior to analysis, data were log-transformed
to meet linear model assumptions.

In addition, to study the effects of treatment and storage period on the
germination timing, the mean time to germinate (MTG) was calculated using the

formula:

MTG =X innti/N

where n; is the number of seeds that emerged within consecutive intervals of
time, £ the time between the beginning of the test and the end of a particular
interval of measurement, and N the total number of seeds that emerged. The
MTG was calculated using the day of sowing as initial time. The responses of
MTG to the different treatments and storage periods were analysed by means
of Generalized Linear Model with gamma error.

These latter two analyses were performed using the software R, version
3.1.2 (R Core Team, 2014).

1.3.3 Results

Microclimatic features

The snowmelt time was similar in control (C) and warmed (W) plots
(Table 1), with an average date corresponding to 24 Jun. 2012, and the snow-
free period lasted until 01 Oct. 2012 (ca. 100 d). Conversely, the time of seed
dispersal began earlier (-11 d) in W compared to C (Fig. 1), lasting for about a
month in both treatments (29 and 30 d in C and W, respectively).
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Treatment
Microclimatic features Cc w
Snowmelt time (DOY) 176.3+4.5 176.0 £ 4.0
Beginning of seed dispersal (DOY) 232 221
Air temperature (°C)
Daily mean 8.61+2.85 10.57 £ 3.12
Day time 11.72 £ 3.79 15.57 £ 4.60
Night time 5.49 £ 2.49 5.57 £ 2.55
Soil moisture (% RWC)
Daily mean 72.81 +£5.97 77.53 +7.90
Day time 72.69 + 6.01 77.11 + 8.01
Night time 73.04 £ 6.28 78.05 +7.92

Table 1 Microclimatic features of control (C) and warmed (W) plots from the snowmelt until seed
dispersal (18 Jun. — 19 Aug. 2012 and 19 Jun. — 8 Aug. 2012 for C and W, respectively). Values

are mean + SD. Snowmelt time and beginning of seed dispersal are expressed in day of the

year (DQY), air temperature in °C, and soil moisture in relative water content (RWC, in %

relative to saturation)
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Figure 1 Mean day time (0800-2000 h, black lines) and night time (2000-0800 h, grey lines) air

temperature (°C) at 5 cm above the soil surface in control (C, solid lines) and warmed (W,

dotted lines) plots during the snow-free period (18 Jun.—01 Oct. 2012). Horizontal arrows

indicate the period of seeds dispersal in the control (C, solid line) and warmed (W, dotted line)

plots
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During the period between the timing of snowmelt and the beginning of
seed dispersal, the mean day time air temperature (i.e. 0800 — 2000 h) was
higher in W compared to C (on average, +3.8 K), whilst mean night time air
temperature (i.e. 2000 — 0800 h) was similar in the two treatments (Fig. 1). The
overall mean warming produced by the OTCs in daily air temperature was about
2 K. The relative soil water content showed high values throughout the growing
season in both treatments (> 70 % RWC), with slightly higher values in W in
comparison with C (on average, +4.7 %), somewhat constant during the diurnal

and nocturnal periods.

Seed longevity

Seed viability declined as the period of experimental ageing (45 °C; 60 %
RH) increased for all species studied (Fig. 2), with a significant variation in the
time taken for viability to fall to 50 % (ps0) between species and treatments, but
not for the interaction species x treatment (Table 2b). In particular, seeds
collected from plants under experimental warming were significantly longer-lived
(ps0 on average from 5.03 d for V. alpina to 23.06 d for G. supinum) compared
to those produced by plants exposed to natural climate (pso on average from
4.87 d for V. alpina to 16.80 d for C. alpina). However, the increase in psp was

not statistically different across the species (Table 2b).

(a)

Species Treatment n Ki(NEDs) o' (days™) pso(days)

Cardamine alpina C 5 3.09+0.30 0.18 £ 0.02 16.80 + 0.56
W 5 444 +0.46* 0.22+0.02 20.32 + 0.52*

Gnaphalium supinum C 6 2.75+0.26 0.18 £ 0.02 15.06 + 0.56
W 6 1.86+£0.18* 0.08+£0.01* 23.06 + 1.16*

Leucanthemopsis alpina C 3 1.91+0.22 0.18 £0.02 10.77 £ 0.64
W 3 1.52+0.18 0.11+£0.01* 13.61+0.84*

Veronica alpina C 5 2.81£0.33 0.58 + 0.06 4.87 £0.21
w 5 2.08 +0.26 0.41+0.04* 5.03+0.26*

(b)

Source of variation Df SS MS F-ratio P-value

Species 3 2854 9.514 220.37 <0.001

Treatment 1 2.35 2.345 54.32 <0.001

Species x Treatment 3 0.23 0.075 1.76 0.176

Residuals 30 1.30 0.043




30 1.3.4 Results

Table 2 (a) Generalized linear model results on the differences between treatments (C: control,
W: warming) of survival curve parameters for each species, including initial viability (4j in
normal equivalent deviates (NEDs)), time for viability to fall by 1 NED (o7, in days™), time for
viability to fall to 50 % (pso, in days). Values are mean * SE for n seed lots. Asterisks indicate a
significant (P<0.05) difference between C and W, (b) Analysis of variance on effects of species
and treatment on psp. Degrees of freedom (df), sum of squares (SS), mean square (MS), F-

ratio, and significance level (P-value) are shown. Significant values are highlighted in bold

In G. supinum, L. alpina and V. alpina, the difference in seed longevity
was caused by significant (P < 0.05) differences in seed deterioration rate (o),
highlighting a slower rate of deterioration in W compared to C (Table 2a, Fig. 2).
In these species the initial seed viability (K) was lower in W compared to C,
though statistically significant (P = 0.005) only in G. supinum. Conversely, in C.
alpina the difference in seed longevity was due to a significant increase (P =
0.014) of initial seed viability (K) from warmed plots, while the rate of
deterioration (i.e. the slope term, ¢7) did not differ between treatments. Finally,
V. alpina had a significantly shorter-lived seeds compared to the other species,
while seeds of L. alpina were shorter-lived compared to those of C. alpina and
G. supinum. These latter species showed similar pso, both in C (on average
16.80 and 15.06 d for C. alpina and G. supinum, respectively) and in W (on
average 20.32 and 23.06 d for C. alpina and G. supinum, respectively).
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Cardamine alpina Gnaphalium supinum

Germination (%)

w0l ; Leucanthemopsis alpina

Veronica alpina

30 o 5 10 15 20 25 30

Storage period (days)

Figure 2 Survival curves fitted using a Generalized Linear Model, with binomial error and probit
link function, for seed lots collected from control plots (C, black symbols, continuous lines) and

warmed plots (W, open symbols, broken lines), see model parameters in Table 2. Different
symbols refer to different seed lots (i.e. plots)

Mean time to germination

Significant differences in the MTG of seeds were found between species
(P < 0.001) and storage period (P < 0.001), but not between treatments (P =
0.11). Furthermore, because of the significant species x storage period
interaction (P < 0.001), species specific analyses were also performed (Table 3;
Fig. 3). We found that the treatment had no effect, in any of the species studied.
Moreover, the increase in storage period produced a significant increase of the
mean time for germination in C. alpina and V. alpina, but not in G. supinum and
L. alpina. Such increase was similar within the treatments (interaction not

significant, P = 0.37) in C. alpina, conversely, in V. alpina it was more
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pronounced for seeds experiencing current climate than those under warming
(Table 3; Fig. 3).

Df SS F-ratio P-value

Cardamine alpina
Treatment (Tr) 1 029 1.07 0.31
Storage period (St) 1 156 57.70 <0.001
Tr x St 1 002 082 0.37
Gnaphalium supinum
Treatment (Tr) 1 003 0.68 0.41
Storage period (St) 1 0.00 0.00 0.99
Tr x St 1 003 055 0.46
Leucanthemopsis alpina
Treatment (Tr) 1 0.00 0.01 0.94
Storage period (St) 1 0.18 3.18 0.08
Trx St 1 001 023 0.6
Veronica alpina
Treatment (Tr) 1 0.01 0.27 0.60
Storage period (St) 1 3.29 73.61 <0.001
Tr x St 1 036 8.09 0.01

Table 3 Species specific Generalized Linear Model (with gamma error) results on the effects of
treatment (C and W) and storage period (days under ageing conditions) on the seed mean time

to germinate
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Figure 3 Mean time to germinate (MTG, mean + SE) of control (full dots and continuous line)
and warmed (empty dots and dotted line) seeds of C. alpina, G. supinum, L. alpina and V.

alpina for different periods of storage

1.3.4 Discussion

The results presented here showed, for the first time, that under a
moderate climate warming scenario (i.e. +2 K, IPCC 2013) alpine plants will
produce seeds with an extended resistance to heat stress (Table 2a; Fig. 2),
indicating a potential adaptive response to a warmer environment. Indeed,
despite controlled ageing test at high humidity and temperature (60 % RH, 45
°C) may not reflect all the complex ageing mechanisms occurring in nature,
seed life span under such test and persistence in the soil seed bank were found
positively related (see Long et al., 2008). Controlled ageing test may therefore
have an ecological significance, conceiving (at least) some of the major causes
of ageing in nature. In this regard, in seasonal climates, which alternate dry-wet
and/or cold-warm periods (even daily) the possibility that seeds buried in the top
soil experience conditions similar to the controlled ageing test cannot be ruled
out. For example, seed beds of alpine plants on dark humic soils exposed to full
sunlight heat up to temperature around 80 °C (Alps of Tirol, Turner, 1985;
Australian Snowy Mountains, Korner and Cochrane, 1983). Similarly, in wetter
and vegetated soils, like those in snowbeds, leaf temperature of Salix herbacea
under full solar radiation in midsummer was up to 46.5 °C (Larcher and Wagner,
1976). Furthermore, seed degenerative processes are mostly temperature and
humidity dependent and the rule is that the higher is the temperature and/or
humidity (at least up to c. 99% RH, when repair processes may be activated),
the faster is the deterioration (Bewley et al., 2013). This might explain why
species from cold climates show lower selective pressure for seed resistance to
heat stress, compared to those from warm climate (Mondoni et al., 2011;
Probert et al., 2009). Seeds of alpine plants can anyway persist for many years
in soil seed bank (Schwienbacher et al., 2010), likely because the low average
temperatures contribute to conserve and protect them from deterioration.

Interestingly, our results showed that resistance to heat stress may increase if
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parent individual experience warmer temperature, suggesting a buffer response
against climate change.

Climate has a large influence on seed traits, including longevity, and
starts to act also before dispersal time. In particular, the environmental
conditions experienced during seed development and maturation are known to
affect the longevity of seed. For example, Sinniah et al. (1998) found an
improvement in seed longevity when parental plants of Brassica campestris
were subjected to drought during seed development. Furthermore, Kochanek
(2008) found that elevated temperatures during seed maturation in
Wahlenbergia tumidifructa led to increased seed longevity and, accordingly, our
results showed higher longevity under warmer parental growth environment.
Seed resistance to ageing is related with the degree of their maturity (Ellis et al.,
1993; Ellis and Hong, 1994; Hay and Probert, 1995; Sanhewe and Ellis, 1996),
with longevity being highest at the peak of seed maturity (Hay and Smith, 2003).
Hence, a possible explanation of the increased resistance to ageing of the
seeds produced under warming is that the warmer temperature during
development leads to a better seed maturation level. This is consistent with the
increase of initial seed viability (Kj) of C. alpina under warming, but does not
explain the lower and the similar A7values in G. supinum and the other species,
respectively, under the same treatment (Table 2a). Therefore, other
mechanisms are likely to be involved in the increased tolerance to ageing stress
in seeds produced by plants exposed to warming.

Phenotypic plasticity induced via parental effect is known to affect seed
longevity. Kochanek et al. (2011) showed that the conditions that parent plants
experience prior to the seed set may alter seed longevity, highlighting that this
transgenerational adjustment was passed to the offspring. Phenotypic changes
induced to the offspring are expected to be crucial determinants in ensuring
plants to cope with future environmental challenges, since they may be
adaptations to conditions experienced by the mother plants (Galloway and
Etterson, 2007; Herman and Sultan, 2011). In the context of climate warming,
maternal induced novel phenotypes will provide a fundamental support in the
rapidly changing environment, safeguarding the progeny performance and

assisting long-term adaptation (Nicotra et al., 2010). Following this view, the
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enhanced resistance of alpine seeds to heat stress observed in this study could
be a plastic maternal-induced adjustment to cope (or persist) with the new
warmer and non-conservative environment.

Within the alpine life zone, the ability of parental plants to produce seeds
more resistant to warm temperature is therefore expected to assume a strong
adaptive value, crucial for the survival of alpine species, since the longer the
seeds are able to survive the more likely the population is buffered against
unpredictable changes in the environment (Chesson, 2000; Facelli et al., 2005).
However, such adaptive potential may not be enough to ensure an efficient
response to the future environmental challenges. Indeed, the plastic response
of seed longevity induced by parental environment is locked by the species
genetic background (Mondoni et al., 2014), meaning that it cannot fully adapt to
environmental alterations. Adaptive adjustments of seed longevity by means of
transgenerational plasticity will represent a valid response for alpine species to
rapid climatic changes, but the extent to which alpine plants will be able to
respond to alterations of greater magnitude and/or for long-term period is still
unknown.

The importance that interspecific variations of plant traits plays in driving
species coexistence is essential to model the future dynamics of communities
(Bolnick et al., 2011; Violle et al., 2012). Our species showed different
responses from each other both in the mean seed longevity (ps0) and in the
mean time to germination (MTG). First, the results revealed that interspecific
variations of psp were higher compared with those due to the experimental
warming (F-ratio in Table 2b). This high interspecific variation could reflect the
different plant reproductive strategy; for example, the larger amount of seeds
produced by V. alpina (in average, 164.57 seed per individual in comparison
with 24.82 of C. alpina, 23.53 of G. supinum and 25.98 of L. alpina)
(unpublished data), could be a mechanism to buffer the low lifespan of its
seeds, which was the shortest among the species studied. Conversely, the
increase in the mean seed longevity (psg) produced by the warming treatment
was similar in all the species. However, this effect resulted from changes of

different parameters of seed viability equation. In particular, the increase in
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seed longevity was due to either a higher initial viability of seeds (for C. ajpina),
or a slower seed deterioration rate (for G. supinum, L. alpina, V. alpina),
highlighting that the response of seed viability to environmental changes can
vary at the species level, even from the same habitat. These species-specific
responses may be linked to different species phenotype expression and/or to
differences in plant phenology. For example, the increase of initial seed viability
of C. alpina could be somehow related with the early flowering of this species
(compared to the other studied, see also Petraglia et al., 2014a), which shifted
fruit and seed maturation processes during the warmest part of the growing
season. With regard to the MTG, our results showed that it increased with the
increasing in the storage period in C. alpina and V. alpina. Interestingly, seeds
of V. alpina were the shortest-lived among those of the studied species and
they also showed the higher increase in the germination timing during storage,
suggesting that the response to MTG may help to differentiate between long-
and short-lived species. Here we have shown that seed longevity is affected by
environmental cues acting during different stages of seed development.
Therefore, the observed potential increase in seed longevity under climate
warming is a parameter that should be considered in modelling future
vegetation dynamics and responses to climate change. Moreover, the
sensibility of the species studied here to a moderate temperature variation
suggests that there could be implications for long-term conservation in seed
banks, since seed samples may present phenotypical fluctuations to inter
annual variations. In this regard, understanding whether and how the longevity
of seeds will change in a future climate is crucial also for the effective
management of collections held in seed banks. For example, protocols should
be overhauled considering the interaction between genetic background and the
influence of the climate that parental plants experience. More appropriate
regeneration scheduling may therefore ensure collections maintain high levels

of viability in dry storage for long-term periods.
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1.3.5 Supplementary Material

Table S1 Germination percentage (mean * SE) of fresh (day 0) and aged seeds (days 2-30 and 2—-15) from warmed

(W) and control (C) plots, tested at the condition previously found to be optimal for germination (25 °C constant +
addition of 250 mg L™ GAs, with 12-h daily photoperiod)

Germination (%)

Species Treatment n 0d 2d 5d 10d 15d 20d 25d
Cardamine alpina Cc 5 100 100 99.2+0.5 90.0£5.3 62.0+8.1 37.6+9.2 6.8+4.54
W 5 99.6£0.4 100 98.0+2.0 95.6+1.7 84.0+3.2 64.0£5.2 23.2%3.7
Gnaphalium 97.3x1.0 96.0+2.5 88.0+1.6 51.7+1.9 223+3.6 10.3x2.9
. Cc 6 99.0+0.6
supinum
W 6 96.5+2.4 97.0x1.5 96.7+1.1 90.7x3.1 73.3+3.9 48.7+8.1 37.3%10.7
Leucanthemopsis 78.7t5.9 81.0+2.6 54.2+6.2 18.3t34 2.2+1.2 0.0+0.0
. Cc 3 93.6%2.1
alpina
W 3 81.7+0.8 90.0+¢5.8 86.7+5.5 65.5+¢5.6 53.5+4.3 28.3+7.1 13.5+3.1
0d 2d 4d 6d 8d 10d 15d
95.0 89.8 55.5+4.1 27.0+3.9 5.5+24 0.3+0.3 0.0£0.0
Veronica alpina C 5
4£2.8 +1.9
W 5 97.1+23 96.0x1.5 69.8+2.4 37.024.7 21946 9.5%¥4.2 1.220.8

30d
0
0.8+0.8
2.0+1.6

10.0+4.6
0

6.2+0.7
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CHAPTER 1.4 SEED DORMANCY

Seeds of Cerastium cerastoides during the cleaning process in laboratory

(Photo: Giulietta Bernareggi)

1.4.1 Introduction

Climate has a dominant influence on several life-history traits of species.
Among plant reproductive phases, seed germination and seedling
establishment are probably the most sensitive to variation in climate conditions
(Walck et al., 2011) and represent the major bottleneck to species recruitment
(Lloret et al., 2004; Fay and Schultz, 2009; Dalgleish et al., 2010). The strong
correlation between climate and plant regeneration from seeds has resulted in
the evolution of specific germination requirements across many species (Baskin
et al., 2000; Fenner and Thompson, 2005), which play a key role for plant
distribution and vegetation dynamics (Silvertown and Charlesworth, 2001;
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Higgins et al., 2003; Fenner and Thompson, 2005; Neilson et al., 2005; McGill
et al., 2006; Pearson, 2006; Thuiller et al., 2008).

In seasonal climates, which are characterized by cyclic variations in
temperature and/or rainfall, seed germination is usually synchronized with the
changes in environmental conditions, being delayed until the favourable period
occurs (Fenner and Thompson, 2005; Baskin and Baskin, 2014). A key
mechanism that has enabled the development of such behaviour is seed
dormancy, an innate automatism that involves environmental stimuli to avoid
seed germination at the time of the year when seedlings emergence would not
be successful, since the favourable conditions inducing germination might not
persist long enough for seedlings to survive and grow (Vleeshouwers et al.,
1995; Geneve, 2003; Finch-Savage and Leubner-Metzger, 2006).

Seed dormancy occurs in all the major angiosperm clades, and the
different dormancy types and classes reflect plant adaptation to different
climatic and habitat conditions (Finch-Savage and Leubner-Metzger, 2006;
Baskin and Baskin, 2014). A commonly accepted hierarchical system of
classification distinguishes five classes of seed dormancy: physiological,
morphological, morphophysiological, physical, and a combinational dormancy
(physical + physiological) (Baskin and Baskin, 2004). Within each class it is
possible to distinguish different levels, which provide additional information
about dormancy. For example, three levels are distinguished within
physiological dormancy: deep, intermediate or non-deep; the latter is the most
common kind of seed dormancy. At maturity, seeds with physiological
dormancy may be conditionally dormant, and germinate over only a very narrow
range of temperatures (Baskin and Baskin, 2014). Indeed, although there are
many environmental factors (dormancy-breaking factors), such as moisture,
light or chemicals, that contribute to change the dormancy state, temperature is
the major driving force for the release or the induction of physiological
dormancy (Fenner and Thompson, 2005). Consequently, after perceiving an
adequate/accurate thermal stimulus, seeds can forthwith overcome the
conditional dormancy and germinate or broaden the range of germination
conditions until eventually become non-dormant (Fenner and Thompson, 2005;

Baskin and Baskin, 2014). However, temperature can affect the state of
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dormancy also when it is experienced by seeds during maturation and, in most
of the cases, warmer pre-dispersal temperatures result in seeds with lower
dormancy and higher germinability (Fenner, 1991; Gutterman, 2000).

This pivotal role of temperature in driving seed dormancy responses
highlights the need to understand how changing environmental conditions will
affect seed germination patterns. In this regard, a large body of evidence
supports the existence of rapid climate change, the main effect of which is the
rise in mean global temperatures (IPCC, 2013). This will be particularly evident
in high-elevation biomes, making these ecosystems, inhabited by species highly
specialized to low temperatures, among the environments most threatened by
the predicted climate change (Diaz and Bradley, 1997; Kullman, 2004; Nogués-
Bravo et al., 2007). As a consequence, in the last decades, an increasing
number of studies has addressed the effects of climate warming on different
life-history traits and functions of plants in arctic and alpine tundra ecosystems
(Chapin et al., 1995; Hobbie and Chapin, 1998; Arft et al., 1999; De Valpine and
Harte, 2001; Dunne et al., 2003; Hollister et al., 2005; Milbau et al., 2009;
Shevtsova et al., 2009; Mondoni et al., 2012; Hoyle et al., 2013; Oberbauer et
al., 2013; Mondoni et al., 2015).

Seeds of many alpine species are known to be non-dormant or
conditionally dormant at dispersal (Amen, 1966; Schwienbacher et al., 2011).
Early studies on germination requirements in high elevation environments
showed that freshly collected seeds required relatively high temperature (20 —
30 °C) to germinate (Sayers and Ward, 1966; Billings and Mooney, 1968;
Chabot and Billings, 1972; Nishitani and Masuzawa, 1996). This requirement
has been considered an adaptation to prevent seed to germinate immediately
after dispersal, when early frosts could jeopardize seedlings survival (Billings
and Mooney, 1968) and when the extremely short growing season could not be
enough to allow seedlings to attain a critical mass for withstand the harsh and
long-lasting winter conditions (Maruta, 1994). However, spring germination may
occur at lower temperature than those required in the late season, since the
cold stratification over winter widens the thermal window for germination

towards lower values as a result of the loss of physiological dormancy (Baskin
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and Baskin, 2014). Hence, seedling emergence in alpine species usually occurs
after the snowmelt (Kérner, 2003), when seeds meet the environmental
conditions (e.g. temperatures, moisture, light) required for germination. In
response to this general pattern, seed germination of alpine/arctic species have
been shown to vary considerably because of climate warming, for example
increasing, reducing or shifting in time (see references above) and such
variation was likely due to the different species and approach used (Shevtsova
et al., 2009).

Nevertheless, all these studies have considered seeds developed and
matured under current climate (i.e. not under warming scenarios). However,
warming is not a seasonal-selective event, but acts during all the growing
season; it is therefore necessary to consider the effect of the rise in temperature
not only on dispersed seeds, but also during all the reproductive cycle phases.
Temperatures during seed development and maturation could alter the state of
dormancy, both in fresh and stratified seeds. In particular, warmer temperatures
during seed maturation, due to altitudinal or inter-annual variations, have
resulted in reduced seed dormancy, increasing the germinability of both fresh
(Fernandez-Pascual et al.,, 2013; Garcia-Fernandez et al., 2015) and cold-
stratified seeds (Fernandez-Pascual and Jiménez-Alfaro, 2014), or decreasing
the duration of cold stratification to satisfy pre-germination vernalization
requirements (Cavieres and Arroyo, 2000). Thus, seed dormancy seems to be
affected by temperature variations both in space, i.e. seeds of populations from
lower and warmer elevations being less dormant than those from higher and
colder elevations, and in time, i.e. maternal plastic responses to local
seasonality, with the general rule “the warmer the climate, the shallower the
dormancy”. However, exceptions to this general pattern have been found, e.g.
no differences were observed in the germination of fresh seeds of population of
Phacelia secunda from different elevations (Cavieres and Arroyo, 2000).
Moreover, whether and how a warmer parental environment affects the thermal
interval for seed germination before and after the cold stratification (i.e. just after
seed dispersal and over winter) is still not understood. To this end, the study of

climate warming effects on seed dormancy and germination should decouple
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the effects of pre- and post-dispersal temperatures and analyse their interplay;
to the best of our knowledge, no study has yet focused on this purpose.

Understanding the mechanisms affecting the development of seed
dormancy plays a crucial role to forecast the future dynamics of alpine plant
populations and communities in a warmer climate, since changing in thermal
conditions are expected to affect both seed dormancy and germination
requirements, which may preclude, delay, or enhance regeneration from seeds
(Walck et al., 2011). This is especially true in topographically fragmented and
azonal habitats, such as alpine snowbed communities. Snowbeds, which
develop in sites characterized by a very short snow-free period, are regarded as
especially sensitive to changes in environmental conditions, and, consequently,
are retained among the most threatened vegetation types of the alpine life zone
under the current climate change (Bjérk and Molau, 2007). Indeed, a growing
body of studies indicates that the environmental conditions of these habitats,
such as the length of the growing period, temperatures, and soil nutrients,
constrain plant growth and reproduction (e.g. Galen and Stanton, 1995; Huelber
et al., 2006; Schob et al., 2008; Carbognani et al., 2012; Petraglia et al., 2013;
Petraglia et al., 2014b; Bernareggi et al., 2015). Consistently, fast alterations in
plant community composition and structure have been recently observed (e.g.
Elumeeva et al., 2013; Carbognani et al., 2014a; Sandvik and Odland, 2014).
The predicted climate change involves that plants colonising snowbeds will
experience longer and warmer snow-free periods. Since the phenological
development of snowbed plants is strongly controlled by micro-climatic
conditions (e.g. Galen and Stanton, 1995; Huelber et al., 2006; Hulber et al.,
2010; Petraglia et al., 2014a), it is likely that reproductive phenophases will
significantly advance under earlier snowmelt coupled with warmer
temperatures.

On these bases, the hypothesis that, in the next decades, seeds of
snowbed plants will be dispersed during periods characterized by considerably
warmer temperatures cannot be ruled out. Nevertheless, still little is known
about the effects (direct and indirect) of climate warming on seed germination in

snowbed environments, and even less about the effects on seed dormancy.
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Here, we present the first attempt to evaluate the influence of a warmer parental
plant environment on seed dormancy and seed germination requirements in an
alpine snowbed habitat. To this aim, three alpine species inhabiting snowbeds
were exposed to an experimental warming and to natural conditions in the field.
Then, the germinability of seeds produced was tested in laboratory after six cold
stratification periods combined with four incubation temperatures. In particular,

we wanted to answer to the following questions:

a) Does a warmer pre-dispersal environment influence the germination
responses of both fresh and cold-stratified seeds by 1) widening the
temperatures range for germination and 2) increasing and speeding the final

germination?

b) Are such responses further characterized by reduced duration of cold

stratification requirements to overcome seed dormancy?

1.4.2 Methods

Study area
See Chapter 1.1 Study Area and Study Species.

Pre-dispersal treatment
See Chapter 1.2 Artificial Warming.

Microclimatic features

In each plot, the snowmelt dates were monitored by direct observations;
soil (-5 cm depth) temperatures of the snow-free period from year 2008 to year
2014 were recorded hourly using 12 probes in total, 6 for W plots and 6 for C
plots (Onset, Cape Cod, MA, USA and Tecnosoft, Milan, Italy).

Seed collection

Between 11 Sep. and 04 Oct. 2013, seeds of Cerastium cerastoides (L.)
Britton (Caryophyllaceae), Leucanthemopsis alpina (L.) Heywood (Asteraceae)
and Veronica alpina L. (Scrophulariaceae) were collected at the time of natural

dispersal from both W and C plots. The choice of the species was made on the
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base of their frequency and abundance in the study site. Seeds collected from
different plots of the same treatment were pooled together. After collection,
seeds were processed (cleaned) and stored at room temperature until the
beginning of the experiment, which occurred within one week after the last
collection. The high initial viability (> 80 %) of seed samples was checked
through germination tests at conditions previously found to be optimal for
germination (20 °C constant + addition of 250 mg L-1 GAS3, at 12-h daily
photoperiod).

Cold stratification and incubation temperatures

Seeds were exposed to six different periods of cold stratification (0, 2, 4,
8, 12, 20 weeks) at 0 °C in complete darkness using a cooled incubator (LMS
Ltd, Sevenoaks, UK). After each interval, seeds were incubated for germination
at constant temperatures at 5, 10, 15, 20 °C. Constant temperatures were
chosen in order to assess thermal influences isolating the effect of determinate
temperature levels on seed germination (which would not have been possible
under alternating regime). In this regard, preliminary germination tests
confirmed that our species did not required the trigger effect of diurnal
temperature variation (e.g. Mooney and Billings, 1961; but see Liu et al., 2013),
germinating well (i.e. > 90%) under constant regime (data not shown). For each
species, pre-dispersal treatment, stratification periods and incubation
temperatures, three samples of 20 seeds (C. alpina and L. alpina) or two
samples of 25 seeds (C. cerastoides) were sown on agar held in 50-mm
diameter Petri dishes and tested for germination. All germination tests were
carried out in temperature and light controlled incubators (LMS 250A, LMS Ltd,
Sevenoaks, UK) using a 12-h daily photoperiod (photosynthetically active
radiation 40 — 50 ymol m-2 s-1). Plates were checked weekly for germination
and seeds scored as germinated once radicle protrusion and elongation was
more than 2 mm. At the completion of each germination test (4 weeks after
sowing), ungerminated seeds were cut-tested to confirm whether there were
empty seeds. Ungerminated empty seeds were excluded from the following

analyses.
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Data analysis

Germination of fresh seeds

Influences of species, pre-dispersal treatments and incubation
temperatures on germination of fresh seed (i.e. without cold stratification) were
evaluated by means of Generalised Linear Model (GLM) with binomial error and
logit link-function. In this GLM, final germination (i.e. number of emerged
seedlings out of number of seeds sown) was the response variable, whereas
species (as 3-level categorical variable), treatment (as 2-level categorical
variable, C and W), temperature (as continuous variable, 5, 10, 15, 20 °C), and
their two-way interactions were the fixed effects. In addition, species-specific
GLMs were performed with final germination as response variable and pre-
dispersal treatment, sowing temperature and their interaction as explanatory
variables.

Moreover, to study the effects of warmer incubation temperatures on the
speed of seedling emergence, the mean time to germination (MTG) was
calculated using the formula:

MTG=Xinniti/N

where n; is the number of seeds that emerged within consecutive intervals of
time, fithe time between the beginning of the test and the end of a particular
interval of measurement, and N the total number of seeds that emerged. The
MTG was calculated using the day of sowing as initial time. The influences of
species, pre-dispersal treatments, incubation temperatures, and their two-way
interactions on MTG were analysed by means of GLM with gamma error
structure and inverse link-function. Within each combination of species, pre-
dispersal treatment, stratification periods, and incubation temperatures, seed
lots that failed to germinate more than 1 % were excluded from the analysis,

although still present in the figures for comparative purposes.

Germination after cold stratification
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Differences in final seed germination between species, incubation
temperatures, and stratification periods were assessed using GLM with
quasibinomial error structure (due to overdispersion) and logit link-function. In
this model, seed germination (i.e. number of emerged seedlings out of number
of seeds sown) was the response variable, whereas species (as 3-level
categorical variable), treatment (as 2-level categorical variable, C and W),
temperature (as continuous variable, 5, 10, 15, 20 °C), stratification (as
continuous variable, 0, 2, 4, 8, 12, 20 weeks at 0 °C) and their two-way
interactions were the explanatory variables. In addition, in order to gain a better
understanding of the influences of variation in incubation temperatures and
stratification periods on seed germination, further GLMs were performed at the
species level and model selection was carried out comparing residual deviance
and AIC of different models. In particular, the relationships between
temperature and stratification with germination were evaluated testing the
explanatory power of GLMs fitted with different combinations of explanatory
variables (incubation temperatures and stratification periods) as linear, log-
transformed, or polynomial terms. Then, for each species, minimal adequate
model was obtained excluding not significant terms following Crawley (2013).

In these analyses, the experimental units were the Petri dishes (each
including 20 — 25 seeds) to which post-dispersal treatments (incubation
temperatures and stratification periods) were independently applied.
Nevertheless, to check for potential influence due to non-independence of
seeds within a Petri (e.g. substrate, neighbour, and incubator effects), all
models were re-run including Petri as random factor, with the same structures
and selection procedures previously described (with the exception of error
structure, since in case of overdispersion, quasibinomial distribution was not
required due to the presence of the observation-level random effect). However,
in all the cases, the two different approaches produced the same outcomes
and, consequently, only the results of the GLMs were reported.

All analyses were performed using the R software (version 3.1.2, R Core
Team, 2014).
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1.4.3 Results

Microclimatic features

(A) Soil Temperature (°C)
Week of the year Equivalent time of a normal year C w
27 02 — 08 July 9.710.1 11.0+0.1
28 09 — 15 July 10.2+0.3 11.0+0.2
29 16 — 22 July 8.8+0.2 10.6+0.2
30 23 - 29 July 8.810.1 10.3£0.1
31 30 July — 05 August 9.81£0.2 11.31£0.2
32 06 — 12 August 9.4+0.1 10.71£0.1
33 13 - 19 August 8.1£0.3 9.5+0.3
34 20 - 26 August 8.310.3 9.81£0.3
35 27 August — 02 September 8.1+£0.1 9.5+0.1
36 03 — 09 September 7.6£0.1 9.2+0.2
37 10 — 16 September 4,920.5 6.1£0.4
38 17 — 23 September 4.7+0.2 6.310.2
39 24 — 30 September 5.910.2 7.210.3
40 - 41 1 - 14 October Snowrall

(B) 2013 Soil Temperature (°C)
Month Weeks of the year (2013) C w
July 29 - 31 10.8+0.8 12.7£0.7
August 31-35 7.7+1.1 9.3+1.1
September 35-40 4.9+1.2 6.5£1.1

Table 1 (A) Weekly soil temperatures (mean  s.e. in °C) during the snow-free period of the
years 2008 — 2014 in control (C) and warmed (W) plots. Different styling indicates the significant
events of snowmelt (underlined), seed dispersal (bold) and snowfall (italic). (B) Monthly mean

soil temperatures of the year 2013

During the period 2008 — 2014, the snowmelt at the experimental site
occurred on average during the 27th week of the year (WQY), between the 25th
WOQY (in 2011) and the 29th WOY (in 2008). The mean weekly soil temperature
during this week has been detected between 7.4 °C (in 2014) and 11.4 °C (in
2010) in C and between 8.4 °C (in 2014) and 12.0 °C (in 2010) in W (Table 1A).
During the snow free period, which lasted 12 — 13 weeks, the OTCs (W)
produced a mean soil warming of 1.5 K. The increase in temperature caused an
advanced (of about 10 days) of the phenological phases and, coherently, of

seed dispersal timing in W. Indeed, seed dispersal occurred between WOY 35 —
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36 in W and between WOY 36 — 37 in C with a corresponding difference of soil
temperature of about 3 K (Table 1A). The snowfall usually occurs at WOY 40 —
41, in the first half of October (Table 1A).

Seeds of the studied species were collected in 2013, between the 35th
and 36th WOY in W and between the 36th and the 37th WOY in C; the mean
monthly temperature of this growing season, consistent with the multi-year

monthly mean, is shown in Table 1B.

Germination of fresh seeds

(a) Germination phenology

On fresh seeds (i.e. without cold stratification), significant differences in
the final germination were observed among species, whose seeds showed a
higher germination proportion under warmer incubation temperatures but were
not influenced by the pre-dispersal treatment (Table 2A). Furthermore, the
effects of [both] pre-dispersal treatment and incubation temperatures were not
consistent among the species studied (i.e. significant interaction terms).

The increase in incubation temperatures resulted in a significant increase
in germination percentage in all the species and treatments tested (Table 3). At
the coldest temperature (i.e. 5 °C), germination percentage was very low or, in
some cases, null in all the species and treatments (Fig. 1A). In particular, seeds
of C. cerastoides germinated between 20 and 25 %, the germination of warmed
seeds of L. alpina remained less than 1 %, while no emergence was found in
control seeds of L. alpina and in V. alpina. At 10 °C, about 60 — 80 % of seeds
of C. cerastoides and V. alpina germinated and, under higher incubation
temperatures (i.e. 15 and 20 °C), the final germination percentage of these
species remained, on average, at high levels. Conversely, germination of L.
alpina remained low (< 7 %) until the temperature of 15 °C for warmed seeds
and 20 °C for control seeds, after which it showed a significant, but moderate
(up to 40 — 50 % in W and to 30 % in C), increase. The pre-dispersal warming
had no effects on the germination of C. cerastoides and V. alpina (Table 3), but

it determined a higher increase in seed germination of L. alpina (Table 3; Fig.
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1A). Despite this, the final germination of this latter species remained lower (<

50 %) in comparison with those of the other two species.

(b) Mean time fo germinate

Factor Df Dev. Res.Df Dev.Res F-value PFP-value

(A) Final germination

Species (Sp) 2 2769 61 711.9 33.30 <0.001
Pre-dispersal treatment (Tr) 1 1.2 60 710.7 0.30 0.589
Incubation temperature (T) 1 4654 59 2453 111.93 <0.001
SpxTr 2 269 57 2184 3.24 0.047
SpxT 2 424 55 176.0 5.10 0.009
TrxT 1 6.1 54 168.9 1.46 0.232
(B) Mean time to germinate
Species (Sp) 2 0.4 45 8.8 7.47 0.002
Pre-dispersal treatment (Tr) 1 0.0 44 8.8 0.15 0.702
Incubation temperature (T) 1 7.6 43 1.2 293.02 <0.001
Sp x Tr 2 0.2 41 1.1 3.1 0.056
SpxT 2 0.1 39 1.0 1.44 0.250
TrxT 1 0.0 38 1.0 0.02 0.895

Table 2 Results of GLMs on the effects of species (Sp), pre-dispersal treatment (Tr), incubation
temperature (T), and their interactions on (A) final germination and (B) mean time to germinate
of fresh seeds (i.e. without stratification). The models were performed with binomial error and
logit link-function for the final germination and gamma error and inverse link-function for the
mean time to germinate. Seed lots that failed to germinate more than 1% were excluded from
the analysis of B. Degrees of Freedom (Df), Deviance (Dev.), Residual Degrees of Freedom
(Res. Df), Residual Deviance (Dev. Res), /- and P-value are shown. Significant values are
highlighted in bold

Significant differences in the MTG of fresh seeds were found between
both species and incubation temperatures tested (with faster germination under
warmer temperatures), but no effect of the pre-dispersal warming was found
(Table 2B). We found that the increase in incubation temperatures produced a
significant reduction of the MTG in all the species, homogeneously between
both the pre-dispersal treatments and the species (of about 1 day per 1 K of
temperature increase); however, some species-specific patterns were found

(Fig. 1B). In particular, at the coldest temperature (i.e. 5 °C) C. cerastoides was
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the only species able to germinate (values > 5 %) and its seeds kept almost
three weeks (20 d) for germinating. Similary, when the other species started to
germinate, at 10 °C, the MTG was of 20 — 25 d. With the increase in incubation
temperatures the MTG was progressively reduced in all the species, until the

lowest value reached at 20 °C.

Factor Df Dev. Res.Df Dev.Res F-value P-value

Final germination

Cerastium cerastoides

Pre-dispersal treatment (Tr) 1 3.6 14 158.2 0.71 0.417

Incubation temperature (T) 1 934 13 64.8 18.52 0.001

TrxT 1 6.5 12 58.3 1.30 0.277
Leucanthemopsis alpina

Pre-dispersal treatment (Tr) 1 7.6 16 47.9 5.99 0.028

Incubation temperature (T) 1 292 15 18.7 22.94 <0.001

TrxT 1 0.1 14 18.6 0.07 0.797
Veronica. alpina

Pre-dispersal treatment (Tr) 1 3.8 16 91.9 1.23 0.286

Incubation temperature (T) 1 516 15 40.3 16.85 0.001

TrxT 1 0.1 14 40.2 0.031 0.863

Table 3 Species specific GLMs (with binomial error and logit link-function) results on the
influences of pre-dispersal treatment and incubation temperature on fresh seed final
germination. Degrees of Freedom (Df), Deviance (Dev.), Residual Degrees of Freedom (Res.
Df), Residual Deviance (Dev. Res), /- and P-value are shown. Significant values are highlighted
in bold
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Cerastium cerastoides Leucanthemopsis alpina Veronica alpina

Germination (%)
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Figure 1 (A) Final germination percentage (mean t s.e.) of control (C, black bars) and warmed
(W, grey bars) seeds and (B) mean time to germinate (in days, mean % s.e.) of control (full
circles and continuous lines) and warmed (empty circles and dotted lines) seeds of C.
cerastoides, L. alpina and V. alpina under the four incubation temperatures. Seed lots that failed
to germinate more than 1% were excluded from the analyses of the mean time to germination,

although still present in the figures for comparative purposes

Germination after cold stratification

Our analyses showed significant differences in germination percentage
within all the factors (species, pre-dispersal treatment, incubation temperature,
and cold stratification period) tested (Table 4). In particular, germination was on
average higher in C. cerastoides and V. alpina compared fo L. alpina, in W
compared to C seeds, and under warmer incubation temperature and longer
cold stratification periods (Fig. 2). Furthermore, significant interactions revealed
non-consistent responses of species to all the other factors and non-additive
effects of pre-dispersal treatment with different incubation temperatures and
stratification periods. Indeed, species-specific GLMs (Table 5) showed that W
seeds, compared to C seeds, had higher germination with increasing length of
stratification period (in C. cerastoides, Table 5A), with increasing temperature of
incubation (in L. alpina, Table 5B), or with increasing both the length of

stratification period and the incubation temperature (in V. alpina, Table 5C).



PART 1 - Chapter 1.4 Seed Dormancy 55

Factor Df Dev. Res. Df Dev. Res F-value P-value
Sp 2 6211 381 3822.3 69.17  <0.001
Tr 1 2234 380 3598.9 49.75  <0.001
T 1 15221 379 2076.8  339.00 <0.001
Sf 1 50.8 378 2026.0 11.32 0.001
SpxTr 2 90.6 376 1935.4 10.09  <0.001
SpxT 2 986 374 1836.8 10.98  <0.001
SpxSf 2 81.2 372 1755.7 9.04 <0.001
TrxT 1 70.3 371 1685.4 15.66  <0.001
TrxSf 1 54.2 370 1631.1 12.08  <0.001
T x Sf 1 1.8 369 1629.3 0.40 0.526

Table 4 GLM results on the effects of species (Sp), pre-dispersal treatment (Tr), incubation
temperature (Te), cold stratification period (Sf) and their two-way interactions on seed
germination proportion. The model was performed with quasibinomial error and logit link-
function. Degrees of Freedom (Df), Deviance (Dev.), Residual Degrees of Freedom (Res. Df),
Residual Deviance (Dev. Res), /- and P-value are shown. Significant values are highlighted in
bold

The germination of all the three species showed a saturated-pattern in
response to increasing incubation temperatures (Table 5), with higher effects of
increasing temperature on germination under colder than warmer conditions
(i.e. log-transformed temperatures had the best fit to data). However, while /n L.
alpina the effect of the incubation temperatures was consistent under different
stratification periods (Table 5B, Fig. 2B), in the other two species seeds
incubated at the lowest temperature (i.e. 5 °C) showed different patterns of
germination in response to variation in the length of stratification period
compared to those of seeds incubated under warmer temperature levels (Table
5A and 5C, Fig. 2A and 2C).

Finally, seed germination of the species studied strongly differed in response to
the duration of the cold stratification. In particular, seed germination of C.
cerastoides (which had “stratification” as polynomial term in the best model)
showed an initial increase followed by a decrease of germination percentage
with the increasing of the cold stratification period (Table 5A, Fig. 2A). However,

the increase of germination after the earliest cold stratification periods was
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extremely low in seeds produced at the control (C) plots and therefore the
general tendency was to lose germinability increasing the duration of

stratification in this pre-dispersal treatment (Fig. 2A).

Estimate Std. Error t-value P-value

(A) C. cerastoides
(Intercept) -5.6850 0.7610 -7.47  <0.001

log(T) 2.8030  0.3237 866  <0.001
Sf 0.0928  0.0274 339  0.001
S -0.0007  0.0002  -3.81  <0.001
Tr 01221 02595  -047  0.639

log(T) x Sf -0.0409 0.0117 -3.51 0.001

log(T) x S 0.0003 0.0001 3.43 0.001

Sfx Tr 0.0280 0.0044 6.43 <0.001
(B) L. alpina

(Intercept) -4.8571 0.5674 -8.56  <0.001

log(T) 11410 02115 539  <0.001
Tr 2.0266 07429 273 0.007
log(Sf) 0.2996  0.0344 872  <0.001

log(T) x Tr 1.3783 0.2936 4.69 <0.001
(C) V. alpina
(Intercept) -6.0075 1.4577 -4.12 <0.001

log(T) 2.9854 05783 516  <0.001
Sf 0.0734  0.0189  3.88  <0.001
Tr 40819 12556  -325  0.002

log(T)x Sf  -0.0283  0.0072  -3.94  <0.001
log(TyxTr ~ 1.6460  0.5109  3.22 0.002
Sfx Tr 0.0132  0.0060 220  0.030

Table 5 Species specific GLM results on the responses of seed germination proportion to the
different incubation temperature (T), stratification period (Sf), pre-dispersal treatment (Tr) and
their interactions. Estimated coefficient, standard error, t-value and P-value are shown.

Significant values are highlighted in bold

Differently, L. alpina seed germination seemed to have a saturated
response to increase in cold stratification length, with more pronounced
increases of germination during earlier durations of cold stratification (i.e. log-
transformed stratification period had the best fit to data) (Table 5B, Fig. 2B). In
the case of V. alpina, unlike the previous species, the best relationship between

cold stratification period and seed germination was linear, with (after the effects
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of the others factors) a constant increase of germination with increasing
duration of the cold stratification (Tab 5C, Fig. 2C).
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Figure 2 Seed germination (in percentage) of (A) C. cerastoides, (B) L. alpina, and (C) V. alpina.
For each pre-dispersal treatment (C: control, W: warmed) the influences on seed germination of

the length of cold stratification periods and the four incubation temperatures are shown
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1.4.4 Discussion

Germination of fresh seeds

The present study described how pre- and post- seed dispersal climate
warming influenced seed dormancy and germination requirements of three
alpine species inhabiting snowbeds. Here we have shown that after dispersal
germination was similar between seeds produced in the control (C) and under
warming (W) at lower incubation temperatures (i.e. 5 and 10 °C) in all species,
but that seeds of L. alpina produced in W showed a slight increase in
germination under warmer incubation temperatures (i.e. 15 and 20 °C) (Fig.
1A). This alone indicates that germination/dormancy changes on fresh seeds
driven by a warmer parental growth environment are limited and may be
expected only if seeds experience warm (e.g. > 15 °C) conditions after
dispersal. Interestingly, temperatures recorded at the study area at the time of
seed dispersal are usually lower (see Table 1) than those able to stimulate an
increase of seed germination in warmed seeds of L. alpina (15, 20 °C),
indicating that no changes of seedling emergence should be expected in a
future warmer climate on fresh seeds of this species. However, the possibility
that a warmer parental growth environment (than that used here, about +1.5 K)
could have higher effects on germination of fresh seeds cannot be ruled out.

Fresh seeds of all species did not germinate, or germinated very low at
temperature (5 °C) similar to those they currently experience after dispersal
(Table 1A), but germination increased significantly after the cold stratification
(Fig. 2), indicating that seedling emergence of the species studied is likely
programmed to occur after the winter season is passed. Seed germination of
alpine plants is indeed know to occur in spring, after they have experienced
autumn and winter seasons (Kdérner, 2003). However, the high germination of
C. cerastoides and V. alpina (approx. 80 %) found at temperature (10 °C)
similar to those occurring under warming during the seed dispersal time (9.5 °C,
Table 1), suggesting that germination before the winter season should increase
in these species in a warmer climate, which may have important implications for

seedling survival and establishment (see Mondoni et al., 2012; 2015).
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Interestingly, our data also highlighted that such increase occurred similarly
both on seeds produced under W and C, therefore, regardless the climatic
scenarios experienced before seed dispersal. Further, here we have shown that
an increase of seedlings emergence at the end of the snow-free season is
possible only for seeds exposed to approx. 10 °C for at least approx. 10 and 20
days in C. cerastoides and V. alpina respectively (see MTG, Fig. 1B). However,
a recent study showed that also a short-term heat event may affect the timing of
germination and lead seeds to germinate before the winter season (Orsenigo et
al., 2015), suggesting that the early germination could be possible even when
the exposure of fresh seeds to warm temperatures is shorter than those shown
here.

Considering the warming rate predicted for the next decades in the
European mid-latitude mountains (ranging from about +0.3 to 0.5 K per decade,
Nogués-Bravo et al., 2007) and the consequent antedating of phenological
phases in alpine plants (Wipf and Rixen, 2010; Oberbauer et al., 2013), a
significant increase of germination at the end of the snow-free season should be
expected at least for C. cerastoides, that is, among the snowbed species at the

study site, the earliest seed dispersal (Carbognani et al., unpublished data).

Germination after cold stratification

Seeds of our species showed all a certain degree of non-deep
physiological dormancy (sensu Baskin and Baskin 2014), which varied in its
depth depending on the species. Indeed, seed germination increased
significantly increasing the period of cold stratification in all species, with a wide
variation across them (Table 4). In particular, fresh seeds of C. cerastoides
germinated at all temperatures, between approx. 20 % (at 5 °C) and 80 — 100 %
(at > 10 °C) (Fig. 1A), and its warmed treated seeds showed a significant
increase to approx. 90% at 5 °C after three months of cold stratification (Fig.
2A). Indeed, the germination of seeds developed under current climate declined
increasing the stratification period, indicating either a loss of viability or the
development of a secondary dormancy (see below). Seeds of V. alpina showed

similar responses, but did not germinate at 5 °C in absence of cold stratification.
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Conversely, seed germination was low in fresh seeds of L. alpina at all
temperatures (about 30 - 40 %), increasing mostly after long period cold
stratification (i.e. Fig. 2B, Table 5B). On these evidences, although these
species should be considered as non-deep physiological dormant, the different
temperature windows for germination and durations of cold stratification
required to break dormancy, indicate that L. alpina is the strongest
(physiologically) dormant species, followed by V. alpina and C. cerastoides.
Moreover, the increase in stratification period generally resulted in a significant
increase in germination percentage (Table 4, Fig. 2), but the species studied
responded differently to the interplay of cold stratification and warming
treatment. In seeds of C. cerastoides, the increase in stratification duration
modelled opposite responses in seeds produced under W and C, increasing
and reducing the germination percentage, respectively, and similar responses
were observed in V. alpina (see Sf x Tr, Table 5A, C). Conversely, parental
warming did not affect the germination response to cold stratification in L. alpina
(Table 5B). Moreover, the significant temperature x treatment interaction found
in cold stratified seeds in L. alpina (Table 5) indicates that incubation
temperatures had different responses in seeds produced under W and C in this
species. These are interesting and novel observations indicating that changes
of germination requirements induced by the pre-dispersal warming environment
depended on the seed dormancy state, with deeper dormant species showing
major changes in response to incubation temperature on both fresh and cold
stratified seeds (i.e. L. alpina) and less dormant species in response to
stratification (i.e. C. cerastoides and V. alpina) (Table 3 e 5). Moreover,
changes of pre-dispersal temperatures affected germination response to both
stratification and incubation temperatures (at least on cold stratified seeds) in V.
alpina, which showed an intermediate dormancy behavior between C.
cerastoides and L. alpina (see above).

As a result, higher seed maturation temperatures consistently increased
the germination in all species, although to a different extent across them (Fig.
2). Coming back to the other research questions, warming had no affect the
MTG, but widened the suitable temperature range for germination and reduced

the cold stratification time to break dormancy in L. alpina. Indeed, at 15 °C
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germination was extended to approx. 40 % when fresh seeds of this species
matured under warming, while it was lower than 10 % on seeds produced in the
control. Moreover, seed germination was significantly higher in warmed treated
seeds of L. alpina, compared to control ones, just after two weeks of cold
stratification (Fig. 2B), indicating that under warming some species will produce
seeds with shorter chilling requirement to overcome dormancy. This behaviour
occurred at all incubation temperatures, except 5 °C, probably because the cold
temperatures constrain the germination (Fig. 2B).

The higher germination responses observed on both fresh and cold
stratified seeds produced under warming, compared to those developed under
current climate, could be due to changes in the dormancy patterns and/or the
seed viability of our species. Warmer maturation conditions are known to lead to
better quality of seeds (see reviews by Roach and Wulff, 1987; Wulff, 1995;
Gutterman, 2000), and it has been suggested that plants grown in a warmer
environment produce longer lived seeds (Bernareggi et al., 2015). In this
regard, the different behaviour of warmed and not warmed seeds of C.
cerastoides might suggest that current alpine climate is not optimal for seed
development and maturation, reducing the survival capacities during the long-
lasting winter conditions. Similar conclusions may explain the lower germination
of not warmed vs. warmed seeds of L. alpina. However, after 20 weeks of cold
stratification seed germination of V. alpina dropped to 0 % at 5 °C, but remained
almost complete at the other incubation temperatures, indicating that seeds
were still viable. This behaviour reflects the condition of fresh seeds (Fig. 1A,
1C), suggesting that the prolonged permanence at 0 °C could have induced a
secondary dormancy state in seeds of this species. Indeed, it is possible that
non-dormant seeds that do not meet adequate conditions for germination enter
secondary dormancy (Brandel, 2005; Leymarie et al., 2008; Baskin and Baskin,
2014) and, therefore, similar mechanisms may explain also the decrease of
germination with increasing cold stratification period in C. cerastoides and the
lower germination of not warmed vs. warmed seeds in L. alpina.

Summarizing, this study suggests that climate warming will increase the

likelihood of seed germination both just after dispersal and winter season (i.e.
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after cold stratification) due to the effects on seed phenology (e.g. advanced
seed dispersal), phenology (e.g. advanced seed dispersal) and on
environmental conditions (e.g. early snowmelt, warmer temperatures during the
snow free period). However, the consequences that these changes will have on
plant reproduction success still remains partially investigated. For example,
while the germination immediately after seed dispersal has always been
considered disadvantageous because constrains seedlings to cope with the
harsh winter conditions, a recent study in a glacier foreland showed that a high
percentage (about 60 and 75 %) of autumn emerged seedlings can survive
through the winter (Mondoni et al., 2015). However, overcoming the winter
involve elevated energy consumption (Maruta, 1994), which may reduce the
growing capacities in spring. Moreover, the higher germination of warmed
treated vs. not warmed seeds also after long periods of stratification, suggest an
increase in reproductive success. A persistent soil seed bank in several alpine
species is thought to be an ecological adaptation to the low chance of
establishment in these environments (Schwienbacher et al.,, 2010). Hence,
higher germination may not necessarily be beneficial for alpine plants, as
summer drought and late-winter/early spring soil freeze-thaw events are
expected to increase due to climate warming (Wipf and Rixen, 2010;
Barriopedro et al., 2011), as already shown in some mountain regions (Rikiishi
et al., 2004; Scherrer et al., 2004; Mote et al., 2005), reducing the likelihood of
seedlings to survive. In order to ensure a realistic evaluation of the recruitment
success in alpine environment, it is necessary to consider the all effects, direct
and indirect, that climate warming produces in any time of the year. In this
regard, in situ sowing experiments at the Gavia Pass are underway in order to
understand whether a longer and warmer growing season could be

advantageous for seedling recruitment and establishment in snowbeds.
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TABLES

Table 1 (A) Weekly soil temperatures (mean % s.e. in °C) during the snow-free
period of the years 2008 — 2014 in control (C) and warmed (W) plots. Different
styling indicates the significant events of snowmelt (underlined), seed dispersal

(bold) and snowfall (italic). (B) Monthly mean soil temperatures of the year 2013 ...50

Table 2 Results of GLMs on the effects of species (Sp), pre-dispersal treatment
(Tr), incubation temperature (T), and their interactions on (A) final germination
and (B) mean time to germinate of fresh seeds (i.e. without stratification). The
models were performed with binomial error and logit link-function for the final
germination and gamma error and inverse link-function for the mean time to
germinate. Seed lots that failed to germinate more than 1% were excluded from
the analysis of B. Degrees of Freedom (Df), Deviance (Dev.), Residual Degrees
of Freedom (Res. Df), Residual Deviance (Dev. Res), /- and P-value are

shown. Significant values are highlighted in bold................cccc 52

Table 3 Species specific GLMs (with binomial error and logit link-function)
results on the influences of pre-dispersal treatment and incubation temperature
on fresh seed final germination. Degrees of Freedom (Df), Deviance (Dev.),
Residual Degrees of Freedom (Res. Df), Residual Deviance (Dev. Res), /- and

P-value are shown. Significant values are highlighted in bold........................... 53

Table 4 GLM results on the effects of species (Sp), pre-dispersal treatment (Tr),
incubation temperature (Te), cold stratification period (Sf) and their two-way
interactions on seed germination proportion. The model was performed with
quasibinomial error and logit link-function. Degrees of Freedom (Df), Deviance
(Dev.), Residual Degrees of Freedom (Res. Df), Residual Deviance (Dev. Res),

F- and P-value are shown. Significant values are highlighted in bold ............... 55
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Table 5 Species specific GLM results on the responses of seed germination
proportion to the different incubation temperature (T), stratification period (Sf),
pre-dispersal treatment (Tr) and their interactions. Estimated coefficient,
standard error, t-value and PFP-value are shown. Significant values are
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FIGURES

Figure 1 (A) Final germination percentage (mean + s.e.) of control (C, black
bars) and warmed (W, grey bars) seeds and (B) mean time to germinate (in
days, mean % s.e.) of control (full circles and continuous lines) and warmed
(empty circles and dotted lines) seeds of C. cerasfoides, L. alpina and V. alpina
under the four incubation temperatures. Seed lots that failed to germinate more
than 1% were excluded from the analyses of the mean time to germination,

although still present in the figures for comparative purposes.............cc........... 54

Figure 2 Seed germination (in percentage) of (A) C. cerastoides, (B) L. alpina,
and (C) V. alpina. For each pre-dispersal treatment (C: control, W: warmed) the
influences on seed germination of the length of cold stratification periods and

the four incubation temperatures are shown...............ccccooii i 57



PART 2

CHAPTER 2.1. THE GLOBAL TREELINE EXPANSION
EXPERIMENT

View of the Dicshma Valley and the Jakobshorn, Davos
(Photo: Giulietta Bernareggi)

G-TREE is a globally distributed collaborative project aimed at testing the
mechanisms driving treeline position in order to be able to predict the expansion

of the treelines in the future.

A field experimental design with seeding and substrate-altering
treatments was used in ordet to disentangle seed versus substrate limitations
on on range treeline expansion. Participating researchers from Canada, the
United States, Europe, Russia, Australia and Venezuela have begun
implementing the field experiment in 2013 (follow an identical field protocol,
Brown et al., 2013) at arctic and alpine treeline sites, covering both latitudinal
and altitudinal treelines. This initiative will provide empirical data on where and
under what circumstances treeline expansion can occur globally.

In the Swiss Alps, a G-TREE site was set up in the Dischma valley,

Davos.
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CHAPTER 2.2. THE SWISS G-TREE EXPERIMENT: SEED
LIMITATION AT AN ALPINE TREELINE

View of the Dicshma Valley from the Schwarzhorn, Davos

(Photo: Giulietta Bernareggi)

2.2.1 Introduction

Global mean temperatures have increased over the past century and
future warming is predicted to be most pronounced in high latitudinal and
mountain ecosystems (Solomon et al., 2007). Recent warming induced range
shifts as species track their optimal climate (Parmesan and Yohe, 2003).
Increased shrub abundance in Arctic tundra ecosystems worldwide provides
evidence for latitudinal range shifts (Sturm et al., 2005, Myers-Smith et al.,
2011; Elmendorf et al., 2012). Upward shifts of shrubs and trees have also been

observed in mountain regions (Theurillat and Guisan, 2001; Tinner and
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Ammann, 2005; Kullmann, 2002, Moiseev and Shiyatov, 2003; Esper and
Schweingruber, 2004; Devi et al., 2008). Treeline position is widely considered
temperature sensitive (Mikola, 1952; Koerner, 2007) and thus potentially
responsive to climate warming (Holtmeier and Broll, 2005, Kérner, 2012; Kérner
and Paulsen, 2004). However, treeline advances are not yet a worldwide
phenomenon, because they lag behind rates of climate change (Chapin et al.,
2005; Loarie et al.,, 2009). Nevertheless, a global meta-analysis revealed
considerable seedling recruitment above treeline consistent with observed rates
of recent warming implying the possibility of future treeline advances (Harsch et
al., 2009). Although seedling recruitment is not directly linked to treeline shifts
(Graumlich et al, 2005), upper treeline positions depend on natural regeneration
in the long-term (Kérner, 2012).

Besides climate, numerous other abiotic factors and biotic interactions
are limiting tree seedling recruitment. One pre-requisite for successful seedling
recruitment is the availability of viable seed (Turnbull et al., 2000), which
commonly declines with elevation (Kérner, 2012; Holtmeier, 2009). Seed
limitation at treeline is mainly caused by decreasing quality and quantity of
available seed such as extended production time intervals (reviewed in
Holtmeier, 2009). Seed dispersal may also be a limiting factor with short wind-
mediated dispersal distances restricting dispersal beyond treeline (Kullman,
2005; Mazepa, 2005; Kuoch, 1965). However, other studies contradict the
importance of seed limitation at treeline (Kérner, 2012).

Successful recruitment also strongly depends on the availability of
suitable microsites for establishment and survival. A multitude of factors
determines the quality of such microsites, such as light, the presence of
competitors, climate and herbivory (Leck et al., 2008). Dense vegetation cover
may impede recruitment by shading and competition for moisture and nutrients
(Hobbie and Chapin Ill, 1998; Schoénenberger, 1975; Weih and Karlsson, 1999),
but also facilitate recruitment by sheltering seedlings from adverse climate
effects (Holtmeier, 2009; Haettenschwiler and Smith, 1999). Along
environmental stress gradients, biotic interactions are predicted to change from

competition to facilitation at high and low stress levels respectively (Callaway,
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2002). Treeline ecotones are characterized by more open spaces exposing tree
seedlings to similar beneficial life conditions as low stature alpine vegetation
(Kérner et al., 2003). Such open microsites are warmer than seedbeds in
montane forests due to surface heating effects that are maintained over the
growing season (Scherrer and Koerner, 2010). Many tree species need open
and thus warmer micro-habitats for successful germination and establishment
(Bullock and Clarke, 2000; Leck et al., 2008). Seed germination rates of the
most common tree species, e.g. Larix decidua and Picea abies, peak at
temperatures above 20 °C (Black and Bliss, 1980; Nather, 1958; Tranquillini,
1979; Sveinbjornsson et al., 1996). In contrast to these positive thermal effects,
open microsites with exposure to high solar radiation may also negatively affect
seedling recruitment by increasing low-temperature and water stress (Germino
et al. 2002; Bader et al., 2007; Maher et al., 2005). Moreover, the lack of shelter
increases the susceptibility of seedlings to herbivores. In fact, herbivory,
together with drought, are the most common causes for seedling mortality in
these environments (Moles and Westoby 2004; Anschlag et al. 2008).

Only few studies focus on individual abiotic and biotic factors affecting
seedling recruitment in treeline ecotones (e.g. reviewed in Holtmeier 2009;
Zurbriggen et al. 2013), while there is even more need for research on
interactions among multiple factors in treeline ecotones (but see Brown et al.,
2013; Brown and Vellend, 2014; Tingstad et al., 2015). In this study we
investigated the effects of climate factors and biotic interactions, as well as their
interactions, on seedling recruitment of two common tree species, European
Larch (Larix decidua MILL.) and Norway spruce (Picea abies (L.) KARST.) at
three different elevations below, at and above the current treeline in the Swiss
Alps. In half of the plots, seeds of local low and high elevation provenances
were sown into intact vegetation and bare-ground plots in two consecutive
years and with herbivore exclusion from half of the plots. Specifically, we
addressed the following research questions:

(i) Is seedling recruitment along an elevational climate gradient

across treeline limited by the availability of viable seeds?

(i) Is seedling recruitment influenced by biotic interactions (i.e. seed

bed openness, herbivory)?
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(i) If so, do biotic interactions vary along an elevational climate
gradient across treeline and over time?
(iv)  Are there species- and provenance specific differences in

recruitment responses to interacting abiotic and biotic factors?

2.2.2 Methods
Study area

The Swiss G-TREE experiment was set up along an elevational gradient in an
alpine treeline ecotone located in the Dischma valley, Davos, Switzerland
(Table 1). The forest site (the lowest) is located at 1,930 m a.s.l., in a subalpine
larch-spruce forest (Larici-Picefum) neat to the regional upper treeline limit. The
underwood is consists in tall and large-leafed herbaceous vegetation
(predominantly Adenostylion). The treeline site (mid elevation) is located at
2,090 m a.s.l., at the current treeline, and is dominated by dense dwarf shrub
vegetation (predominantly Rhododendro-Vacciniefum). The alpine site (the
highest) is located at 2,410 m a.s.l., approximately 300 m above treeline, in an

alpine meadow (Caricefum curvulae).

Site Longitude Latitude Elevation Mean annual soil

[°N] [°E] [masl] Temperature [°C]
forest  46.777 9.868 1930 5.7¢4.0
treeline  46.774 9.866 2100 5.41£3.7
alpine  46.769 9.862 2390 5.3%5.2

Table 1 Position, elevation and mean annual temperature at the forest, treeline, and alpine G-
TREE site

Studied species
Larix decidua Mill. (European Larch)
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L. decidua
© Pignatti

Family: Pinaceae

Biological form: P scap

Choritype: Orof. Centro-Europ.

Flowering: IV-VI

Altitude: 0-2400 m

Morphological description: Heigh 8-25 (-55) cm. Gray-brown sclay bark, with
grooves of max 1.5 cm. Pendulous branches with longitudinal striations are of
about 3 mm in diameter. Brachiblasts are oval (3 x 5 mm) with 30-40 soft and
capillary needle-like leaves of 1 x 8-18 mm. The cones are erect, ovoid-conic, 2
x 3 cm.

Habitat: mountain and sub-alpine woods.

Ellenberg’s Ecological Index

Distribution



PART 2 - Chapter 2.2 The Swiss G-Tree Experiment

A

Figure 1 Distribution map of Larix decidua (European Larch) (Source: EUFORGEN)1
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Picea abies (= Picea excelsa L.) KARST (Norway spruce)
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© Pignatti

Family: Pinaceae

Biological form: P scap

Choritype: Eurosib.

Flowering: IV-V

Altitude: 0-2200 m

Morphological description: Heigh 8-35 (-65) cm. Gray-brown bark, scaly on old
trees with plates 5mm thick and a reddish-brown underlying layer. Branches of
1cm in diameter, reddish-brown bark with longitudinal scales of 1 x 3 mm. twigs
orange-brown, usually glabrous. Buds reddish brown, 5-7 mm, apex acute.
Niddle-like leaves 1 x 8-12 (-25) mm, rigid, light to dark green. Seed cones 3-4
x 8-15 cm; scales diamond-shaped.

Habitat: subalpine coniferous forest.

Ellenberg’s Ecological Index
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Figure 3 Distribution map of Picea abies (Norvay spruce) (Source: EUFORGEN)2

In Switzerland, the elevation range of L. decidua is 600 to 2,100 m a.s.l,,
whereas P. abies has a slightly lower elevation range of 500 to 1,800 m a.s.|.83.
For each species, we used seeds from a low- and a high-elevation provenance,
located within 30 km of the study area (Table 2). Seeds were procured from the
Swiss Federal Institute for Forest, Snow and Landscape Research WSL
(Birmensdorf, Switzerland) and stored at 5 °C prior to sowing. Seed viability was
determined by direct germina-tion tests under laboratory conditions (Frey et al.,

2018).
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Provenance Lon§itude Latjtude Elevation Aspect TGW  Viability Eleva.tion range of
[°N] [°E] [mas.l] [g] [%] species [m a.s.L.]
LL 46.699 9.709 1350 SW 1995 28 600-2100
LH 46.509 9.849 1760 SE 1970 11 600-2100
PL 46.917 9.785 1000 S 1985 74 500-1800
PH 46.734 9.849 1960 SW 1983 61 500-1800

Table 2 Locations of the seed provenances. TGW: seed mass in thousand grain weight. Viability:
seed viability. LL: low-elevation provenance of L. decidua, LH: high-elevation provenance of

L.decidua; PL: low-elevation provenance of P. abies;, PH: high-elevation provenance of P. abies

Experimental design

In summer 2013, the three experimental sites were set up following the
standard protocol of the global GTREE-initiative (Brown et al.,, 2013). A
scarification treatment was applied using a hand-cultivator to remove surface
plant litter, as well as mosses and lichens, but leaving vascular plants rooted in
the soil. Seeds of the two studied species were equally spread on half of the
subplots in the first year (2013). The other half of the subplots was seeded at
the beginning of the following growing season in spring 2014. Immediately after
seeding, half of the subplots were covered with durable and stable metallic
cages (45 cm x 28 cm) to exclude herbivores (“split subplot”). Each metal cage
covered two adjacent subplots. These cages are expected to exclude mice,
ungulates, mountain hares, and birds, whereas burrowing animals, such as
voles, are probably not prevented from entering (M. Schitz, personal
communication 2013). Fences were installed at all three sites to protect
experimental plots from grazing and trampling by cattle and horses.

In this full factorial experimental design, seeding and substrate
treatments were applied at plot level. Treatment combinations were randomly
assigned to 20 plots per site, which were 2.24 m long and 0.45 m wide each.
This resulted in 5 replications of each treatment combination at each of the
three experimental sites. Each of these plots was subdivided into 16 sub-plots
(22.5 cm x 28 cm each) to which all possible combinations of the four other
experimental factors (species, provenance, herbivory exclosure, and year of

seeding) were randomly assigned. Overall, this resulted in 960 subplots.
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Seedling emergence and survival were assessed by counting the
seedlings in each subplot at the beginning and end of the growing season in
2013, 2014 and 2015. All seedlings were marked to avoid double counts. The
height of the seedlings was measured using a hand ruler at the end of growing
seasons 2014 and 2015. In subplots with more than ten seedlings, ten arbitrarily
chosen seedlings were measured.

At each site, temperature loggers (iButton; Maxim Integrated Products,
Sunnyvale, CA, USA) recorded soil temperature at a depth of 5 cm (Table S3).
Daily minimum, mean and maximum climate data (air temperature,
precipitation, snow depth, wind) was provided by a climate station at 2100 m

a.s.l. that is located in a distance of approx. 50 m from the mid-elevation site.

Statistical Analyses

Linear and generalized linear mixed-effects models (LMMs and GLMMs;
Faraway, 2006; Pinheiro and Bates, 2000) were used to analyse the response
of seedling recruitment (emergence, winter survival and growth) to the
investigated abiotic and biotic factors as well as their interactions. Due to the
(almost complete) lack of natural germination unseeded plots were omitted from
these analyses and the forest site was excluded from survival and growth trait
models because of the very low seedling recruitment at this site. GLMMs for
seedling emergence and first winter survival contained site, substrate, species,
provenance, year of seeding, and herbivore exclosure treatment as fixed
effects. Because of the small data set for second winter survival, it was not
possible to test the influence of substrate treatment, herbivore exclosure and
interactions including these factors. All three GLMMs used binomial
distributions. Seedling height was modelled using an LMM that contained the
fixed effects site, species, provenance, and year of seeding. This data set was
too small to analyse interactions between model factors. All models accounted
for spatial correlation among subplots by including plot and two subplot-
structures as random effects. Significances of model factors were determined
by likelihood ratio tests and non-significant fixed effects were eliminated from

the final models. All models were fit using standard procedures for model
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diagnostics (Zuur et al., 2009) with the Ime4-library (Bates et al.,, 2012) in R
3.1.3 (R Core Team, 2014).

2.2.3 Results

Seedling emergence

Natural recruitment was observed only at the forest site where 15 L. decidua
seedlings and seven P. abies seedlings were found. In the seeded plots, a total
of 768 L. decidua seedlings and 959 P. ables seedlings were counted at the
end of the first growing season in all 60 plots. Emergence was significantly
higher for L. decidua (6.3£0.7 % of viable seeds per subplot; mean * standard
error) than for P. abjes (2.910.4 %; species P < 0.001) (Fig. 4).
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Figure 2 Seedling emergence as percentage of viable seeds in dependence of experimental site
for the two seeding years 2013 and 2014 (A) and for the two substrate treatments (B). Error

bars indicate standard errors of trait means

Only 12 seedlings (0.1£0.04 % of viable seeds) emerged at the forest
site. Seedling emergence was significantly higher at the treeline and alpine
sites, where 734 (5.8+0.8 %) and 981 (8.0+£0.8 %) seeds emerged, respectively
(site P = 0.013). Total emergence was similar in both years 2013 and 2014
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(year P = 0.87). However, the distribution of emergence among sites varied

between the two seeding years (year x site P < 0.001; Fig. 4a). It was more

than three times higher at the treeline site than at the alpine site in 2013 (9.5 %

vs. 3.0 %). Conversely, in 2014, emergence at the alpine site was more than six

times higher as compared to the treeline site (13.1

% vs. 2.0 %).

Factor X2 Df Pr(> x2) Significance
(a=0.05)

year 0.025264229 1 0.873710431
site 6.181764048 1 0.012907353 *
scarified 2.883306059 1 0.08950209
species 24.54276987 1 7.27E-07 b
provenance 36.7375166 1 1.35E-09 e
cage 15.38009863 1 8.79E-05 b
year:site 93.02452267 1 5.17E-22 o
year:scarified 3.225830347 1 0.072485027
year:species 1.08038928 1 0.298610488
year:provenance 0.897816263 1 0.343367927
year:cage 4.624882191 1 0.031511425 ~
site:scarified 6.463003202 1 0.011014334 *
site:species 0.0216611 1 0.882992232
site:provenance 0.478995865 1 0.488877501
site:cage 0.011326132 1 0.915245713
species:scarified 0.454900164 1 0.500017083
provenance:scarified 0.354472221 1 0.551592367
scarified:cage 0.043812323 1 0.834203175
species:provenance 19.58046866 1 9.65E-06 o
species:cage 0.956126895 1 0.328164637
provenance:cage 7.029602793 1 0.008017313 **

Table 2 Effects of seeding year, experimental site, scarification treatment (scarified), species,

provenance and herbivore exclosure treatment (cage), as well as their interactions, on seedling

emergence. Values and symbols are x2-values and significances, respectively, from likelihood

ratio tests of mixed-effect models. Significance levels: (*)P < 0.1; *P < 0.05; **P < 0.01; ***P <

0.001

Emergence of the two P. abies provenances differed only slightly (3.3 %

for low vs. 2.5 % for high provenance). In L. decidua, however, low provenance

seeds (10.6 %) emerged about five times more frequently than high provenance

seeds (2.1 %; species x provenance P < 0.001). Substrate scarification
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enhanced emergence at the treeline site but not at the alpine site (site x
scarified P = 0.01) in both species and years (Table 2; Fig. 4b). The protection
against herbivores resulted in a general increase in emergence from 4.0 % to
5.2 % (cage P < 0.001). This effect was slightly stronger in 2013 than 2014
(year x cage P = 0.03) and the increase was more pronounced for low than for

high provenance seedlings (P = 0.008).

Early stage seedling establishment

The fraction of seedlings that survived the first winter was significantly
lower at the alpine site (8.5+2.0 %) than at the treeline site (51.5+4.4 %, site P
< 0.001; Fig. 5, Table 3).
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Figure 3 Seedling survival rates after the first winter in dependence of experimental site for
species and provenances (A) and for the two substrate treatments (B). LL: L. decidua low
elevation provenance, LH: L. decidua high elevation provenance, PL: P. abies low elevation
provenance, PH: P. abjes high elevation provenance. Error bars indicate standard errors of trait

means.

Factor VG Df Pr(> x?) Significance
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(a=0.05)

site 27.05833918 1 1.97E-07 b
scarified 18.54736328 1 1.66E-05 e
species 3.365937057 1 0.066557709 (*)
provenance 4.330422172 1 0.037436959 *
cage 0.473961241 1 0.491170435
site:scarified 3.739132591 1 0.053152031 (*)
site:species 5.810687129 1 0.015929069 *
site:provenance 0.109503799 1 0.740709762
site:cage 1.166019207 1 0.280220699
species:scarified 1.191007313 1 0.275126464
provenance:scarified 3.697858298 1 0.054482359 ()
scarified:cage 1.997239877 1 0.157585941
species:provenance 0.010684409 1 0.917672962
species:cage 0.536497429 1 0.463887941
provenance:cage 0.200002353 1 0.654718947

Table 3 Effects of experimental site, scarification treatment (scarified), species, provenance and
herbivore exclosure treatment (cage), as well as their interactions, on first winter survival.
Values and symbols are x2-values and significances, respectively, from likelihood ratio tests of
mixed-effect models. Significance levels: (*)P < 0.1; *P < 0.05; **P < 0.01; ***P < 0.001.

Survival was generally higher on scarified plots than on plots with an
intact vegetation cover (scarified P < 0.001), but the difference was more
pronounced at the treeline than at the alpine site (site x scarified P = 0.053; Fig.
5b). All other interactions were not significant (P > 0.05). Low provenance
seedlings of both species had slightly higher survival rates after the first winter
as compared to high provenance seedlings (provenance P = 0.037).
Differences between the two species were only marginal (species P = 0.067)
and herbivore exclosure did not significantly influence winter survival. Absolute
numbers of surviving seedlings after the first and second winter can be found in
Table S4.

Similar to first winter survival, survival after the second winter was lower
at the alpine site (25.9£10.3 % of the seedlings observed at the end of the
previous growing season, Table 4) than at the treeline site (79.2+6.0 %; site P =
0.023; Fig. 6). Low provenance L. decidua seedlings had a higher survival rate
during the second winter than their high provenance counterparts, whereas in

P. abies survival was higher for high than for low provenance seedlings
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(species x provenance P = 0.007). Species and provenance individually, as well

as their interactions with site were not significant.
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Figure 4 Seedling survival rate after the second winter in dependence of experimental site for
species and provenances. LL: L. decidua low elevation provenance, LH: L. decidua high
elevation provenance, PL: P. ables low elevation provenance, PH: P. abies high elevation

provenance. Error bars indicate standard errors of trait means

Factor X2 Df Pr(> x2) Significance
(a=0.05)

site 5.15882155 1 0.02312859 *

species 1.00374778 1 0.31640535

provenance 0.55284162 1 0.45715893

site:species 0.1418914 1 0.70640789
site:provenance 0.15861445 1 0.69043538

1

species:provenance 7.36905897 0.00663556 >

Table 4 Effects of experimental site, species and provenance, as well as their interactions, on
second winter survival. Values and symbols are x2-values and significances, respectively, from
likelihood ratio tests of mixed-effect models. Significance levels: (*)P < 0.1; *P < 0.05; **P <
0.01; ***P < 0.001

After the second growing season, seedlings had grown to an average
height of 3.3£0.1 cm. They were significantly taller at the treeline (3.8+0.1 cm)
than at the alpine site (2.6£0.1 cm; site P < 0.001; Fig. 7, Table 5). However,
there were no differences in seedling height with respect to year of seeding,

species and provenance (P > 0.1 for all three factors).
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Figure 5 Seedling height in dependence of experimental site for species and provenances. LL:
L. decidua low elevation provenance, LH: L. decidua high elevation provenance, PL: P. abjes
low elevation provenance, PH: P. abjes high elevation provenance. Error bars indicate standard

errors of trait means

Factor X2 Df Pr(> x2) Significance
(a=0.05)

year 0.00026151 1 0.98709767

site 20.9631683 1 4. 68E-06 o

species 1.69618866 1 0.19278717

provenance 2.48948283 1 0.11460938

Table 5 Effects of seeding year, experimental site, species and provenance on seedling height.
Values and symbols are x2-values and significances, respectively, from likelihood ratio tests of
mixed-effect models Significance levels: (*)P < 0.1; *P < 0.05; **P < 0.01; ***P < 0.001

Climate

The average mean air temperature for summer (i.e. June, July and
August) over the period 1981 — 2010 measured at the climate station at 2100 m
a.s.l. was 9.4 °C (Table S3). Summer 2013 with a mean temperature of 10.6 °C
was clearly above average, whereas the following summer 2014 with a mean
temperature of 8.7 °C was slightly below average. Summer temperature in 2015
was the second highest ever measured (11.8 °C). Measurements at the nearby
MeteoSwiss station Davos (1594 m a.s.l.) show that the summers of 2013 (265
mm) and 2015 (261 mm) both had significant precipitation deficits with only 64
% of the normal precipitation sum (410 mm in the 1981 - 2010 period).
Conversely, precipitation in summer 2014 (492 mm) was 20 % above average
(MeteoSwiss, 2015).
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2.2.4 Discussion

Limitation by the availability of viable seeds

This study provides experimental evidence for seed source limitation in
an alpine treeline ecotone with almost no natural recruitment. While seed
limitation has been reported for different forest ecosystems (e.g. Turnbull et al.,
2000; Eriksson & Ehrlén, 1992; Tilman, 1994; 1997), it seems to be particularly
common for treeline ecotones (Kuoch, 1965; Holtmeier, 1999; 2009). This can
be partly explained by decreasing seed production with increasing elevation of
treeline species such as P. abies and L. decidua, resulting in good seed crop
years only once a decade (Tschermak, 1950). In addition, seed ripening may be
decelerated and the amount of empty, non-viable seeds may be increased due
to the shorter growing period at treeline (Kérner, 2012). As a consequence,
natural regeneration from seeds is very critical in the treeline ecotone
(Holtmeier, 1993;1995a; 1999). The extremely low recruitment at the forest site
is expected to be caused by the dense cover of competing understorey
vegetation that prevents seedling emergence by strongly reduced light
availability at the soil surface. Imbeck and Ott (1987) studied P. abies
regeneration in a similar subalpine spruce forest rich in tall forbs (Picefo-
Adenostyletum) near our study site in the Swiss Alps and reported less than 5%
of natural recruitment on sites with dense vegetation cover. Our findings also
agree with the reduced survival in one-year-old transplanted P. mariana
seedlings in shaded plots (Cranston and Hermanutz, 2013) and the negative
correlation between survival and canopy cover in L. decidua and Picea spp.
(Manson et al.,, 2004). Another important aspect is the asynchronous
phenological timing of the understorey forbs and seedling emergence (Imbeck
and Ott, 1987). In spring, the understorey vegetation at our forest site is still
very short-grown enabling seeds to emerge, as shown by the few naturally
emerged seedlings at the start of the experiment in June 2013 that did not
survive the first summer. A similar situation applies for the treeline site with the
dense tall dwarf-shrub layer limiting seedling recruitment despite single seed

bearing trees nearby (Grau et al.,, 2013; Cranston and Hermanutz, 2013)
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whereas seed bearing trees are quite far from the uppermost site that is located
approx. 300 m above the natural treeline. However, recent studies showed that
seedlings of L. decidua and P. abies have higher altitudinal distribution limits
than adult trees of the same species (Lenoir et al., 2009). According to Kérner
(2012), this difference in range limits between seedlings and adult trees might
be due to the enhanced temperatures close to the ground from which seedlings
profit whereas adult trees are exposed to lower air temperatures. However, tree
seedling occurrence above treeline has to be considered carefully and is not
directly linked to climate warming (Koérner, 2012). Nevertheless, it shows the
potential for an upward range expansion of trees in the Alps in the context of

future climate warming (Vitasse et al. 2012).

Biotic and abiotic interactions as recruitment limitations

Substrate limitation

Suitable substrate as seedbed is decisive for seedling establishment by
allowing the germination and successive thrive of those seeds that reach the
soil surface. The higher emergence on scarified plots at the treeline site, in
comparison with the alpine site, is likely influenced by the dense dwarf-shrub
and thick moss layer covering the soil surface and indicating substrate limitation
for seedling emergence in this site (Table 2; Fig. 4). Indeed, dense vegetation
cover may prevent seeds from reaching a suitable seed bed by competition for
moisture and nutrients, as well as shading effects (Weih and Karlsson, 1999).
Moreover, Hunziker and Brang (2005) showed that a deep and dense moss mat
impeded germination of P. abjes seeds by preventing seedlings from reaching
the soil surface (but see Motta et al., 1994; Munier et al., 2010). Conversely,
seedbed at our alpine site was not limiting for germination probably because of
the less dense vegetation cover with a relatively high proportion of rock and
bare ground. Indeed, reduced competition and exposed mineral soil provide a
particularly favourable seedbed for seed recruitment (Munier et al., 2010;
Tingstad et al., 2015).
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Similar to emergence, seedling survival after the first winter was higher
on scarified plots than on intact vegetation in particular at the treeline site (Table
3; Fig. 5b). In contrast, Wheeler et al. (2011) observed lower survival in one
year old Picea mariana seedlings on bare ground than on moss covered
substrate. The authors relate their findings to the protective effect of the moss
covered substrate against adverse climate conditions, whereas competing
effects of dense moss cover and shading dwarf-shrubs seem to outweigh
positive sheltering effects in our study system. Hence, the presence of bare soil
generally enhanced seedling recruitment, indicating substrate limitation and
suggesting how substrate disturbance may contribute to reduce the competing

effect of vegetation.

Seedling predation

Post-dispersal predation is known to be an important constraint on
seedling recruitment and several experiments about post-dispersal seed and
seedling predation in Picea and Abies species showed that seeds might be
eaten by different groups of animals, i.e. invertebrates, rodents, birds, small and
large mammals (Coté et al., 2003; 2005; Castro et al., 1999; Ité and Hino, 2004,
Dulamsuren et al., 2013). The protection against herbivores in our study
resulted also in an increased seedling emergence (Table 1) supporting the
evidence that herbivores can be an important constraint on seedling recruitment
at treeline. However, the overall impact of post-dispersal seed and seedling
predation might have been reduced in our study system by the exclusion of
invertebrates and digging animals, such as voles, mice and small rodents that

seem to have a major influence on seed predation.

Effects of inter-annual climate variability and species-provenances on
seedling recruitment

Emergence

The present study provides evidence for the fact that inter-annual climate
variability affects seedling emergence (Table 2). Growing season temperatures
and precipitation varied considerably among the three study years. The warm

and dry summer of 2013 was followed by a cold and wet summer in 2014 and
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an exceptionally warm summer in 2015 (Fig. S2). In 2013, highest seedling
emergence occurred at treeline, whereas in 2014, highest emergence was
observed at the alpine site (Table 2; Fig. 4a). This result may be explained by
stronger limitations due to summer drought at high elevation, where no tall-
growing vegetation, such as dwarf-shrubs, give protection against strong solar
radiation and prevent drought related to the early seedling mortality. Indeed,
several studies provide evidence for negative effects of high solar radiation on
seedling recruitment (Germino et al., 2002; Bader et al., 2007; Maher et al.,
2005). However, our result is in contrast to the finding of Castanha et al. (2012),
who observed highest germination at an alpine site in an exceptionally warm
summer (2009) in a study on seedling recruitment of Pinus flexilis and Picea
engelmanni across a treeline ecotone in the Rocky Mountains (Colorado, USA).
The authors relate their findings to the fact that higher temperatures extended
the alpine growing season due to earlier snow melt, while they induced

emergence constraining drought at the lower forest site (Castanha et al., 2012).

On plots with intact vegetation, seedling emergence from seeds sown in
2014 was higher than emergence from seeds sown in 2013 (Table 2). This
possibly reflects the cold and wet conditions of summer 2014 and suggests that
the main constraint was not water availability, but water surplus leading to
rotting of seeds. The effect of the surrounding vegetation may have been
positive in summer 2014, due to higher interception, absorption and evaporation
(Hibbert, 2007) in contrast to the low water supply in summer 2013, where
reduced competition for water on scarified plots may have facilitated seedling
emergence. The influence of inter-annual climate variability can thus hardly be
generalized, and it is important to consider the timing and duration of drought
periods, but also the timing of spring snowmelt and potential water surplus

effects.

Early Seedling Establishment

In our experiment, seedlings that survived the first winter generally

survived till the end of the second vegetation period (Table S4). This finding
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coincides with Batllori et al. (2009) who observed 100 % summer survival after
the first winter for Pinus uncinata in a seedling transplant experiment in the
Pyrenees. While this confirms the hypothesis that first winter is one of the major
bottle necks for seedling recruitment, as it bears the greatest risk to survival
(Kérner, 2012), we have to take into account that, depending on climate,
mortality waves are also possible in later stages of seedling recruitment.
Indeed, our findings of generally high seedling mortality during the second
winter that was more pronounced at the alpine than the treeline site (Table
4,54; Fig. 6) may be related to more adverse autumn climate conditions at high
elevation (Fig. S1). Likewise, earlier research in our study area showed that
seedling survival was high during the first three years of observation for P.
abies, L. decidua and other coniferous species, but was strongly reduced after
the third winter for the broadleaved species A/nus viridis and Sorbus aucuparia
(Zurbriggen et al., 2013). This shows the need for studying seedling recruitment
also in later stages and that these effects may be strongly species specific and

even affected by provenance differences.

Species and Provenance Effects

In our study, low provenance seedlings of L. decidua emerged better
than high provenance seedlings of the same species (Table 2). This result may
be seen as a contradiction to several investigations and practical experiences
with low survival rates of lowland provenances in higher altitudes near treeline
(Nather, 1987, Schoénenberger et al., 1990). However, while most of these
investigations and experiences with lowland provenances are based on
afforested trees and showed that a particular susceptibility to frost damage
during a later stage of seedling development was increased for lowland
provenances, this was obviously not yet a critical factor for the one- and two-
year old seedlings in our study. The better emergence of low provenance
seedlings of L. decidua in our experiment might possibly be because those
seeds were considerably heavier compared to the seeds of the high elevation
provenance and this larger seed sizes may have favoured germination. In fact,
under higher environmental stress, larger seed size may favour germination

even when such a relationship is absent under less extreme conditions (Castro
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et al, 1999). The role of provenance is thus likely to have diverging effects at

different stages of seedling establishment near treeline.

Seedling establishment varies also among species. In our treeline
ecotone, we observed higher survival of L. decidua than P. abies at the alpine
site, whereas the inverse pattern occurred at treeline (Table 3). This finding is in
line with the current range limits of the two species in the Central Swiss Alps
(Brandli et al, 1998, Zurbriggen et al, 2013). While it is well known that L.
decidua is better adapted to the cold environment of treeline sites in the
continental Alps compared to the evergreen and less frost tolerant species P.
abies (Tranquillini, 1979), it is less clear if the first years of seedling
establishment contribute already to this difference. Other studies in our study
area provide evidence that later stages in the seedling development (years 5-
15) are also critical bottle necks for tree survival in and above the treeline
ecotone and that the effect of elevation on seedling survival is relatively small
during the first years, but increasing in later years of seedling development
(Barbeito et al, 2012, Zurbriggen et al., 2013). In order to understand and
disentangle the importance of the different treeline limiting factors, it is thus
important to study these effects in different stages of seedling development and

to take advantage of long term observations.

Conclusions

Our results provide experimental evidence for seed source limitation and
the importance of a multitude of interacting abiotic and biotic factors in
determining seedling recruitment in an alpine treeline ecotone in the Swiss Alps.
Seedling emergence and establishment are generally not temperature limited
but rather depend on the availability of viable seeds and suitable seedbed
conditions. More open alpine microsite conditions promote seedling emergence
in contrast to dense subalpine dwarf shrub or forest understorey vegetation.
Although elevation dependent temperature differences are not limiting, inter-
annual climate variation seems to have an important influence on early seedling

recruitment in this alpine treeline ecotone. In addition to this, natural
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regeneration at treeline is potentially delayed because of, for example, longer
masting year cycles or irregular predator outbreak cycles, which further
emphasizes the need for longer term studies on treeline recruitment. Continued
research and combining our findings with a global research initiative will allow to
disentangle the importance of different treeline limiting factors and their
interacting effects worldwide and will contribute to a widely supported prediction

of future treeline expansion.
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2.2.5 Supplementary Materials
TABLES
Table S1 Location of the experimental sites
si Longitude Latitude Elevation
ite
[Swiss Grid] [Swiss Grid] [ma.s.l]
forest 2785500 1183500 1930
treeline 2785340 1183220 2100
alpine 2785090 1182570 2390
Table S2 Characteristics of seed provenances
Provenanc Elevation Aspect Collection  TGW Viability
Species Location
e [ma.s.l] [°] year [a] [%]
L. decidua low 1350 Wiesen 225 1995 8.5 28
L. decidua high 1760 Celerina 0 1970 7.3 11
P. abies low 1000 Kiblis 0 1985 6.8 74
P. abies high 1960 Sertig 90 1983 6.8 61

TGW: thousand grain weight.
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Table S3 Soil temperatures (monthly mean tstandard deviation) for the experimental sites from
July 2013 to August 2015

Soil temperature  Soil temperature  Soil temperature

Year Month at forest site [°C] at treeline site [°C] at alpine site [°C]
2013 July 10.4+1.0 9.9+0.8 14.2+1.9
August 9.7+1.4 9.210.9 11.242.2
September 7.0£1.6 6.81£1.2 6.61£2.5
October 4.8+1.9 4.8+1.3 3.242.2
November 1.4+1.0 2.1+0.5 0.7+0.1
December 0.4x0.1 0.8+0.2 0.4x0.1
2014 January 0.410.0 0.8£0.0 0.320.0
February 0.4+0.0 0.8+0.0 0.3+0.0
March 0.4+0.0 0.8+0.0 0.3+0.0
April 0.5+0.2 0.7£0.0 0.3+0.0
May 4.8+2.4 3.312.0 0.7£0.7
June 8.7£1.5 8.6+1.4 9.2+3.7
July 8.8+1.1 9.4+1.1 9.9+2.5
August 8.6+1.3 9.0£1.3 9.411.8
September 7.3£1.3 7.241.3 6.91£1.7
October 5.212.4 4.9+1.6 3.8+2.1
November 1.9+0.7 1.9+0.3 0.6+0.1
December 0.3+0.6 0.6x0.4 0.4x0.0
2015 January 0.210.1 0.320.1 0.320.0
February 0.2+0.0 0.4+0.0 0.2+0.0
March 0.2+0.0 0.4+0.0 0.2+0.0
April 0.320.0 0.410.0 0.3+0.0
May 4.6+2.2 3.0£2.2 2.7+3.1
June 9.1£1.5 9.5+1.3 11.1£3.0
July 11.5+1.2 12.4+1.1 16.312.3
August 10.8+1.4 11.2+1.4 13.312.7

Soil temperatures were measured with i-buttons in 5 cm soil depth.
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Table S4 Number of seedlings that survived the first (a) and the second winter (b) grouped by

species and provenance for site, substrate scarification and seeding year

(a) Survival 1st winter

total Larix Picea Larix low Larix high Picea low Picea high
Treeline site 348 164 184 148 16 147 37
Alpine site 60 51 9 50 1 5 4
total Larix Picea Larix low Larix high Picea low Picea high
scarified 344 173 171 157 16 131 40
intact 64 42 22 41 1 21 1
| total ‘ Larix Picea ‘ Larix low Larix high Picea low Picea high
seeded 2013 302 132 170 121 11 135 35
seeded 2014 106 83 23 77 6 17 6

(b) Survival 2nd winter

| total ‘ Larix Picea ‘ Larix low  Larix high Picea low Picea high
Treeline site 227 104 123 96 8 94 29
Alpine site 9 ‘ 7 2 ‘ 7 0 0 2

| total ‘ Larix Picea ‘ Larix low  Larix high Picea low Picea high
scarified 229 104 125 96 8 94 31
intact 7 ‘ 7 0 ‘ 7 0 0 0
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FIGURES

Figure S1 Soil temperatures for the alpine (A), treeline (T) and forest site (F) from July 2013 to
August 2015 measured by i-buttons in 5 cm soil depth
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Figure S2 Annual mean summer air temperatures from 1975 — 2015 from the Stillberg climate
station in the research area at 2100m (longitude: 46.773573/ latitude: 9.86716). Growing

season temperatures were calculated from monthly averages of the months June, July and

August.
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Figure 1 Location of the study site. The red polygon represents the Alpine site at
2400 m a.s.l., the blue polygon represents the Treeline site at 2100 m a.s.l.,
and the green polygon represents the Forest site at 1900 m a.s.l ©
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SYNTHESIS

Sunset in the Alps, Bormio, Italy

(Photo: Giulietta Bernareggi)

This study investigated the effects of climate change on the early stages
of alpine plant life cycle, namely seed dispersal and germination. We focused
on two different environments, an alpine snowbed and a treeline ecotone,
considering different typology of plant species, herbaceous and trees.

This chapter synthesises the main findings from the thesis, puts the
objectives in a global perspective and discusses future research directions and

practical implications.
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WHAT WE HAVE LEARNED: GLOBAL EFFECTS

In high-elevation alpine environment, under the current climate, the
snowmelt usually occurs between the first and the second week of July;
afterwards, pants take about one month to flowering and to start the seed
production, which is completed at the end of the summer and followed by seed
dispersal during the first half of September. 15 days later, at the beginning of
October, the snowfall is expected; thus, seeds spend the winter season under
the snow and prepare themselves, by breaking the dormancy, to germination,
that will be trigged after the snowmelt the following summer. In such a context,
the influence of climate warming can affect a variety of biotic and abiotic
elements, whose effects can act in direct or indirect ways and altering the
normal seasonal vegetative cycle of alpine species.

The first of the direct effects is the rising of temperatures during the
growing season. The recent researches mainly focused on the effects on fresh
seeds that, subjected to higher temperatures after dispersion, can alter they
dormancy status and being trigged to germination before the winter season, as
we also demonstrate in Chapter 1.4. However, the rise in temperatures is not
selective for the Autumn, but acts during all the growing season, affecting other
phases of the seed production process. Indeed, we showed how a warmer
parental environment enhances (a) the seed resistance to ageing (i.e. seed
longevity, Chapter 1.3), (b) the seed resistance to long winter seasons (Chapter
1.4), (c) affects the seed dormancy by further widening towards lower values
the temperatures for germination (Chapter 1.4) and (d) improves the seed
quality which, in turn, emphasizes all the precedent responses. Moreover, a
warmer growing season can also speed up the plant phenological rhythms,
advancing the phenological phases by 15 days, in average. It follows that, even
if the temperatures during the current seed dispersal time do not increase to a
significant extent, the speeded phenology would anyway cause an early seed
dispersal, in a time of the year where the temperatures are actually higher and
leading, also in this case, to increased seedling emergence before the winter

season.
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Among the indirect effects of the climate warming, the reduction of the
snow cover duration (anticipated snowmelt and delayed snowfall) is the one that
causes the most important consequences on the plant life cycle. Indeed, the
snowmelt time marks the beginning of the vegetative season; it follows that an
advanced snowmelt inevitably leads to an early start and the consequent
advance of the phenological phases, including seed dispersal, thus laying, also
in this case, dispersed seeds to warmer temperatures. Moreover, the short
duration of the snow cover can threaten the survival of the early seedlings
emerged soon after the snowmelt from the vernalized seeds. Indeed, early
absence of snow is often associated with top soil frost events, that can damage
or kill the new born seedlings. On the other hand, delays in snowfalls imply
important consequences on the fresh seeds dispersed at the end of the growing
season. Although, normally, the temperatures at this time of the year are not
warm enough to stimulate the germination of fresh seeds, the possibility that the
prolonged persistence at these condition before the snowfall allows seeds to
reach heating degree-day for germination cannot be ruled out. This thought is
supported by another indirect effect that must be considered: the heat waves. A
recent study (Orsenigo et al.,, 2015) demonstrated that a short but extreme

heating in the late season triggers the germination of early dispersed seeds.

PRATICAL IMPLICATION OF OUR RESULTS

In Chapter 1.3 we demonstrated, for the first time, that under moderate
climate warming (about +2 K) alpine snowbed species produced seeds with an
extended resistance to heat stress, indicating an effective and potentially
adaptive rapid response to the warmer environment. Such result, showing the
key role of plastic responses for survival and persistence of alpine species
facing climate change, highlights the need to prove and scientifically correlate
the results of the ageing test with the effective ability of seeds to persist in the
soil. Moreover, this study opens the way for a new management of the ex situ
conservation: our result show that an accurate scheduling for seed storing can
occurs only if it is taken into account not only the plant provenance but also the

condition in which seeds have developed.
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Chapter 1.4 described how pre- and post- seed dispersal climate
warming influence seed dormancy and germination requirements in alpine
snowbeds species. First of all, our results suggest that, in a warmer climate,
regardless the climatic scenarios experienced before seed dispersal,
germination at the end of the growing season should increase. In line with the
recent studies about the heat waves and in view of the important implications
for seedling survival and establishment, also here we have showed how
understanding which short term heating periods can enhance seed germination
immediately after seed dispersal is becoming increasingly urgent.

Moreover, this study highlights that the current alpine climate can have
unfavourable impacts on seed survival capacities, pointing out that not only the
seedlings, but also the seeds can be damaged by long-lasting winter conditions.
Following these observations, a crucial future challenge will be to understand
which could be the minimum periods and/or the minimum thermal thresholds
that a seedling must reach in order to survive the winter season.

Finally, this chapter shows interesting and novel observations indicating
that changes of germination requirements induced by the pre-dispersal warming
environment could depend on the seed dormancy state. In particular, deeper
dormant species shows major changes in response to incubation temperature
on both fresh and cold stratified seeds and less dormant species in response to
stratification. Further studies are therefore needed in order to confirm whether
this could be assumed as a general trend for the alpine species.

In the context of alpine ecotones, Chaper 2.2, we focused on the limiting
factors for the treeline expansion under climate warming. Our findings suggest
that tree seedlings can establish above the current treeline, with a high
evidence for seed limitation and moderate evidence for substrate limitation. It
follow that, despite the main role of temperature in driving seed germination, the
emergence and early establishment of seedlings seem less limited by
temperature than by multiple interacting abiotic and biotic factors, thus leading

the treeline advance to leg behind rates of climate change.
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CONCLUSIONS

This PhD research wants primarily emphasize the necessity to consider
the all effects, direct and indirect, that climate warming produces in any time of
the year. Indeed, the omission/non-consideration of even only one indirect
effect can drastically change the outcome of a research on the direct ones.
Therefore, in the research about the seed germination and the early
establishment of seedlings, it is extremely important to always take into account
the complex interrelation between the climate warming effects on seed
phenology (e.g. advanced seed dispersal), and on environmental conditions
(e.g. early snowmelt, warmer temperatures during the snow free period), only in
this way a realistic evaluation of the recruitment success in alpine environment

can be ensured.

Secondly, but related, we want to point out the crucial role that plastic
adjustments can have in the future plant adaptation to the rapid climate change.
The potentiality of such transgenerational adjustment and extent that can reach

in front of different magnitudes of alteration is still unknown.

Thirdly, we want to highlight the importance that interspecific variations of
plant traits plays in driving species coexistence. In modelling the future
dynamics of communities, it will be essential know the specie-specific
responses to the alteration of each studied parameter. Different responses in
species that currently inhabit the same areal will inevitably alter the
mechanisms of dominance or coexistence that drive the community
composition, subjecting the species to new selective forces that will push

towards the evolution.

This thought directly connects with the last conclusion: the need of long
term observations. Not only the germination, but also the survival of seedling
during the early stages of development is a key factor in determining the future
evolution of both erbaceous plant communities in high-elevation environment

and tree plants forming the treelines.
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Abstract

Background and Aims Climate warming has major impacts on seed germination of
several alpine species, hence on their regeneration capacity. Despite most studies
investigated the effects of warming after seed dispersal, little is known about the
effects that a warmer parental environment may induce on germination and
dormancy in the seed progeny. Nevertheless, temperatures during seed development
and maturation could alter the state of dormancy, affecting the timing of emergence
and seedlings survival. Here, we investigated the interplays between pre- and post-
dispersal temperatures driving seed dormancy release and germination requirements

of alpine plants.

Methods Three plant species inhabiting alpine snowbeds were exposed to an artificial
warming (i.e. +1.5 K) and to natural conditions in the field. Seeds produced were
exposed to six different periods of cold stratification (0, 2, 4, 8, 12, 20 weeks at 0
°C), followed by four incubation temperatures (5, 10, 15, 20 °C) for germinating

testing.

Results A warmer parental environment produced either no or a significant increase
of germination, depending on duration of cold stratification, incubation temperatures
and their interaction. In contrast, the speed of germination was less sensitive to
changes in the parental environment. Moreover, the effects of warming appeared to
be linked to the level of (physiological) seed dormancy, with deeper dormant species
showing major changes in response to incubation temperatures and less dormant

species in response to cold stratification periods.

Conclusions Plants developed under warmer climate will produce seeds with

changed germination responses to temperature and/ or cold stratification, but the
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extent of these changes across species could be driven by seed dormancy traits.
Transgenerational plastic adjustments of seed germination and dormancy shown here
may result from increased seed viability, reduced primary and secondary dormancy

state, or both and may play a crucial role in future plant adaptation to climate change.

Key words: Adaptation, Cerastium cerastoides, Climate warming, Leucanthemopsis
alpina, Parental effects, Plastic responses, Seed dormancy, Seed germination, Seed

phenology, Snowbeds, Veronica alpina.

INTRODUCTION

Climate has a dominant influence on several life-history traits of species. Among
plant reproductive phases, seed germination and seedling establishment are probably
the most sensitive to variation in climate conditions (Walck et al., 2011) and
represent the major bottleneck to species recruitment (Lloret et al., 2004; Fay and
Schultz, 2009; Dalgleish et al., 2010). The strong correlation between climate and
plant regeneration from seeds has resulted in the evolution of specific germination
requirements across many species (Baskin et al.,, 2000; Fenner and Thompson,
2005), which play a key role for plant distribution and vegetation dynamics
(Silvertown and Charlesworth, 2001; Higgins et al., 2003; Fenner and Thompson,

2005; Neilson et al., 2005; McGill et al., 2006; Pearson, 2006; Thuiller et al., 2008).

In seasonal climates, which are characterized by cyclic variations in temperature
and/or rainfall, seed germination is usually synchronized with the changes in
environmental conditions, being delayed until the favourable period occurs (Fenner

and Thompson, 2005; Baskin and Baskin, 2014). A key mechanism that has enabled
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the development of such behaviour is seed dormancy, an innate automatism that
involves environmental stimuli to avoid seed germination at the time of the year
when seedlings emergence would not be successful, since the favourable conditions
inducing germination might not persist long enough for seedlings to survive and
grow (Vleeshouwers et al., 1995; Geneve, 2003; Finch-Savage and Leubner-

Metzger, 2006).

Seed dormancy occurs in all the major angiosperm clades, and the different
dormancy types and classes reflect plant adaptation to different climatic and habitat
conditions (Finch-Savage and Leubner-Metzger, 2006; Baskin and Baskin, 2014). A
commonly accepted hierarchical system of classification distinguishes five classes of
seed dormancy: physiological, morphological, morphophysiological, physical, and a
combinational dormancy (physical + physiological) (Baskin and Baskin, 2004).
Within each class it is possible to distinguish different levels, which provide
additional information about dormancy. For example, three levels are distinguished
within physiological dormancy: deep, intermediate or non-deep; the latter is the most
common kind of seed dormancy. At maturity, seeds with physiological dormancy
may be conditionally dormant, and germinate over only a very narrow range of
temperatures (Baskin and Baskin, 2014). Indeed, although there are many
environmental factors (dormancy-breaking factors), such as moisture, light or
chemicals, that contribute to change the dormancy state, temperature is the major
driving force for the release or the induction of physiological dormancy (Fenner and
Thompson, 2005). Consequently, after perceiving an adequate/accurate thermal
stimulus, seeds can forthwith overcome the conditional dormancy and germinate or

broaden the range of germination conditions until eventually become non-dormant
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(Fenner and Thompson, 2005; Baskin and Baskin, 2014). However, temperature can
affect the state of dormancy also when it is experienced by seeds during maturation
and, in most of the cases, warmer pre-dispersal temperatures result in seeds with

lower dormancy and higher germinability (Fenner, 1991; Gutterman, 2000).

This pivotal role of temperature in driving seed dormancy responses highlights the
need to understand how changing environmental conditions will affect seed
germination patterns. In this regard, a large body of evidence supports the existence
of rapid climate change, the main effect of which is the rise in mean global
temperatures (IPCC, 2013). This will be particularly evident in high-elevation
biomes, making these ecosystems, inhabited by species highly specialized to low
temperatures, among the environments most threatened by the predicted climate
change (Diaz and Bradley, 1997; Kullman, 2004; Nogués-Bravo et al., 2007). As a
consequence, in the last decades, an increasing number of studies has addressed the
effects of climate warming on different life-history traits and functions of plants in
arctic and alpine tundra ecosystems (Chapin et al., 1995; Hobbie and Chapin, 1998;
Arft et al., 1999; De Valpine and Harte, 2001; Dunne et al., 2003; Hollister et al.,
2005; Milbau et al., 2009; Shevtsova et al., 2009; Mondoni et al., 2012; Hoyle et al.,

2013; Oberbauer et al., 2013; Mondoni ef al., 2015).

Seeds of many alpine species are known to be non-dormant or conditionally dormant
at dispersal (Amen, 1966; Schwienbacher ef al., 2011). Early studies on germination
requirements in high elevation environments showed that freshly collected seeds
required relatively high temperature (20 — 30 °C) to germinate (Sayers and Ward,
1966; Billings and Mooney, 1968; Chabot and Billings, 1972; Nishitani and
Masuzawa, 1996). This requirement has been considered an adaptation to prevent

seed to germinate immediately after dispersal, when early frosts could jeopardize
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seedlings survival (Billings and Mooney, 1968) and when the extremely short
growing season could not be enough to allow seedlings to attain a critical mass for
withstand the harsh and long-lasting winter conditions (Maruta, 1994). However,
spring germination may occur at lower temperature than those required in the late
season, since the cold stratification over winter widens the thermal window for
germination towards lower values as a result of the loss of physiological dormancy
(Baskin and Baskin, 2014). Hence, seedling emergence in alpine species usually
occurs after the snowmelt (Korner, 2003), when seeds meet the environmental
conditions (e.g. temperatures, moisture, light) required for germination. In response
to this general pattern, seed germination of alpine/arctic species have been shown to
vary considerably because of climate warming, for example increasing, reducing or
shifting in time (see references above) and such variation was likely due to the

different species and approach used (Shevtsova et al., 2009).

Nevertheless, all these studies have considered seeds developed and matured under
current climate (i.e. not under warming scenarios). However, warming is not a
seasonal-selective event, but acts during all the growing season; it is therefore
necessary to consider the effect of the rise in temperature not only on dispersed
seeds, but also during all the reproductive cycle phases. Temperatures during seed
development and maturation could alter the state of dormancy, both in fresh and
stratified seeds. In particular, warmer temperatures during seed maturation, due to
altitudinal or inter-annual variations, have resulted in reduced seed dormancy,
increasing the germinability of both fresh (Ferndndez-Pascual et al., 2013; Garcia-
Fernandez et al., 2015) and cold-stratified seeds (Fernandez-Pascual and Jiménez-

Alfaro, 2014), or decreasing the duration of cold stratification to satisfy pre-
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germination vernalization requirements (Cavieres and Arroyo, 2000). Thus, seed
dormancy seems to be affected by temperature variations both in space, i.e. seeds of
populations from lower and warmer elevations being less dormant than those from
higher and colder elevations, and in time, i.e. maternal plastic responses to local
seasonality, with the general rule “the warmer the climate, the shallower the
dormancy”. However, exceptions to this general pattern have been found, e.g. no
differences were observed in the germination of fresh seeds of population of
Phacelia secunda from different elevations (Cavieres and Arroyo, 2000). Moreover,
whether and how a warmer parental environment affects the thermal interval for seed
germination before and after the cold stratification (i.e. just after seed dispersal and
over winter) is still not understood. To this end, the study of climate warming effects
on seed dormancy and germination should decouple the effects of pre- and post-
dispersal temperatures and analyse their interplay; to the best of our knowledge, no

study has yet focused on this purpose.

Understanding the mechanisms affecting the development of seed dormancy plays a
crucial role to forecast the future dynamics of alpine plant populations and
communities in a warmer climate, since changing in thermal conditions are expected
to affect both seed dormancy and germination requirements, which may preclude,
delay, or enhance regeneration from seeds (Walck et al., 2011). This is especially
true in topographically fragmented and azonal habitats, such as alpine snowbed
communities. Snowbeds, which develop in sites characterized by a very short snow-
free period, are regarded as especially sensitive to changes in environmental
conditions, and, consequently, are retained among the most threatened vegetation
types of the alpine life zone under the current climate change (Bjork and Molau,

2007). Indeed, a growing body of studies indicates that the environmental conditions
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of these habitats, such as the length of the growing period, temperatures, and soil
nutrients, constrain plant growth and reproduction (e.g. Galen and Stanton, 1995;
Huelber et al., 2006; Schob et al., 2008; Carbognani et al., 2012; Petraglia et al.,
2013; Petraglia et al., 2014b; Bernareggi et al., 2015). Consistently, fast alterations
in plant community composition and structure have been recently observed (e.g.
Elumeeva et al., 2013; Carbognani et al., 2014a; Sandvik and Odland, 2014). The
predicted climate change involves that plants colonising snowbeds will experience
longer and warmer snow-free periods. Since the phenological development of
snowbed plants is strongly controlled by micro-climatic conditions (e.g. Galen and
Stanton, 1995; Huelber et al., 2006; Hiilber et al., 2010; Petraglia et al., 2014a), it is
likely that reproductive phenophases will significantly advance under earlier

snowmelt coupled with warmer temperatures.

On these bases, the hypothesis that, in the next decades, seeds of snowbed plants will
be dispersed during periods characterized by considerably warmer temperatures
cannot be ruled out. Nevertheless, still little is known about the effects (direct and
indirect) of climate warming on seed germination in snowbed environments, and
even less about the effects on seed dormancy. Here, we present the first attempt to
evaluate the influence of a warmer parental plant environment on seed dormancy and
seed germination requirements in an alpine snowbed habitat. To this aim, three
alpine species inhabiting snowbeds were exposed to an experimental warming and to
natural conditions in the field. Then, the germinability of seeds produced was tested
in laboratory after six cold stratification periods combined with four incubation

temperatures. In particular, we wanted to answer to the following questions:
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a) Does a warmer pre-dispersal environment influence the germination responses of
both fresh and cold-stratified seeds by 1) widening the temperatures range for

germination and 2) increasing and speeding the final germination?

b) Are such responses further characterized by reduced duration of cold stratification

requirements to overcome seed dormancy?

MATERIALS AND METHODS

Study area

The study was performed in a snowbed area of about 2 ha located in the high Gavia
Valley (Stelvio National Park, 46°20'N 10°30'E, 2700 m a.s.l.), in the Italian

Rhaetian Alps.

The study site, occurring on siliceous bedrock, is located within the alpine vegetation
belt, where Carex curvula grassland is the climax vegetation. A more detailed
description of the vegetation types were provided by Carbognani et al. (2012). The
most frequent plant communities are the one dominated by the dwarf shrub Salix
herbacea and the one dominated by the moss Polytrichastrum sexangulare that occur

both as spatially separated and mixed patches.
Pre-dispersal treatment

To simulate a moderate climate warming, we used the open top chambers (OTCs,
Marion et al., 1997) proposed by the International Tundra Experiment (ITEX), that
are known to increase about 1.5 K the mean daily air temperature; such increase is
consistent with the most conservative warming scenario of mountain areas for 2055
(Nogués-Bravo et al., 2007). The chambers were constructed by modifying the ITEX

protocol as follows: tetragonal chambers 28 cm height, made of 3 mm thick
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polymethylmethacrylate sheets (ACRIDITE® ACRISUN, Plastidite, Trieste, Italy),
with basal width of 90 — 127 cm and summit width of 50 — 71 ¢cm (Carbognani et al.,

2014b).

The warming treatment started in 2008. From the end of Jun. to mid Jul. 2008, 20
plots were randomly located within the study at snowmelt dates. The OTCs were
placed in 10 randomly selected plots; the other 10 plots were left as natural control.
Every year, the OTCs were placed in the field immediately after the snowmelt and
removed at the end of growing season. Hereafter, the warming treatment will be

referred to “W”” and the control (i.e. plants exposed to natural climate) with “C”.
Microclimatic features

In each plot, the snowmelt dates were monitored by direct observations; soil (-5 cm
depth) temperatures of the snow-free period from year 2008 to year 2014 were
recorded hourly using 12 probes in total, 6 for W plots and 6 for C plots (Onset, Cape

Cod, MA, USA and Tecnosoft, Milan, Italy).

Seed collection

Between 11 Sep. and 04 Oct. 2013, seeds of Cerastium cerastoides (L.) Britton
(Caryophyllaceae), Leucanthemopsis alpina (L.) Heywood (Asteraceae) and
Veronica alpina L. (Scrophulariaceae) were collected at the time of natural dispersal
from both W and C plots. The choice of the species was made on the base of their
frequency and abundance in the study site. Seeds collected from different plots of the
same treatment were pooled together. After collection, seeds were processed
(cleaned) and stored at room temperature until the beginning of the experiment,

which occurred within one week after the last collection. The high initial viability (>
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80 %) of seed samples was checked through germination tests at conditions
previously found to be optimal for germination (20 °C constant + addition of 250 mg

L' GA;, at 12-h daily photoperiod).

Cold stratification and incubation temperatures

Seeds were exposed to six different periods of cold stratification (0, 2, 4, 8, 12, 20
weeks) at 0 °C in complete darkness using a cooled incubator (LMS Ltd, Sevenoaks,
UK). After each interval, seeds were incubated for germination at constant
temperatures at 5, 10, 15, 20 °C. Constant temperatures were chosen in order to
assess thermal influences isolating the effect of determinate temperature levels on
seed germination (which would not have been possible under alternating regime). In
this regard, preliminary germination tests confirmed that our species did not required
the trigger effect of diurnal temperature variation (e.g. Mooney and Billings, 1961;
but see Liu ef al., 2013), germinating well (i.e. > 90%) under constant regime (data
not shown). For each species, pre-dispersal treatment, stratification periods and
incubation temperatures, three samples of 20 seeds (C. alpina and L. alpina) or two
samples of 25 seeds (C. cerastoides) were sown on agar held in 50-mm diameter
Petri dishes and tested for germination. All germination tests were carried out in
temperature and light controlled incubators (LMS 250A, LMS Ltd, Sevenoaks, UK)
using a 12-h daily photoperiod (photosynthetically active radiation 40 — 50 umol m™
s). Plates were checked weekly for germination and seeds scored as germinated
once radicle protrusion and elongation was more than 2 mm. At the completion of
each germination test (4 weeks after sowing), ungerminated seeds were cut-tested to
confirm whether there were empty seeds. Ungerminated empty seeds were excluded

from the following analyses.
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Data analysis

Germination of fresh seeds

Influences of species, pre-dispersal treatments and incubation temperatures on
germination of fresh seed (i.e. without cold stratification) were evaluated by means
of Generalised Linear Model (GLM) with binomial error and logit link-function. In
this GLM, final germination (i.e. number of emerged seedlings out of number of
seeds sown) was the response variable, whereas species (as 3-level categorical
variable), treatment (as 2-level categorical variable, C and W), temperature (as
continuous variable, 5, 10, 15, 20 °C), and their two-way interactions were the fixed
effects. In addition, species-specific GLMs were performed with final germination as
response variable and pre-dispersal treatment, sowing temperature and their

interaction as explanatory variables.

Moreover, to study the effects of warmer incubation temperatures on the speed of
seedling emergence, the mean time to germination (MTG) was calculated using the

formula:

MTG:Z(ﬂixli)/N

Where 7; is the number of seeds that emerged within consecutive intervals of time, #;
the time between the beginning of the test and the end of a particular interval of
measurement, and N the total number of seeds that emerged. The MTG was
calculated using the day of sowing as initial time. The influences of species, pre-
dispersal treatments, incubation temperatures, and their two-way interactions on
MTG were analysed by means of GLM with gamma error structure and inverse link-

function. Within each combination of species, pre-dispersal treatment, stratification
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periods, and incubation temperatures, seed lots that failed to germinate more than 1
% were excluded from the analysis, although still present in the figures for

comparative purposes.

Germination after cold stratification

Differences in final seed germination between species, incubation temperatures, and
stratification periods were assessed using GLM with quasibinomial error structure
(due to overdispersion) and logit link-function. In this model, seed germination (i.e.
number of emerged seedlings out of number of seeds sown) was the response
variable, whereas species (as 3-level categorical variable), treatment (as 2-level
categorical variable, C and W), temperature (as continuous variable, 5, 10, 15, 20
°C), stratification (as continuous variable, 0, 2, 4, 8, 12, 20 weeks at 0 °C) and their
two-way interactions were the explanatory variables. In addition, in order to gain a
better understanding of the influences of variation in incubation temperatures and
stratification periods on seed germination, further GLMs were performed at the
species level and model selection was carried out comparing residual deviance and
AIC of different models. In particular, the relationships between temperature and
stratification with germination were evaluated testing the explanatory power of
GLMs fitted with different combinations of explanatory variables (incubation
temperatures and stratification periods) as linear, log-transformed, or polynomial
terms. Then, for each species, minimal adequate model was obtained excluding not

significant terms following Crawley (2013).

In these analyses, the experimental units were the Petri dishes (each including 20 —

25 seeds) to which post-dispersal treatments (incubation temperatures and
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stratification periods) were independently applied. Nevertheless, to check for
potential influence due to non-independence of seeds within a Petri (e.g. substrate,
neighbour, and incubator effects), all models were re-run including Petri as random
factor, with the same structures and selection procedures previously described (with
the exception of error structure, since in case of overdispersion, quasibinomial
distribution was not required due to the presence of the observation-level random
effect). However, in all the cases, the two different approaches produced the same

outcomes and, consequently, only the results of the GLMs were reported.

All analyses were performed using the R software (version 3.1.2, R Core Team,

2014).

RESULTS

Microclimatic features

During the period 2008 — 2014, the snowmelt at the experimental site occurred on
average during the 27" week of the year (WOY), between the 25" WOY (in 2011)
and the 29" WOY (in 2008). The mean weekly soil temperature during this week has
been detected between 7.4 °C (in 2014) and 11.4 °C (in 2010) in C and between 8.4
°C (in 2014) and 12.0 °C (in 2010) in W (Table 1A). During the snow free period,
which lasted 12 — 13 weeks, the OTCs (W) produced a mean soil warming of 1.5 K.
The increase in temperature caused an advanced (of about 10 days) of the
phenological phases and, coherently, of seed dispersal timing in W. Indeed, seed
dispersal occurred between WOY 35 — 36 in W and between WOY 36 — 37 in C with
a corresponding difference of soil temperature of about 3 K (Table 1A). The snowfall

usually occurs at WOY 40 — 41, in the first half of October (Table 1A).
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Seeds of the studied species were collected in 2013, between the 35™ and 36" WOY
in W and between the 36™ and the 37" WOY in C; the mean monthly temperature of
this growing season, consistent with the multi-year monthly mean, is shown in Table

1B.

Germination of fresh seeds

(a) Germination phenology

On fresh seeds (i.e. without cold stratification), significant differences in the final
germination were observed among species, whose seeds showed a higher
germination proportion under warmer incubation temperatures but were not
influenced by the pre-dispersal treatment (Table 2A). Furthermore, the effects of
[both] pre-dispersal treatment and incubation temperatures were not consistent

among the species studied (i.e. significant interaction terms).

The increase in incubation temperatures resulted in a significant increase in
germination percentage in all the species and treatments tested (Table 3). At the
coldest temperature (i.e. 5 °C), germination percentage was very low or, in some
cases, null in all the species and treatments (Fig. 1A). In particular, seeds of C.
cerastoides germinated between 20 and 25 %, the germination of warmed seeds of L.
alpina remained less than 1 %, while no emergence was found in control seeds of L.
alpina and in V. alpina. At 10 °C, about 60 — 80 % of seeds of C. cerastoides and V.
alpina germinated and, under higher incubation temperatures (i.e. 15 and 20 °C), the
final germination percentage of these species remained, on average, at high levels.
Conversely, germination of L. alpina remained low (<7 %) until the temperature of

15 °C for warmed seeds and 20 °C for control seeds, after which it showed a
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significant, but moderate (up to 40 — 50 % in W and to 30 % in C), increase. The pre-
dispersal warming had no effects on the germination of C. cerastoides and V. alpina
(Table 3), but it determined a higher increase in seed germination of L. alpina (Table
3; Fig. 1A). Despite this, the final germination of this latter species remained lower

(<50 %) in comparison with those of the other two species.

(b) Mean time to germinate

Significant differences in the MTG of fresh seeds were found between both species
and incubation temperatures tested (with faster germination under warmer
temperatures), but no effect of the pre-dispersal warming was found (Table 2B). We
found that the increase in incubation temperatures produced a significant reduction of
the MTG in all the species, homogeneously between both the pre-dispersal
treatments and the species (of about 1 day per 1 K of temperature increase); however,
some species-specific patterns were found (Fig. 1B). In particular, at the coldest
temperature (i.e. 5 °C) C. cerastoides was the only species able to germinate (values
> 5 %) and its seeds kept almost three weeks (20 d) for germinating. Similary, when
the other species started to germinate, at 10 °C, the MTG was of 20 — 25 d. With the
increase in incubation temperatures the MTG was progressively reduced in all the

species, until the lowest value reached at 20 °C.

Germination after cold stratification

Our analyses showed significant differences in germination percentage within all the

factors (species, pre-dispersal treatment, incubation temperature, and cold
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stratification period) tested (Table 4). In particular, germination was on average
higher in C. cerastoides and V. alpina compared to L. alpina, in W compared to C
seeds, and under warmer incubation temperature and longer cold stratification
periods (Fig. 2). Furthermore, significant interactions revealed non-consistent
responses of species to all the other factors and non-additive effects of pre-dispersal
treatment with different incubation temperatures and stratification periods. Indeed,
species-specific GLMs (Table 5) showed that W seeds, compared to C seeds, had
higher germination with increasing length of stratification period (in C. cerastoides,
Table 5A), with increasing temperature of incubation (in L. alpina, Table 5B), or
with increasing both the length of stratification period and the incubation temperature

(in V. alpina, Table 5C).

The germination of all the three species showed a saturated-pattern in response to
increasing incubation temperatures (Table 5), with higher effects of increasing
temperature on germination under colder than warmer conditions (i.e. log-
transformed temperatures had the best fit to data). However, while in L. alpina the
effect of the incubation temperatures was consistent under different stratification
periods (Table 5B, Fig. 2B), in the other two species seeds incubated at the lowest
temperature (i.e. 5 °C) showed different patterns of germination in response to
variation in the length of stratification period compared to those of seeds incubated

under warmer temperature levels (Table SA and 5C, Fig. 2A and 2C).

Finally, seed germination of the species studied strongly differed in response to the
duration of the cold stratification. In particular, seed germination of C. cerastoides
(which had “stratification” as polynomial term in the best model) showed an initial
increase followed by a decrease of germination percentage with the increasing of the

cold stratification period (Table 5A, Fig. 2A). However, the increase of germination
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after the earliest cold stratification periods was extremely low in seeds produced at
the control (C) plots and therefore the general tendency was to lose germinability
increasing the duration of stratification in this pre-dispersal treatment (Fig. 2A).
Differently, L. alpina seed germination seemed to have a saturated response to
increase in cold stratification length, with more pronounced increases of germination
during earlier durations of cold stratification (i.e. log-transformed stratification
period had the best fit to data) (Table 5B, Fig. 2B). In the case of V. alpina, unlike
the previous species, the best relationship between cold stratification period and seed
germination was linear, with (after the effects of the others factors) a constant
increase of germination with increasing duration of the cold stratification (Tab 5C,

Fig. 2C).

DISCUSSION

Germination of fresh seeds

The present study described how pre- and post- seed dispersal climate warming
influenced seed dormancy and germination requirements of three alpine species
inhabiting snowbeds. Here we have shown that after dispersal germination was
similar between seeds produced in the control (C) and under warming (W) at lower
incubation temperatures (i.e. 5 and 10 °C) in all species, but that seeds of L. alpina
produced in W showed a slight increase in germination under warmer incubation
temperatures (i.e. 15 and 20 °C) (Fig. 1A). This alone indicates that
germination/dormancy changes on fresh seeds driven by a warmer parental growth
environment are limited and may be expected only if seeds experience warm (e.g. >

15 °C) conditions after dispersal. Interestingly, temperatures recorded at the study
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area at the time of seed dispersal are usually lower (see Table 1) than those able to
stimulate an increase of seed germination in warmed seeds of L. alpina (15, 20 °C),
indicating that no changes of seedling emergence should be expected in a future
warmer climate on fresh seeds of this species. However, the possibility that a warmer
parental growth environment (than that used here, about + 1.5 K) could have higher

effects on germination of fresh seeds cannot be ruled out.

Fresh seeds of all species did not germinate, or germinated very low at temperature
(5 °C) similar to those they currently experience after dispersal (Table 1A), but
germination increased significantly after the cold stratification (Fig. 2), indicating
that seedling emergence of the species studied is likely programmed to occur after
the winter season is passed. Seed germination of alpine plants is indeed know to
occur in spring, after they have experienced autumn and winter seasons (Korner,
2003). However, the high germination of C. cerastoides and V. alpina (approx. 80
%) found at temperature (10 °C) similar to those occurring under warming during the
seed dispersal time (9.5 °C, Table 1), suggesting that germination before the winter
season should increase in these species in a warmer climate, which may have
important implications for seedling survival and establishment (see Mondoni et al.,
2012; 2015). Interestingly, our data also highlighted that such increase occurred
similarly both on seeds produced under W and C, therefore, regardless the climatic
scenarios experienced before seed dispersal. Further, here we have shown that an
increase of seedlings emergence at the end of the snow-free season is possible only
for seeds exposed to approx. 10 °C for at least approx. 10 and 20 days in C.
cerastoides and V. alpina respectively (see MTG, Fig. 1B). However, a recent study
showed that also a short-term heat event may affect the timing of germination and

lead seeds to germinate before the winter season (Orsenigo et al., 2015), suggesting
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that the early germination could be possible even when the exposure of fresh seeds to

warm temperatures is shorter than those shown here.

Considering the warming rate predicted for the next decades in the European mid-
latitude mountains (ranging from about + 0.3 to 0.5 K per decade, Nogués-Bravo et
al., 2007) and the consequent antedating of phenological phases in alpine plants
(Wipf and Rixen, 2010; Oberbauer et al., 2013), a significant increase of germination
at the end of the snow-free season should be expected at least for C. cerastoides, that
is, among the snowbed species at the study site, the earliest seed dispersal

(Carbognani et al., unpublished data).

Germination after cold stratification

Seeds of our species showed all a certain degree of non-deep physiological dormancy
(sensu Baskin and Baskin 2014), which varied in its depth depending on the species.
Indeed, seed germination increased significantly increasing the period of cold
stratification in all species, with a wide variation across them (Table 4). In particular,
fresh seeds of C. cerastoides germinated at all temperatures, between approx. 20 %
(at 5 °C) and 80 — 100 % (at > 10 °C) (Fig. 1A), and its warmed treated seeds
showed a significant increase to approx. 90% at 5 °C after three months of cold
stratification (Fig. 2A). Indeed, the germination of seeds developed under current
climate declined increasing the stratification period, indicating either a loss of
viability or the development of a secondary dormancy (see below). Seeds of V.
alpina showed similar responses, but did not germinate at 5 °C in absence of cold
stratification. Conversely, seed germination was low in fresh seeds of L. alpina at all

temperatures (about 30 — 40 %), increasing mostly after long period cold
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stratification (i.e. Fig. 2B, Table 5B). On these evidences, although these species
should be considered as non-deep physiological dormant, the different temperature
windows for germination and durations of cold stratification required to break
dormancy, indicate that L. alpina is the strongest (physiologically) dormant species,
followed by V. alpina and C. cerastoides. Moreover, the increase in stratification
period generally resulted in a significant increase in germination percentage (Table 4,
Fig. 2), but the species studied responded differently to the interplay of cold
stratification and warming treatment. In seeds of C. cerastoides, the increase in
stratification duration modelled opposite responses in seeds produced under W and
C, increasing and reducing the germination percentage, respectively, and similar
responses were observed in V. alpina (see Sf x Tr, Table 5A, C). Conversely,
parental warming did not affect the germination response to cold stratification in L.
alpina (Table 5B). Moreover, the significant temperature X treatment interaction
found in cold stratified seeds in L. alpina (Table 5) indicates that incubation
temperatures had different responses in seeds produced under W and C in this
species. These are interesting and novel observations indicating that changes of
germination requirements induced by the pre-dispersal warming environment
depended on the seed dormancy state, with deeper dormant species showing major
changes in response to incubation temperature on both fresh and cold stratified seeds
(i.e. L. alpina) and less dormant species in response to stratification (i.e. C.
cerastoides and V. alpina) (Table 3 e 5). Moreover, changes of pre-dispersal
temperatures affected germination response to both stratification and incubation
temperatures (at least on cold stratified seeds) in V. alpina, which showed an

intermediate dormancy behavior between C. cerastoides and L. alpina (see above).
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As a result, higher seed maturation temperatures consistently increased the
germination in all species, although to a different extent across them (Fig. 2).
Coming back to the other research questions, warming had no affect the MTG, but
widened the suitable temperature range for germination and reduced the cold
stratification time to break dormancy in L. alpina. Indeed, at 15 °C germination was
extended to approx. 40 % when fresh seeds of this species matured under warming,
while it was lower than 10 % on seeds produced in the control. Moreover, seed
germination was significantly higher in warmed treated seeds of L. alpina, compared
to control ones, just after two weeks of cold stratification (Fig. 2B), indicating that
under warming some species will produce seeds with shorter chilling requirement to
overcome dormancy. This behaviour occurred at all incubation temperatures, except

5 °C, probably because the cold temperatures constrain the germination (Fig. 2B).

The higher germination responses observed on both fresh and cold stratified seeds
produced under warming, compared to those developed under current climate, could
be due to changes in the dormancy patterns and/or the seed viability of our species.
Warmer maturation conditions are known to lead to better quality of seeds (see
reviews by Roach and Wulff, 1987; Wulff, 1995; Gutterman, 2000), and it has been
suggested that plants grown in a warmer environment produce longer lived seeds
(Bernareggi et al., 2015). In this regard, the different behaviour of warmed and not
warmed seeds of C. cerastoides might suggest that current alpine climate is not
optimal for seed development and maturation, reducing the survival capacities during
the long-lasting winter conditions. Similar conclusions may explain the lower
germination of not warmed vs. warmed seeds of L. alpina. However, after 20 weeks

of cold stratification seed germination of V. alpina dropped to 0 % at 5 °C, but
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remained almost complete at the other incubation temperatures, indicating that seeds
were still viable. This behaviour reflects the condition of fresh seeds (Fig. 1A, 1C),
suggesting that the prolonged permanence at 0 °C could have induced a secondary
dormancy state in seeds of this species. Indeed, it is possible that non-dormant seeds
that do not meet adequate conditions for germination enter secondary dormancy
(Brandel, 2005; Leymarie et al., 2008; Baskin and Baskin, 2014) and, therefore,
similar mechanisms may explain also the decrease of germination with increasing
cold stratification period in C. cerastoides and the lower germination of not warmed

vs. warmed seeds in L. alpina.

Summarizing, this study suggests that climate warming will increase the likelihood
of seed germination both just after dispersal and winter season (i.e. after cold
stratification) due to the effects on seed phenology (e.g. advanced seed dispersal),
and on environmental conditions (e.g. early snowmelt, warmer temperatures during
the snow free period). However, the consequences that these changes will have on
plant reproduction success still remains partially investigated. For example, while the
germination immediately after seed dispersal has always been considered
disadvantageous because constrains seedlings to cope with the harsh winter
conditions, a recent study in a glacier foreland showed that a high percentage (about
60 and 75 %) of autumn emerged seedlings can survive through the winter (Mondoni
et al., 2015). However, overcoming the winter involve elevated energy consumption
(Maruta, 1994), which may reduce the growing capacities in spring. Moreover, the
higher germination of warmed treated vs. not warmed seeds also after long periods of
stratification, suggest an increase in reproductive success. A persistent soil seed bank
in several alpine species is thought to be an ecological adaptation to the low chance

of establishment in these environments (Schwienbacher et al., 2010). Hence, higher
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germination may not necessarily be beneficial for alpine plants, as summer drought
and late-winter/early spring soil freeze—thaw events are expected to increase due to
climate warming (Wipf and Rixen, 2010; Barriopedro et al., 2011), as already shown
in some mountain regions (Rikiishi et al., 2004; Scherrer et al., 2004; Mote et al.,
2005), reducing the likelihood of seedlings to survive. In order to ensure a realistic
evaluation of the recruitment success in alpine environment, it is necessary to
consider the all effects, direct and indirect, that climate warming produces in any
time of the year. In this regard, in situ sowing experiments at the Gavia Pass are
underway in order to understand whether a longer and warmer growing season could

be advantageous for seedling recruitment and establishment in snowbeds.
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Table Legend

Table 1. (A) Weekly soil temperatures (mean + s.e. in °C) during the snow-free period
of the years 2008 — 2014 in control (C) and warmed (W) plots. Different styling
indicates the significant events of snowmelt (underlined), seed dispersal (bold) and

snowfall (italic). (B) Monthly mean soil temperatures of the year 2013.

Table 2. Results of GLMs on the effects of species (Sp), pre-dispersal treatment (Tr),
incubation temperature (T), and their interactions on (A) final germination and (B)
mean time to germinate of fresh seeds (i.e. without stratification). The models were
performed with binomial error and logit link-function for the final germination and
gamma error and inverse link-function for the mean time to germinate. Seed lots that
failed to germinate more than 1% were excluded from the analysis of B. Degrees of
Freedom (Df), Deviance (Dev.), Residual Degrees of Freedom (Res. Df), Residual
Deviance (Dev. Res), F- and P-value are shown. Significant values are highlighted in

bold.

Table 3. Species specific GLMs (with binomial error and logit link-function) results on
the influences of pre-dispersal treatment and incubation temperature on fresh seed final
germination. Degrees of Freedom (Df), Deviance (Dev.), Residual Degrees of Freedom
(Res. Df), Residual Deviance (Dev. Res), F- and P-value are shown. Significant values

are highlighted in bold.

Table 4. GLM results on the effects of species (Sp), pre-dispersal treatment (Tr),
incubation temperature (Te), cold stratification period (Sf) and their two-way
interactions on seed germination proportion. The model was performed with

quasibinomial error and logit link-function. Degrees of Freedom (Df), Deviance (Dev.),
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Residual Degrees of Freedom (Res. Df), Residual Deviance (Dev. Res), F- and P-value

are shown. Significant values are highlighted in bold.

Table 5. Species specific GLM results on the responses of seed germination proportion
to the different incubation temperature (T), stratification period (Sf), pre-dispersal
treatment (Tr) and their interactions. Estimated coefficient, standard error, t-value and

P-value are shown. Significant values are highlighted in bold.

Table 1

(A) Soil Temperature (°C)
Week of the year Equivalent time of a normal year C W
27 02 — 08 July 9.7+0.1 11.0+0.1
28 09 — 15 July 10.2+0.3 11.0+0.2
29 16 —22 July 8.84+0.2 10.6£0.2
30 23 —-29 July 8.840.1 10.3+0.1
31 30 July — 05 August 9.8+0.2 11.3+0.2
32 06 — 12 August 9.4+0.1 10.7+0.1
33 13 — 19 August 8.1+0.3 9.5+0.3
34 20 — 26 August 8.3+0.3 9.8+0.3
35 27 August — 02 September 8.1+0.1 9.5+0.1
36 03 — 09 September 7.6+0.1 9.2+0.2
37 10 — 16 September 4.9+0.5 6.1+0.4
38 17 — 23 September 4.7+0.2 6.3+0.2
39 24 — 30 September 5.9+0.2 7.2+0.3
40 —41 1 — 14 October Snowfall

(B) 2013 Soil Temperature (°C)
Month Weeks of the year (2013) C \\%
July 29 -31 10.84+0.8 12.7+£0.7
August 31-35 7.7£1.1 9.3+1.1

September 35-40 4.9+1.2 6.5£1.1
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Table 2
Factor Df Dev. Res.Df Dev.Res F-value P-value
(A) Final germination
Species (Sp) 2 276.9 61 711.9 33.30 <0.001
Pre-dispersal treatment (Tr) 1 1.2 60 710.7 0.30 0.589
Incubation temperature (T) 1 465.4 59 2453 111.93 <0.001
Sp x Tr 2 26.9 57 218.4 3.24 0.047
SpxT 2 424 55 176.0 5.10 0.009
TrxT 1 6.1 54 168.9 1.46 0.232
(B) Mean time to germinate
Species (Sp) 2 0.4 45 8.8 7.47 0.002
Pre-dispersal treatment (Tr) 1 0.0 44 8.8 0.15 0.702
Incubation temperature (T) 1 7.6 43 1.2 293.02 <0.001
Sp x Tr 2 0.2 41 1.1 3.11 0.056
SpxT 2 0.1 39 1.0 1.44 0.250
TrxT 1 0.0 38 1.0 0.02 0.895
Table 3
Factor Df Dev. Res.Df Dev.Res F-value P-value
Final germination
Cerastium cerastoides
Pre-dispersal treatment (Tr) 1 3.6 14 158.2 0.71 0.417
Incubation temperature (T) 1 93.4 13 64.8 18.52 0.001
TrxT 1 6.5 12 583 1.30 0.277
Leucanthemopsis alpina
Pre-dispersal treatment (Tr) 1 7.6 16 479 5.99 0.028
Incubation temperature (T) 1 29.2 15 18.7 22.94 <0.001
TrxT 1 0.1 14 18.6 0.07 0.797
Veronica. alpina
Pre-dispersal treatment (Tr) 1 3.8 16 91.9 1.23 0.286
Incubation temperature (T) 1 51.6 15 40.3 16.85 0.001
TrxT 1 0.1 14 40.2 0.031 0.863
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Table 4

Factor Df Dev.

Res. Df Dev. Res

F-value P-value

Sp 2
Tr 1
T 1
St 1
SpxTr 2
SpxT 2
SpxSf 2
TrxT 1
Trx Sf 1

TxSf 1

621.1

223.4

1522.1
50.8
90.6
98.6
81.2
70.3
54.2

1.8

381
380
379
378
376
374
372
371
370
369

38223
3598.9
2076.8
2026.0
1935.4
1836.8
1755.7
1685.4
1631.1
1629.3

69.17
49.75
339.00
11.32
10.09
10.98
9.04
15.66
12.08
0.40

<0.001
<0.001
<0.001

0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.526
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Table 5
Estimate Std. Error t-value P-value
(A) C. cerastoides
(Intercept) -5.6850 0.7610 -7.47  <0.001
log(T) 2.8030 0.3237 8.66  <0.001
St 0.0928 0.0274 3.39 0.001
Sf* -0.0007 0.0002 -3.81  <0.001
Tr -0.1221 0.2595 -0.47 0.639
log(T) x S -0.0409 0.0117 -3.51 0.001
log(T) x Sf*  0.0003 0.0001 3.43 0.001
Sfx Tr 0.0280 0.0044 6.43 <0.001
(B) L. alpina
(Intercept) -4.8571 0.5674 -8.56  <0.001
log(T) 1.1410 0.2115 539  <0.001
Tr -2.0266 0.7429 -2.73 0.007
log(St) 0.2996 0.0344 8.72  <0.001
log(T) x Tr 1.3783 0.2936 4.69  <0.001
(C) V. alpina
(Intercept) -6.0075 1.4577 -4.12  <0.001
log(T) 2.9854 0.5783 516  <0.001
St 0.0734 0.0189 3.88  <0.001
Tr -4.0819 1.2556 -3.25 0.002
log(T) x S -0.0283 0.0072 -3.94  <0.001
log(T) x Tr 1.6460 0.5109 3.22 0.002
Stx Tr 0.0132 0.0060 2.20 0.030




168 Article 2

Figure Legend

Fig. 1. (A) Final germination percentage (mean + s.e.) of control (C, black bars) and
warmed (W, grey bars) seeds and (B) mean time to germinate (in days, mean =+ s.e.) of
control (full circles and continuous lines) and warmed (empty circles and dotted lines)
seeds of C. cerastoides, L. alpina and V. alpina under the four incubation temperatures.
Seed lots that failed to germinate more than 1% were excluded from the analyses of the

mean time to germination, although still present in the figures for comparative purposes.

Fig. 2. Seed germination (in percentage) of (A) C. cerastoides, (B) L. alpina, and (C) V.
alpina. For each pre-dispersal treatment (C: control, W: warmed) the influences on seed
germination of the length of cold stratification periods and the four incubation

temperatures are shown.

Figure 1
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Abstract

Alpine treelines are among the most conspicuous vegetation boundaries and potentially
responsive to climate warming. Understanding if and how treeline is expanding or will
expand with ongoing climate change is a key scientific challenge. Treeline advance
depends on natural recruitment, which is influenced by abiotic and biotic factors besides
climate. In this study we investigated the effects of different abiotic and biotic factors as
well as their interactions on tree seedling recruitment in a treeline ecotone in the Swiss
Alps. Using seeding, substrate alternation and herbivore exclosure treatments, seeds of
local low and high elevation provenances of two common tree species, European Larch
(Larix decidua MILL.) and Norway spruce (Picea abies (L.) KARST.), were sown into
intact vegetation and bare-ground plots in two consecutive years. There was clear
evidence for viable seed limitation in the studied treeline ecotone. Seedling emergence
at the site below the current treeline was very low because of reduced light availability
due to the tree canopy and understorey vegetation. In comparison, seedling emergence
was considerable at and above treeline. Our findings suggest that tree seedlings can
establish above the current treeline, at least in years with favourable weather conditions
and if seeds were transported there. Slightly more seedlings emerged in subplots where
the natural vegetation layer was removed, which we interpret as moderate evidence for
substrate limitation. Only small differences were observed between the two species as
well as between low and high elevation seed provenances. While seedling survival after
the first winter was generally high, only a small proportion of seedlings survived the
second winter indicating the importance of longer-term research on seedling
recruitment. Overall, this study demonstrates that emergence and early establishment of
seedlings is limited less by temperature than by multiple interacting abiotic and biotic

factors.
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Introduction

Global mean temperatures have increased over the past century and future warming is
predicted to be most pronounced in high latitudinal and mountain ecosystems (Solomon
et al. 2007). Recent warming induced range shifts as species track their optimal climate
(Walther et al. 2003; Parmesan and Yohe 2003). Increased shrub abundance in Arctic
tundra ecosystems worldwide provides evidence for latitudinal range shifts (Sturm et al.
2005, Myers-Smith et al. 2011; Elmendorf et al. 2012). Upward shifts of shrubs and
trees have also been observed in mountain regions (Theurillat and Guisan, 2001; Tinner
and Ammann 2005; Kullmann 2002, Moiseev and Shiyatov 2003; Esper and
Schweingruber 2004; Devi et al. 2008). Treeline position is widely considered
temperature sensitive (Mikola 1952; Koérner 2007) and thus potentially responsive to
climate warming (Holtmeier and Broll 2005, Korner 2012; Koérner and Paulsen 2004).
However, treeline advances are not yet a worldwide phenomenon, because they lag
behind rates of climate change (Chapin et al., 2005; Lloyd 2005; Loarie et al. 2009).
Nevertheless, a global meta-analysis revealed considerable seedling recruitment above
treeline consistent with observed rates of recent warming implying the possibility of
future treeline advances (Harsch et al. 2009). Although seedling recruitment is not
directly linked to treeline shifts (Graumlich et al 2005), upper treeline positions depend

on continued natural regeneration (Korner 2012).

In addition to climate, numerous other abiotic factors and biotic interactions are
limiting tree seedling recruitment. One pre-requisite for successful seedling recruitment
is the availability of viable seed (Turnbull et al. 2000), which commonly declines with
elevation (Korner 2012; Holtmeier 2009). Seed limitation at treeline is mainly caused
by decreasing quality and quantity of available seed such as extended production time

intervals (reviewed in Holtmeier 2009). Seed dispersal may also be a limiting factor
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with short wind-mediated dispersal distances restricting dispersal beyond treeline
(Kullman 2005; Mazepa 2005; Holtmeier 2005; Kuoch 1965). However, other studies

contradict the importance of seed limitation at treeline (Koérner 2012).

Successful recruitment also strongly depends on the availability of suitable
microsites for establishment and survival. A multitude of factors determines the quality
of such microsites, such as light, the presence of competitors, climate and herbivory
(Leck et al. 2008). Dense vegetation cover may impede recruitment by shading and
competition for moisture and nutrients (Hobbie and Chapin III 1998; Schonenberger,
1975; Weih and Karlsson, 1999), but also facilitate recruitment by sheltering seedlings
from adverse climate effects (Holtmeier 2009; Oswald 1963; Friedel 1967;
Hattenschwiler and Smith 1999). Along environmental stress gradients, biotic
interactions are predicted to change from competition to facilitation at high and low
stress levels respectively (Callaway 2002). Treeline ecotones are characterized by more
open microsites exposing tree seedlings to similar beneficial life conditions as low
stature alpine vegetation (Korner et al. 2003). Such open microsites are warmer than
seedbeds in montane forests due to surface heating effects that are maintained over the
growing season (Scherrer and Korner 2010). Many tree species need open and thus
warmer micro-habitats for successful germination and establishment (Bullock 2000;
Leck et al. 2008). Seed germination rates of the most common tree species, e.g. Larix
decidua and Picea abies, peak at temperatures above 20 °C (Black and Bliss 1980;
Nather 1958; Tranquillini 1979; Sveinbjornsson et al. 1996). In contrast to these
positive thermal effects, open microsites with exposure to high solar radiation may also
negatively affect seedling recruitment by increasing low-temperature and water stress
(Germino et al. 2002; Bader et al. 2007; Maher et al. 2005). Moreover, the lack of

shelter can increase the susceptibility of seedlings to herbivores. In fact, herbivory,
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together with drought, are the most common causes for seedling mortality in these

environments (Moles and Westoby 2004; Anschlag et al. 2008).

Few studies focus on individual abiotic and biotic factors affecting seedling
recruitment in treeline ecotones (e.g. reviewed in Holtmeier 2009; Zurbriggen et al.
2013), and even fewer studies tested interactions among multiple factors in treeline
ecotones (but see Brown et al. 2013; Brown and Vellend 2014; Tingstad et al. 2015). In
this study we investigated the effects of climatic and biotic factors and their interactions
on seedling recruitment of two common tree species, European Larch (Larix decidua
MILL.) and Norway spruce (Picea abies (L.) KARST.) at three different elevations, i.e.
below, at and above the current treeline in the Swiss Alps. The experiment included
seeding of local low and high elevation provenances into intact vegetation and bare-
ground plots in two consecutive years and with and without herbivore exclusion.

Specifically, we addressed the following research questions:

(v) Is seedling recruitment along an elevation climate gradient across treeline

limited by the availability of viable seeds?

(vi)  Is seedling recruitment influenced by biotic interactions (i.e. open

substrate as seed bed, herbivory)?

(vil)  If so, do biotic interactions vary along an elevation climate gradient

across treeline and over time?

(viii) Are there species- and provenance specific differences in recruitment

responses to interacting abiotic and biotic factors?
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Materials and methods

Study area and study species

This study was conducted in an alpine treeline ecotone located at the north-east facing
slope (inclination 30 — 40°) of the Dischma valley in Davos, Eastern Swiss Alps,
Switzerland in vicinity of the Stillberg treeline research site (Bebi et al. 2009). Three
experimental sites were established across an alpine treeline ecotone. The lowest site
(referred to as forest site) is located at 1930 m a.s.l. below treeline in a subalpine Larch-
Spruce forest (Larici-Picetum), the mid-elevation site (treeline site) at 2100 m a.s.l. at
the current natural treeline within dense dwarf-shrub vegetation and the uppermost site
(alpine site) at 2390 m a.s.l. approximately 300 m above the natural treeline in an alpine

meadow (Table S1).

The two conifer species Larix decidua MILL. and Picea abies (L.) KARST. are
characteristic tree species in the Alps. They occur naturally in close vicinity to the study
area but with different elevation ranges and thus represent a range of different
temperature sensitivities: L. decidua is a treeline forming species (natural elevation
range 600—2’100 m a.s.l.) with a geographic distribution mostly restricted to the
European Alps (Matras 2008), whereas P. abies is common within the whole alpine and
boreal zones of Eurasia (Skroppa 2003). It is known for its broad ecological niche and

has a slightly lower upper elevational range edge (500—1°800 m a.s.l.; Brandli 1998).

Seeds used in this experiment were procured from the Swiss Federal Institute for
Forest, Snow and Landscape Research WSL (Birmensdorf, Switzerland), and stored at 5
°C prior to sowing. For each of the two species seeds from one low (approximately in

the centre of the elevation range) and one high elevation (close to the current treeline)
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provenance were used. Seed sampling locations were within a distance of 30 km from

the study area (Table S2).

Experimental design

In summer 2013, the three experimental sites were set up following the standard
protocol of the global GTREE-initiative (Brown et al. 2013). A scarification treatment
was applied using a hand-cultivator to remove surface plant litter, as well as mosses and
lichens, but leaving vascular plants rooted in the soil. Seeds of the two studied species
were equally spread on half of the subplots in the first year (2013). The other half of the
subplots was seeded at the beginning of the following growing season in spring 2014.
Immediately after seeding, half of the subplots were covered with durable and stable
metallic cages (45 cm x 28 cm) to exclude herbivores (“split subplot”). Each metal cage
covered two adjacent subplots. These cages are expected to exclude mice, ungulates,
mountain hares, and birds, whereas burrowing animals, such as voles, and small animals
like slugs are probably not prevented from entering (M. Schiitz, personal
communication 2013). Fences were installed at all three sites to protect experimental

plots from grazing and trampling by cattle and horses.

In this full factorial experimental design, seeding and substrate treatments were
applied at plot level. Treatment combinations were randomly assigned to 20 plots per
site, which were 2.24 m long and 0.45 m wide each. This resulted in 5 replications of
each treatment combination at each of the three experimental sites. Each of these plots
was subdivided into 16 sub-plots (22.5 cm x 28 cm each) to which all possible
combinations of the four other experimental factors (species, provenance, herbivory
exclosure, and year of seeding) were randomly assigned. Overall, this resulted in 960

subplots.
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Seedling emergence and survival were assessed by counting the seedlings in
each subplot at the beginning and end of the growing season in 2013, 2014 and 2015.
All seedlings were marked to avoid double counts. The height of the seedlings was
measured using a hand ruler at the end of growing seasons 2014 and 2015. In subplots

with more than ten seedlings, ten arbitrarily chosen seedlings were measured.

At each site, two to five temperature loggers (iButton; Maxim Integrated
Products, Sunnyvale, CA, USA) recorded soil temperature at a depth of 5 cm (Table
S3). Daily minimum, mean and maximum climate data (air temperature, precipitation,
snow depth, wind) was provided by a climate station at 2100 m a.s.l. (Ref) that is

located in a distance of approx. 50 m from the mid-elevation site.

Statistical Analyses

Linear and generalized linear mixed-effects models (LMMs and GLMMs; Faraway
2006; Pinheiro & Bates 2000) were used to analyse the response of seedling recruitment
(emergence, winter survival and growth) to the investigated abiotic and biotic factors as
well as their interactions. Due to the (almost complete) lack of natural germination,
unseeded plots were omitted from these analyses, and the forest site was excluded from
survival and growth trait models because of the very low seedling recruitment. GLMMs
for seedling emergence and first winter survival contained site, substrate, species,
provenance, year of seeding, and herbivore exclosure treatment as fixed effects.
Because of the small data set for second winter survival, it was not possible to test the
influence of substrate treatment, herbivore exclosure and interactions including these
factors. All three GLMMs used binomial distributions. Seedling height was modelled
using an LMM that contained the fixed effects site, species, provenance, and year of

seeding. This data set was too small to analyse interactions between model factors. All
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models accounted for spatial correlation among subplots by including plot and two
subplot-structures as random effects. Significances of model factors were determined by
likelihood ratio tests and non-significant fixed effects were eliminated from the final
models. All models were fit using standard procedures for model diagnostics (Zuur et

al. 2009) with the Ime4-library (Bates et al. 2012) in R 3.1.3 (R Core Team 2015).
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Results

SEEDLING EMERGENCE

Natural recruitment was observed only at the forest site and during the first baseline
census in June 2013, where 15 L. decidua seedlings and seven P. abies seedlings were
found. In the seeded plots, a total of 768 L. decidua seedlings and 959 P. abies
seedlings were counted at the end of the first growing season in all 60 plots. Emergence
was significantly higher for L. decidua (6.3+£0.7 % of viable seeds per subplot; mean +
standard error; Fig. 1) than for P. abies (2.9+0.4 %; species P < 0.001). Only 12
seedlings (0.1+0.04 % of viable seeds) emerged at the forest site. Seedling emergence
was significantly higher at the treeline and alpine sites, where 734 (5.8+0.8 %) and 981
(8.0+0.8 %) seeds emerged, respectively (site P = 0.013). Total emergence was similar
in both years 2013 and 2014 (year p = 0.87). However, the distribution of emergence
among sites varied between the two seeding years (year x site P <0.001; Fig. 1a). It was
more than three times higher at the treeline site than at the alpine site in 2013 (9.5 % vs.
3.0 %). Conversely, in 2014, emergence at the alpine site was more than six times
higher as compared to the treeline site (13.1 % vs. 2.0 %). Emergence of the two P.
abies provenances differed only slightly (3.3 % for low vs. 2.5 % for high provenance).
In L. decidua, however, low provenance seeds (10.6 %) emerged about five times more
frequently than high provenance seeds (2.1 %; species x provenance P < 0.001).
Substrate scarification enhanced emergence at the treeline site but not at the alpine site
(site x scarified P = 0.01) in both species and years (Tab.1; Fig. 1b). The protection
against herbivores resulted in a general increase in emergence from 4.0 % to 5.2 %

(cage P <0.001). This effect was slightly stronger in 2013 than 2014 (year x cage P =
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0.03) and the increase was more pronounced for low than for high provenance seedlings

(P = 0.008).

EARLY STAGE SEEDLING ESTABLISHMENT

The fraction of seedlings that survived the first winter was significantly lower at the
alpine site (8.5+2.0 %) than at the treeline site (51.5+4.4 %, site P < 0.001; Fig. 2, Table
2). Survival was generally higher on scarified plots than on plots with an intact
vegetation cover (scarified P < 0.001), but the difference was more pronounced at the
treeline than at the alpine site (site x scarified P = 0.053; Fig. 2b). All other interactions
were not significant (P > 0.05). Low provenance seedlings of both species had slightly
higher survival rates after the first winter as compared to high provenance seedlings
(provenance P = 0.037). Differences between the two species were only marginal
(species P = 0.067) and herbivore exclosure did not significantly influence winter
survival. Absolute numbers of surviving seedlings after the first and second winter can

be found in Table S4.

Similar to first winter survival, survival after the second winter was lower at the
alpine site (25.9£10.3 % of the seedlings observed at the end of the previous growing
season, Table 3) than at the treeline site (79.2+6.0 %; site P = 0.023; Fig. 3). Low
provenance L. decidua seedlings had a higher survival rate during the second winter
than their high provenance counterparts, whereas in P. abies survival was higher for
high than for low provenance seedlings (species x provenance P = 0.007). Species and

provenance individually, as well as their interactions with site were not significant.

After the second growing season, seedlings had grown to an average height of
3.3+£0.1 cm. They were significantly taller at the treeline (3.8+0.1 cm) than at the alpine

site (2.6+0.1 cm; site P < 0.001; Fig. 4, Table 4). However, there were no differences in
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seedling height with respect to year of seeding, species and provenance (P > 0.1 for all

three factors).

CLIMATE

The average mean air temperature for summer (i.e. June, July and August) over the
period 1981 — 2010 measured at the climate station at 2100 m a.s.l. was 9.4 °C (Table
S3). Summer 2013 with a mean temperature of 10.6 °C was clearly above average,
whereas the following summer 2014 with a mean temperature of 8.7 °C was slightly
below average. Summer temperature in 2015 was the second highest ever measured
(11.8 °C). Measurements at the nearby MeteoSwiss station Davos (1594 m a.s.l.) show
that the summers of 2013 (265 mm) and 2015 (261 mm) both had significant
precipitation deficits with only 64 % of the normal precipitation sum (410 mm in the
1981 — 2010 period). Conversely, precipitation in summer 2014 (492 mm) was 20 %

above average (MeteoSwiss, 2015).
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Discussion

Limitation by the availability of viable seeds

This study provides experimental evidence for seed source limitation in an alpine
treeline ecotone with almost no natural recruitment. While seed limitation has been
reported for different forest ecosystems (e.g. Turnbull et al. 2000; Eriksson & Ehrlén,
1992; Tilman, 1994, 1997), it seems to be particularly common for treeline ecotones
(Kuoch 1965; Holtmeier 1999, 2009). This can be partly explained by decreasing seed
production with increasing elevation of treeline species such as P. abies and L. decidua,
resulting in good seed crop years only about once a decade (Tschermak, 1950). In
addition, seed ripening may be decelerated and the amount of empty, non-viable seeds
may be increased due to the shorter growing period at treeline (Korner 2012). As a
consequence, natural regeneration from seeds is very critical in the treeline ecotone

(Holtmeier, 1993, 1995a, 1999).

The extremely low recruitment at the forest site is expected to be caused by the dense
cover of competing understorey vegetation that prevents seedling emergence by
strongly reduced light availability at the soil surface. Imbeck and Ott (1987) studied P.
abies regeneration in a similar subalpine spruce forest rich in tall forbs (Piceto-
Adenostyletum) near our study site in the Swiss Alps and reported less than 5% of
natural recruitment on sites with dense vegetation cover. Our findings also agree with
the reduced survival in one-year-old transplanted P. mariana seedlings in shaded plots
(Cranston and Hermanutz 2013) and the negative correlation between survival and
canopy cover in L. decidua and Picea spp. (Manson et al. (2004). Another important
aspect is the asynchronous phenological timing of the understorey forbs and seedling

emergence (Imbeck and Ott, 1987). In spring, the understorey vegetation at our forest
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site is still very short-grown enabling seeds to emerge, as shown by the few naturally
emerged seedlings at the start of the experiment in June 2013 that did not survive the
first summer. A similar situation applies for the treeline site with the dense tall dwarf-
shrub layer limiting seedling recruitment despite single seed bearing trees nearby (Grau
et al., 2013; Cranston and Hermanutz, 2013) whereas seed bearing trees are quite far
from the uppermost site that is located approx. 300 m above the natural treeline.
However, recent studies showed that seedlings of L. decidua and P. abies have higher
altitudinal distribution limits than adult trees of the same species (Lenoir et al. 2009).
According to Korner (2012), this difference in range limits between seedlings and adult
trees might be due to the enhanced temperatures close to the ground from which
seedlings profit whereas adult trees are exposed to lower air temperatures. However,
tree seedling occurrence above treeline has to be considered carefully and is not directly
linked to climate warming (Korner, 2012). Nevertheless, it shows the potential for an
upward range expansion of trees in the Alps in the context of future climate warming

(Vitasse et al. 2012).

Biotic and abiotic interactions as recruitment limitations

Suitable substrate as seedbed is decisive for seedling establishment by allowing the
germination and successive thrive of those seeds that reach the soil surface. The higher
emergence on scarified plots at the treeline site, in comparison with the alpine site, is
likely influenced by the dense dwarf-shrub and thick moss layer covering the soil
surface and indicating substrate limitation for seedling emergence in this site (Table 1;
Fig. 1). In fact, dense vegetation cover may prevent seeds from reaching a suitable seed
bed by competition for moisture and nutrients, as well as by shading effects

(Schonenberger, 1975; Weih and Karlsson, 1999). Moreover, Hunziker and Brang
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(2005) showed that a deep and dense moss mat impeded germination of P. abies seeds
by preventing seedlings from reaching the soil surface (but see Motta et al., 1994;
Munier et al., 2010). Conversely, seedbed at our alpine site was not limiting for
germination probably because of the less dense vegetation cover with a relatively high
proportion of rock and bare ground. Indeed, reduced competition and exposed mineral
soil provide a particularly favourable seedbed for seed recruitment (Munier et al., 2010;

Tingstad et al., 2015).

Similar to emergence, seedling survival after the first winter was higher on
scarified plots than on intact vegetation in particular at the treeline site (Table 2; Fig.
2b). In contrast, Wheeler et al. (2011) observed lower survival in one-year-old Picea
mariana seedlings on bare ground than on moss-covered substrate. The authors relate
their findings to the protective effect of the moss covered substrate against adverse
climate conditions, whereas competing effects of dense moss cover and shading dwarf-
shrubs seem to outweigh positive sheltering effects in our study system. Hence, the
presence of bare soil generally enhanced seedling recruitment, indicating substrate
limitation and suggesting how substrate disturbance may contribute to reduce the

competing effect of vegetation.

Post-dispersal predation is known to be an important constraint on seedling
recruitment and several experiments about post-dispersal seed and seedling predation in
Picea and Abies species showed that seeds might be eaten by different groups of
animals, i.e. invertebrates, rodents, birds, small and large mammals (Cot¢ et al., 2003;
2005; Castro et al., 1999; 1t6 and Hino, 2004; Dulamsuren et al., 2013). The protection
against herbivores in our study resulted also in an increased seedling emergence (Tab.
1) supporting the evidence that herbivores can be an important constraint on seedling

recruitment at treeline. However, the overall impact of post-dispersal seed and seedling
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predation might have been reduced in our study system by the exclusion of invertebrates
and digging animals, such as voles, mice and small rodents that seem to have a major

influence on seed predation.

Seedling recruitment in different years

The present study provides evidence for the fact that inter-annual climate variability
affects seedling emergence (Table 1). Growing season temperatures and precipitation
varied considerably among the three study years. The warm and dry summer of 2013
was followed by a cold and wet summer in 2014 and an exceptionally hot summer in
2015 (Fig. S2). In 2013, highest seedling emergence occurred at treeline, whereas in
2014, highest emergence was observed at the alpine site (Table 1; Fig. 1a). This result
may be explained by stronger limitations due to summer drought at high elevation,
where no tall-growing vegetation such as dwarf-shrubs are protecting against strong
solar radiation and prevent drought related early seedling mortality. Indeed, several
studies provide evidence for negative effects of high solar radiation on seedling
recruitment (Germino et al. 2002; Bader et al. 2007; Maher et al. 2005). However, our
result is in contrast to the finding of Castanha et al. (2012), who observed highest
germination at an alpine site in an exceptionally warm summer (2009) in a study on
seedling recruitment of Pinus flexilis and Picea engelmanni across a treeline ecotone in
the Rocky Mountains (Colorado, USA). The authors relate their findings to the fact that
higher temperatures extended the alpine growing season due to earlier snow melt, while
they induced emergence constraining drought at the lower forest site (Castanha et al.,

2012).

On plots with intact vegetation, seedling emergence from seeds sown in 2014

was higher than emergence from seeds sown in 2013 (Table 1). This possibly reflects
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the cold and wet conditions of summer 2014 and suggests that the main constraint was
not water availability, but water surplus leading to rotting of seeds. The effect of the
surrounding vegetation may have been positive in summer 2014, due to higher
interception, absorption and evaporation (Hibbert 2007) in contrast to the low water
supply in summer 2013, where reduced competition for water on scarified plots may

have facilitated seedling emergence. The

influence of inter-annual climate variability can thus hardly be generalized, and it is
important to consider the timing and duration of drought periods, but also the timing of

spring snowmelt and potential water surplus effects.

In our experiment, seedlings that survived the first winter generally survived till
the end of the second vegetation period (Table S4). This finding coincides with Batllori
et al. (2009) who observed 100 % summer survival after the first winter for Pinus
uncinata in a seedling transplant experiment in the Pyrenees. While this confirms the
hypothesis that first winter is one of the major bottle necks for seedling recruitment, as
it bears the greatest risk to survival (Korner, 2012), we have to take into account that,
depending on climate, mortality waves are also possible in later stages of seedling
recruitment. Indeed, our findings of generally high seedling mortality during the second
winter that was more pronounced at the alpine than the treeline site (Tables 3,S4; Fig. 3)
may be related to more adverse autumn climate conditions at high elevation (Fig. S1).
Likewise, earlier research in our study area showed that seedling survival was high
during the first three years of observation for P. abies, L. decidua and other coniferous
species, but was strongly reduced after the third winter for the broadleaved species
Alnus viridis and Sorbus aucuparia (Zurbriggen et al. 2013). This shows the need for
studying seedling recruitment also in later stages and that these effects may be strongly

species-specific and even affected by provenance differences.
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Species and provenance influence on seedling recruitment

In our study, low provenance seedlings of L. decidua emerged better than high
provenance seedlings of the same species (Table 1). This result may be seen as a
contradiction to several investigations and practical experiences with low survival rates
of lowland provenances in higher altitudes near treeline (Nather 1987, Schonenberger et
al. 1990). However, while most of these investigations and experiences with lowland

provenances are based on afforested

trees and showed that in particular susceptibility to frost damage during a later stage of
seedling development was increased for lowland provenances, this was obviously not
yet a critical factor for the one- and two-year old seedlings in our study. The better
emergence of low provenance seedlings of L. decidua, in our experiment might possibly
be because those seeds were considerably heavier compared to the seeds of the high
elevation provenance and this larger seed sizes may have favoured germination. In fact,
under higher environmental stress, larger seed size may favour germination even when
such a relationship is absent under less extreme conditions (Castro et al 1999). The role
of provenance is thus likely to have diverging effects at different stages of seedling

establishment near treeline.

Seedling establishment varies also among species. In our treeline ecotone, we
observed higher survival of L. decidua than P. abies at the alpine site, whereas the
inverse pattern occurred at treeline (Table 2). This finding is in line with the current
range limits of the two species in the Central Swiss Alps (Brandli et al 1998, Zurbriggen
et al 2013). While it is well known that L. decidua is better adapted to the cold
environment of treeline sites in the continental Alps compared to the evergreen and less

frost tolerant species P. abies (Tranquillini 1979), it is less clear if the first years of
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seedling establishment contribute already to this difference. Other studies in our study
area provide evidence that later stages in the seedling development (years 5-15) are also
critical bottle necks for tree survival in and above the treeline ecotone and that the effect
of elevation on seedling survival is relatively small during the first years, but increasing
in later years of seedling development (Barbeito et al 2012, Zurbriggen et al. 2013). In
order to understand and disentangle the importance of the different treeline limiting
factors, it is thus important to study these effects in different stages of seedling

development and to take advantage of long-term observations.

Conclusions

Our results provide experimental evidence for seed source limitation and the importance
of a multitude of interacting abiotic and biotic factors in determining seedling
recruitment in an alpine treeline ecotone in the Swiss Alps. Seedling emergence and
establishment are generally not temperature limited but rather depend on the availability
of viable seeds and suitable seedbed conditions. More open alpine microsite conditions
promote seedling emergence in contrast to dense subalpine dwarf shrub or forest
understorey vegetation. Although elevation dependent temperature differences are not
limiting, inter-annual climate variation seems to have an important influence on early
seedling recruitment in this alpine treeline ecotone. In addition to this, natural
regeneration at treeline is potentially delayed because of, for example, longer masting
year cycles or irregular predator outbreak cycles, which further emphasizes the need for
longer-term studies on treeline recruitment. Continued research and combining our
findings with a global research initiative will allow us to disentangle the importance of
different treeline limiting factors and their interacting effects worldwide and will

contribute to a widely supported prediction of future treeline expansion.
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Tables

Table 1. Effects of seeding year, experimental site, scarification treatment (scarified),
species, provenance and herbivore exclosure treatment (cage), as well as their

interactions, on seedling emergence.

Factor X Df Pr(>x%)  Significance
(o = 0.05)
year 0.025264229 1 0.873710431
site 6.181764048 1 0.012907353 *
scarified 2.883306059 1  0.08950209
species 2454276987 1 7.27E-07  ***
provenance 36.7375166 1 1.35E-09  ***
cage 15.38009863 1 8.79E-05  ***
year:site 93.02452267 1 5.17E-22  ***
year:scarified 3.225830347 1 0.072485027
year:species 1.08038928 1 0.298610488
year:provenance 0.897816263 1 0.343367927
year:cage 4.624882191 1 0.031511425 *
site:scarified 6.463003202 1 0.011014334 *
site:species 0.0216611 1 0.882992232
site:provenance 0.478995865 1 0.488877501
site:cage 0.011326132 1 0.915245713
species:scarified 0.454900164 1 0.500017083
provenance:scarified 0.354472221 1 0.551592367
scarified:cage 0.043812323 1 0.834203175
species:provenance 19.58046866 1 9.65E-06  ***
species:cage 0.956126895 1 0.328164637
provenance:cage 7.029602793 1 0.008017313 **

Values and symbols are y2-values and significances, respectively, from likelihood ratio tests of mixed-

effect models. Significance levels: (*)P <0.1; *P < 0.05; **P < 0.01; ***P <0.001.
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Table 2. Effects of experimental site, scarification treatment (scarified), species,

provenance and herbivore exclosure treatment (cage), as well as their interactions, on

first winter survival.

Factor X Df Pr(>x%) Significance
(o = 0.05)
site 27.05833918 1 1.97E-07  ***
scarified 18.54736328 1 1.66E-05  ***
species 3.365937057 1  0.066557709 (*)
provenance 4.330422172 1 0.037436959 *
cage 0.473961241 1 0.491170435
site:scarified 3.739132591 1  0.053152031 (*)
site:species 5.810687129 1  0.015929069 *
site:provenance 0.109503799 1 0.740709762
site:cage 1.166019207 1  0.280220699
species:scarified 1.191007313 1  0.275126464
provenance:scarified 3.697858298 1  0.054482359 (*)
scarified:cage 1.997239877 1  0.157585941
species:provenance 0.010684409 1 0.917672962
species:cage 0.536497429 1 0.463887941
provenance:cage 0.200002353 1 0.654718947

Values and symbols are y2-values and significances, respectively, from likelihood ratio tests of mixed-
effect models. Significance levels: (*)P < 0.1; *P < 0.05; **P < 0.01; ***P < (.001.
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Table 3. Effects of experimental site, species and provenance, as well as their

interactions, on second winter survival.

Factor X Df Pr(>x?)  Significance
(o0 =0.05)

site 5.15882155 1 0.02312859 *

species 1.00374778 1 0.31640535

provenance 0.55284162 1 0.45715893

site:species 0.1418914 1 0.70640789
site:provenance 0.15861445 1 0.69043538
species:provenance 7.36905897 1 0.00663556  **

Values and symbols are y2-values and significances, respectively, from likelihood ratio tests of mixed-
effect models. Significance levels: (*)P < 0.1; *P < 0.05; **P < 0.01; ***P < 0.001.

Table 4. Effects of seeding year, experimental site, species and provenance on

seedling height.

Factor X Df Pr(>x%) Significance
(o0 =0.05)

year 0.00026151 1 0.98709767

site 20.9631683 1 4.68E-06 kK

species 1.69618866 1 0.19278717

provenance 2.48948283 1 0.11460938

Values and symbols are y2-values and significances, respectively, from likelihood ratio tests of mixed-
effect models Significance levels: (*)P < 0.1; *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 1. Seedling emergence as percentage of viable seeds in dependence of experimental
site for the two seeding years 2013 and 2014 (a) and for the two substrate treatments

(b). Error bars indicate standard errors of trait means.
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Fig. 2. Seedling survival rates after the first winter in dependence of experimental site
for species and provenances (a) and for the two substrate treatments (b). LL: L. decidua

low elevation provenance, LH: L. decidua high elevation provenance, PL: P. abies low
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elevation provenance, PH: P. abies high elevation provenance. Error bars indicate

standard errors of trait means.

Survival [%] |
N B~ O 00O
OO OO 0OO0

L -o- L -
- e PL

- 1

Treeline Alpine

Fig. 3. Seedling survival rate after the second winter in dependence of experimental site
for species and provenances. LL: L. decidua low elevation provenance, LH: L. decidua
high elevation provenance, PL: P. abies low elevation provenance, PH: P. abies high

elevation provenance. Error bars indicate standard errors of trait means.
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Fig. 4. Seedling height in dependence of experimental site for species and provenances.
LL: L. decidua low elevation provenance, LH: L. decidua high elevation provenance,
PL: P. abies low elevation provenance, PH: P. abies high elevation provenance. Error

bars indicate standard errors of trait means.
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Table S1. Location of the experimental sites.
Site Longitude Latitude Elevation
[Swiss Grid] [Swiss Grid] [ma.s.l.]
forest 2785500 1183500 1930
treeline 2785340 1183220 2100
alpine 2785090 1182570 2390
Table S2. Characteristics of seed provenances.
Species Provenance Elevation Location Aspect Collection TGW  Viability
p [ma.s.l] [°] year [g] [%]
L. decidua low 1350 Wiesen 225 1995 8.5 28
L. decidua high 1760 Celerina 0 1970 7.3 11
P. abies low 1000 Kiiblis 0 1985 6.8 74
P. abies high 1960 Sertig 90 1983 6.8 61

TGW: thousand grain weight.
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Table S3. Soil temperatures (monthly mean +standard deviation) for the experimental

sites from July 2013 to August 2015.

Soil temperature  Soil temperature  Soil temperature

Year Month at forest site [°C] at treeline site [°C] at alpine site [°C]
2013 July 10.4£1.0 9.9+0.8 14.2+1.9
August 9.7+1.4 9.2+0.9 11.2+2.2
September 7.0£1.6 6.8+1.2 6.6+£2.5
October 4.8£1.9 4.8+1.3 32422
November 1.4+1.0 2.1+0.5 0.7+0.1
December 0.440.1 0.8+0.2 0.440.1
2014 January 0.4+0.0 0.8+0.0 0.3+0.0
February 0.4+0.0 0.8+0.0 0.3+£0.0
March 0.4+0.0 0.8+0.0 0.3+£0.0
April 0.5+0.2 0.7+0.0 0.3+0.0
May 4.8£2.4 3.3+£2.0 0.7+0.7
June 8.7£1.5 8.6+1.4 9.243.7
July 8.8+1.1 9.4+1.1 9.9+2.5
August 8.6+1.3 9.0+1.3 9.4+1.8
September 7.3£1.3 7.2+1.3 6.9£1.7
October 52+2.4 4.9£1.6 3.842.1
November 1.9+0.7 1.9+0.3 0.6+0.1
December 0.34+0.6 0.6+0.4 0.440.0
2015 January 0.2+0.1 0.3+0.1 0.3+£0.0
February 0.2+0.0 0.4+0.0 0.2+0.0
March 0.2+0.0 0.4+0.0 0.2+0.0
April 0.3+0.0 0.4+0.0 0.3+0.0
May 4.6+£2.2 3.0£2.2 2.7+3.1
June 9.1£1.5 9.5+£1.3 11.1£3.0
July 11.5£1.2 12.4+1.1 16.342.3
August 10.8+1.4 11.2+1.4 13.3£2.7

Soil temperatures were measured with i-buttons in 5 cm soil depth.
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Table S4. Number of seedlings that survived the first (a) and the second winter (b)

grouped by species and provenance for site, substrate scarification and seeding year.

(a) Survival 1st winter

total Larix Picea Larix low Larix high Picea low Picea high
Treeline site 348 164 184 148 16 147 37
Alpine site 60 51 9 50 1 5 4

total Larix Picea Larix low Larix high Picea low Picea high
scarified 344 173 171 157 16 131 40
intact 64 42 22 41 1 21 1

total Larix Picea Larix low Larix high Picea low Picea high
seeded 2013 302 132 170 121 11 135 35
seeded 2014 106 83 23 77 6 17 6

(b) Survival 2nd winter

total Larix Picea Larix low Larix high Picea low Picea high
Treeline site 227 104 123 96 8 94 29
Alpine site 9 7 2 7 0 0 2

total Larix Picea Larix low Larix high Picea low Picea high
scarified 229 104 125 96 8 94 31
intact 7 7 0 7 0 0 0
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Fig. S1. Soil temperatures for the alpine (A), treeline (T) and forest site (F) from July

2013 to August 2015 measured by i-buttons in 5 cm soil depth.
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Fig. S2. Annual mean summer air temperatures from 1975 — 2015 from the Stillberg
climate station in the research area at 2100m (longitude: 46.773573/ latitude: 9.86716).
Mean summer air temperatures were calculated from monthly averages of the months

June, July and August.






