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Abstract

In the context of open questions on the adaptability of alpine ecosystems to future
global warming, this cumulative doctoral dissertation studies three Mediterranean
alpine shrub species using a novel dendrometer-based approach. Under climate
change, cold-adapted Mediterranean alpine might become exposed to severe sum-
mer droughts and milder winters. However, the complexity of driving forces of shrub
growth, associated with above-ground biomass gain in these shrubs is not yet fully
understood. Here, we used the shrub species Cytisus galianoi as a target species,
which was abundant at all sites across the Sierra Nevada, Spain. C. galianoi co-
occurred with Astragalus granatensis at exposed ridges and with Genista versicolor
at snow-covered slopes. In contrast to previous dendroecological studies, that com-
monly use an anatomical ring-width-based approach, we aimed at understanding
stem diameter changes, water-related stem expansion and contraction, and physi-
ological growth mechanisms by using long-term high-resolution dendrometer meas-
urements. From our overall findings, we deduced the species” strategies to cope
with winter cold and summer drought constraints. Using soil temperature and soil
moisture data recorded directly at the growing sites, we identified the species-spe-
cific environmental controls of growth. With different statistical approaches, robust
and significant driver constellations were found and allowed to argue for pronounced
carry-over effects, which addresses the resource acquisition during favourable pe-
riods prior to the actual growth phase. Such effects were clearly visible for C. galia-
noi, which as a frost tolerant, green-stemmed species, was found to likely profit from
cold and snow-free winters by mobilizing assimilates from winter photosynthesis for
major spring growth. As a drought tolerant species, C. galianoi showed severe sum-

mer stem contractions, and had strong water-related stem diameter increase due to



rehydration in autumn, while growth rates were minor. Using this combined winter
cold and summer drought adapted growth strategies, C. galianoi was shown to per-
form best at all alpine sites due to high growth plasticity. Compared to the two co-
occurring shrub species, the combined cold and drought tolerance growth strategies
in C. galianoi led to highly competitive advantages. We synthesized the different
growth strategies and addressed a) the overall growth performance in C. galianoi
over its distributional range across the Sierra Nevada, b) the advantages and dis-
advantages of the growth strategies in a green-stemmed vs. a seasonal dimorphic
species, and c) the growth differences in comparison of two green-stemmed species

at shared sites.

1 General introduction

This study is based on a long-term alpine ecosystem monitoring program from the
Sierra Nevada in Spain (LTAER-ES). We investigated alpine shrub growth from
2012 until 2023 (and still ongoing), based on three alpine species, various sites
along the elevational gradient, and micro-environmental measurements, in particu-
lar soil temperature and soil moisture. Our three focus species were Astragalus
granatensis, Cytisus galianoi, and Genista versicolor. Here, we use a dataset from
2014 until 2020, which is mainly based on dendrometer measurements from the
stems of the above shrub species. The data was published in a data paper (Loffler
et al. 2022) and used for a comparison between alpine tundra and Mediterranean

alpine shrub growth (Dobbert et al. 2022a).

In earlier studies related to our LTAER-NO program, we already looked closely into

growth responses of deciduous and evergreen species from the Norwegian alpine



tundra to long-term micro-environmental constraints (Kohler et al. 1994, Loffler
2002, Bar et al. 2008, Pape et al. 2009, Wundram et al. 2010, Pape and Loffler
2017, Weijers et al. 2018, Frindte et al. 2019, Loffler and Pape 2020, Loffler et al.
2021), and for the first time, we made use of high-precision dendrometers to monitor
radial growth of dwarf shrubs at unprecedented temporal resolution, bridging the
gap between classical dendroecology and the underlying growth physiology of a
species (e.g. Dobbert et al. 2021a, 2021b, 2022b). Based on long-term experiences
from arctic-alpine landscapes, we transposed our successful concepts from our pro-
jects in Norway to the Sierra Nevada, where we established a comparative scientific
infrastructure. As such, we used novel datasets of on-site micro-environmental driv-
ers in combination with innovative dendrometer measurements mounted on Medi-
terranean shrub species to gain new insights into the alpine ecosystems of the Si-
erra Nevada. Overall, our long-term alpine ecosystem research program from two
contrasting biomes contributes to the ongoing scientific debate on future ecosystem

responses to global change (Loffler et al. 2011).

Here, | synthesize three manuscripts, prepared for publication in international jour-
nals. The overall aim was to understand growth mechanisms in a common and wide-
spread green-stemmed Mediterranean alpine shrubs species, and to compare its
growth patterns, the timing of growth, and its drivers of growth to those of two co-
existing shrub species in the Sierra Nevada (Spain). Therefore, Paper 1 focussed
on the species C. galianoi, which has been studied along its entire distribution along
alpine elevational and microtopographical gradients. In Paper 2, C. galianoi was

studied in comparison to A. granatensis at the alpine ridges only, where both spe-



cies experience harsh environmental conditions especially during snow-free win-
ters. In Paper 3, C. galianoi was compared to G. versicolor at snow-covered slopes,

where the latter species has its narrower niche within the alpine.

2 Relevance: alpine plant performance

In the light of a rapidly changing environment, knowledge on plant species perfor-
mance has become essential to predict their adaptive capacity and their future spa-
tial distribution (e.g., Cotto et al. 2017). Species in alpine environments are expected
to strongly respond to changing conditions (e.g., Korner 2021). In particular, in the
Mediterranean, where climatic drivers are intertwined with fire, grazing and conser-
vation measures (e.g., Lopez-Merino et al. 2009), it is essential to understand the
feedback effects on plant performance. Dendroecological studies from arctic-alpine
environments provide such information on functional traits and growth patterns of
dwarf shrubs (e.g., Warren-Wilson 1964, Bar et al. 2007, Weijers et al. 2018). How-
ever, growth response and performance of dwarf shrubs in the Mediterranean alpine
environment are still poorly investigated, but have received more attention in recent
years (e.g., Copenheaver et al. 2010, Gazol and Camarero 2012, Olano et al. 2013).
Knowledge is still lacking on wood-anatomical features that encode information
about species adaptability to mechanical disturbance, fire impacts and future climate
warming. Moreover, little is known about the temporal, spatial, and interspecific dif-
ferences in cambium dynamics (Tumajer et al. 2021), and the species' adaptability
to a warmer climate. Here, analyses of spatio-temporal growth patterns and envi-
ronmental drivers of growth may be the key to a better understanding of changes in
vegetation structure as well as productivity and performance of woody plants under

ongoing climate change.



Plant species richness is high in the Mediterranean, and high phytodiversity is as-
sumed to be associated with long-term isolation due to elevational ranges (e.g.,
Kropf et al. 2006, Steinbauer et al. 2013). Moreover, endemic species richness has
been found to be strongly correlated with elevation (Molina-Venegas 2017, Eibes et
al. 2017), and it has been suggested that topographical complexity may also be
positively correlated with endemism in high mountain regions functioning as refugia
(Crisp et al. 2001, Vetaas and Grytnes 2002). The Sierra Nevada in southern Spain
is one of the most important biodiversity hotspots in the Mediterranean region (e.g.,
Blanca 1996, Médail and Quézel 1999, Barthlott et al. 2007, Cafadas et al. 2014),
but spatial vegetation patterns are dominated by a small number of single species,
such as Cytisus galianoi, which we observed colonizing a large variety of sites along
the entire alpine environment, co-occurring with Astragalus granatensis or Genista
versicolor depending on the topographical position. Such species play a dominant
role concerning their potential distribution patterns in a changing environment (e.g.,
Pauli et al. 2012, Fernandez Calzado and Molero Mesa 2013, Winkler et al 2016),
but they have not yet been subject to studies of their physiological mechanisms
under multiple ecological constraints. Here, timeseries-based approaches might of-
fer valuable insights into plant performance under high climate variability. To our
knowledge, studies focusing on Mediterranean alpine shrub growth are rare (but
see Dobbert et al. 2022a, Loffler et al. 2022). Such information, however, might help
to understand climatic driven modifications in alpine plant life and their biogeograph-

ical patterns in the context of climate warming.



3 Geographical setting

Study area

For our study, we chose a typical Mediterranean mountain area in which multiple
variables, such as climate, human impacted grazing, nature conservation, forestry,
and wildfires are coupled in complex ways (Anderson et al. 2011, GOmez-Ortiz et
al. 2013). We selected a pronounced elevation gradient, located at the southern
slope of the Sierra Nevada mountain range (SE Spain), within the protected area of
the National Park and the encircling Natural Park (Gomez-Ortiz et al. 2013). The
natural treeline is built by autochthonous Scots pines (Linares et al. 2014, Piper et
al. 2016), which is partially intermitted by widespread holm oak forest, reaching up
to 2000 m a.s.l. (Linares et al. 2014). These natural forests are dominated by the
evergreen species Quercus ilex ssp. rotundifolia which is partly replaced by affor-
ested pines, mainly Pinus sylvestris and Pinus pinaster, originating from the mid-
20™ century (Mesa Garrido 2019, Anderson et al. 2011). Therefore, the reconstruc-
tion of original treeline and the natural distribution limit of Q. ilex is difficult as the
entire area has been settled and exploited since Neolithic times (Anderson et al.
2011, Carrion et al. 2007) and profound anthropogenic transformation has taken
place since Medieval times (Gomez-Ortiz et al. 2013, Sayadi et al. 2009). Our ele-
vation gradient covered mainly the alpine environment above the treeline at about
2000 m a.s.l. (Troll 1973). Figure 1 shows a topographical map of the mountain area

in which our study sites represent the overall spatial gradients of the area.
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Fig. 1 Cut of topographical map of the Sierra Nevada, showing the investigated mountain
region and location of the sampling sites at ridges (A), slopes (B) and within snowbeds (C)

along the elevation gradient (modified after Loffler et al. 2022).

Human impact

Population data from 1787 to 2018 (INE 2019a, UGR-IDR 2019, INE 2019b) outlines
the human impact on our study area, showing significant changes of population pat-
terns within the municipality Alpujarra de la Sierra since 1910 (Fig. 2A). The com-
parison of the total population number from Alpujarra de la Sierra with those of entire
Andalusia showed an antagonistic development. While the population number of
Andalusia has constantly increased since 1842, the number of Alpujarra de la Sierra
decreased from its highest historical population density in the mid-19™ century until

1910 (Calatrava and Sayadi 2019), when it has started to strongly increase again



until 1950 (Camara 2009). After a short period with a large population number, pop-
ulation has decreased rapidly, resulting in the recent number of 978 inhabitants. The
constant population increase of entire Andalusia has been attributed to economic
growth in Spain (Prados de la Escosura and Rosés 2010), return migration since
the 1980s and the immigration to Andalusia of nationals from European countries
(retirees) and developing countries (Moroccans), searching for job opportunities
(Rodriguez et al. 2002). Instead, the strong and rapid population decrease of Al-
pujarra de la Sierra from 1950 onwards, has been interpreted as the result of the
universal rural-urban migration that especially affected the mountain villages of the
Sierra Nevada (Calatrava and Sayadi 2019, Sayadi et al. 2009). As to the population
decrease, land use activity has changed and formerly intensively used land was
either abandoned or extensified (Douglas et al. 1994). Land abandonment and ex-
tensification of farming and management might have been also reinforced by the
installation of the Sierra Nevada Natural Park in 1989, regulating land management
with a focus on adapted traditional agricultural practices (Gomez-Ortiz et al. 2013).
But, despite governmental regulations on faming and land management, which have
also been reinforced by the establishment of the National Park Sierra Nevada in
1999 (IUCN 1998), land abandonment slightly decelerated, most likely as a conse-
qguence of current European Rural-Development policies (Sayadi et al. 2009) and

because of “naturbanization” in conjunction with conservation (Prados 2005).

Animal numbers for Granada province from 1906 to 2000 (Zambrana Pineda 2006)
and 2001 to 2015 (Junta de Andalucia 2019a) show that during this period, animal

numbers have undergone various fluctuations (Fig. 2B), which have been driven by
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the overall socio-economic development of the region. Congruent to the high popu-
lation density during the mid-19™ century, livestock (mainly goats and sheep) asso-
ciated with agriculture has become abundant and persisted, with slight changes,
until the rural exodus in the mid-20™ century. The sharp reduction of the population,
and thus workforce, have caused the decrease of semi-nomadic summer grazing in
areas of higher elevation and livestock herded by salaried herders has disappeared
(Calatrava and Sayadi 2019). This fundamental change of grazing mode is reflected
in small animal numbers from 1962 to the mid-1980™". The year 1987 marks a bifur-
cation point, which coincides with Spain's accession to the European Community in
1986, when new policies were adapted that promoted an intensification of industrial
livestock practices (Moreno et al. 2014). Therefore, animal numbers suddenly
reached exceptionally high numbers in 1988, and from then on remained at a con-
stant high level until 2007, with minor fluctuations. The abrupt and sharp fluctuation
of animal numbers has come along with attempts to alleviate an agrarian crisis until
the beginning of the 1990s, such as subsidies and modernization projects of live-
stock (Calatrava and Sayadi 2019). Despite these attempts, we assume that the
crisis threatened the extensive farms in Alpujarra de la Sierra and only larger-sized
farms with pasture grounds closer to the villages and comparable high animal num-
bers resisted to marginalization. The latest decrease of animal numbers in Granada
province can be attributed to universal socio-economic changes, accompanied by
the Rural Development programs of the European Union, which have mainly sup-
ported activities in the secondary and tertiary sectors (Calatrava and Sayadi 2019).
As shifting grazing pressure strongly affects vegetation cover and species compo-
sition (Alados et al. 2004), we assume that the overall high abundance of C. galianoi

along our alpine gradients might be attributed to the increase of nature conservation
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measures in the area, causing reduction (Natural Park) and elimination (National

Park) of traditional grazing (Verdu et al. 2000).

Animal numbers
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Fig. 2 A) Total human population of Andalusia and of the municipality Alpujarra de la Sierra
1787 — 2018. B) Total numbers of goats and sheep in Andalusia and in the province of

Granada 1906 — 2015.

While grazing causes gradual shifts of vegetation cover, species composition, and
plant growth (Alados et al. 2004), fires can eliminate the total above ground biomass
(Moreno et al. 2014). Mediterranean fires often occur after the hot and dry summer
period, and the effect of fires on the vegetation strongly depends on the fuel density
and thus on the heat of the fire (Pausas and Fernandez-Mufioz 2012, Pausas and
Vallejo 1999). Small fires frequently occur in the Sierra Nevada mountain range, but,
above the treeline natural fires are extremely rare today, and have probably been
very rare in the past (Jiménez-Moreno et al. 2013). Since 1975, several fires have
been recorded close to our study area and along our elevation gradient, but only
one large fire affected the entire area in 1994 (Junta de Andalucia 2019b). Feedback
effects of land-use extensification, caused by the decrease of the human population
in the rural mountain areas, the installation of the protected areas in combination

with the decrease of grazing pressure despite the increasing animal numbers, as
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well as the afforestation from the mid-20" century with resulting high calorific value,
have led to a massive increase of combustible above-ground biomass (Mesa Gar-
rido 2019, Pausas and Fernandez-Muioz 2012, Anderson et al. 2011). August 8th
1994, after a long and severe drought period, a fire was ignited in Valor valley and
was brought up to the alpine areas by strong easterly winds (Garcia 1994). The fire
lasted for about 72 hours (Ramos 2020 pers. com.) and burned an area of 1500 ha

(Garcia 1994).

Disturbance

Fire frequency is high in the Mediterranean (e.g., Fulé et al. 2008, Touchan et al.
2012, Christopoulou et al. 2013), and it is supposed to increase in a further changing
environment (Pausas et al. 2008, Marlon et al. 2008). Mediterranean shrub species
may survive periodic fires (e.g., Keeley 1986), with vulnerability to fire depending on
species and location. Here, Cytisus galianoi, as facultative resprouter, is probably
the most competitive among the species we studied, as it is able to regenerate rap-
idly from below-ground organs after fire (e.g., Moreno and Oechel 1991, Calvo et al.
2002, Fernandez-Santos el al. 2004). Moreover, it has been shown that fires favour
seed germination (Tarrega et al. 1992, Nufiez et al. 2003), and that Cytisus species
are clearly more favoured by fire action than Genista species and showed generally
higher post-fire germination rates (Tarrega et al. 1992). Astragalus species are also
known to germinate after fires (e.g. Hessl and Spackman 1995, Schwegman 1998,
Weeks 2004). However, for Astragalus schmolliae, which is adapted to surviving
fires (Rondeau 2020), a decrease in stocking density after fires has been observed

(cf., Rondeau et al. 2022) and Friedlander (1980) concluded that the abundance in
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this species was due to the absence of fires. The latter might also apply to A. gran-
atensis, which is abundant at the highest elevations, where fire has been shown to
be rare in the past (Anderson et al. 2011), and is presumably also rare today due to
scattered alpine vegetation. As such, the ability to regenerate after fire by stump-
sprouting and seed germination indicates high fire resistance and post-fire recruit-
ment in G. versicolor and particularly in C. galianoi (cf., Tarrega et al. 1992), and the
abundance of A. granatensis at high elevations indicates the absence or low fre-
qguency of fires. Being able to resprout also appears to be a reasonable adaptation
strategy to grazing, which is the second most important disturbance of vegetation

after fire (Huntly 1991, Diaz et al. 2007).

Grazing affects plant-morphological and plant-functional traits (e.g., Briske 1996,
Navarro et al. 2006), and it induces several feedback effects like changes in species
composition and abundance (e.g., Alados et al. 2004, Golodets et al. 2010), in cy-
cling and storage of nutrients (e.g. Marriott et al. 2004, Altesor et al. 2005), in the
structure of above- and below-ground biomass (e.g. Wardle et al. 2004), and in the
fire regime (e.g. Zimmerman and Neuenschwander 1984, Bachelet et al. 2000). As
such, the reduction of grazing pressure on the vegetation, by the implementation of
legal conservation measures in larger areas like National Parks, causes powerful
feedback cycles to which plant species are responding (Nassl and Léffler 2015).
The rural exodus in the 1950s has evoked land abandonment and extensification
(e.g., Douglas et al. 1994, Calatrava and Sayadi 2019), and the decreasing eco-
nomical demands on the natural environment have run parallel to the increasing
concerns for nature conservation (Prados 2005). C. galianoi and the co-occurring

species Genista versicolor have high grazing values, and, together with the layer of
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herbaceous species, represent an important fodder source for transhumance flocks
during summer (Robles et al. 2009). The reduction of disturbance was followed by
a rapid recovery of a dense shrub cover, which in turn enhanced the vulnerability to
fires (Pausas and Fernandez-Mufioz 2012, Moreno et al. 2014). Overall, it can thus
be assumed that these mountain shrubs have had an important socioeconomic

value.

The complex setting of different disturbances and environmental drivers is hard to
disentangle in ecological studies, and there is an urgent need for approaches deal-
ing with complex constellations of multiple drivers. Especially, studies which focus
on the interactions of mechanical disturbance and fires impacts on plant perfor-
mance in alpine areas are missing so far. Although studies on ecological diversity
emphasize that Mediterranean species are highly resilient to disturbance (Lavorel
1999), and studies on post-fire regeneration outline the regenerative capacity of
Mediterranean species (Buhk et al. 2007), our knowledge on species adaptation to

multiple disturbances and changing environmental conditions is limited.

In this doctoral dissertation, we focussed on six years of plant growth during a period
of relative stability after the establishment of the National Park (1999). During this
period (2015 — 2020), there was no fire and a moderate grazing regime, allowing to
study near-natural conditions and the environmental drivers of plant growth, for a
long time. This unique geographical setting served as an ideal background to un-
derstand the climatic control of alpine plant performance against climate variability

and thus as a valid background for predicting potential future changes.
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4 Climatic drivers of growth

The Mediterranean climate is associated with severe summer droughts, and torren-
tial precipitation abruptly introducing the cool, but mild and humid winter period.
These conditions drive the biogeographical patterns of well-adapted species and
communities which are mostly dominated by woody plants with conservative traits,
such as slow growth and high sclerophylly (Sardans and Pefiuelas 2013). As such,
Mediterranean alpine plant life is often believed to function similarly to the plant life
in the Mediterranean lowlands (Olano et al. 2013), although it is also predominantly
affected by temporal snow cover during winter and the severe alpine constraints,
which might play a superior role (Kérner 2021). Plant performance in the alpine en-
vironment has been shown to be coupled to the overall regional climate (Bar et al.
2008), and recent studies of alpine plants in the Mediterranean have suggested that
climate-driven growth patterns follow a double seasonality caused by summer
droughts and winter dormancy (Olano et al. 2013). But, corresponding studies on
patterns of stem diameter changes and growth mechanisms are rare for Mediterra-
nean alpine plant species (but see Dobbert et al. 2022a). In general, knowledge is
limited when it comes to climatically driven patterns of alpine shrub growth within
the Mediterranean. A few studies suggest that spring climate (April — May) might
determine alpine growth by high temperatures co-occurring with favourable hydric
conditions (Olano et al. 2013). Regarding the effect of temperature on plants in al-
pine climates, the most pending question is related to explaining thermal range limits
of species (Kérner and Hiltbrunner 2018). As such, realized thermal niches of alpine
plant species have been characterized, accounting for the seasonality that might
drive plant species occurrences, and searching for species-specific thermal thresh-

olds and their ecological justification (Loffler and Pape 2020). In the Mediterranean
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mountains, the coupling of temperature and moisture might play an overarching role
in determining a species” niche associated with summer droughts, low winter tem-
peratures and highly variable spatio-temporal impact of strong winds and snow

cover.

As shown in Figure 3, micro-environmental conditions (soil moisture and soil tem-
perature) measured within the root zone of the sampled specimens reflect the sem-
iarid Mediterranean climate regime with hot, dry summers and a drought period from
May to August, rainfall from autumn to spring and related mild, humid winters (An-
derson et al. 2011, Gomez-Ortiz et al. 2013). These contrasting weather conditions
are caused by general atmospheric circulation patterns, such as the Northern Atlan-
tic Oscillation (NAO) and the Western Mediterranean Oscillation (WeMO) (e.g. Mar-
tin-Vide 2006, Redolat et al. 2019). The characteristic air pressure system during
the summer shows stable high pressure inversion layer climate with autochthonous
weather in combination with continental Easterly streams (Jiménez-Moreno and An-
derson 2012, Roberts et al. 2011). In contrast, cyclonic activity with Atlantic low air
pressure corresponds with advective cool and humid weather from September to
April. High year-to-year variability is a characteristic feature of this seasonal climate
system corresponding with varying growth conditions (Li et al. 2006). Our micro-
environmental data measured on-site reveal comparatively little variation between
topographical positions, but pronounced inter-annual differences in timing of the dry

period in summer (Loffler et al. 2022).
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Fig. 3 Micro-environmental data from three topographical positions (A = exposed ridges, B
= slopes, and C = snowbeds). The presented curves represent averaged series and trans-

parency indicates standard deviation (modified after Loffler et al. 2022).

5 Plant species

a) Cytisus galianoi

In the Sierra Nevada, the oromediterranean vegetation is dominated by Cytisus gal-
ianoi Talavera and Gibbs (Rivas-Martinez 1996, Talavera and Gibbs 1997, Valle
2003), which is an endemic shrub species in the south of the Iberian Peninsula
(Giménez et al. 2004, Melendo et al 2003), occurring frequently at all major topo-
graphical positions. From its lowest occurrence at 1700 m a.s.l., it colonizes a wide

elevational range and finds its elevational limit at about 3200 m a.s.l., which is far
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above the elevational limit previously described in literature (Blanca et al. 2009a,
Lorite 2016). C. galianoi is a long-living, N-fixing chamaephyte (Giménez et al. 2004,
Melendo et al 2003, Macek et al. 2016) and belongs to the Fabaceae family. In
addition to its green stems, deciduous leaves are formed during May/June (maxi-
mum size of 0.5 mm), when the plant is flowering, and are shed towards the end of
summer (Talavera and Gibbs 1997). The species” stems are elastic and its flexible
cells shrink upon water loss while maintaining a high turgor (cf., Patakas and
Noitsakis 1999), which in combination with its extensive, highly branched root sys-
tem (Fernandez-Santos et al. 2004) that allows to absorb water from a large volume
of soil (Arndt 2000), indicates high water use efficiency. Overall, density and surface
cover of C. galianoi differ with aspect, slope, and curvature. However, both, the spe-
cies” ability to create its own microhabitat (Piston et al. 2016) and its green photo-
synthetic stems make it highly adaptable to environmental stress (Bossard and
Rejmanek 1992), which is why it is abundant even at sites with harsh conditions
where other species disappear. Furthermore, with its vegetative survival strategy to
resprout from underground buds, just as described for C. oromediterraneus (Fer-
nandez-Santos et al. 2004), it is able to endure periods of high grazing pressure and
fire (Fernandez-Santos et al. 2004). As such, C. galianoi shows a relatively wide
biogeographical and ecophysiological range and is well adapted to harsh climatic
conditions with hot and dry summers under strong solar radiation, as well as cold
and wet winters with protection by snow cover, or exposure to severe frosts without

snow cover (Fig. 4).
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utumn | intér
Fig. 4 Seasonal aspects of C. galianoi. In spring, when chlorophyll content is high, the spe-
cies” stems appear intensely green and in summer its appearance is dominated by its yellow
flowers. In autumn, it appears more brownish and in winter it is either covered by snow
(slopes and snowbeds) or exposed to strong winds, low temperatures and occasional freez-

ing conditions (ridges).

C. galianoi has a semi-ring-porous wood with distinct annual ring boundaries con-
sisting of thick-walled latewood cells that merge into thin-walled earlywood cells.
The concentrically arranged early wood vessels, at the beginning of each annual
ring, help to identify and distinguish the annual ring boundaries. Both, the first row
of earlywood vessels and the intra-annual vessels, which occur in clumps and irreg-
ular bands, are surrounded by small parenchyma cells. In addition, the xylem of C.

galianoi is crossed by narrow radial rays, mostly ranging from the round shaped pith
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to the outer xylem boundary (Fig. 5). Given this xylem anatomy, the difficulties de-
scribed regarding identification and measurement of annual rings in Mediterranean
species, which are expected to show two-split growth periods (Camarero et al.
2010), separated by drought triggered intra-annual false rings (Copenheaver et al.
2010), did not occur in our samples. This let assume that C. galianoi might be well
adapted to droughts, and thus neither forms intra-annual false-rings, nor shows in-

tra-annual wood-density fluctuations (de Micco et al. 2016, Rozas et al. 2011).
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Fig. 5 Anatomical features in a base section of C. galianoi. The species” semi-ring porous
xylem is characterized by a) clearly visible annual ring boundaries where thick-walled late-
wood cells merge into thin-walled earlywood cells. Narrow, dark coloured rays occur regu-
larly and mostly range from the pith to the outer xylem boundary. b) Intra-annual vessels
occur in clumps and irregular bands and are surrounded by small parenchyma cells. c) The

pith is round shaped and d) the earlywood vessels are arranged along the ring boundaries.
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b) Genista versicolor

Within the oromediterranean vegetation, Genista versicolor Boiss. (Rivas-Martinez
1996, Blanca et al. 2009a), which is endemic to the South of the Iberian Peninsula
(Kamari et al. 2010, Melendo et al. 2003, Giménez et al. 2004), forms dense shrub
patches up to 80 cm in height and 280 cm in diameter (Loffler et al. 2022). From its
lowest occurrence at 1600 m a.s.l. to its upper distributional limit at 2700 m a.s.l.,
the height of the shrub specimens decreases while density increases. At the same
time, the abundance of the species, which is restricted to slope positions (Loéffler et
al. 2022), diminishes with elevation (cf. Lorite 2001). G. versicolor belongs to the
Fabaceae family and is an N-fixing (Macek et al. 2016), long-living, cushion-forming
nanophanerophyte (Melendo et al. 2003), capable of creating its own microhabitat
(cf., Piston et al. 2016). It produces a few small deciduous leaves (up to 0.5 mm)
during anthesis in May/June, which are shed towards the end of summer (Blanca et
al. 2009a). The green-greyish photosynthetic stems (Bossard and Rejmanek 1992)
are comparatively rigid and unbending, allowing increased water uptake (cf., Schulte

1993), which is further promoted by the species” taproot reaching deep into the soll

(Fig. 6).
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Spring Summer

Autun B - Winter

Fig. 6 Seasonal aspects of G. versicolor. In spring, when chlorophyll content is high, the
species” stems appear green-greyish and in summer its appearance is dominated by the
yellow flowers. In autumn it appears more greyish-brown and in winter the species is usually

covered by snow.

G. versicolor has semi-ring-porous wood with clear annual ring boundaries distinct
by radially flattened and thick-walled latewood cells that merge into thin-walled ear-
lywood cells (Fig. 7). The concentrically arranged first row of earlywood vessels at
the beginning of each annual ring help to detect the annual ring boundaries. The
species” vessels are arranged in diagonal and/or radial patterns, or occur in clusters
and are surrounded by small parenchyma cells. Rays are predominantly uniseriate
and upright or square and the root stele is round shaped (c.f., Crivellaro and

Schweingruber 2013).
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Fig. 7 Anatomical features in a root section of G. versicolor. The species” semi-ring porous
xylem is characterized by a) clearly visible annual ring boundaries where thick-walled late-
wood cells merge into thin-walled earlywood cells. Narrow, dark coloured rays occur regu-
larly and mostly range from the stele to the outer xylem boundary. b) Intra-annual vessels
occur in clumps and bands and are surrounded by small parenchyma cells. c) The root stele

is round shaped and d) the earlywood vessels are arranged along the ring boundaries.

c) Astragalus granatensis

In our study region, Astragalus granatensis Lam. (Podlech 2008, Blanca et al.
2009a, Molero-Mesa 2013 pers. com.) only occurs at high elevations of the eastern
gradient, where it is abundant between 2600 m a.s.l. and 2780 m a.s.l. (Fig. 1).
Overall, the specimens” height and diameter decrease with elevation, and at the
highest wind-exposed ridge positions, A. granatensis only reaches < 25 cm height
(Loffler et al. 2022). The species is a long-living, cushion-forming, Iberian-North Af-

rican chamaephyte that belongs to the Fabaceae family (Molina and lzco 1986,
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Melendo et al. 2003, Giménez et al. 2004, Lorite et al. 2007, Podlech 2008). Its
pubescent, paripinnate, spiny leaves (Blanca et al. 2009a) are usually formed twice
ayear, in early summer (May/June) and at the transition between autumn and winter
(November/ December) (Fig. 8). Such seasonal leaf dimorphism has long been de-
scribed for a variety of Mediterranean plant species (e.g., Liphschitz and Lev-Yadun
1986, Puglielli 2019) and interpreted as an adaptation strategy to the Mediterranean
living conditions characterized by temperature and water stress (e.g., Guarino et al.
2005, Lianopoulou et al. 2014). Furthermore, regarding adaptation to the alpine liv-
ing conditions, the species” thorny cushion-like habitus, which has been shown to
grant a remarkable resistance to intense solar radiation, persistent drought, wide-
ranging temperatures as well as to mechanical disturbance due to strong winds,
plays an important role as it allows the species to effectively buffer seasonal drought
by dew condensation happening quite regularly in the early morning (Guarino et al.
2005), and probably also protects the plant from being browsed. Water uptake is
further enhanced by the species' dual root system, consisting of a thick taproot
reaching deep into the soil and a mat of finer roots near the soil surface (Guarino et

al. 2005).
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Fig. 8 Seasonal aspects of A. granatensis. In spring, the species is leafless and at the be-
ginning of summer its appearance is dominated by its green summer leaves (first leaf co-
hort), which are shed towards the end of summer. At the beginning of autumn, it appears
yellowish-brown but towards the end of autumn it becomes green again when winter leaves
are unfolded (second leave cohort). During winter, when the first frosts provoked leaf shed-
ding, the species is either covered by snow (slopes) or exposed to strong winter winds, low

temperatures and freezing, which in combination can lead to icing (ridges).

A. granatensis has ring-porous to semi-ring porous wood and annual ring bounda-
ries are distinct by marginal parenchyma bands (Fig. 9). Thick-walled vessels occur
in bands or clusters, and fibers are thick- to very thick-walled. The pith is round-
shaped and surrounding dimorphic cells contain dark staining substances (c.f.,

Crivellaro and Schweingruber 2013). The broad radial rays can be as long as ten
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rows of annual rings or range from the round-shaped pith to the outer xylem bound-
ary. Both, pith and rays contain a gel-like sap, which similar to the gum described
for other species of the genus Astragalus (e.g., Mohammadifar et al. 2006, Gorji et
al. 2014, Kaya et al. 2016, Devecioglu and Bicer 2016) exudes when twigs, stems
and roots are incised. Since the amount of sap exuding is highest at the beginning
of winter, we suspect that it plays an important role in osmoregulation (e.g., Braun

1984, Blackman 1991, Boughalleb et al. 2016).
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Fig. 9 Anatomical features in a stem section of A. granatensis. The ring porous to semi-ring
porous xylem is characterized by a) clearly visible ring-boundaries marked by narrow band
blue-stained marginal parenchyma bands and a row of large-lumened earlywood vessels.
b) The xylem consists of small red-stained thick-walled cells with single vessels, and is
crossed by wide rays containing a gel like cell sap. ¢) The comparatively large pith is round

shaped and surrounded by cells containing dark staining substances.
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6 Distribution and seasonality of alpine shrubs

The geographical distribution of our species corresponds with characteristic but
complex environmental patterns, and seasonally shifting site conditions (Fig. 10).
Along the elevational gradient, the dense shrub vegetation of the lower alpine envi-
ronment (at 1800-2200 m a.s.l.), interspersed with individual trees and groups of
Quercus and planted Pinus species, opens up and transitions into a middle alpine
environment (2200—-2700 m a.s.l.), dominated by a fine-meshed mosaic of scattered
shrub patches, grasses, open rock and debris (Loffler et al. 2022). Above 2700 m
a.s.l., vegetation gradually merges in a high-alpine environment where single low-
growing shrubs co-occur with grasses in a matrix of open rock and debris (Rivas-
Martinez 1981, Rivas-Martinez S., and J. Loidi, Loffler et al. 2022). In the mid-alpine
environment, Cytisus galianoi co-occurs with Genista versicolor on south-facing
slopes with periodic snow cover during longer winter periods (Pistén et al. 2016,
Loffler et al. 2022). While G. versicolor is restricted to slopes, C. galianoi is also
abundant at exposed ridge positions and in late snow beds where the patchy vege-
tation consists mainly of grasses and single low growing shrubs (Lo6ffler et al. 2022).
Towards higher elevations, G. versicolor diminishes and C. galianoi co-occurs with
Astragalus granatensis (Lorite 2001), but is replaced in the latest snowbeds and at
highest elevations. At the highest, most exposed ridges, where snow cover is rare
and vegetation cover is patchy with open rock and debris at the surface, A. granat-
nesis remains the exclusive shrub species (Loffler et al. 2022). Alongside our three
focal dwarf shrub species, we observed Festuca clementei being the dominant gra-
minaceous species along the entire alpine gradient, reaching its distributional limit

in the latest snowbeds and the highest, most wind-exposed hilltops (Loffler et al.
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2022). This observed distributional range is far beyond the range described in liter-
ature, according to which the occurrence of Festuca clementei is restricted to the
cryoromediterranean belt above 2700-2900 m a.s.l. (cf. Lorite 2001, Blanca et al.

2009b). Nomenclature and taxonomy of the plant species followed Blanca et al.

(2009a, 2009b).
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Fig. 10 Elevation and topography drive complex biogeographical patterns in our species.
Vegetation cover and density increases along the elevation gradients from a) highest to b)
intermediate and c) lowest elevations. During early d) winter and f) spring highest peaks
usually display a complex snow pattern with decreasing intensity towards e) the treeline.
Ridges are generally characterized by the absence of snow cover, causing harsh conditions
also during g) April and h) March and therefore only show i) scarce vegetation cover. As-
pects of snowbeds in j, I) May and k) October indicate high inter-annual climate variability.
Vegetation cover changes in dependence to topography from m) hilltops and n) snowbeds

with scarce cover and density to increasing density and thickness at 0) slopes.
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7 Shrub growth patterns

Our three studied species showed bimodal patterns of stem diameter change with
high intra- and inter-annual variability, as well as pronounced differences between
species and the three contrasting topographic positions (Fig. 11). By grouping and
averaging our dendrometer measurements derived from individually installed den-
drometers (Loffler et al. 2022), we found that changes in stem diameter of Cytisus
galianoi during winter were characterised by moderate variability, apparently allow-
ing early stem expansion (February) which usually peaked in May/June, suggesting
that early water uptake with the resulting high turgor pressure promotes an early
onset of growth processes (Albrecht et al. 2023a). Moreover, we found that both,
summer and winter stem contraction were most pronounced at the ridge positions,
and that Astragalus granatensis had a more pronounced winter stem contraction,
while C. galianoi had more pronounced summer stem contraction, suggesting a),
winter dehydration in A. granatensis likely to be related to frost protection and b),
higher summer dehydration in C. galianoi likely to be linked to a more prodigal water
use strategy (Albrecht et al. 2023b). Comparing patterns of stem diameter change
at the slope positions, it became obvious that winter and summer stem contraction
was less pronounced in Genista versicolor, suggesting that frost protection gets less
relevant where species are protected by snow during winter, and that G. versicolor
is well adapted to summer drought, likely by combining effective stomata control
with reduced but continuous water uptake throughout the summer drought period
(Albrecht et al. 2023c). Patterns of stem diameter change within snowbeds showed
most pronounced differences between species, which most likely arise from highly
variable snowpack distribution within the complex alpine topography (Loffler et al.

2022).
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Fig. 11 Dendrometer curves representing averaged series of stem diameter change be-

tween A. granatensis, C. galianoi and G. versicolor as well as between ridges (A), slopes

(B) and snowbeds (C); transparency indicates standard deviation among specimens (mod-

ified after Loffler et al. 2022).
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By comparing our dendrometer measurements at the start and end of each meas-

ured year, we obtained total annual stem diameter changes shown in Figure 12

(Loffler et al. 2022). Overall, patterns of annual stem diameter change reflect the

characteristic inter-annual variability of the Mediterranean climate regime and show

clear differences between the contrasting topographical positions.
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Fig. 12 Summary of annual stem diameter change (measured stem diameter at the end of

the year minus measured stem diameter at the start of the year) between species as well

as between ridges (A), slopes (B) and snowbeds (C) (modified after Loffler et al. 2022).



32




33
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Abstract

Mediterranean alpine plant species are exposed to harsh environments and are re-
quired to perform with well adapted physiological strategies to withstand the dual
stressors that arise from winter cold and summer drought. Consequently, bimodal
growth is thought to be the dominating strategy for plant performance, which is par-
ticularly important in the face of on-going climate change. However, this growth
strategy is not yet fully understood. Here, we aimed at understanding shrub growth
in a widespread species, Cytisus galianoi. By using long-term time series of stem
diameter change obtained by dendrometers, and separating water-related fluctua-
tions in stem diameter from irreversible stem increment, we were able to disentangle

growth patterns triggered by frost and drought, and relate these drivers to the timing
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of growth by testing the carry-over effects assumption, which addresses resource
acquisition during favourable periods often far prior to the actual growth phase. Our
results helped to characterize the species” spatio-temporal plasticity and to identify
the micro-environmental drivers controlling its growth processes. As such, we show
the environmental control of bimodal growth in C. galianoi, and highlight the im-
portance of pre-growth environmental control, leading to pronounced carry-over ef-
fects. The combination of bimodality and overall high growth plasticity likely allows
the species to cover a wide geographical range across alpine areas and over a wide
range of climate conditions. As such, C. galianoi is probably well adapted to future
climate variability by taking advantage from warmer winters, and tolerating even

longer summer droughts.

Key words
Climate-growth relations, adaptation strategies, growth plasticity, bimodal growth,
carry-over effects, dendrometer measurements, growth physiology, dwarf shrubs,

green-stems, alpine ecology, climate change

Introduction

Repercussions of climate change on plant growth

Climate change scenarios for the Mediterranean suggest warming at a rate about
20% higher than changes in the global annual mean air temperature, with summer
temperatures likely increasing more than winter temperatures (Lionello and
Scarascia 2018). This will result in substantial drying and warming of the Mediterra-

nean, especially during the warm season (Giorgi and Lionello 2008). For alpine ar-
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eas, climate change has been projected to reduce annual and especially spring pre-
cipitation (Bravo et al. 2008), which may limit plant growth during the main growth
phase in May/June, when precipitation has been found to promote plant growth
across a broad geographical area (e.g., Touchan et al. 2014, Campelo et al. 2021).
Alpine species are particularly prone to experiencing changing thermal conditions,
since they are exposed to steep temperature gradients occurring over short distance
(Korner 2021). They are thus able to rapidly adjust their distribution range and col-
onize suitable habitats (e.g., Sanz-Elorza et al. 2003, Benito et al. 2011, Olano et
al. 2013). However, potential responses and adaptations of Mediterranean alpine
plant species might be diverging (Magafa Ugarte et al. 2019). Warmer growing sea-
sons might result in negative growth responses of small-stature shrubs which dom-
inate large parts of this region. Shrub growth, which is mainly constrained by sea-
sonal droughts (Gazol and Camarero 2012a), might be modified by further moisture
limitations (Pellizzari et al. 2017). Moreover, warming has been found to constrain
the physiology of Mediterranean alpine species under summer drought stress
(Giménez-Benavides et al. 2018). On the other hand, earlier studies have shown
accelerated growth and high resource use efficiency under higher temperatures,
indicating the species” inherent advanced physiological capacity and its ability to
acclimate to a warmer environment (Yang et al. 2011). Additionally, plant growth
within the alpine is constrained by winter cold, so that the predicted winter warming
may enhance shrub growth by reducing thermal constraints and, consequently,
lengthen the growing season (Castagneri et al. 2018), associated with positive
growth responses and greening of the Mediterranean alpine (Dobbert et al. 2022a).

In this context, it has been noted that the response of alpine plants to climatic vari-
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ability under simultaneous temperature and drought stress is complex and that mod-
els that simply assume an upwards shift as a response to higher temperatures may

fail to predict future responses to climate change (Olano et al. 2013).

Alpine plant growth

Alpine species are widespread and abundant over steep ecological gradients and
exposed to a huge variety of site conditions with plant performance constraint by
both, low-temperature stress rising with elevation, and drought stress declining with
elevation (Pescador et al. 2015, Magafa Ugarte et al. 2019). As ubiquitists, these
species should perform with well-adapted physiological strategies to withstand the
variety of stressors they are exposed to, including severe summer drought in addi-
tion to winter frosts (Cavieres et al. 2000, Morales et al. 2012, Gutiérrez-Girén and
Gavilan 2013). However, physiologically effective drought stress and freezing stress
are assumed to be rarely fatal in alpine plants (Kérner 2021). Thus, plant perfor-
mance must be based on drought and frost resistance strategies, which help the
species survive during the dual stress periods and allow their performance under
favourable conditions (cf., Mitrakos 1980). However, such mechanisms are not yet

fully understood.

In low-stature alpine shrubs, meristems are adapted to the microclimate of their im-
mediate surroundings which allows shrub growth to be partially decoupled from the
free atmosphere (Korner 2012). For example, during winter, shrub meristems are
often protected by snow, limiting the risk of freezing and mechanical damage (Rixen
et al. 2010), while the insulating benefits of snow pack to shrub meristems may also

be detrimental when late snow melt results in a shortened growing season (Pellizzari
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et al. 2014, 2017). In complex alpine topography along elevational and regional cli-
matic gradients, many plant species have been shown to be restricted to their spe-
cific ecological niche (e.g., Loffler and Pape 2020, Dobbert et al. 2021a), and alpine
vegetation patterns do reflect these topographical structures (e.g., Gjeerevoll 1956,
Billings and Bliss 1959, Holtmeier 1971, Loéffler 2007, Gazol and Camarero 2012b,
Leuschner and Ellenberg 2017). Thus, growth of alpine shrubs from different envi-
ronments has been shown to be not only influenced by the regional climate (e.g.,
Bar et al. 2008, Gazol and Camarero 2012a, Li et al. 2013), but also by the local
environment which has been addressed as the major driver of shrub growth (Gazol
and Camarero 2012b). In this context, plastic xylogenesis has been described as a
competitive advantage under the Mediterranean climate regime (cf., Camarero et

al. 2010).

Accordingly, spatio-temporal plasticity of secondary growth has generally been as-
sumed to be of particular importance in cold and dry ecosystems (c.f., Korner 2012,
Pellizzari et al. 2017, Tumajer et al. 2021b), and high plasticity has been highlighted
as the advantage of enabling widespread species to colonize large areas (Ghalam-

bor et al. 2007, McLean et al. 2014).

Bimodality in growth patterns

The Mediterranean climate promotes two distinct growth peaks separated by sum-
mer quiescence, resulting in a bimodal growth pattern which may be represented by
the anatomical cell structure in tree-rings (e.g., Campelo et al. 2021, Tumajer et al.

2021a). This pattern has been associated with favourable growing conditions during
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spring and autumn when mild temperatures and soil-water availability enhance cam-
bial activity (e.g., Pacheco et al. 2018). This bimodal character has been found in
Mediterranean lowland species and is similarly present in alpine species (Olano et
al. 2013). Additionally, such bimodal growth patterns have recently been found
across biomes (Dobbert et al. 2022a). Bimodality as a growth strategy likely enables
shrub species to restrict their growth to phases with favourable environmental con-
ditions (cf., Tumajer et al. 2021a). As such, bimodality is likely to enhance plant
performance in the Mediterranean alpine, where winter cold and summer drought
are strongly pronounced. As cambial reactivation after a dry summer is not always
observed, a facultative bimodal growth has been suggested as the best way to char-
acterize growth patterns in the Mediterranean (Battipaglia et al. 2016, Campelo et

al. 2018).

Carry-over effects

Given the pronounced bimodality, it is reasonable to assume that pre-growth condi-
tions determine growth during the active growth phases. This especially holds true
for alpine plant species which, after quiescence, are facing short windows of growth
opportunities under favourable conditions. Earlier studies have shown that previous
year's meteorological conditions are reflected in the morphological and physiologi-
cal characteristics of current-year leaves, and acclimation to changes in light inten-
sity even occurs over multiple growing seasons (e.g., Koike et al. 1997, Jones and
Thomas 2007, Ishii and Ohsugi 2011, Sumida et al. 2018). Earlywood of tree rings
also contains photo-assimilates from the previous summer and autumn as well as

from the current season (Helle and Schleser 2004, Kagawa et al. 2006a, 2006b,
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Krepkowski et al. 2013). Presupposing that all alpine plants are able to photosyn-
thesize at sub-zero temperatures (Pisek et al. 1967, Kdrner 2021) and some even
during severe droughts (Attia et al. 2015), it can be assumed that evergreen/green-
stemmed Mediterranean alpine shrub species exhibit such carry-over effects by

seasonally preceding photosynthetic activity.

Aims and Objectives

The plasticity of cambial activity and the adjustment of wood formation to fluctua-
tions in climatic conditions may be derived from continuous dendrometer measure-
ments (e.g., Pacheco et al. 2018). Using such time series derived from high resolu-
tion dendrometer measurements, we aimed at understanding Mediterranean alpine
shrub growth in a common and widespread, green-stemmed alpine shrub species
Cytisus galianoi. By separating water-related stem diameter changes from irreversi-
ble stem increment, we aimed to disentangle bimodal growth patterns triggered by
frost and drought stress, and relate these drivers to the timing of growth by testing
the carry-over effects assumption. In this way, we tried to characterize the species’
spatio-temporal growth plasticity and expected to identify environmental drivers,

helping to explain growth dynamics from an ecophysiological perspective.

Material and Methods

Studied species

In this study, we focused on the dwarf shrub species Cytisus galianoi Talavera &
Gibbs (hereafter C. galianoi) (Fig. S1) (taxonomy and nomenclature after Blanca et
al. 2009a). C. galianoi is a long-living, cushion-forming chamaephyte (Melendo et

al. 2003, Giménez et al. 2004, Podlech 2008) belonging to the Fabaceae family. It
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is an N-fixing species (Macek et al. 2016), and forms only a few small leaves during
anthesis (May/June) (Talavera and Gibbs 1997, Blanca et al. 2009a). The elasticity
of the above-ground biomass allows for drought resistance (cf., Patakas and
Noitsakis 1999), and its green stems allow for year-round photosynthesis (cf.
Bossard and Rejmanek 1992). The species is abundant in the Sierra Nevada moun-
tain range (Spain) and endemic to the south of the Iberian Peninsula (Melendo et

al. 2003, Giménez et al. 2004).

Study sites and specimens

Our focal species colonizes a broad spectrum of sites along the alpine elevational
gradient up to 3200 m a.s.l. within the Mediterranean biome (Fig. S1). Accordingly,
specimens are exposed to the overarching climate signal of the Mediterranean re-
gion characterized by hot and dry conditions during summer, and cool and humid
conditions in autumn, winter, and spring (Roberts et al. 2011, Anderson et al. 2011,
Jiménez-Moreno and Anderson 2012). The Sierra Nevada mountain range reaches
its highest peak at 3479 m a.s.l. (Mulhacén) (Herrero and Polo 2016), encompassing
a variety of Mediterranean alpine ecosystems (Gémez-Ortiz 2019) and forming an
“island” of alpine climate and snow (Herrero and Polo 2016). Here, the growing sea-
sons are comparatively short and plants are exposed to cold winters, high solar
radiation, strong winds, and snowfall (Valle 2003). In combination with the complex
alpine topography (cf., Loffler 2007) these conditions affect the spatial distribution
of C. galianoi. Our focal species dominates the vegetation of the middle-alpine en-
vironment between 2200 and 2700 m a.s.l. (Loffler et al. 2022) and forms scattered
shrub patches at exposed ridges within a matrix of open rocks, debris, and Festuca

clementei Boiss. (Blanca et al. 2009b) that remains the dominant graminaceous
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species here. Above 2700 m a.s.l., where vegetation is more and more transitioning
into a high-alpine environment (Loffler et al. 2022), C. galianoi disappears from lat-

est snow beds.

For our long-term monitoring, we stratified-randomly selected 29 sites, following our
long-term project on alpine ecosystem research (LTAER-ES; e.g., Loffler et al. 2021,
Loffler et al. 2022). These sites represent the spatial variety of different environmen-
tal conditions in the area. At each site, we selected the shrub specimens to be sam-
pled at random, with the constraint of comparable size among specimens. This ap-
proach led to a monitoring design consisting of 77 C. galianoi (2100 - 3175 m a.s.l.)
specimens (Fig. S1) equipped with dendrometers. We recorded stem diameter

changes for six full consecutive years (January 1, 2015, to December 31, 2020).

Dendrometer data and monitoring setup

To monitor radial stem diameter variations, we equipped the selected specimens
with high-precision point dendrometers (type DRO; Ecomatik, Dachau/Germany),
using sensors with a temperature coefficient of <0.2 ym/K which recorded data at 1
minute intervals. The dendrometers were mounted on a T-shaped aluminium bar,
carefully attached to the selected stems with a UV-resistant rubber band to provide
a preferably stationary system horizontally above the ground surface (approximately
1 cm above ground). To minimize the influence of hygroscopic swelling and shrink-
ing of the bark (Zweifel and Hasler 2001), we removed the outermost layers of dead
periderm (0.5 mm) at the contact point of the dendrometer pistons (cf., Dobbert et
al. 2022b). Dendrometers were placed on the main stem, as close as possible to

the presumed root collar, which is believed to represent the growth of the entire plant
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quite well (Bar et al. 2006, 2007, Ropars et al. 2017). However, the extent to which
changes in radial stem diameter vary within individual specimens and between mul-
tiple stems of the same specimen has not been fully elucidated yet (Dobbert et al.
2021b). To account for this variation, we monitored a large number of specimens
and ensured that selected specimens were representative of the conditions ob-
served at each site, avoiding positions near stones and small depressions. To obtain
daily mean values from our raw data set, we averaged the dendrometer data follow-
ing the "daily mean approach” (Deslauriers et al. 2007). Because dendrometers
measure changes in stem diameter relative to the start of the measurement cycle
and not the absolute stem diameter, we normalized the annual stem diameter
curves by removing the initial stem diameter, which ranged from 2358.96 ym to
10300.84 um, from the annual curves. Finally, we checked the data for outliers, de-
fining the interquartile range (IQR) and the 25th (Q1) and 75th (Q3) percentile
(Q1/Q3 -/+ 1.5*IQR) as cut-off ranges. Since we did not find any outliers, all daily

measurements per curve were retained.

Environmental conditions

To assess the drivers of the monitored radial stem diameter variations, we addition-
ally measured micro-environmental parameters at each site and for each specimen
separately using thermistors and soil moisture probes at 10 cm soil depth within the
root zone of each specimen (c.f. Loffler and Pape 2020, Dobbert et al 2021b). Root
zone temperatures (hereafter Trz) were recorded at 1-min intervals and stored as
hourly averages using ONSET's HOBO Loggers (type H21-002) and thermistors
(type S-TMB-002) with +0.2°C accuracy. Soil moisture conditions within the speci-

men’s root zone (hereafter SMrz), were measured as volumetric soil water content
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(m3/m?3) at 1-min intervals, again recorded as hourly averages, using soil moisture
probes (type S-SMD-MO005) with +3% accuracy. All micro-environmental data used
here were collected for the period January 1, 2015 to December 31, 2020, with ad-
ditional data from 2014 used when needed. There were no missing data at the se-

lected sites.

The mean below-ground regimes of Trz and SMrz for all monitored specimens are
shown in Figs. S2 (see also Loffler et al. 2022). Consistent with the typical bimodality
of the Mediterranean climate (e.g., Mitrakos 1980, Camarero et al. 2012), conditions
were characterized by comparatively mild and humid conditions in spring and au-
tumn, intermitted by harsh, cold winters with occasionally occurring frosts and peri-
odic snow cover, and hot and dry summers with overall high solar radiation (Fig.

S2).

Analysis of seasonal growth patterns

Aiming to discern the species” seasonal growth patterns from our dendrometer
curves, we defined two growth phases here, one during the first half of the year
(meteorological spring) and one during the second half of the year (meteorological
autumn), which are intermitted by a first phase of stem contraction during summer
and a second phase during winter. This subdivision of intra-annual growth is essen-
tial, as it accounts for the bimodal rhythm of the Mediterranean climate (Mitrakos
1980). Therefore, growth-induced irreversible stem expansion (hereafter growth)
was calculated semiannually. This enabled us to identify a first and a second growth
phase, resulting in the total annual growth as the sum of the growth during the first

and second growth phase. Mathematically, we defined growth as the cumulative
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maximum, or current half-year stem diameter maximum minus the most recent max-
imum of the previous study period. Although applied to semiannual rather than daily
data as originally suggested by Zweifel (2016), this definition of growth parallels that
of the “zero-growth approach” where growth is defined as equivalent to an incre-
mental increase in stem radius when the measured radius is greater than at any
point in the past (Zweifel 2016, Zweifel et al. 2021). Accordingly, growth can only
take on positive values, but does not necessarily occur every year or every half year,
i.e. during every growth phase. We refer to years in which there was no growth in
neither the first nor the second growth phase as dormant years. Whenever growth
occurred, we calculated both the change in stem diameter and the temporal duration
of the respective phase for all specimens and years. Additionally, we calculated
stem water deficit, defined as periods of stem contraction, by subtracting the meas-

ured stem diameter changes from a cumulative growth curve (Zweifel 2016).

Correlation analysis and linear mixed-effects analysis

To uncover the relations between on-site environmental conditions and species’
growth patterns described above, we examined the influence of microclimate on
shrub growth through correlation analysis and linear mixed-effects analysis. Using
the statistical software R (R Core Team 2020), we calculated Pearson’s correlation
coefficients between semi-annual irreversible stem growth and daily mean values
for our environmental parameters Trz and SMrz for the years 2015 to 2020. To ac-
count for possible lagged effects of previous-year conditions on current-year growth,
we included daily averages for the entire previous year in our correlation analyses
for the first growth phase and the period from June to December of the previous

year for the second growth phase, similar to what was done in analyses of growth
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chronologies derived from ring width series (e.g., Bar et al. 2008, Weijers et al.
2018). For this purpose, we included additional micro-environmental measurements
from 2014 in our calculations, i.e., measurements from before the start of our study
period. To account for the variability between the observed specimens, we addition-
ally fitted linear mixed-effects models to our data, using the Ime4 R package (Bates
et al. 2015). For these models, we chose semi-annual irreversible stem growth as
response variable, and monthly mean values for all environmental parameters as

fixed effect. The individual specimens were included as random effect.

Partial least squares regression

To complement the correlation analysis and further investigate the relationship be-
tween growth and our micro-environmental parameters we applied partial least
squares regression (PLSR; Wold 1975), also known as "projection on latent struc-
tures" (Abdi 2010). With this statistical approach, we aimed to use variable selection
methods to define a subset of relevant environmental conditions and their relative
importance in promoting or limiting growth. PLSR, originally intended for the analysis
of multidisciplinary problems (Wold 1980), has been implemented in ecological stud-
ies over the past decade (Carrascal et al. 2009, Frindte et al. 2019, Loffler and Pape
2020). Its main advantages include that it works without distributional assumptions
(Wold 1980, Dijkstra 1983, Martens and Neaes 1989, Vinzi et al. 2010, Frindte et al.
2019) and its applicability to data where the number of predictors exceeds the num-
ber of observations or the predictors are highly correlated, as is the case with ours.
This distinguishes PLSR from classical methods such as multiple linear regression
and principal component regression and makes it particularly suitable for our pur-

poses (Geladi and Kowalski 1986, Carrascal et al. 2009, Frindte et al. 2019). In line
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with the approach successfully applied by Léffler and Pape (2020) to determine
thermal niches of species, we aggregated our environmental data and rounded them
to 0.5°C for Trz and 0.01 m3/m? for SMrz values. We then counted and summed the
frequency of each value occurring within the rounded time series. We performed
these calculations separately for each meteorological season, yielding sets of pre-
dictor variables that we then scaled and centered. The previously calculated growth
values, which turned out to be almost normally distributed, were used as associated
response variable. For the final estimation of the single-response model, we used
the SIMPLS algorithm (de Jong 1993) implemented in the R package mdatools (Ku-
cheryavskiy 2020). We determined the optimal number of variables in the PLSR
model using Wold's R criterion (Wold 1978), and assessed the explained variance
during model calibration and validation by tenfold cross-validation. While numerous
methods are available for assessing the relevance of each independent variable in
the models created (overview in Mehmood et al. 2012) we found the selectivity ratio
(SR) to be the most appropriate for our data (Farrés et al. 2015, Frindte et al. 2019).
The SR is defined as the ratio of explained to remaining (unexplained) variance for
each variable in the target projection vector. In order to achieve better contrastable
results, the explained variance (SR/abs (SR +1)) was derived from the SR. The
variables with the highest values represent the main explanatory variables (Rajalahti
2009). Multiplying the SR of each variable by the sign of the corresponding regres-
sion coefficient it is easy to see which variables are positively or negatively associ-
ated with the dependent variable (Rajalahti et al. 2009, Loffler and Pape 2020). In
this way, we were able to clearly identify the environmental conditions that are sig-

nificantly related to growth.
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Linear mixed effects modelling

Finally, we aimed to explore the spatial and temporal variation in stem diameter
change patterns, as well as the effects of environmental influences on this variation.
Here, a modelling approach has found wide application in ecological settings in re-
cent years to decompose the variability within grouped, complex data (Aller et al.
2019, Bolker et al. 2009, Firn et al. 2019, Henn et al. 2018, Dobbert et al. 2021a).
We developed linear mixed effect models for total annual growth, as well as growth
in both previously defined growth phases, which entered as response variables
alongside annual stem increment (maximum stem diameter - minimum stem diam-
eter) and the total number of growing days per year. After selecting these response
variables, we grouped our data by a set of characteristics, that is, topographical
position, year, and site (including both elevation and study region). Furthermore, we
included the initial stem diameter at the beginning of the year, rounded to the near-
est decimal, as a grouping variable. These grouping factors were included as ran-
dom effects into the models. Subsequently, we investigated the percentage of vari-
ance explained by each factor, which was derived from the models using the
VarCorr function (Bates et al. 2015) in R. To represent the study design within the
model structure, we nested topographical position within the site parameter. The
final models included no fixed effects and thus had the form Growth ~ (1 | Site/Topo-
graphical position) + (1 | Year) + (1 | Initial stem diameter) as implemented into the
Imer function of the Ime4 R package (Bates et al. 2015). Following this statistical
exploration of spatial and temporal variability, we tested the role of microsite envi-
ronmental variation within and between the grouping characteristics defined above

and how this variation influenced annual growth. Here, we included seasonal means
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of measured environmental parameters (Tsz, Trz and SMrz) as fixed effects, creat-
ing one full model of the form Growth ~ environmental parameters + (environmental
parameters | topographical position) + (environmental parameters | site) + (environ-
mental parameters | year) + (1 | initial stem diameter), as implemented into the Imer
function of the Ime4 R package (Bates et al. 2015). From this model we then derived
explained variance estimates (conditional, R2 ¢, and marginal, R2 m), as well as the
partitioned variance, using the R package MuMin (Barton 2020, Nakagawa and
Schielzeth 2013). This allowed us to quantify the percentage of variance in growth,
which can be explained by environmental variation between sites, years and topo-
graphical position. All environmental data were standardized (scaled by means and
standard deviations) prior to model fitting to make coefficients comparable (Grace

and Bollen 2005).

Results

Stem diameter changes in C. galianoi were of bimodal character, with the stem di-
ameter reaching its maximum in autumn (Fig. 1). We observed pronounced varia-
bility of intra-annual and inter-annual patterns of the stem water deficit, with a gen-
erally pronounced stem contraction in summer, a less pronounced stem contraction
in winter (Fig. 2), and highest growth rates in spring (April to June), co-occurring
with water uptake and strongest stem expansion (Fig. 3). From the inter-annual per-
spective, spring growth was usually high, while autumn growth was generally of mi-
nor importance except for 2019 (Fig. 4). The strong increment in stem diameter fol-
lowing summer shrinkage was not mirrored by pronounced autumn growth, and only

minor growth occurring after periods of summer quiescence into the winter.
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As shown in figure 1, stem diameter changes in C. galianoi during winter suggested
high water potential, which likely allowed early stem expansion as soon as February.
This expansion indicated water uptake happening from DOY 100, associated with
high water potential and high turgor pressure. Subsequent stem contraction after
DOY 160, associated with continuously decreasing water potential and turgor pres-
sure, and culminated at DOY 220. During autumn, pronounced continuous stem
expansion started with the first rains after severe drought, and continued throughout

the entire autumn season, implying stem rehydration (Fig. 2).

€
=75
k]
(@)
c
250
(&)
g
g 25
(1]
=
w
0 100 200 300
DOY

Fig. 1 Seasonal pattern of stem diameter change during the course of one year averaged
over the studied period 2015 — 2020 and represented by generalized additive models

(GAMs). White/grey background represents the different seasons.

Throughout the year, we found a clear synchronicity between the stem water deficit
and the SMrz curves (Fig. 2). During periods of intense droughts (usually from June
to August), the stem water deficit continuously rose to its maximum (at the end of
August). During the following autumn months, shorter drought spells were accom-
panied by less severe but well pronounced stem water deficit, frequently interrupted

by single precipitation events. Deeply frozen ground during single winters (2014/15,
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2017/18, 2018/19) lead to low available SMrz, which was also accompanied by pro-
nounced stem water deficits, and even single freeze-thaw cycles were visible in the
stem water deficit curve. As an exception from the rule, frost-independent winter
droughts (2015/16, 2019/2020) co-occurred with low water deficits. Overall, stem

water deficit was low during the generally humid winters (Fig. 2).
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Fig. 2 Seasonal pattern of averaged stem water deficit over all positions (lower red curve)
related to minimum, average, and maximum soil moisture (upper blue curve). Summer and

winter drought periods were defined as SMgz < 0.15 m3/m3 (vertical light blue bands).
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Fig. 3 Cumulative curve of stem diameter change (growth) in C. galianoi, shown as median
(solid line), average (dashed line) and the 25% and 75% quartiles (shaded) for the years

2015 - 2020.
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As shown in figures 4 and S2, spring growth rates were highest in 2015 following a
late short winter with severe frost in January and February, but lowest in 2019 after
a long, dry, and mild winter with a short late frost spell. Furthermore, autumn growth
was highest in 2016 and 2018, when summer was followed by a continuous humid
autumn. Our time-series data of stem diameter changes in combination with the
timing of growth show high variability of growth patterns between the individual
specimens (Fig. S3). These growth patterns varied inter- and intra-annually, and
there were several environmental constraints that coincided with different patterns
in growth timing (Figs. S2, S4). Growth onset in spring usually coincided with thaw-
ing soils in February/March. It was delayed after severe winter frosts followed by
early spring drought (2015, 2016, 2019), but occurred early after humid winters char-
acterized by high SMrz in early spring (2017, 2018). Growth resumption after sum-
mer drought usually occurred in September/October, well after the first autumn rains
in August. It was delayed by severe drought spells in autumn (September) in com-
bination with a long summer drought (e.g., 2019). Immediate growth resumption,
however, occurred after a short summer drought combined with an early onset of

humid conditions (August) (e.g., 2018).
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Fig. 4 Boxplot showing the distribution of total annual growth as well as growth during the

first and the second growth phases in C. galianoi.
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Our PLSR results for both growth phases and all positions (Fig. 5) showed that
growth of C. galianoi was promoted by comparatively mild temperature thresholds
during the previous year’s winter (winter Trz 2°C for the first growth phase, and
winter Trz 4°C for the second growth phase). In the second growth phase, growth
was additionally promoted by mild conditions during the pre-growth summer (Trz
10-18°C). Overall, growth of C. galianoi was promoted by relatively warm conditions
(spring Trz of 6-14°C for the first growth phase and autumn Trz of 9°C for the second
growth phase). There was hardly any SMrz threshold for species performance in

both growth phases.
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Fig. 5 Partial least squares regression (PLSR) calculated for soil temperature (Trz, A) and
soil moisture (SMgz, B) for C. galianoi, pooled for all positions and for all seasons. Colors
represent seasons, with solid-color areas representing values designated as significant

(p<0.05) and shaded areas representing no significance. Solid lines underline the strongest
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positive and dashed lines the strongest negative correlations, regardless of significance.
For the first growth phase, the analysis is based on pre-growth summer, autumn and winter
and the current spring conditions, whereas for the second growth phase on previous winter,

spring, summer, and the current autumn conditions.

Our correlation analyses and linear mixed effects models confirmed that pre-growth
conditions were crucial for growth in C. galianoi during both growth phases (Figs.
S5, S6). During the first growth phase, our species performed best when Trz was
high during the previous year (March — November) and SMrz during pre-growth au-
tumn to winter (previous year August - current year February) was low. During the
winter, low Trz and low SMrz (particularly during February) were promotive. Fur-
thermore, at the beginning (March) and at the end (May/June) of the first growth
phase, low Trz and high SMrz were promotive, whereas during the middle of the
first growing phase (April), high Trz and low SMrz were promotive. During the sec-
ond growth phase, our species performed best when the previous year autumn to
winter SMrz (previous year November — January) was low. During the middle of the
first growth phase (April), low SMrz, but at the end (May/June) of the first growth
phase high SMrz promoted growth. Low pre-growth spring to summer Trz (March —
August) promoted autumn growth. Furthermore, during the actual second growth

phase, high SMrz and low Trz in autumn (October — November) were promotive.

Linear mixed effect models revealed the relative effect of spatial and temporal vari-
ability between sites, topographical positions, and years on overall growth, with
these variables, together with the initial stem diameter, accounting for up to 56% of
the explained variance (Fig. 6). Despite of the highly complex topography found in

the studied area, the variance in topographical position only partially explained the
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observed differences in growth patterns. Instead, variation in climate and environ-
mental variation associated with the elevational gradient, as well as the overall re-
gional climate signal reflected in the site variable, had somewhat higher explanatory
power. The initial stem diameter at the start of the study period played a significant
role for all growth variables, except for the second growth phase. Growth variance
between the years was low in all growth variables (Fig. 6). Low variability in growth
response to microsite environmental conditions during the first and the second
growth phase was contrasted by relatively high variability in growth response for
overall (annual) growth, with autumn SMrz and Trz being of major importance for
growth variability at the sites (elevation and region) (Fig. 7). Through linear mixed
effects modelling, we were able to attribute 79.83% of variance in total annual
growth to temporal and spatial environmental variation (Fig. 7), leaving 20.17% of
growth variance unexplained. We identified soil moisture, related to seasonal sum-
mer drought and winter soil freezing, as the strongest contributors to the variation
of overall growth, and in contrast, none of these potential drivers during the single
growth phases. As such, growth variance during the first growth phase was to a

lesser extend explained by the variance in the environmental data (Fig. 7).
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Fig. 6 Variance explained as derived from linear mixed effect models for C. galianoi. Parti-
tioned variance in growth parameters explained by variation in spatial and temporal group-
ing variables. For each growth parameter (annual growth, growth in first growth phase,
growth in second growth phase, stem increment, number of growing days) one model was
fitted including all data. The models included no fixed effects and thus had the form Growth
~ (1| Site/Topographical position) + (1 | Year) + (1 | Initial stem diameter), as implemented

into the Imer function of the Ime4 R package (Bates et al. 2015).
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Fig. 7 Variance explained in overall annual growth, growth during the first growth phase,

and growth during the second growth phase based on variation in seasonally aggregated
environmental conditions (Trz, SMrz) between topographical position, site (including region
and elevation) and year. All results are derived from a singular model of the form Growth ~
environmental parameters + (environmental parameters | position) + (environmental param-
eters | Site) + (environmental parameters | Year) + (1 | Initial stem diameter), as imple-

mented into the Imer function of the Ime4 R package (Bates et al. 2015).

Discussion

Bimodality

Growth bimodality has been reported for other shrub species (Tumajer et al. 20214,
2021b) and has been addressed as an important factor in maintaining the ecological
balance of dry Mediterranean ecosystems inhabiting stressful sites (Gazol and
Camarero 2012a, Génova et al. 2013, Sanchez-Salguero and Camarero 2020, Va-
leriano et al. 2023). However, it has been assumed that bimodality may be limited

to lowland plant growth (Magafia Ugarte et al. 2019, Szymczak et al. 2020), but as
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suggested by Olano et al. (2013), our results confirm recent findings of bimodal
growth patterns in alpine shrubs from the Tundra and Mediterranean biome (Dob-
bert et al. 2022a). In C. galianoi, we found periods of growth quiescence driven by
winter cold and summer drought, similar to growth patterns that have been observed
in Mediterranean trees (Mitrakos 1980). These bimodal patterns arise from growth
under favourable warm and humid conditions during spring and autumn, but re-
duced growth rates in summer, and short winter dormancy (Cherubini et al. 2003).
In our alpine species, we found additional winter stem contraction when frozen
ground occurred. Similar processes were found in arctic-alpine shrubs and inter-
preted as a mechanism to protect the plant from embolism under frost droughts
(Dobbert et al. 2022b). At the same time, summer stem contraction was stronger
than winter stem contraction, suggesting cambium activity to be possible during win-

ter based on a higher stem water potential.

Summer stem contraction in our species was a function of drought severity. Summer
drought stress has been regarded as the main constraint for plant performance and
survival in the Mediterranean, and comprises the simultaneous effect of elevated
temperatures, high irradiance, and water scarcity (Larcher 2000, Magafna Ugarte et
al. 2019). Growth bimodality has been suggested as an adaptation enabling shrub
species to withstand the dual climatic stress induced by the climatic regime

(Camarero et al. 2010, Tumajer et al. 2021a).

Similar to most Mediterranean woody plants, growth in our species was highest dur-
ing spring (Pellizzari et al. 2017, Alday et al. 2020, Camarero et al. 2021). Such

pronounced spring growth has been related to annual ring formation during this first
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growth phase (Camarero et al. 2010, Valeriano et al. 2023). Furthermore, we found
a pronounced water-related stem diameter increment in autumn, yet only minor
growth rates during this time. Such contrasting figures of bimodality in stem diameter
change and actual growth have not yet been disentangled before (Valeriano et al.
2023), and it has been questioned in earlier studies, whether autumn radial incre-
ment is actual radial growth or stem swelling due to rehydration of stem tissues after
summer drought (Makinen et al. 2008, Zweifel et al. 2016). Our results show that
both, swelling and growth, simultaneously occur, but in C. galianoi, post-summer
rehydration is stronger than growth, likely due to its elastic cells allowing the species
to tolerate severe dehydration, while maintaining high water potential (cf., Patakas

and Noitsakis 1999).

We found complex environmental controls of growth during the first growth phase
with high short-term variability of significant driver constellations: a) Early spring
growth activity regardless of high freeze-thaw activity suggests that our species can
be physiologically active down to 0°C (cf., Oribe and Kubo 1997). b) High tempera-
tures in the middle of the first growth phase allow for maximum photosynthetic ac-
tivity supported by the new leaf cohort under cloudless high-pressure weather con-
ditions when solar radiation is heading towards solstice (cf., Starr 2001, Starr and
Oberbauer 2003, Peri et al. 2011). c) Late spring with cool and humid conditions
likely promotes a high water potential when plants have leaves (cf., Gucci et al.
1997, Jones 1998). The latter finding is in agreement with previous studies from the
Mediterranean, which show a predominant and coherent growth response to May —
June precipitation (Campelo et al. 2006, 2009, 2021, Vila et al. 2008, Gutiérrez et

al. 2011, Touchan et al. 2011, 2014). During the second growth phase, humid and
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cool autumn conditions are likely associated with a lower risk of transpiration loss,

and may allow for constant high turgor pressure in the plants.

Spring and autumn precipitation have been identified as drivers for growth (de Luis
et al. 2007, 2009, Touchan 2012, Pellizzari et al. 2017), making soil water available
and thus reactivating the cambium (e.g., Campelo et al. 2018, Alday et al. 2020,
Tumajer 2021a). Therefore, it has generally been assumed that bimodal growth is
triggered by climatic drivers (Camarero et al. 2010, Vieira et al. 2013, Pacheco et
al. 2016, 2018, Campelo et al. 2021, Tumajer et al. 2021a, Valeriano et al. 2023),
but the extent to which it depends on these climate drivers or rather on plant internal
processes (i.e., de Micco et al. 2016) is unclear. Our results confirm the environ-
mental control of bimodal growth in C. galianoi, but critically highlight the importance
of pre-growth environmental control, especially winter conditions for major spring
growth. We assume that our alpine species adapts to frost and drought taking ad-
vantage from evergreen stems for photosynthetic activity under extreme tempera-
tures, while reducing transpiration loss (Bossard and Rejmanek 1992). Resources
accumulated during pre-growth assimilation likely lead to carry-over effects, helping
the plant to perform even under unfavourable conditions during the active growth
phase, facilitated by the ability to store and mobilize carbohydrates (cf., Palacio et
al. 2007) in order to decouple growth from carbon uptake (cf., Iwasa and Kubo 1997,
Wyka 1999, Meloche and Diggle 2003). Even for the minor autumn growth, pre-
growth_conditions were of major importance. Growth was likely promoted by long-
term storage of assimilates from both, cloudless high-pressure winters during the
previous year (cf., Wyka and Oleksyn 2014), and mild pre-growth summers (cf., Attia

et al. 2015). Overall, our study suggests, that at least for our alpine species, the



60

concept of bimodality needs to be rethought, and common assumptions on the ac-

tuality of driver — growth relations have to be used with caution.

Plasticity

The variance of site and position had the highest explanatory power on the variance
in the number of growing days in our linear mixed effects models, suggesting envi-
ronmental adjustment of the length of growth along the elevational and/or snow-
cover gradients. Previous studies have shown such adjustments in alpine shrubs
(Dobbert et al. 2021a) and trees (Royce and Barbour 2001, Linares et al. 2012,
Kraus et al. 2016). However, the role of growth length and growth rate for total

growth remains uncertain.

The variance of the initial stem diameter had the highest explanatory power on the
variance of stem increment in our study. The high elasticity of stem cells, which may
shrink upon water loss while maintaining high turgor (cf., Patakas and Noitsakis
1999) might indicate elastic stems at variable stem diameters, and thus potentially
for all ages. This specific trait is of physiological advantage under the dual climatic
stress in the Mediterranean alpine (Tumajer et al. 2021a). The variance of the initial
stem diameter had a very low explanatory power on the variance of growth during
the second growth phase, which may be again explained as to the influence of au-
tumn conditions on xylogenesis being episodic and dependent on site and climate
conditions (Camarero et al. 2010, Valeriano et al. 2023), and as such indicate a high
plasticity of autumn growth. In turn, the variance of the initial stem diameter had a
higher explanatory power on the variance of growth during the first growth phase,

suggesting that the species may profit from larger stems and overall stature, when
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water supply is sufficient. The role of plant size and potential growth rate in affecting
productivity under stress are not well resolved (Blum 1997), and size per se is un-
likely to be the cause of the higher explained variance during spring. Difference in
plant size may be associated with the difference in its surface-volume ratio, which
should lead to differential water availability and thus, to differences in resource allo-

cation (Bloom et al. 1995, Zotz et al. 2001).

The temporal, inter-annual variance (“year”, Fig. 6) had the lowest explanatory
power of all our random effects on the variance in growth. This suggests that high
year-to-year variability of climatic constraints for growth in C. galianoi is followed by
adjusted growth responses, i.e. in the timing and magnitude of growth sustaining
the general bimodal growth and stress-coping strategies. Such a temporal plasticity
associated with high climatic variability has been attributed to the Mediterranean
climate, where the pace of secondary growth must be adjusted to a broad array of

climatic conditions (Camarero et al. 2010).

The variance of position and site had also minor explanatory power for the growth
variance. This was in contrast to similar studies of arctic-alpine shrub species, which
showed stronger spatial coupling of growth patterns to their ecological niches (Lof-
fler and Pape 2020, Dobbert et al. 2021a). The emergent growth patterns of our
species from a huge variation of different sites along multiple geographical gradients
suggest bimodality with major spring growth and long-term carry-over effects to be

a successful strategy in the entire Mediterranean alpine. Such strong adaptation to
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the spatial heterogeneity can be attributed as spatial plasticity to environmental var-
iance, as has been elaborated in previous studies (Pacheco et al. 2018, Tumajer et

al. 2021b, Valeriano et al. 2023).

Conclusion

The combined strategies of bimodality and adaptation to the environment by relo-
cating the assimilation phase to periods with harmless (i.e., low) transpiration losses
together with its high growth plasticity likely allows C. galianoi to exist over a wide
geographical range in the Mediterranean alpine and over a wide range of temporal
fluctuations of the weather and climate regime. As such, C. galianoi is probably well
adapted to future climate variability by taking advantage from warmer winters, and

tolerating even longer summer droughts.
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Fig. S1 a) Map of study area in the Sierra Nevada (Spain) and location of selected study
sites, b) photos of the seasonal aspect of our focal species C. galianoi, c) sketch of its
above- and below-ground habitus, d) photos of the alpine environment showing A = ridges,

B = slopes, and C = Snow beds.
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Fig. S2 lllustration of micro-environmental data. Root zone temperature (STrz), root zone
soil moisture (SMgz) regimes (daily means, derived from hourly measurements) averaged

over ridge and slope sites, with shaded areas indicating standard deviation.
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C. galianoi specimens as derived from dendrometer measurements pooled for all positions,
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Abstract

Cold-adapted alpine plant species are thought to be particularly sensitive to climate
warming and are likely to be most affected in the Mediterranean biome, where their
performance is, apart from winter cold, additionally constrained by summer drought.
Growth in the Mediterranean is driven by a bimodal mild and humid climate, reach-
ing its maximum during spring. Little is known about the capacity to make use of
drought and frost adaptive strategies, and the critical time scale relevant for plant
growth is insufficiently reflected when characterizing the environmental drivers of
growth. We aimed at a better understanding of alpine shrub growth looking at two

species with distinctly different traits. By separating growth from water-related stem
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diameter changes, we expected to identify bimodal growth patterns, with water-re-
lated timing of growth, and drought- and frost-related environmental limitations. Im-
plementing (moving window) correlation analyses, linear mixed effects models and
partial least squares regression on our time series of dendrometer-based stem di-
ameter changes and corresponding soil temperature and soil moisture data, we
found pre-growth environmental drivers to be most relevant for fithess and growth
of both species, albeit with contrasting mechanisms. There was a strong temporal
decoupling of the growth process from photosynthetic opportunities. In Cytisus gal-
ianoi, high photosynthetic rates during winter likely allow for high spring growth,
while in Astragalus granatensis, high photosynthetic rates during short-term sum-
mer solstice likely allow for high autumn growth. As such, resource acquisition is
optimized during phases when the species” traits and growth strategies allow for
physiological activity at high gain and low costs, with the result of species-specific
time windows of maximum growth. Our study overall contributes to the debate on

plant adaptive capacity in alpine environments under future climate variability.

Key words
Climate-growth relations, adaptation strategies, dendrometer measurements,
growth physiology, Cytisus galianoi, Astragalus granatensis, dwarf shrubs, alpine

ecology, climate change, ecohydrology, drought adaptive capacity, frost resistance
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Introduction

Climate change is expected to affect productivity and performance of woody plants
across biomes (e.g., Forbes et al. 2010, Myers-Smith et al. 2020) and to induce
changes in vegetation structure with a profound impact on the global carbon cycle
(e.g., Graven et al. 2013, Pan et al. 2011, Kérner 2021). However, little is known
about the temporal, spatial, and interspecific differences in cambium dynamics
(Tumajer et al. 2021), including the seasonal heterogeneity and spatial variability of
growth trends observed in the past decades (IPCC 2021). Patterns and underlying
processes remain poorly understood (Gamm et al. 2018, AMAP 2021). Therefore,
increasing our knowledge on plant species’ adaptive capacity is critical, especially
for predicting their future performance (e.g., Cotto et al. 2017, Magafia Ugarte et al.
2019). Cold-adapted alpine plant species are thought to be particularly sensitive to
changing conditions (e.g., Kérner 2021), and are likely to be most affected in the
Mediterranean biome, where alpine plant performance is constrained by both, sum-
mer drought and winter cold (Morales et al. 2012, Pescador et al. 2015, Giménez -
Benavides et al. 2018). Warmer (Giorgi and Lionello 2008, Gazol and Camarero
2012) and longer (Castagneri et al. 2018, Hanewinkel et al. 2013) growing seasons
may affect the species” performance and cause shifts in their growth patterns, thus
modifying their distributional range (Bravo et al. 2008, Dobbert et al. 2022a). Anal-
yses of spatio-temporal growth patterns and their environmental drivers may be the
key to a better understanding of the species” adaptive capacity to a warmer future

climate.

Generally, growth patterns of woody plants from the Mediterranean biome depart

from the unimodal growth pattern in woody plants from cold regions (e.g., Rossi et
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al. 2008, Treml et al. 2015). Cambium activity in the Mediterranean has been shown
to be bimodal, with two growth peaks in spring and autumn separated by reduced
summer growth and short winter dormancy (e.g., Castagneri et al. 2018, Pacheco
et al. 2018, Alday et al. 2020, Tumajer et al. 2021). This bimodality has been inter-
preted as a response to the separation of favorable conditions before and after sum-
mer drought (de Luis et al. 2007, Camarero et al. 2010). Such partitioning of growth
may also be present in Mediterranean alpine plants (Olano et al. 2013, Dobbert et
al. 2022a). It is believed that growth in the Mediterranean is driven by mild and hu-
mid spring and autumn conditions with maximized growth during these phases (e.g.,
Mitrakos 1980, de Luis et al. 2009, Camarero et al. 2010, Rammig et al. 2010, Gar-
cia-Cervigdn et al. 2012, Olano et al. 2013) and spring being the major growth pe-
riod (e.g., Kérner 2012, Pasho et al. 2012, Gri¢ar et al. 2015, Pellizzari et al. 2017,

Alday et al. 2020, Camarero et al. 2021).

Thermal constraints are associated with plant growth, and extreme temperatures
and their timing trigger threshold responses, such as mortality (Kérner 2016). Be-
sides the period of major plant physiological activity, winter conditions such as low
soil temperatures, frozen ground, and limited soil water availability, all of which me-
diated by snow, have been recognized to play a major role in driving vegetation
patterns, plant growth and other ecosystem properties (Pauli et al. 2013, Petty et al.
2015, Choler 2018, Niittynen and Luoto 2018). Alpine plants employ different strat-
egies to cope with frost and several frost survival mechanisms have evolved in
woody alpine plants: tolerance to extracellular freezing and freeze dehydration,
lifecycles that allow species to escape frost, and freeze-avoidance mechanisms

(Neuner 2014). Osmoregulation is associated with cellular dehydration, helping
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plants to avoid frost damage, using the cold acclimation approach to deal with low
temperature stress, which allows plants to survive freezing via accumulation of cry-
oprotective polypeptides and osmolytes (Essiamah and Eschrich 1985, Kozlowski
and Pallardy 2002, Ritonga and Chen 2020). Moreover, water availability is one of
the most limiting factors for plant growth (Meinzer et al. 2006, Battipaglia et al. 2014,
Szymczak et al. 2020), and besides summer drought, water shortage during periods
with frozen ground is crucial (Dobbert et al. 2022a). Plants employ different strate-
gies to cope with drought (Chaves et al. 2003, Guo et al. 2017). The drought escape
strategy involves successful reproduction before the onset of severe stress, while
the drought avoidance strategy relies on delayed initiation of water scarcity in plant
tissues, and the drought tolerance strategy is a result of coordinated physiological
and biochemical alterations at the cellular and molecular levels (Chaves et al. 2003,
Chen and Wang 2009). Little is known about the adaptive capacity to make use of
such strategies in the Mediterranean alpine. Still, the critical time scale relevant for
plant growth is insufficiently reflected when characterizing the environmental drivers

of plant growth and the species’ overall ecological niche (Loffler and Pape 2020).

Here, we aimed at a better understanding of alpine shrub growth by comparing two
species with distinctly different traits, C. galianoi (green-stemmed) and A. gran-
atensis (dimorphic). By separating growth from water-related stem diameter
changes, we expected to find bimodal growth patterns, with water-related timing of
growth, as well as drought- and frost-related environmental limitations of alpine
shrub growth. In accordance with the Mediterranean climate regime, mild and humid

spring and autumn conditions likely promote plant growth.
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Material and Methods

Studied species

In this study, we focused on two dwarf shrub species, Cytisus galianoi Talavera &
Gibbs (hereafter C. galianoi) and Astragalus granatensis Lam. (hereafter A. gran-
atensis) (Fig. 1; taxonomy and nomenclature after Blanca et al. 2009a). Both are
long-living, cushion-forming chamaephytes (Melendo et al. 2003, Giménez et al.
2004, Podlech 2008) belonging to the Fabaceae family. They are abundant across
the Sierra Nevada mountain range (Spain), but differ in distribution and are of dis-
tinctly different habitus. While C. galianoi is endemic to the south of the Iberian Pen-
insula (Melendo et al. 2003, Giménez et al. 2004), A. granatensis is also found in
the Atlas Mountains in North Africa (Molina and lzco 1986, Lorite et al. 2007,
Podlech 2008). Moreover, C. galianoi has green stems with only a few small leaves
formed during anthesis (May/June) (Talavera and Gibbs 1997, Blanca et al. 2009a),
while A. granatensis has pubescent, paripinnate, spiny leaves (Blanca et al. 2009a),
that we often observed being formed twice a year, at the beginning of summer
(May/June) and at the beginning of winter (November/December). Accordingly, we
here consider C. galianoi as a green-stemmed species with summer leaves, and A.
granatensis as a deciduous species with summer and winter leaves, i.e. with sea-
sonal dimorphism. Both, evergreen stems and seasonal dimorphism, have been de-
scribed for many Mediterranean plant species (e.g., Liphschitz and Lev-Yadun
1986, Bossard and Rejmanek 1992, Puglielli 2019) and are regarded as adaptation
strategies to the Mediterranean living conditions (e.g., Westman 1981, Christodou-
lakis and Fasseas 1991, Aronne and de Micco 2001, Lianopoulou et al. 2014). This
probably also applies to the gel-like sap that we observed in the intracellular space

of the xylem of A. granatensis, which, similar to the gum described for other species
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of the genus Astragalus (e.g., Mohammadifar et al. 2006, Gorji et al. 2014, Kaya et
al. 2016, Devecioglu and Biger 2016), exudes when twigs, stems, and roots are
incised. The amount of gum exuding is highest at the beginning of winter, suggesting
that it plays an important role in frost protection through osmoregulation (e.g., Braun
1984, Blackman 1991, Boughalleb et al. 2016). In addition, the species xylem anat-
omy and hydraulic architecture (Fig. S1) provide indications on its strategy or ability
to cope with drought and frost (Sperry and Tyree 1988, Sperry 1993) and also its
ability to repair drought-induced embolism (Ganthaler and Mayr 2015, Brodersen

and McElrone 2013).

Study sites and specimens

Our study focused on alpine sites along an extended transect (2200 — 2800 m a.s.l.)
on the southern slope of the Spanish Sierra Nevada (Fig. 1) within the Mediterra-
nean biome. These sites are characterized by the overarching climate signal of the
Mediterranean region, which is determined by hot and dry conditions in summer
(Roberts et al. 2011, Anderson et al. 2011, Jiménez-Moreno and Anderson 2012),
and cool and humid conditions in autumn, winter, and spring (Roberts et al. 2011).
The Sierra Nevada mountain range reaches its highest peak at 3479 m a.s.l. (Mul-
hacén) (Herrero and Polo 2016) and is characterized by alpine climate and snow
(Herrero and Polo 2016), including comparatively short growing seasons, cold win-
ters, high solar radiation, strong winds, and snowfall (Valle 2003). In combination
with the complex alpine topography these conditions affect the spatial distribution of
our focal species: C. galianoi dominates the vegetation of the middle-alpine envi-

ronment between 2200 and 2700 m a.s.l. (Loffler et al. 2022). Above 2700 m a.s.l.,
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where vegetation is more and more transitioning into a high-alpine environment (L6f-
fler et al. 2022), C. galianoi disappears from latest snow beds, whereas A. gran-

atensis dominates the hilltops at about 2800 m a.s.l.

We selected sites on exposed ridges only, following our long-term project on alpine
ecosystem research (LTAER-ES; e.g., Loffler et al. 2021, Loffler et al. 2022). At
these sites, high air temperatures (max. 25.30°C) with a high solar radiation input
(max. 1153.80 W/m?) prevail in summer, while strong winds (max. 70.00 m/s) lead
to snow drifts in winter, leaving the ridges with discontinuous snow cover, leading to
low temperatures and freezing soils (min. -16.10°C). Thus, our study sites represent
the most extreme conditions in the area. On each of these sites, we carefully se-
lected shrub specimens of comparable size. This approach led to a monitoring de-
sign consisting of 16 C. galianoi (2300 - 2700 m a.s.l.) and 10 A. granatensis (2700
- 2800 m a.s.l.) specimens (Fig. 1), which we monitored for six full consecutive years

(January 1, 2015, to December 31, 2020).

Dendrometer data, monitoring setup and environmental data collection

To monitor radial stem diameter variations, we equipped the main stem of randomly
selected 26 specimens with high-precision point dendrometers (type DRO; Eco-
matik, Dachau/Germany), using sensors with a temperature coefficient of <0.2 ym/K
to record data at 1-minute intervals. The dendrometers were carefully attached to
the selected stems with a UV-resistant rubber band on a stationary system provided
by a T-shaped aluminium bar placed horizontally above the ground surface (approx-
imately 1 cm above ground) (Fig. 1). To minimize the influence of hygroscopic swell-

ing and shrinking of the bark (Zweifel and Hasler 2001), we removed the outermost
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layers of dead periderm (0.5 mm) at the contact point of the dendrometer pistons
(cf., Dobbert et al. 2022b). The dendrometers were placed as close as possible to
the presumed root collar on the main stem, which is believed to at least partially
represent the growth of entire plant (Bar et al. 2006, 2007, Ropars et al. 2017).
However, the extent to which changes in radial stem diameter vary within individual
specimens and between multiple stems of the same specimen has not been fully
elucidated yet (Dobbert et al. 2021). To account for this variation, we monitored a
large number of specimens and ensured that selected specimens were representa-
tive of the conditions observed at each site, avoiding positions near stones and small
depressions. To obtain daily mean values from our raw data set, we averaged the
dendrometer data following the "daily mean approach” (Deslauriers et al. 2007). Ad-
ditionally, we normalized the annual stem diameter curves by removing the initial
stem diameter, which ranged from 7344.4 ym to 12948.8 um for A. granatensis and
from 3633.5 ym to 10240.5 um for C. galianoi, from the curves. This is necessary
because dendrometers measure changes in stem diameter relative to the start of
the measurement cycle and not the absolute stem diameter. Finally, we checked
the data for outliers, defining the interquartile range (IQR) and the 25th (Q1) and
75th (Q3) percentile (Q1/Q3 -/+ 1.5*IQR) as cut-off ranges. Since we did not find

any outliers, all daily measurements per curve were retained.
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Fig. 1 Study area in the Sierra Nevada (Spain) and exact location of selected study sites
(A). Photos show our two focal species A. granatensis and C. galianoi (B) as well as our
monitoring set up with a mounted point-dendrometer, soil moisture probe and soil temper-

ature probe (C).

Environmental conditions
To assess the potential drivers of the monitored radial stem diameter variations, we
additionally measured micro-environmental parameters at each site and for each

specimen separately. Therefore, we installed thermistors and soil moisture probes



93

at 10 cm soil depth within the root zone of each specimen (c.f. Loffler and Pape
2020, Dobbert et al 2021). Root zone temperatures (Trz) were recorded at 1-min
intervals and stored as hourly averages using ONSET’s HOBO Loggers (type H21-
002) and thermistors (type S-TMB-002) with +0.2°C accuracy. To capture soil mois-
ture conditions within the specimen’s root zone (SMrz), we measured the volumetric
soil water content (m3/m3) at 1-min intervals, which were recorded as hourly means
using soil moisture probes (type S-SMD-MO005) with +3% accuracy. Complemen-
tary, we recorded the global radiation (W/m?) (GRsz) in the stem area of one speci-
men at one ridge site at 2692 m a.s.l. using a silicon pyranometer (type S-LIB-M003)
with +£10 W/mz2 accuracy at 1 cm above the ground surface. All micro-environmental
data were collected for the period January 1, 2015 to December 31, 2020, with ad-
ditional data from 2014 used as needed. There were no missing data at the selected

sites.

The mean below-ground regimes of Trz and SMrz for all monitored specimens as
well as the near ground GRsz regime at 2692 m a.s.|. are shown in Figs. S2, S3, S4
and in Tab. S1 (see also Loffler et al. 2022). Consistent with the typical bimodality
of the Mediterranean climate (e.g., Mitrakos 1980, Camarero et al. 2012), conditions
at our ridge sites were characterized by comparatively mild and humid conditions in
spring and autumn, intermitted by harsh, cold winters with occasionally occurring
frosts and periodic snow cover, and hot and dry summers with overall high solar
radiation (Figs. S2, S3). Trz began to rise in March/April, usually exceeding 10°C in
June and 20°C in July/August in most years. SMgrz also started to increase in
March/April in most years and reached its first peak in May (approx. 0.25 m3/ms).

Subsequently, SMrz decreased until August, whereas autumn precipitation led to a
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second peek in September/October (approx. 0.20 m3/m3). Overall, both Trz and
SMrz were slightly lower for the A. granatensis sites than for the C. galianoi sites,
with lowest annual mean temperatures measured in 2018 and highest in 2017 (Tab.
S1). The year 2018 stands out because of an overall short summer drought that was
followed by a comparatively long and humid autumn (Fig. S2). In contrast, the au-
tumn in 2019 was comparatively dry, but followed by a humid winter without frost.
In drier winters, on the other hand, we observed severe ground frost, as evident in
January/February 2015 and 2018, a phenomenon also observed at a research sta-

tion at 3005 m a.s.l. in the summit area of the Sierra Nevada (Oliva et al. 2014).

Analysis of seasonal growth patterns

Aiming to discern the species” seasonal growth patterns from our dendrometer
curves, we calculated growth semiannually, defining two growth phases: one during
the first half of the year (first growth phase) and one during the second half of the
year (second growth phase). These phases of radial stem increment are intermitted
by two phases of stem contraction, one during summer (drought period) and one
during winter (cold period). This subdivision of intra-annual growth is essential, as it
accounts for the bimodal rhythm of the Mediterranean climate (Mitrakos 1980),
which is known to induce bimodal growth patterns in several Mediterranean lowland
shrub and tree species (e.g., Camarero et al. 2010), which might also occur in Med-
iterranean alpine species (Olano et al. 2013). Therefore, growth-induced irreversible
stem expansion (hereafter growth), was defined as the cumulative maximum, or
current half-year stem diameter maximum minus the most recent maximum of the
previous study period. Although applied to semiannual rather than daily data as orig-

inally suggested by Zweifel (2016), this definition of growth parallels that of the
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“zero-growth approach” where growth is defined as equivalent to an incremental
increase in stem radius when the measured radius is greater than at any point in the
past (Zweifel 2016, Zweifel et al. 2021). Accordingly, growth does not necessarily
occur every year or every half year, i.e. during every growth phase. We refer to
years in which there was no overall growth as dormant years. Whenever growth
occurred, we calculated both the change in stem diameter and the temporal duration
of the respective phase for all specimens and years. At this point it is worth men-
tioning that since both the first and second growth phases represent irreversible
stem growth, it can be assumed that both phases are also visible in the anatomical
structure of the species and should therefore be directly comparable with classical

measurement methods of radial stem growth, including ring width (Fig. S1).

Correlation analysis and linear mixed-effects analysis

To uncover the relations between on-site environmental conditions and species’
growth patterns described above, we conducted a correlation analysis and linear
mixed-effects analysis. Using the statistical software R (R Core Team 2020), we
calculated Pearson’s correlation coefficients between semi-annual irreversible stem
growth and daily mean values for our environmental parameters Trz and SMrz for
the years 2015 to 2020. To account for possible lagged effects of previous-year
conditions on current-year growth, we included daily averages for the entire previous
year in our correlation analyses for the first growth phase and the period from June
to December of the previous year for the second growth phase, similar to common
approaches used in analyses of growth chronologies derived from ring width series

(e.g., Bar et al. 2008, Weijers et al. 2018). For this purpose, we included additional
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micro-environmental measurements from 2014 in our calculations, i.e., measure-
ments from before the start of our study period. Subsequently, we fitted linear mixed-
effects models to our data, using the Ime4 R package (Bates et al. 2015). For these
models, we chose semi-annual irreversible stem growth as response variable, and
monthly mean values for all environmental parameters as fixed effect. The individual
specimens were included as random effect to account for differences at the individ-

ual sites.

Furthermore, we aimed to uncover additional temporal patterns of climate-growth
relations. Therefore, we calculated lagged moving window correlations for our two
species using Pearson's correlation coefficient for each individual dendrometer
curve and the corresponding environmental parameters (daily means). Here, we
averaged our daily Trz and SMrz values over previous time windows ranging in
length from one to 180 days and correlated these values with the measured den-
drometer data. We additionally ran these correlations for moving window widths
from 180 to 365 days, however, this addition provided no further information. Since
we observed inter-annual variations in these patterns in our data, we performed
correlations for the entire study period from 2015 to 2020. Hereby, we were able to
shed light on the temporal patterns and the year-to-year variations within these pat-

terns.

Overall, for the comparison of our focal species, we performed all correlation anal-
yses separately for each A. granatensis and C. galianoi specimen to avoid general-
izations that might result from averaging the data measured at each site. Averages

were calculated for visualization purposes only.



97

Partial least squares regression analysis

Finally, we applied partial least squares regression (PLSR; Wold 1975), also known
as "projection on latent structures” (Abdi 2010), to our dataset to complement the
correlation analysis. Here, we used variable selection methods to identify relevant
environmental conditions and their relative importance promoting or limiting growth.
PLSR, originally intended for the analysis of multidisciplinary problems (Wold 1980),
has been implemented in ecological studies over the past decade (Carrascal et al.
2009, Frindte et al. 2019, Loéffler and Pape 2020). The method is applicable to data
where the number of predictors exceeds the number of observations or the predic-
tors are highly correlated, as is the case with ours. This makes PLSR particularly
suitable for our purposes (Geladi and Kowalski 1986, Carrascal et al. 2009, Frindte
et al. 2019). We aggregated our environmental data and rounded them to 0.5°C for
Trz and 0.01 m3/m3 for SMrz values (Loffler and Pape 2020). We then counted and
summed the frequency of each value occurring within the rounded time series. We
performed these calculations separately for each meteorological season, yielding
sets of predictor variables that we then scaled and centered. The previously calcu-
lated growth values, which turned out to be almost normally distributed (Fig. S5),
entered the analysis as associated response variable. For the final estimation of the
single-response model, we used the SIMPLS algorithm (de Jong 1993) imple-
mented in the R package mdatools (Kucheryavskiy 2020). We determined the opti-
mal number of variables in the PLSR model using Wold's R criterion (Wold 1978),
and assessed the explained variance during model calibration and validation by ten-
fold cross-validation. Numerous methods are available for assessing the relevance
of each independent variable in the models created (overview in Mehmood et al.

2012). Based on assessments by Farrés et al. (2015) and Frindte et al. (2019) we
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found the selectivity ratio (SR), which is defined as the ratio of explained to remain-
ing (unexplained) variance for each variable in the target projection vector, to be the

most appropriate for our data.

To achieve better contrastable results, the explained variance (SR/abs (SR +1)) was
derived from the SR (Rajalahti 2009). Finally, we multiplied the SR of each variable
by the sign of the corresponding regression coefficient to identify which variables
are positively or negatively associated with the dependent variable (Rajalahti et al.
2009, Loffler and Pape 2020). In this way, we were able to clearly identify the envi-

ronmental conditions that are significantly related to annual growth.

Results
Our results reveal differences and similarities between our two distinct alpine shrub
species in a) intra-annual growth patterns, b) timing of growth, and c) environmental

drivers of growth.

a) Patterns of stem diameter change and growth

Overall, we observed bimodal patterns of annual stem diameter change in our two
focal species with pronounced stem contraction in summer and less pronounced
stem contraction in winter (Figs. 2, S6). At the same time, species-specific, intra-
annual and inter-annual variability in these patterns was high. C. galianoi showed a
stronger bimodality than A. granatensis, with the latter showing a right-skewed pat-
tern of stem diameter change (Fig. 2). In C. galianoi, summer stem contraction usu-
ally started in May/June and continued until August/September, while in A. gran-

atensis, stem contraction usually peaked at the end of June and its stem diameter
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increased slightly throughout the summer drought (Figs. 2, S6). Growth patterns
were similarly contrasting between the two species, with C. galianoi achieving high-
est growth rates in spring, whereas A. granatensis achieved highest growth rates in
autumn, when growth coincided with the most pronounced stem diameter increase

(Figs. 2, S7, S8).
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Fig. 2 Averaged stem diameter change relative to the start of the measuring period (A) and
averaged annual stem diameter variations (+/- SE) relative to the previous year’s maximum
(B). Dashed straight lines represent linear trends and solid lines represent generalized ad-

ditive splines that roughly illustrate the intra-annual growth pattern.

b) Timing of growth

Growth onset of the first growth phase in C. galianoi usually occurred in Febru-
ary/March, while in A. granatensis, it occurred in late March/April with high inter-
annual variability (Figs. 3, Tab. S2). In both species, the onset was exceptionally
delayed in individual years (2019 for C. galianoi, 2015 for A. granatensis), while it
was exceptionally early in 2016 for A. granatensis. Cessation of the first growth
phase mostly occurred by the end of May in C. galianoi, while it was highly variable
in A. granatensis (mid of April to end of May). Growth onset of the second growth
phase usually occurred in September/October for C. galianoi, and in the middle of
August for A. granatensis (Figs. 3, Tab. S2). In C. galianoi, we discovered a highly
variable timing of growth resumption, which was exceptionally delayed in 2016 and
2019, but occurred early in 2018 (Figs. 3, S2). Growth cessation usually occurred in
November/December in both species. Overall, the inter-annual variability of the du-
ration of the two growth phases was high, but the growth rates in both species were

decoupled from the duration of the growth phases (Tab. S2, Fig. S8).
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Fig. 3 Growth onset and cessation in A. granatensis and C. galianoi for the first and second
growth phases in 2015 — 2020, derived from stem diameter curves and averaged across all
sites studied. Numbers indicate the number of specimens which showed growth during the

respective phases and solid lines show the standard deviation.

c) Environmental drivers of growth

Both, growth differences between species, and between the growth phases had
complex environmental controls. Growth in C. galianoi was generally promoted by
high Trz associated with humid winters, while growth in A. granatensis was gener-

ally promoted by winter cold and summer heat, as well as autumn humidity (Fig. 4).
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Fig. 4 Moving window correlation for daily stem diameter change and daily measurements
of environmental data. Correlations were performed for window widths ranging from 3 to
180 days (right-aligned), revealing temporal patterns of radial stem diameter change and
microenvironment relations. Additionally, radial stem diameter change is indicated in grey

for direct comparison.

During the first growth phase, C. galianoi was promoted by previous-year high Trz
from April to November, while A. granatensis was promoted by previous-year high
Trz during July/August and low Trz from previous year December to March (Figs.
5, S9). There was no robust previous-year SMrz control in C. galianoi, but previous-
year July SMrz drove growth in A. granatensis (Figs. 5, S9). Besides pre-growth
conditions, high April Trz were beneficial in both species, and particularly in C. gali-
anoi (Figs. 5, S9). We further found positive correlations with March and May/June
SMrz in C. galianoi (Figs. 5, S9), while growth in A. granatensis was positively cor-

related with June SMrz, only.
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The second growth phase was mostly decoupled from conditions during the previ-
ous year for C. galianoi. In the majority of our A. granatensis specimens, pre-growth
Trz control indicated that winter cold and summer heat were significant drivers (Figs.
5, S9). There was also no pre-growth SMrz control in A. granatensis. Once growth
resumed, there was no robust Trz control in both species which were rather con-
trolled by SMrz, with C. galianoi being driven by SMrz during August/September,

while A. granatensis was driven by SMrz during October/November.
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Fig. 5 Linear mixed effects analysis for growth during the first and second growth phase as
derived from the dendrometer curves (dependent variable) and monthly environmental data
(means) as fixed effects. Individual specimens entered as random effects. Transparency
indicates non significance. Abbreviations of months from the previous year are in lowercase

letters and those of the current year are given in capitals.
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Finally, the PLSR revealed quantitative thermal and hydric conditions under which

our two species performed best, or were impeded, respectively (Fig. 6).

During the first growth phase, both species were promoted by previous year’s sum-
mer temperatures (Trz of 22.5°C for C. galianoi, 19.0°C for A. granatensis) co-oc-
curring with minimum soil moisture. Growth of C. galianoi was impeded by sub-zero
pre-winter temperatures (Trz of -2.5°C), and A. granatensis was promoted by sub-
zero pre-winter temperatures (Trz of -5.0°C to -1.0°C), respectively. Inversely,
growth of C. galianoi was impeded by spring Trz at 0.0°C, and A. granatensis was
impeded at Trz 2.0 to 3.0°C, respectively. Growth in C. galianoi was also driven by
unfrozen ground (SMrz 0.26 m3/m3), and A. granatensis was impeded by SMrz 0.22

m3/m3in winter, but in spring promoted by 0.25 to 0.26 m3/m3,

Growth of C. galianoi during the second growth phase showed no significant thermal
drivers, while A. granatensis showed growth impediment at winter Trz of 2.0°C, but
growth promotion at summer Trz of 21.0°C, and favoured humid springs at 0.22 to
0.25 m3/m3. C. galianoi was impeded at summer SMgrz of 0.08 to 0.12 m3/m3. A.
granatensis was impeded at winter SMrz of 0.22 m3/m3, but promoted at summer
SMrz of 0.05 m3/m3. During autumn, A. granatensis was impeded at 14.0°C and

promoted by SMrz of 0.22 to 0.023 m3/m3.
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Fig. 6 Partial least squares regression (PLSR) calculated for soil temperature (Trz, A) and
soil moisture (SMgz, B) for A. granatensis and C. galianoi and all seasons. Colors represent
seasons, with solid-color areas representing significant values and shaded areas represent-
ing no significance. Solid lines underline the strongest positive and dashed lines the strong-
est negative correlations, regardless of significance. For the first growth phase, the analysis
is based on pre-growth summer, autumn and winter, and the current spring conditions,
whereas for the second growth phase on pre-growth winter, spring and summer, and the

current autumn conditions.

Discussion

a) Growth patterns

Distinguishing between irreversible growth, and reversible water-induced shrinking
and swelling of the stem (Zweifel et al. 2005, Zweifel 2016) helped us to deduce the
species” water use strategies from the overall stem diameter changes and to under-
stand their contrasting growth patterns. We observed similar bimodal patterns of
stem diameter change in our two distinct alpine shrub species. However, these stem
diameter changes did not always correspond to their growth patterns, but rather
reflected differences in summer-heat and winter-cold induced droughts and corre-

sponding dehydration and rehydration patterns.

Summer drought led to stem contraction in our two species which interrupted the
growth process, accompanied by water-related stem shrinkage (cf., Zweifel et al.
2016). This summer stem contraction and dehydration pattern in C. galianoi sug-
gests drought tolerance at the cost of reduced performance during autumn (cf.
Bacelar et al. 2012), when rehydration is prioritized to increase the water potential

prior to growth resumption, but with the advantage of benefiting from carbon fixation
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in winter and maximizing growth at high water potential in spring (cf., Bossard and
Rejmanek 1992). The species” ability to uptake low daily dew precipitation (cf.,
Mooney at al. 1980, Kidron 1999) is compensated by relatively high transpiration
loss, which is regulated by anisohydry of its photosynthetically active green stems
(cf., Bossard and Rejmanek 1992) resulting in long-term shrinkage at high water
potential. In contrast, the observed pattern of stem contraction in A. granatensis
suggests drought avoidance without compromising performance while maintaining
physiological functionality for carbon fixation at high tissue water potential through-
out the summer (cf. Chaves et al. 2003, Bacelar et al. 2012), allowing the species
to maximize growth during autumn rains. The ability to ideally capture, uptake and
store low daily dew precipitation in its tissue (Guarino et al. 2005) via stem succu-
lence (Mauseth 2000, Borchert and Pockmann 2005, Giffits and Males 2017), con-
trolled by isohydric summer leafs, results in the long-term steady increase of its wa-

ter potential.

Furthermore, ground frost led to different patterns of winter stem contraction in our
shrub species at the exposed snow-free ridges. In C. galianoi, only minor winter
stem contraction occurred, which suggests high frost tolerance of its tissue (cf., Lind-
fors et al. 2019), allowing the species to benefit from short-term windows of photo-
synthetic opportunities (Wyka and Oleksyn 2014), and to potentially maintain cam-
bial activity throughout the year similar to other evergreen species (cf., Liphschitz
and Lev-Yadun 1986, Gimeno et al. 2012, Bienau et al. 2014, Blok et al. 2015). In
A. granatensis, winter stem contraction suggests that the species is able to induce
water efflux by osmoregulation (cf., Essiamah and Eschrich 1985, Boughalleb et al.

2016, Schenk et al. 2021) in order to protect cells from frost damage.
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b) Timing of growth
The timing of both growth phases differed strongly between the two species, and
especially growth onset in spring and growth resumption in autumn were con-

trasting.

Early onset of spring growth in C. galianoi is plausible when considering its general
advantages of green-stems (Bossard and Rejmanek 1992), low stature (Korner
1998, 2016) and frost tolerance (Neuner 2014, Muffler et al. 2016). In contrast, the
late and variable onset of spring growth despite early stem diameter increase in A.
granatensis suggests that after winter dehydration, water uptake is osmotical, and
thus retarded during the leafless period. The timing of the spring growth cessation
in C. galianoi was most likely drought triggered, while in A. granatensis growth

ceased when vessel formation completed.

The discrepancy in the timing of growth resumption during autumn between both
species is likely linked to differences in the species” drought resistance strategies.
In C. galianoi, using the drought tolerance strategy, photosynthetically active stems
might be the key trade to achieve positive net photosynthetic rates (cf., Bossard and
Rejmanek 1992). With its green stems, the species exhibits pronounced anisohydry,
and tolerates the variation in plant water potential as a result of weak stem stomata
regulation (cf., Jones 1998, Tardieu and Simonneau 1998). Thus, the species still
achieves high photosynthetic rates even under increasing water stress (Attia et al
2015). However, due to continued carbon uptake, C. galianoi is more susceptible to
damage from prolonged droughts (Attia et al. 2015). This ultimately may reduce

photosynthetic rates, lead to decelerated rehydration, and explains the delayed
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growth resumption. In A. granatensis, using the drought avoidance strategy, sum-
mer leaves are probably hypostomatic and xerophytic, both of which have been
shown to effectively protect the plant during summer drought (Westman 1981, Chris-
todoulakis 1989, Puglielli 2019). These leaf traits might allow regulating transpira-
tion-induced water loss and thus minimize fluctuations in tissue water potential
(Franks et al. 2007), as is typical for isohydric plants (Attia et al. 2015). As such,
early growth resumption after the summer drought is coherent, when the osmotic
potential is high and allows for rapid water uptake, and as such, explains immediate
growth resumption. The synchronous timing of the autumn growth cessation in both
species was triggered by the onset of winter cold (cf., Weiser 1970, Carbon et al.
2020), with limited stomata conductance (Starr 2001) in C. galianoi and shedding of

the second leaf cohort in A. granatensis as a result.

We found the timing of spring and autumn growth in both species variable and in-
dependent of the length of the growing phases. As such, the impact of intensity and
duration of the environmental drivers on plant performance is likely relative to the
species’ traits and ecophysiological strategies. High spring growth rates in C. galia-
noi likely resulted from the formation of earlywood cells and vessels which were
mainly promoted by pre-growth winter conditions (cf., Gimeno et al. 2012, Camarero
et al. 2013), whereas autumn latewood formation had low rates. In contrast, as a
deciduous, ring-porous to semi-ring-porous species, A. granatensis relies on new
conductive tissue in spring to replace the previous year non-functioning xylem (Essi-
amah and Eschrich 1986), and as such shows only minor growth rates from vessel
formation during spring (Marcati et al. 2006), and high growth rates from xylem for-

mation during autumn.
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c) Environmental drivers of growth

We found that for both co-existing species pre-growth environmental drivers were
most relevant for fithess and growth, with contrasting mechanisms. Additionally,
there was a strong temporal decoupling of the growth process from its photosyn-
thetic constraints. To our knowledge, such an interdependency has not been shown

before.

Promotion of spring growth of C. galianoi by previous year high Trz (April to Novem-
ber) suggests growth advantages from maximized previous year’s photosynthesis.
Promotion of A. granatensis was driven by high Trz during previous year’s August,
only. As such, both species were promoted by warm and dry previous summers,
with A. granatensis benefitting from July precipitation, which in contrast was detri-
mental in C. galianoi. These findings suggest that a drought avoiding species ben-
efits from occasional summer rain, while a drought tolerating species might experi-
ence embolism due to rain-enforced stomata opening (cf., Lens et al. 2013). We
found that growth of C. galianoi during the first growth phase was impeded by sub-
zero temperatures during the previous winter (Trz of -2.5°C). This suggests that C.
galianoi can cope with relatively low (but above zero) temperatures and is thus well
adapted to the environmental constraints at the exposed snow-free ridge. Here, the
species profits from unfrozen ground during the winter, when its green stems allow
for additional photosynthetic opportunities (cf., Bossard and Rejmanek 1992, Oribe
and Kubo 1997, Wyka and Oleksyn 2014). We argue that C. galianoi benefits from
increased synthesis of carbohydrates during the period of reduced respiration (cf.,
Gimeno et al. 2012, Camarero et al. 2013), when low soil temperatures promote the

storage of carbohydrates in root parenchyma (cf., Sperling et al. 2017). As such, the
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major importance of spring growth is most likely due to continued carbon gain
throughout the winter, with N-fixation playing an additional role (cf., Wheeler et al.
1979, Larsen et al. 2012). In contrast, our findings regarding growth promotion by
sub-zero pre-winter Trzin A. granatensis suggests growth onset depending on win-
ter chilling, a phenomenon described in the context of bud break (e.g., Heide 1993,
Pop et al. 2000, Campoy et al. 2019), and spring growth being heterotrophic, as
known from leaf formation in deciduous trees (e.g., Crang et al. 2018). The prefer-
ence of C. galianoi to humid conditions at the beginning of the first growing season
suggests that the species can benefit from early defrost water, whereas its prefer-
ence to humidity at the end of the first growing period suggests that the species
benefits from early summer rains which provide sustained water supply well into the
summer, being essential for the species” tolerance to desiccate. The preference to
humidity at the end of the first growing period in A. granatensis suggests high water
demand during leaf unfolding. Spring growth impediment at low temperatures may
reduce stomata conductance in C. galianoi and hinder vascularization in A. gran-
atensis, whereas growth promotion under high April Trz may rather reflect unlimited
vessel formation during the middle of the first growth phase. This is consistent with
various studies from cold regions (e.g., Starr 2001, Bér et al. 2008, Franklin 2012,
Olano et al. 2013, Dobbert et al. 2022b), and helps understand the superior role of

early growth on alpine plant species (Callaway et al. 2002).

During the second growth phase, there was a minor pre-growth control by summer
drought in C. galianoi, but winter cold and summer heat were significant drivers in
A. granatensis. This is plausible for C. galianoi, which tolerates drought with the

disadvantage of reduced photosynthetic capacity hampering autumn growth, and
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also for A. granatensis, which avoids droughts with the benefit of maximized photo-
synthetic capacity supporting autumn growth. Our interpretation is supported by the
literature, where anisohydric species have been shown to achieve high photosyn-
thetic rates under water stress, but continued carbon uptake and sustained activity
made them vulnerable to drought induced damage, whereas isohydic species
showed high water use efficiency under increased water stress (Attia et al. 2015).
At the end of the summer drought, only C. galianoi showed a positive moisture signal
during August/September, while A. granatensis was promoted by SMrz during Oc-
tober/November. In C. galianoi, a switch from anisohydry to partial isohydry at the
onset of the humid period is likely, as the latter has been shown to be effective after
prolonged droughts when seasonal but predictable rainfalls occur (Guo et al. 2020).
Such a rapid switch is probably supported by its extensive root system, which ena-
bles to benefit from pre-growing season water supply (cf., Bossard and Rejmanek
1992). In contrast, we assume that A. granatensis, being leafless after summer, is
influenced by its environmental constraints only when heterotrophic growth gradu-
ally ceases, and the second leaf cohort is unfolded with new photosynthetic oppor-

tunities.

Contrasting the literature (de Luis et al. 2009, Camarero et al. 2010, Rammig et al.
2010, Garcia-Cervigon et al. 2012, Olano et al. 2013), the decoupling of growth from
the environmental drivers during phases of actual growth pinpoints dependency of
growth on resources attained prior to growth. In C. galianoi, high photosynthetic
rates during winter allow for high spring growth, while in A. granatensis high photo-
synthetic rates during short-term summer solstice allow for high autumn growth. As

such, resource acquisition is rather optimized during phases when the species’ traits
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and growth strategies allow for physiological activity at high gain and low costs, with
the result of species-specific windows of maximum growth (and heterotrophic

growth in A. granatensis).

Conclusion

Our approach helped us understand general physiological patters of growth, their
timing, and their environmental drivers. For both species, we deciphered the phe-
nology of stem diameter changes and were able to distinguish between growth and
water-related swelling and shrinking. Our major result on the decoupling of growth
from resource acquisition may contribute to the debate on plant adaptive capacity
in alpine environments under future climate variability (Olano et al. 2013, Lionello et

al. 2014, Dobbert et al. 2022a).
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Table S1. Micro-environmental conditions from 2015 to 2020 averaged over all studied sites

(+/-SE), for the focal species A. granatensis (A.) and C. galianoi (C.).

Year 2015 2016 2017 2018 2019 2020
Trz AJC. 7,36 (0,07)  7,64(0,05))  8,33(0,08)/  583(0,05)/  7,66(0,05)/ 8,03 (0,06)
(mean) 9,24 (0,32) 9,51 (0,33) 9,94 (0,27) 7,64 (0,31) 9,67 (0,38) 9,94 (0,33)
[°Cl

Trz AJC. 20,84 (0,25)/ 20,04 (0,24)/ 21,07 (0,21)/ 20,38 (0,26)/ 20,29 (0,22)/ 20,05 (0,32)/
(max) 23,25(0,28) 22,73(0,31) 23,20 (0,21)  22,71(0,25) 23,07 (0,32) 23,23 (0,30)
[°Cl

Trz AJC. 5,42 (0,58)/  -1,56(0,29)/  -2,17 (0,50)/  -3,45(0,22)/  -2,69 (0,42)/  -0,47 (0,21)/
(min) -453(0,41)  -1,18(0,38)  -1,75(0,26)  -2,27(0,39)  -2,04(0,50)  -0,11 (0,35)
[°C]

SMgz A./C. 0,16 0,01y  0,15(0,01)/  0,14(0,01) 0,18 0,01y  0,15(0,01) 0,18 (0,01)/
(mean) 0,16 (0,00) 0,16 (0,01) 0,16 (0,01) 0,20 (0,01) 0,16 (0,00) 0,18 (0,00)
[m3m3]

SMgz A./C. 0,27 (0,01)  0,27(0,02)) 0,27 (0,01)/  0,28(0,02) 0,28 (0,02)/ 0,29 (0,01)/
(max) 0,28 (0,01) 0,31 (0,01) 0,31 (0,01) 0,32 (0,01) 0,30 (0,01) 0,31 (0,01)
[m3/m?3]

SMgz A./C. 0,06 (0,00 0,06 (0,00)/ 0,06 (0,00 0,06 (0,00 0,06 (0,00 0,07 (0,01)/
(min) 0,07 (0,00) 0,07 (0,00) 0,06 (0,00) 0,07 (0,00) 0,06 (0,00) 0,06 (0,00)
[m3m3]

GRsz AJC. (mean) 204,61 (0,00) 209,42 (0,00) 223,01 (0,00) 204,94 (0,00) 223,53 (0,00) 212,70 (0,00)
wimd]

GRsz A/C. (Max) 373,47 (0,00) 377,31 (0,00) 374,94 (0,00) 358,98 (0,00) 378,30 (0,00) 380,22 (0,00)
wimd]

GRsz A./C. (min) 10,49 (0,00) 35,18 (0,00) 22,16 (0,00) 16,97 (0,00) 29,81 (0,00) 17,38 (0,00)

wim?]
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Table S2. Growth rate as well as growth onset, duration and cessation averaged over all
studied sites (+/- SE), aggregates by previously defined growth phases, for the focal species

A. granatensis (A.) and C. galianoi (C.).

Year 2015 2016 2017 2018 2019 2020
Growth A./C. 40,35 (19,2)/ 30,21 (21,9)/ 24,23 (9,1)/ 25,69 (8,1)/ 11,83 (5,6)/ 22,24 (5,7)/
First phase 29,66 (8,9) 61,38 (21,1)  68,31(20,8) 77,82 (43,9)  21,80(13,7) 28,26 (15,5)
[pm]

Onset A./C. 1254 (13,7)/ 50,0 (22,2)/ 79,4 (12,3)/ 97,8 (13,6)/ 81,0 (14,3)/ 65,3 (9,7)/
First phase 42,9 (13,3) 43,8 (12,4) 50,5 (16,3) 55,4 (14,6) 104,6 (4,3) 43,3 (12,8)
[DOI]

Duration A./C. 21,4 (0,58)/ 55,4 (25,5)/ 30,7 (17,2)/ 31,0 (14,0)/ 26,4 (13,8)/ 59,0 (10,8)/
First phase 115,9 (14,5) 103,4 (14,0) 99,4 (16,2) 91,4 (17,3) 23,0 (11,9) 90,5 (18,4)
[DOI]

Cessation 146,9 (13,9)/ 105,4 (30,1)/  110,1 (18,7)/ 128,8 (1,6)/ 107,4 (3,5)/ 124,3 (10,8)/
First phase 158,8 (10,6) 147,2 (4,1) 149,9 (1,6) 146,9 (12,9) 127,6 (10,8) 133,8 (8,1)
[DOol]

Growth A./C. 116,1 (40,1)/ 142,06 (31,0)/ 70,01 (27,3)/ 102,96 (29,0)/ 101,58 (34,8)/ 109,00 (28,6)/
Second phase 14,15 (4,8) 21,15 (7,5) 49,19 (17,9) 52,71 (27,6) 17,06 (8,1) 14,53 (6,9)
[Hm]

Onset A./C. 219,0 (6,4)/ 224,0 (20,7)/ 226,0 (9,6)/ 219,3 (4,1)/ 2429 (18,0)/  231,4 (15,2)/
Second phase 246,0 (11,4) 281,0 (15,6) 270,6 (16,3) 221,6 (1,9) 278,6 (21,2) 259,8 (22,7)
[DOol]

Duration A./C. 98,6 (8,5)/ 121,2 (21,3) 94,1 (17,1)/ 111,4 (8,1)/  105,1(19,9)/  105,3 (17,6)/
Second phase 63,0 (12,0) 64,1 (13,1) 82,0 (18,1) 114,4 (6,1) 68,4 (18,7) 76,0 (25,6)
[DOI]

Cessation A./C. 317,6 (6,1)/ 345,2 (2,0)/ 320,1 (13,4)/ 330,8 (5,9)/ 348,0 (3,4)/ 336,8 (7,3)/
Second phase 309,0 (3,4) 345,1 (4,6) 352,6 (5,1) 336,0 (5,5) 347,0 (5,4) 335,8 (71)

[DO1]
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Fig. S1 lllustration of the species” wood anatomy. (A) Cross section of A. granatensis show-
ing species ring-porous to semi-ring porous xylem anatomy. The extracellular cavities of the
medullary rays and the pith contains gum, which we assume fulfils numerous storage func-
tions, allowing species to partially decouple from environmental conditions by using stored
water, nutrients and osmolytes for growth. (B) Cross section of C. galianoi showing species
semi-ring porous xylem anatomy with clumps of vessels accompanied by parenchyma cells,
which we assume allows species to repair air embolism likely occurring after severe dehy-

dration during dry periods.
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Fig. S2 lllustration of micro-environmental data. Root zone temperature (STrz), root zone
soil moisture (SMgrz) and stem zone global radiation (GRsz) regimes (daily means, derived
from hourly measurements) averaged over all study sites, with shaded areas indicating
standard deviation. Daily means of global radiation wind speed and precipitation derived

from hourly measurements at the climate station of the study area.
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Fig. S4 Ridgeline plot of soil temperature (STrz) and soil moisture (SMgrz), showing the fre-

guency of STrz and SMgz values over all six monitored years at all studied sites.
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Fig. S6 Stem diameter change for all A. granatensis and C. galianoi specimens as derived
from dendrometer measurements with overall mean in red. In 2017, departed from the gen-
eral pattern, when stem diameter of two specimens decreased, likely due to mechanical

damage which resulted in the absence of the second growth phase.
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over the studied period 2015 — 2020 and represented by generalized additive models

(GAMS).
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Abstract

The Mediterranean alpine is one of the most vulnerable ecosystems under future
global warming. Yet, patterns, timing and environmental controls of plant growth in
these ecosystems are still poorly investigated. We aimed at a better understanding
of growth processes within the Mediterranean alpine by closely examining two com-
mon, coexisting green-stemmed shrub species. Using dendrometers to measure
daily stem diameter changes, we were able to separate these changes into water-
related shrinking and swelling and irreversible growth. Implementing correlation

analysis, linear mixed effects models, and partial least squares regression on time
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series of stem diameter changes, in combination with corresponding soil tempera-
ture and soil moisture data, we found species-specific growth patterns related to
different drought-adaptive strategies. We show how the winter-cold adapted species
Cytisus galianoi has a higher ecological plasticity using a drought tolerance strategy.
Thus, this species might gain a competitive advantage under future climate warm-
ing. In contrast, the co-existing species Genista versicolor is restricted to a narrower
ecological niche using a winter-cold escape and drought avoidance strategy, which
might be of disadvantage in a changing climate. Contradicting the literature, we ar-
gue that pre-growth conditions are more relevant than conditions during growth,

controlling the species resource availability and fitness.

Key words
Dwarf shrubs, secondary growth, climate-growth relations, dendrometer, growth
physiology, Cytisus galianoi, Genista versicolor, alpine ecology, climate change,

drought resistance.

Introduction

The Mediterranean alpine is discussed as one of the most vulnerable ecosystems
under future global warming (Grabherr et al. 1994, Nogués-Bravo et al. 2008, Benito
et al. 2011). However, little is known about the temporal, spatial, and interspecific
differences in cambium dynamics, and the drivers of plant growth and plant produc-
tivity within these ecosystems are still poorly understood (Tumajer et al. 2021). Cli-
matic variability has a direct effect on the rate and timing of xylem cell production in
woody plants since cambial activity is generally understood as being controlled by

temperature and humidity (Vaganov et al. 2006, Rossi et al. 2016, Huang et al.
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2020). However, given the complexity and spatial heterogeneity of the observed
environmental variability, overarching patterns and underlying physiological pro-
cesses remain poorly understood (Gamm et al. 2018, Myers-Smith et al. 2020).
Consequently, a better understanding of long-term patterns in cambial phenology of
alpine shrubs is crucial (cf., Tumajer et al. 2021), especially for predicting their future

performance (e.g., Cotto et al. 2017, Magafia Ugarte et al. 2019).

The Mediterranean climate with its warm, dry summers and cool, humid winters has
been shown to influence cambium activity in Mediterranean woody plants. For these
plants, growth is maximized during spring and autumn, but reduced during summer
and winter (Cherubini et al. 2003, Gutiérrez et al. 2011, Touchan et al. 2012,
Pacheco et al. 2018). Such a growth bimodality has been suggested as an adapta-
tion enabling shrub species to withstand the dual climatic stressors of winter cold
and summer drought by maximizing growth during the mild, moist seasons

(Camarero et al. 2010, Mitrakos 1980).

Spring growth initiation has been subject of multiple studies across a variety of en-
vironments, which generally agree that spring growth is triggered by thermal thresh-
olds (e.g., Deslauriers et al. 2008, Camarero et al. 2010, Vieira et al. 2014, Rossi et
al. 2016, Zhang et al. 2018). However, increasing humidity from spring precipitation
has been identified as an additional driver of spring growth in the Mediterranean
(e.g., Camarero et al. 2010, de Luis et al. 2009, Vieira et al. 2014, Pellizzari et al.
2017). Furthermore, resumption of radial growth after the dry summer period has

been linked to autumn rains (e.g., de Luis et al. 2007, 2009, Touchan 2012). Still,
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there has been little research into the influence of water availability on the onset of

xylogenesis in cold semiarid climates (Ren et al. 2018).

In the Mediterranean, water availability is the most limiting abiotic factor for plant
growth and productivity (Meinzer et al. 2006, Battipaglia et al. 2014, Szymczak et
al. 2020). In the alpine areas of this biome water shortage during periods with frozen
ground is crucial besides summer droughts (Dobbert et al. 2022a). Here, plants em-
ploy three common strategies to adapt to water scarcity: escape, tolerance, and
avoidance (Chaves et al. 2003). Escape involves successful reproduction before the
onset of severe stress, while avoidance relies on delayed initiation of water scarcity
in plant tissues, and tolerance is a result of coordinated physiological and biochem-
ical alterations at the cellular and molecular levels (Chaves et al. 2003, Chen and
Wang 2009). These strategies are not mutually exclusive, and plants can even use
combined strategies (Guo et al. 2017). Little is known about the adaptive capacity

necessary to use such strategies in specific alpine environments.

Here, we aimed at a better understanding of alpine shrub growth processes in the
Mediterranean by observing growth patterns in two coexisting green-stemmed spe-
cies, Cytisus galianoi and Genista versicolor. According to similarities in their traits,
we expected to find a) similar intra- and inter-annual growth patterns, b) synchronic-
ity of growth timing, and c) similar environmental drivers. By mounting dendrometers
on the shrubs” stems to monitor stem diameter changes, in combination with high-
resolution environmental data, we were able to identify both water-related patterns

of stem swelling and shrinking, as well as irreversible secondary growth.
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Material and Methods

Shrub species

Here, we focused on the two coexisting green-stemmed dwarf shrubs Cytisus gali-
anoi Talavera & Gibbs (hereafter C. galianoi) and Genista versicolor Boiss. (hereaf-
ter G. versicolor) (Fig.1), abundant in the Sierra Nevada mountains (Spain) and en-
demic to the south of the Iberian Peninsula (Kamari et al. 2010, Melendo et al. 2003,
Gimeénez et al. 2004). Both are long-living, cushion-forming shrubs, with C. galianoi
classified as chamaephyte and G. versicolor as nanophanerophyte (Melendo et al.
2003). They belong to the Fabaceae family and are both N-fixing species (Macek et
al. 2016). Overall, they are of similar habit with slight distinctions. Both form dense
cushions which literally merge into one another at many sites and produce only a
few small leaves (up to 0.5 mm) during anthesis in May/June (Talavera and Gibbs
1997, Blanca et al. 2009a). But, both the elasticity of the above ground biomass and
the greenness of their photosynthetic stems vary (cf. Bossard and Rejmanek 1992),
with C. galianoi having more elastic and greener stems than G. versicolor, whose
branches are comparatively rigid and unbending and appear rather greyish. In ad-
dition, G. versicolor forms one main taproot while C. galianoi has a more extensive,
highly branched root system that extends less deeply into the soil and forms lateral
ramets just below the soil surface (cf. Fernandez-Santos et al. 2004). In contrast,
their xylem anatomy and hydraulic architecture is again very similar, with both spe-
cies showing semi-ring porous wood with clusters of vessels accompanied by small

parenchyma cells (Fig. S1).

Density and surface cover of our species differ with elevation, aspect, slope and

curvature. C. galianoi shows a relatively wide biogeographical and ecophysiological
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range, occurring at elevations up to 2700 m a.s.l. along the microtopographical gra-
dient from exposed ridges with severe frosts during winter to early snowbeds. G.
versicolor diminishes with elevation (cf. Lorite 2001) and is restricted to the more
protected early snowbeds and slopes (Loffler et al. 2022). Like C. galianoi, G. ver-
sicolor presumably creates its own microhabitat (Pistdn et al. 2016). In this study,

nomenclature and taxonomy of the focal species followed Blanca et al. (2009b).

Study sites and monitoring design

This study was conducted along two alpine transects above the local treeline in the
Spanish Sierra Nevada, reaching from 2400 to 2700 m a.s.l. in the west, and from
2100 to 2600 m a.s.l. in the east, respectively (Fig. 1). Here, our focal species dom-
inate the vegetation cover and coexist at the slopes in mid-alpine environments (L6f-
fler et al. 2022). Located within the Mediterranean biome, the overall climate is char-
acterized by a stable high-pressure inversion layer in summer with autochthonous
weather associated with continental easterly currents, resulting in hot and dry con-
ditions (Roberts et al. 2011, Anderson et al. 2011, Jiménez-Moreno and Anderson
2012). In autumn, winter, and spring, cyclonic activity of Atlantic low pressure sys-
tems results in cool and humid conditions (Roberts et al. 2011). Additionally, condi-
tions are strongly influenced by the typical high mountain climate (Herrero and Polo
2016, Gomez-Ortiz 2019), with plants exposed to cold winters, high solar radiation,
strong winds and snowfall, resulting in comparatively short growing seasons (Valle

2003).

Here, we studied slope positions that we stratified-randomly selected from the

treeline upwards at ~100-m intervals following the framework of our long-term alpine
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ecosystem research project (LTAER; e.g., Loffler et al. 2021, Loffler et al. 2022). At
these positions, our species experience periodic snow cover during longer winter
periods as a result of wind drift and lee-side effects in the complex alpine topogra-
phy, leading to a fine-scale mosaic of scattered shrub patches, grasses, open rock,

and debris (Loffler et al. 2022).

Dendrometer data, monitoring setup and environmental data collection

To monitor radial stem diameter variations, we equipped the main stem of 29 ran-
domly selected specimens of C. galianoi and G. versicolor, respectively, with high-
precision point dendrometers (type DRO; Ecomatik, Dachau/Germany), using sen-
sors with a temperature coefficient of <0.2 ym/K which recorded data at 1 minute
intervals. The dendrometers were mounted on an aluminium bar, attached to the
selected stems horizontally above the ground surface (approximately 1 cm above
ground) (Fig. 1). To minimize the influence of hygroscopic swelling and shrinking of
the bark (Zweifel and Hasler 2001), we removed the outermost layers of dead peri-
derm (0.5 mm) at the contact point of the dendrometer sensors (cf., Dobbert et al.
2022b). In this monitoring setup, the dendrometers were placed on the main stem,
as close as possible to the presumed root collar, which is believed to integrate the
growth of all plant parts (Bar et al. 2006, 2007, Ropars et al. 2017). However, the
variation within individual specimens and between multiple stems of the same spec-
imen is not yet fully understood (Dobbert et al. 2021). To account for this variation,
we monitored a large number of specimens, representative of the conditions ob-
served at each site, avoiding positions near stones and small depressions. To obtain

daily mean values from our raw data set, we averaged the dendrometer data follow-
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ing the "daily mean approach” (Deslauriers et al. 2007). Subsequently, we normal-
ized the annual stem diameter curves by removing the initial stem diameter, which
ranged from 3970.98 pym to 8779.10 um for C. galianoi and from 4453.43 uym to
13307.36 um for G. versicolor, from the annual curves. This was necessary because
our dendrometers measured changes in stem diameter relative to the start of the
measurement cycle and not the absolute stem diameter. Finally, we checked the
data for outliers, defining the interquartile range (IQR) and the 25th (Q1) and 75th
(Q3) percentile (Q1/Q3 -/+ 1.5*IQR) as cut-off ranges. Since we did not find any
outliers, all daily measurements per curve were retained. Our measuring period

comprised six full consecutive years (January 1, 2015, to December 31, 2020).

>

UTM 30N 496000

Genista versicolor

&

UTM 30N 467000

3500

/ g B

Dendrometer SM-Probe ST-Probe _2000m

A Mountain peak

(

A Road

B 500 & Village . C. galianoi @ G. versicolor
Elevation [ma.sl)

Fig. 1 Study regions in the Sierra Nevada (Spain) and location of the study sites (A). Photos
show our two focal species C. galianoi and G. versicolor (B) as well as our monitoring set

up with a mounted dendrometer, soil moisture probe and soil temperatures probe (C).
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Micro-environmental conditions

To assess the environmental drivers of the monitored radial stem diameter varia-
tions, we measured micro-environmental parameters at each site and for each spec-
imen separately, namely temperatures (°C, hereafter Trz) and volumetric soil water
content (m3/m3, hereafter SMrz). Thermistors (type S-TMB-002, +0.2°C accuracy)
and soil moisture probes (type S-SMD-MO005, +3% accuracy) were installed at 10
cm soil depth within the root zone of each specimen (c.f. Loffler and Pape 2020,
Dobbert et al 2021). Both environmental datasets were recorded at 1-min intervals
and stored as daily averages using ONSET s HOBO Loggers (type H21-002). Com-
plementary, we recorded the global radiation (W/m?2) (hereafter GRsz) at 1 cm above
the ground surface in the stem area of one specimen at a ridge site at 2692 m a.s.l.
using a silicon pyranometer (type S-LIB-M003) with £10 W/m2 accuracy. All micro-
environmental data were collected for the period January 1st, 2015 to December
31st, 2020, with additional data from 2014. There were no missing data at the se-

lected sites.

The mean below-ground Trz and SMrz regimes for all monitored specimens as well
as the near-ground GRsz regime measured at one site at 2692 m a.s.l. are shown
in Figs. S2 and S3 and listed in Tab. S1 (see also Loffler et al. 2022). In accordance
with the overarching Mediterranean climate (e.g. Mitrakos 1980, Camarero et al.
2012), the overall climatic conditions at our slope sites were characterized by mild
and moist spring and autumn conditions, as well as warm and dry summers with
high solar radiation and cold winters. These winters were characterized by periodic
snow cover persisting over weeks, after long, cold winters especially at high eleva-

tions sometimes even into spring (Loffler et al. 2022). Trz began to rise in
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March/April in most years, exceeding 10°C in May/June and reaching 20°C in
July/August. Sub-zero Trz in winter did not occur. SMrz was usually high throughout
winter, with the winters 2015/2016 and 2018/2019 forming exceptions. In these
years SMrz increased in March/April and reached its spring peak in May, (> 0.20
m3/m3). Thereafter, SMrz decreased until August, when the first autumn rains re-
plenished the soil. Yet, in most years SMrz decreased again and a soil moisture
content of 0.20 m3/m3was reached in November/December only. Overall, both, Trz
and SMrz, were slightly higher for C. galianoi, with lowest annual mean Trz, than
for G. versicolor. Highest SMrz was recorded in 2018, when an exceptionally short
summer drought was followed by a comparatively long and moist autumn period. In
contrast, the autumns in 2017 and 2019 were comparatively dry and were followed

by humid winters.

Analysis of growth patterns

From the measured dendrometer curves, we defined two growth phases, one during
the first half of the year (first growth phase) and one during the second half of the
year (second growth phase), which are intermitted by a first phase of stem contrac-
tion during summer (drought period) and a second phase during winter (cold period).
This subdivision of intra-annual growth reflects the species” seasonal growth pat-
terns and accounts for the bimodal rhythm of the Mediterranean climate (Mitrakos
1980), which is known to induce bimodal growth patterns in several Mediterranean
lowland species (e.g., Camarero et al. 2010) and potentially also in Mediterranean
alpine species (Olano et al. 2013). Here, growth-induced irreversible stem expan-
sion (hereafter growth) was calculated as the cumulative maximum, or current half-

year stem diameter maximum minus the most recent maximum of the previous study
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period. Thus, growth is equivalent to an incremental increase in stem radius when
the measured radius is greater than at any point in the past (Zweifel 2016, Zweifel
et al. 2021). This approach is inspired by the “zero-growth approach” proposed by
Zweifel (2016), which we applied to semiannual rather than daily data as originally
suggested by Zweifel (2016). Accordingly, growth can only take on positive values,
but does not necessarily occur every year or every half year, i.e. during every growth
phase. We refer to years in which there was no growth as dormant years. Whenever
growth occurred, we calculated both the change in stem diameter and the temporal
duration of the respective phase for all specimens and years. Since both growth
phases represent irreversible stem growth, it can be assumed that both phases are
also visible in the anatomical structure of the species and should therefore be di-
rectly comparable with classical measurement methods of radial stem growth, in-

cluding ring width (Fig. S1).

Correlations analysis and linear mixed effects models

To uncover climate-growth relations for our two focal species, we examined the in-
fluence of microclimate on shrub growth using Pearson’s correlation coefficients,
calculated in the statistical software R (R Core Team 2020). Correlations were cal-
culated between semi-annual irreversible stem growth and daily mean values for
our environmental parameters Trz and SMrz for the years 2015 to 2020. To account
for possible lagged effects of previous-year conditions on current-year growth, we
included environmental data from the respective previous year in our correlation,
similar to analyses of growth chronologies derived from ring width series (e.g., Bar

et al. 2008, Weijers et al. 2018). For this purpose, we included additional environ-
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mental measurements from before the start of our study period (2014) in our calcu-
lations. To include variation between the individual sites, we additionally fitted linear
mixed-effects models to our data, using the Ime4 R package (Bates et al. 2015). For
these models, we chose semi-annual irreversible stem growth as response variable,
and monthly mean values for all environmental parameters as fixed effect. The in-
dividual specimens were included as random effect. Overall, for the comparison of
our focal species, we performed all correlation analyses separately for each C. gal-
ianoi and G. versicolor specimen to avoid generalizations that might result from av-
eraging the data measured at each site. Averages were calculated for visualization

purposes only.

Partial least squares regression

In a final step, we applied partial least squares regression (PLSR; Wold 1975, Abdi
2010), to our dataset to complement the correlation analysis and identify crucial
environmental thresholds promoting or impeding growth. We used variable selection
methods to define a subset of relevant conditions and to assess their relative im-
portance. PLSR, originally intended for the analysis of multidisciplinary problems
(Wold 1980), has been implemented in ecological studies over the past decade
(Carrascal et al. 2009, Frindte et al. 2019, Loffler and Pape 2020). Its main ad-
vantages include that it works without distributional assumptions (Wold 1980, Dijks-
tra 1983, Vinzi et al. 2010) and its applicability to data where the number of predic-
tors exceeds the number of observations or the predictors are highly correlated. This
distinguishes PLSR from classical methods such as multiple linear regression and

principal component regression and makes it particularly suitable for our purposes
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(Geladi and Kowalski 1986, Carrascal et al. 2009, Frindte et al. 2019). We aggre-
gated our environmental data and rounded them to 0.5 °C for Trz and 0.01 m3/m3
for SMRrz values. We then counted and summed the frequency of each value occur-
ring within the rounded time series (Lo6ffler and Pape 2020) for each meteorological
season. This approach yielded sets of predictor variables that were then scaled and
centered. The associated response values were the semi-annual growth values,
which turned out to be almost normally distributed (Fig. S4). For the final estimation
of the single-response model, we used the SIMPLS algorithm (de Jong 1993) im-
plemented in the R package mdatools (Kucheryavskiy 2020). We determined the
optimal number of variables in the PLSR model using Wold's R criterion (Wold
1978), and assessed the explained variance during model calibration and validation
by tenfold cross-validation. From these models we then derived the relevance of
each independent variable (overview in Mehmood et al. 2012) using the the selec-
tivity ratio (SR), which is defined as the ratio of explained to remaining (unexplained)
variance for each variable in the target projection vector (Farrés et al. 2015, Frindte
et al. 2019). In order to achieve better contrastable results, the explained variance
(SR/abs (SR +1)) was derived from the SR. The variables with the highest values
represent the most influential variables (Rajalahti 2009). By multiplying the SR of
each variable by the sign of the corresponding regression coefficient we determined
which variables are positively or negatively associated with the dependent variable
(Rajalahti et al. 2009, Loffler and Pape 2020). In this way, we were able to clearly

identify the environmental conditions that are significantly related to annual growth.
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Results
Our results reveal a) general growth patterns, b) timing of growth, and c) environ-

mental drivers of growth, differing between the two focal species.

a) Patterns of stem diameter change and growth

Overall, annual stem diameter change in our two focus species was of bimodal char-
acter, yet we observed pronounced intra- and inter-annual variability, as well as
species-specific patterns (Fig. 2). C. galianoi showed a larger amplitude in stem
diameter (Fig. S5) and a more pronounced bimodality than G. versicolor, with G.
versicolor showing a right-skewed pattern (Fig. S6). Differences in stem diameter
change between the two species were most apparent during the meteorological
summer months, when C. galianoi showed much stronger stem contraction than G.
versicolor (Fig. 2). Similarly, growth patterns were contrasting between our two spe-
cies, with G. versicolor achieving highest growth rates in autumn, when growth co-
incided with the most pronounced stem diameter increase, while C. galianoi
achieved its highest growth rates in spring, although its stem diameter also reached

its maximum in autumn (Figs. 2, S7, S8).
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b) Timing of growth

The timing of growth (i.e., growth onset and growth cessation) in C. galianoi and G.
versicolor is shown in Fig. 3 and Tab. S2. For both species, the onset of the first
growth phase was usually in February/March, yet slightly earlier for G. versicolor
compared to C. galianoi. Spring growth cessation usually occurred in May/June, and
was usually slightly earlier in G. versicolor as well. In spring 2019, growth onset and
cessation in G. versicolor were far delayed (by several weeks). Growth resumption
after summer drought, i.e. the onset of the second growth phase, usually took place
in August/September for C. galianoi, several weeks later than in G. versicolor
(July/August). Growth cessation, however, was similar in both species (Novem-
ber/December). At the same time, the inter-annual variability of the duration of the
two growth phases was high, and growth rates in both species were decoupled from

this duration (Tab. S2, Fig. S8).

C. galianoi G. versicolor
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Fig. 3 Timing of growth (mean onset and cessation) derived from stem diameter curves
averaged across all studied sites for the years 2015 — 2020. Numbers indicate the sample
depth of the growing specimens. Short solid lines indicate the standard deviation of growth

onset and cessation.
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¢) Environmental drivers of growth

Overall, we found complex, species-specific environmental controls of stem diame-
ter change patterns. These controls strongly differed between the growth phases,
with growth significantly linked to the environmental conditions prior to growth onset

in both species (pre-growth conditions; Figs. 4, S9).

During the first growth phase C. galianoi performed best when the previous year
(March to November) was characterized by high Trz, while there was no strong Trz
control in G. versicolor during this period (Figs. 4, S9). On the other hand, previous
year's SMrz conditions were not relevant for the first growth phase in both species,
yet winter conditions prior to the growth onset showed contrasting relations to spring
growth in both species. While winter Trz affected growth in C. galianoi slightly neg-
atively (December to March) (Fig. 4), growth in G. versicolor was positively linked to
winter Trz (December to February) (Figs. 4, S9). At the same time, both species
benefitted from rather dry winter conditions (December to February), with C. galianoi
benefitting explicitly from drought in February (Figs. 4, S9). Thus, we found high
spring growth rates in C. galianoi following a cold, snow-free winter (2015), but low
spring growth rates following a mild, snow-rich winter (2017) (Fig. S2, Tab. S2). In
contrast, we found high spring growth rates in G. versicolor following a warm snow-
free winter (2016), moderate growth rates after a snow-rich winter (2017), and low
spring growth rates following a cold winter (2015) (Fig. S2, Tab. S2). We found neg-
ative correlations of spring growth in C. galianoi with April SMrz and positive corre-
lations with June SMrz (Figs. 4, S9). Growth in G. versicolor positively correlated

with April and June Trz (Figs. 4, S9).
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During the second growth phase, growth in autumn was linked to pre-growth condi-
tions, and both species performed best after a warm, dry winter, with winter Trz and
SMrz signals being particularly significant in G. versicolor (Figs. 4, S9). Additionally,
both species benefitted from low SMrz during early spring (especially March). C.
galianoi performed best under high SMrz before the beginning of the dry period
(May/June) but moisture supply during the dry period was detrimental (July), while
G. versicolor was promoted by an earlier onset of the drought period (June) (Figs.
4, S9). After the summer drought only C. galianoi showed a positive moisture con-
trol, while autumn growth in G. versicolor was positively linked to high Trz in late
August (Figs. 4, S9). Furthermore, both species were promoted by high September
Trz followed by cool and humid conditions during late autumn (October/November)
(Figs. 4, S9). As such, low growth rates observed in autumn during the years 2017
and 2019 resulted from repeated drought spells in late autumn. In contrast, highest
growth rates were achieved when the first autumn rains were followed by a warm,

moderately humid autumn (Fig. S2, Tab. S2).
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The guantitative results from our PLSR analysis (Fig. 5) indicate that growth during
the first growth phase in C. galianoi was promoted by Trz of 0.5°C during the pre-
growth winter and during the current spring, whereas in G. versicolor was promoted
by 5.0°C during the pre-growth winter. Inversely, spring growth of C. galianoi was
impeded by Trz 3.5°C during the pre-growth winter, and in G. versicolor by 1.0°C

during the pre-growth winter and the current spring. Growth in both species was co-
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driven by SMrz values indicating unfrozen ground (0.19 - 0.24 m3/m3), which in case

of C. galianoi also occurred during the current spring.

During the second growth phase, growth of G. versicolor was promoted by pre-
growth winter Trz of 5.0°C but impeded by pre-growth winter Trz 1.0°C, while C.
galianoi had no pre-growth winter Trz driver, and both species did not have a strong
pre-growth winter SMrz control. There was neither thermal nor hydric growth control
from pre-growth spring conditions. However, autumn growth in C. galianoi was pro-
moted when summer conditions were mild (10.0 — 16.5°C) and dry (~0.05 m3/m3)
with Trz of 20.0°C having a negative influence on species performance, while again
a significant signal was absent in G. versicolor. In autumn, C. galianoi was promoted
by current 3.5°C Trz, while G. versicolor again was promoted by slightly higher Trz

(5.0°), and Trz of 15.0°C were detrimental in both species.

All in all, the main findings on the environmental control of shrub growth in both
species were that pre-growth conditions were far more decisive for growth than the
environmental conditions during the actual growth phases. Growth during the major
growth phases in C. galianoi (spring) and in G. versicolor (autumn) was superiorly

driven by pre-growth winter conditions.
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Fig. 5 Smoothed variance explained derived from selectivity ratio multiplied with the sign of
its corresponding regression coefficient for soil temperature (STrz, A) and soil moisture
(SMgz, B) (independent variables) and total annual growth (dependent variable), derived
from PLSR analysis. Shaded areas represent values rendered significance (p<0.05) and
colors represent seasons. For the first growth phase, the analysis is based on pre-growth
summer, autumn and winter, and the current spring conditions, whereas for the second

growth phase on pre-growth winter, spring and summer, and the current autumn conditions.

Discussion

a) Growth patterns

We observed bimodal annual patterns of stem diameter change in our two coexist-
ing alpine shrub species and found from these overall stem diameter changes pro-
nounced but contrasting bimodal growth patterns. However, while the patterns of
stem diameter change showed strong similarities between the two species, they did
not correspond to their growth patterns but rather reflect differences in rehydration
patterns. As such, our results contradict general assumptions, suggesting that major
growth processes in Mediterranean woody plants occur during spring, with a minor
second growth phase in autumn (e.g., Pasho et al. 2012, Pellizzari et al. 2017, Alday
et al. 2020, Camarero et al. 2021). For our focal species, contrasting growth patterns
imply that the seasonality of xylogenesis is highly species-specific. Distinguishing
between growth, defined as the irreversible radial stem expansion caused by divid-
ing and enlarging wood and bark cells in the cambium, and reversible stem water
deficit-induced shrinking and swelling of the stem caused by imbalances between
transpiration and root water uptake (Zweifel et al. 2005, Zweifel 2016) helped us to
deduce the species” water use strategies from the overall stem diameter changes

and to understand their contrasting growth patterns. Summer stem contractions and
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dehydration in C. galianoi suggest drought tolerance at the cost of reduced perfor-
mance during autumn (cf. Bacelar et al. 2012), when rehydration is prioritized to
increase the water potential prior to growth resumption, but with the advantage of
benefiting from carbon fixation in winter and to maximize growth at high water po-
tential in spring (cf., Bossard and Rejmanek 1992). The less pronounced summer
stem contraction in G. versicolor suggests drought avoidance without compromising
performance while maintaining physiological functionality for carbon fixation at high
tissue water potential throughout summer (cf. Chaves et al. 2003, Bacelar et al.

2012), allowing the species to maximize growth with autumn rains.

b) Timing of growth

Our results confirm that the duration of rehydration processes depends on the spe-
cies ability to withstand negative water potentials before cavitation occurs (Ennajeh
et al. 2008), and on the duration and intensity of drought connected to the risk of
embolism (Cochard and Delzon, 2013). Thus, the discrepancy in the timing of
growth resumption between our two species is probably linked to differences in the
species” drought resistance. Their photosynthetically active stems might be key in
achieving positive net photosynthetic rates in contrasting ways (cf., Bossard and
Rejmanek 1992). The intensely green stems of C. galianoi indicate a higher chloro-
phyll content and the species might achieve higher photosynthetic rates at the ex-
pense of a higher water deficit (stem contraction). As such, C. galianoi exhibits pro-
nounced anisohydric behavior, and hence tolerates larger variation in plant water
potential as a result of weak stem stomata regulation (cf., Jones 1998, Tardieu and
Simonneau 1998). The species is thus able to still achieve high photosynthetic rates

even under increasing water stress (Attia et al 2015). However, due to continued
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carbon uptake it will be more susceptible to damage from prolonged drought stress
(Attia et al. 2015), which ultimately may reduce photosynthetic rates, and may lead
to decelerated rehydration and consequently to delayed growth resumption. In con-
trast, G. versicolor, whose photosynthetically active stems are more greyish-green,
retains higher water potential at the expense of lower net photosynthesis and exhib-
its less pronounced anisohydry (less severe stem contraction). Ultimately, the spe-
cies will experience faster rehydration and consequently earlier growth resumption.
Overall, we can conclude here that even slight variations in morphological traits in
our alpine shrubs species result in distinct variations of species” hydraulic behavior

and thus in the timing of growth resumption.

The timing of spring and autumn growth in our species was variable and independ-
ent of the length of the growing season. This finding corresponds to several studies
showing that plant performance under variable season lengths largely depends on
the specific environmental drivers during and prior to the growth period (Hollesen et
al. 2015, Weijers et al. 2018, Dobbert et al. 2021). The strong influence of pre-growth
conditions on species performance has been linked to the critical time scale relevant
to plant growth (cf., Loffler and Pape 2020), and is often still a missing dimension
(Choler 2018, Niittynen and Luoto 2018). As such, we argue that the impact of in-
tensity and duration of the environmental driver constellations on plant performance

is relative to the species” traits and ecophysiological strategies.

c) Environmental drivers of growth
Growth responses of our shrub species to their alpine environment are in line with

earlier studies of Mediterranean tree growth, showing that late autumn to winter
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conditions prior to spring growth were crucial (e.g., Bogino and Bravo 2008,
Camarero et al. 2013). We found that both of our species were promoted by dry
winter conditions, while winter temperatures had contrasting growth responses, with
C. galianoi showing a negative and G. versicolor a positive response. These con-
trasts in winter responses suggest that C. galianoi can cope with relatively low (but
above zero) temperatures, possibly due its potential to tolerate dehydration by active
stem contraction, similar to mechanisms shown in arctic-alpine shrubs (Dobbert et
al. 2022b). Using its intensely green stems, C. galianoi may capitalize from addi-
tional photosynthetic opportunities (cf., Bossard and Rejmanek 1992, Wyka and
Oleksyn 2014) which allow carbon fixation throughout winter, provided that snow
cover does not hinder photosynthetic activity. Moreover, our finding that C. galianoi
is promoted by winter temperatures of 0.5°C additionally confirms physiologically
activity of winter-green species at low temperatures (cf., Oribe and Kubo 1997). As
such, C. galianoi may benefit from increased synthesis of carbohydrates during the
period of reduced respiration (cf., Gimeno et al. 2012, Camarero et al. 2013), when
low soil temperatures promote the storage of carbohydrates in root parenchyma (cf.,
Sperling et al. 2017). Thus, the major role of spring growth is most likely explained
by continued carbon gain throughout the winter, with N-fixation likely playing an ad-
ditional role (cf., Wheeler et al. 1979, Larsen et al. 2012). In contrast, our finding
that G. versicolor is promoted by winter temperatures at 5°C indicates that it is sen-
sitive to winter frosts and may therefore better perform under snow cover at lower
alpine elevations. As such, our results underpin the biogeographical patterns of the
species (Loffler et al. 2022). Since growth rates were highest in spring 2016 follow-

ing a warm but snow-free winter, we assumed that G. versicolor, like C. galianoi,



164

may capitalize from extra photosynthetic opportunities in snow-free winters, pro-

vided that temperatures are at 5°C.

C. galianoi’s preference of humid and cool conditions at the beginning of the first
growing season, when thin snow cover is still present, suggests that the species can
capitalize from early defrost water and meltwater even during short windows of pho-
tosynthetic opportunities (cf., Starr and Oberbauer 2003). In contrast, G. versicolor’s
preference of warm and dry spring conditions suggests that precipitation, i.e. snow
in the alpine, may hinder photosynthesis, possibly due to limited stomata conduct-
ance (cf., Starr 2001, Starr and Oberbauer 2003). Both of our species showed a
positive correlation to April temperatures, which were previously identified as crucial
in other Mediterranean alpine species, related to early cambium reactivation (Olano
et al. 2013). However, since growth onset in our species was significantly earlier
than April, April correlations here reflect the species' performance during the middle
of our first growth phase. This is consistent with studies in arctic-alpine evergreen
shrubs that have been shown to be promoted by mid-growing season temperatures
(cf., Bar et al. 2008, Franklin 2012). At the end of the first growing season, C. galia-
noi preferred high soil moisture and low temperatures, while G. versicolor preferred
continued drought and high temperatures. This suggests that C. galianoi benefits
from early summer rains which provide sustained water supply well into the summer,
being essential for the species” tolerance to desiccate. In contrast, G. versicolor
adjusts its hydraulic mode to drought by drought avoidance, and early summer rains

might disrupt the species” water-use efficiency.
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Winter, spring and early summer drivers of growth during the first growth phase in
our species, as described above, were still decisive for growth during the second
growth phase, and only C. galianoi was additionally impeded by water supply in July.
Such occasional summer rains may inforce the species” stomata activity when they
have adapted to drought, when summer rains might disrupt the species” water-use
efficiency in C. galianoi as well. Overall, both of our species are well adapted to
summer drought (Dobbert et al. 2022a) albeit using different strategies. These dif-
ferences are related to morphological variations in the species” stems and roots.
We argue that C. galianoi’s drought tolerance is based on elastic stems which may
shrink upon water loss while maintaining high turgor (cf., Patakas and Noitsakis
1999). However, this rather prodigal water use strategy (Bacelar et al. 2009) re-
quires a highly branched root system (Fernandez-Santos et al. 2004), allowing to
absorb water from a large volume of soil (Arndt 2000) with the adjustment of its
allocation pattern to the roots (Jackson et al. 2000). Further water use efficiency is
likely achieved by stomata control (cf., Chaves et al. 2003, Cherubini et al. 2003, de
Micco et al. 2007). In contrast, in case of G. versicolor, we argue that its drought
avoidance strategy is based on rigid stems which may increase water uptake from
dry soil, while a decrease in soil moisture would reduce its water potential (Schulte
1993). Therefore, a conservative water use strategy (cf., Bacelar et al. 2009) pre-
supposes access to sufficient water during drought, probably due to its long taproot

that permits a sustainable water supply (cf., Passioura 1983, Bacelar et al. 2012).

At the end of the summer drought, only C. galianoi showed a positive moisture sig-
nal, while G. versicolor was promoted by high temperatures. In C. galianoi, we as-

sume that a switch from anisohydry to partial isohydry is reasonable, since the latter
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has been shown to be effective after prolonged droughts when predictable seasonal
rainfalls occur (Guo et al. 2020). Such a rapid switch is probably based on an ex-
tensive root system, which enables the species to benefit from pre-growing season
water supply (cf., Bossard and Rejmanek 1992). In contrast, we assume that G.
versicolor uses its taproot to absorb water from the deeper ground and as such
maintains its isohydric mode until sufficient autumn rainfall has occurred (Reynolds
et al. 1999, Ogle et al. 2004). Growth preference of sustained heat lasted until Sep-
tember, cool and moist conditions became promotive only in October and November
and autumn droughts instead were growth limiting in both of our species. During this
humid period, growth conditions in the Mediterranean alpine are overall favourable,
and species-specific ecophysiological adaptation might not be necessary, which is
in agreement with previous studies that showed strong precipitation drivers of

growth across different species (de Luis et al. 2007, Valeriano et al. 2023).

Overall, the contrasting growth responses to winter temperature probably determine
species” distributional range, with G. versicolor being limited to the slopes where it
is not at risk from low winter temperatures and soil freezing, while C. galianoi is able
to occupy the most widespread ecological niche all over the Mediterranean alpine
(cf., Dobbert et al. 2022a, Loffler et al 2022). Since both species were able to benefit
from additional photosynthetic opportunities during snow-free winters, warmer win-
ters will most likely enhance species performance as they shorten periods of snow
cover and consequently lengthen the period of resource acquisition (Dobbert et al.
2022a). In addition, reduced temperature constraints likely allow tracheid differenti-
ation to continue during winter (de Luis et al 2007, Vieira et al. 2014). Likewise, an

expected decrease in precipitation and extension of summer drought (Giorgi and
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Lionello 2008), may affect our species less than expected, as we found that both
were well adapted to severe summer-drought, with their cambial rhythm closely
linked to seasonal water dynamics (cf. Dobbert et al. 2022a). However, differences
In species drought resistance strategies may make C. galianoi a better competitor
under increased droughts, using drought tolerance as the “ultimate drought strategy”
(Connor 2005), with the disadvantage of risking the ultimate drop of the plant water
potential under continued carbon fixation (Arndt 2000). The ability to postpone or
avoid tissue water deficits allows for short-term survival, but may threaten the spe-
cies” long-term survival if it fails to prevent dehydration of tissues, which are rela-

tively sensitive to desiccation (Ludlow 1980).

Conclusion

Here, we compare radial stem diameter changes of two co-occurring green-
stemmed Mediterranean alpine shrub species and show clear differences in growth
patterns, timing of growth, and the environmental drivers controlling growth pro-
cesses, which we linked to contrasting winter freezing and summer drought adap-
tation strategies. We show that C. galianoi uses both winter cold tolerance, and
summer drought tolerance, whereas G. versicolor uses winter cold escape and sum-
mer drought avoidance strategies. As such, G. versicolor has a far narrower eco-
logical niche than C. galianoi, yet might profit from warmer winters. However, the
species might lose under severe summer droughts, and might be threatened by
being exposed to winter cold, when its protective snow cover is missing/shortened.
Both species were driven by pre-growth conditions, and this environmental control

was more relevant than conditions during the actual growth phases. As a winter-
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cold adapted species C. galianoi has the higher ecological plasticity, and thus might

be the winner under future climate warming.

Data Availability
All underlying data pertinent to the results presented in this publication are publicly
available in a data publication in ERDKUNDE — Archive for Scientific Geography
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Table S1. Micro-environmental conditions from 2015 to 2020 averaged over all studied sites

(+/-SE), for the focus species C. galianoi (C.) and G. versicolor (G.).

Year 2015 2016 2017 2018 2019 2020
Trz C.IG. 9,04 (0,14) 9,18 (0,14) 9,54 (0,13) 7,40 (0,15)/ 9,27 (0,14)/ 9,37 (0,15)/
(mean) 9,04 (0,17) 9,17 (0,17) 9,55 (0,16) 7,41 (0,17) 9,23 (0,16) 9,38 (0,16)
[°Cl

Trz C.IG. 20,77 (0,27)/ 20,24 (0,25)/ 20,73 (0,25)/ 19,59 (0,26)/ 20,67 (0,28)/ 20,06 (0,27)/
(max) 20,61(0,33)  20,05(0,27) 20,59 (0,28) 19,28 (0,30) 20,39 (0,33) 19,73 (0,29)
[°Cl

Trz C.IG. -0,18 (0,13)/ 0,39 (0,06)/  0,32(0,10) 0,02 (0,09) 0,38 (0,06)/ 0,89 (0,03)/
(min) 0,12 (0,10) 0,38 (0,06) 0,35 (0,08) 0,01 (0,09) 0,41 (0,06) 0,90 (0,03)
[°C]

SMgz C./G. 0,15 (0,00) 0,14 (0,00  0,15(0,00f 0,19 (0,00 0,15 (0,01} 0,17 (0,00)/
(mean) 0,14 (0,00) 0,13 (0,00) 0,14 (0,00) 0,18 (0,00) 0,14 (0,00) 0,15 (0,00)
[m3m3]

SMgz C./G. 0,26 (0,00 0,26 (0,00 0,26 (0,00) 0,27 (0,00 0,27 (0,00 0,27 (0,00)/
(max) 0,24 (0,00) 0,24 (0,00) 0,25 (0,00) 0,26 (0,00) 0,25 (0,00) 0,24 (0,00)
[m3/m?3]

SMgz C./G. 0,05 (0,00  0,05(0,00)  0,05(0,00) 0,06 (0,00  0,05(0,00 0,05 (0,00)/
(min) 0,04 (0,00) 0,04 (0,00) 0,05 (0,00) 0,06 (0,00) 0,05 (0,00) 0,05 (0,00)
[m3m3]

GRsz C./G. (mean) 204,61 (0,00) 209,41 (0,00) 223,00 (0,00) 204,94 (0,00) 223,53 (0,00) 212,70 (0,00)
Wim?]

GRsz C./G. (max) 373,46 (0,00) 377,31 (0,00) 374,93 (0,00) 385,97 (0,00) 378,29 (0,00) 380,22 (0,00)
Wim?]
GRsz C./G. (min) 10,49 (0,00) 35,18 (0,00) 22,16 (0,00) 16,97 (0,00) 29,80 (0,00) 17,37 (0,00)

wim?]
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Table S2. Onset, cessation, duration [DOY], and growth [um] averaged over all studied sites
(+/- SE), aggregated by previously defined growth phases, for the focus species C. galianoi

(C.) and G. versicolor (G.).

Year 2015 2016 2017 2018 2019 2020
Onset C./G. 53,37 (9,4)/ 69,04 (11,3) 55,61 (11,0 52,55(10,3)/ 69,64 (11,6)/ 49,10 (9,9)/
First phase 49,08 (10,2) 59,95 (10,1) 44,59 (10,7)  49,85(12,5)  118,83(8,5) 50,47 (10,1)
[DOI]

Cessation 148,03 (8,6)) 165,72 (6,5) 143,55 (11,2) 150,05 (10,2)/ 136,28 (13,5) 153,26 (8,6)/
First phase 139 (10,8) 150,73 (10,0) 127,04 (13,9) 157,05(10,2) 174,04 (1,7) 15547 (11,0)
[DOI]

Duration C./G. 94,65 (10,6) 96,68 (13,0) 87,94 (12,4)  97,5(13,0) 66,64 (155) 104,15 (11,6)/
First phase 89,92 (12,2) 90,78 (11,8)  82,45(13,6)  107,2(14,0) 55,20 (8,9) 105 (13,0)
[DOI]

Growth C./G. 83,93 (11,8) 69,94 (154) 2423 (11,7) 56,64 (16,0) 24,71 (7.6) 49,60 (15,7)/
First phase 55,04 (10,6) 68,12 (159)  4425(117)  3295(6,7) 21,80 (10,4) 45,70 (8,8)
[um]

Onset C./G. 2485 (10,5)) 218,22 (13,5) 248,05 (11,6)) 211,77 (7.6)/ 251,21 (9,7)/ 231,26 (12,0)/

Second phase
[DOI]

Cessation C./G.

202,5 (6,6)

309,25 (1,7)/

213,84 (11,1)

335,5 (10,4)/

217,80 (11,6)

344,33 (8,3)/

191,27 (4,0)

324,11 (5,1)/

189,40 (5,0)

350,84 (3,5)/

200,03 (7,8)

335,47 (8,5)/

Second phase 308,41 (4,6) 334,6 (10,0) 351,90 (4,0)  32645(3,4)  352,09(1,8) 33557 (8,3)

[DOI]

Duration C./G. 60,75 (9,9) 117,27 (159) 96,27 (12,9)/  112,33(8,6)/ 99,63 (8,9) 104,21 (13,5)/
Second phase 105,91 (7,6) 120,76 (13,1) 134,09 (12,3) 13518(6,4) 162,68 (6,1) 13553 (11,2)
[DOI]

Growth C./G. 35,62 (12,2)  57,70(18,7)/ 27,67 (6,2 50,69 (11,8) 39,49 (8,2)) 41,26 (10,2)/
Second phase 53,66 (9,1) 98,61 (28,2) 29,81 (5,4) 56,99 (9,2) 46,95 (6,3) 60,41 (8,8)

[um]
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Genista versicolor

1000 pm 500 pm

Fig. S1 (A) Picture showing the coexistence of our two focus species (B), illustration of the
species” habitus including their distinct root systems, with G. versicolor having one main
sparsely branched root and C. galianoi having an intensively branched root system. (C)
Cross section of G. versicolor and C. galianoi showing the species” semi-ring porous xylem

anatomy with clumps of vessels accompanied by parenchyma cells.
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Fig. S2 lllustration of micro-environmental data. Root zone temperature (STrz), root zone
soil moisture (SMgrz) and stem zone global radiation (GRsz) regimes (daily means, derived
from hourly measurements) averaged over all study sites, with shaded areas indicating
standard deviation. Daily means of global radiation were derived from hourly measurements

at the climate station of the study area.
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Fig. S3 Ridgeline plot of soil temperature (STrz) and soil moisture (SMgrz), showing the fre-

quency of STgrz and SMgz values over all six monitored years at all studied sites.
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Fig. S4 Histogram for total annual growth as well as growth for the first and second growth

phase in C. galianoi and G. versicolor.
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Fig. S5 Stem diameter change for individual specimens, as derived from dendrometer

measurements for C. galianoi and G. versicolor with overall mean in red.
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Fig. S6 Seasonal pattern of stem diameter change during the curse of one year averaged

over the studied period 2015 — 2020 and represented by generalized additive models

(GAMS).
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Fig. S7 Boxplot showing the distribution of growth in the first and second growth phase in

C. galianoi and G. versicolor over the studied period 2015 — 2020.
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Fig. S9 Pearson’s correlation coefficients calculated between on-site measured daily soll
moisture (SMgz) and soil temperature (Trz) data and first (A) and second (B) growth phase
as derived from the dendrometer curves, with shaded area indicating standard deviation

(+/- SE) and transparency non significance.
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11 Synthesis

We studied the growth and its environmental controls of three Mediterranean alpine
shrubs species in the Sierra Nevada, Spain, along an elevational and microtopo-
graphical gradient. Cytisus galianoi was abundant at all sites (A, B, C; Figs. 11, 12)
and co-occurred with Astragalus granatensis at the exposed alpine ridge positions
and with Genista versicolor at the snow-covered alpine slopes. As such, our focal
species C. galianoi had a wide ecological range along multiple biogeographical gra-
dients, whereas the two other shrubs species had narrower ecological niches.
Therefore, in the Papers 2 and 3, we focussed on ridges and slopes, where C.
galianoi co-occurred with one of the other species, and as such, snowbeds (C) are
not shown separately, here. Our dendrometer measurements revealed species-spe-
cific patterns of stem diameter change (Fig. 13), from which we derived growth, de-
fined as irreversible stem increment. Growth differed strongly between species and
topographical positions and was represented by pronounced cumulative growth
curves (Fig. 14). The timing of growth varied both, between species and sites, and
a pronounced bimodal growth pattern emerged showing two distinct growth phases
(Fig. 15). However, growth rates during the different phases did not correspond with

the length of the growth phases (Fig. 16).

Our study showed that stem diameter changes, which we directly derived from the
raw dendrometer data, were contrasting between sites and showed pronounced dif-
ferences in the bimodality, the latter of which was driven by differences of the spe-
cies’ response to summer droughts (Fig. 13). While C. galianoi showed strongest

stem contraction during late summer, stem contraction already peaked during early
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summer in A. granatensis, while G. versicolor showed least summer stem contrac-
tion. As such, the results on water-related stem diameter changes highlighted spe-
cies-specific responses to seasonal water dynamics, associated with differences in

stem water deficit and plant water potential.
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Fig. 13 Seasonal patterns of stem diameter change in A. granatensis, C. galianoi, and G.
versicolor at different topographical positions (ridges and slopes, see A and B in Figs. 11,
12) during the course of one year averaged over the studied period 2015 — 2020 and rep-

resented by generalized additive models (GAMS).
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Contrasting the patterns of stem diameter changes, our cumulative growth curves
in C. galianoi showed highest growth rates during spring, particularly at the slopes,
whereas A. granatensis, and to a lesser extent, G. versicolor showed higher growth
rates in autumn (Fig. 14). By separating growth from water-related stem diameter
changes, we derived irreversible stem diameter increments (growth) from cell divi-
sion and expansion, only (Papers 1, 2, and 3). These cumulative growth curves,

apart from the magnitude of growth, also uncover its timing.
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Fig. 14 Cumulative growth in C. galianoi, A. granatensis and G. versicolor at different topo-
graphical positions (ridges and slopes, see A and B in Figs. 11, 12) shown as median (solid
line), average (dashed line) and the 25% and 75% quartiles (shaded), over the day of the

year using growth data of consecutive six years (2015 — 2020).

We observed high inter-annual variability in the timing of growth, which was re-
flected by the different species with the most striking differences at the ridges dur-

ing the first growth phase (Fig. 15). As a consequence, this variability of growth
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onset and cessation reflected a complex environmental control of growth, depend-
ent on the alpine environment, site-specific conditions, and the species’ trait-based

coping strategies.
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Fig. 15 Average growth onset and cessation in A. granatensis, C. galianoi, and G. versi-
color at different topographical positions for the first and second growth phases in 2015 —
2020, derived from stem diameter curves. Numbers indicate the number of growing speci-

mens.

The growth rates in our three alpine species show a high inter- and antra-annual
variability, with higher spring growth rates in C. galianoi, and higher autumn growth
rates in G. versicolor (Fig. 16). As such, our results revealed that the co-occur-
rence of alpine shrub species, which are generally competitors for the same re-
sources, is not critical as long as the timing of resource acquisition and growth are

maximally decoupled.
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Fig. 16 Boxplot of growth phases showing the distribution of total annual growth as well as
growth in the first and second growth phase in A. granatensis, C. galianoi and G. versi-

color at different topographical positions.
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From our overall findings on the detailed growth patterns in each species, we were
able to deduce the species” strategies to cope with the growth constraints of winter
cold and summer drought. Using soil temperature and soil moisture data from the
specific growth sites of each specimen, we found the species-specific environmental
controls of growth. Using different statistical approaches, robust and significant
driver constellations were revealed, allowing to argue for pronounced carry-over ef-
fects for both growth phases. Such effects were clearly visible for C. galianoi, which
as a green-stemmed, frost-tolerant species was found to profit from cold and snow-
free winters, mobilizing assimilates from winter photosynthesis for major spring
growth (Papers 1, 2, and 3). As a drought tolerating species, C. galianoi showed
severe summer stem contractions, and had strong water-related stem diameter in-
crease in autumn caused by rehydration rather than growth. Using these combined
winter-cold and summer-drought adapted growth strategies, C. galianoi was shown

to perform best at all alpine sites, with high growth plasticity.

Compared to the two co-occurring shrub species, the combined cold and drought
tolerance growth strategies in C. galianoi led to high competitive advantages. We
synthesized the different growth strategies in Table 1 and used the single papers to
address a), the overall growth performance of the species C. galianoi over its distri-
butional range in the Sierra Nevada (Paper 1), b), the advantages and disad-
vantages of the strategies in green-stemmed C. galianoi vs. seasonal dimorphic A.
granatensis (Paper 2), and c), the differences in growth across two co-existing

green-stemmed species C. galianoi and G. versicolor (Paper 3).
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Table 1 Synthesis of identified growth strategies in the Mediterranean alpine shrub species

A. granatensis, C. galianoi, and G. versicolor.

Winter cold resistance Summer drought resistance
Astragalus granatensis avoidance avoidance
Cytisus galianoi tolerance tolerance
Genista versicolor escape avoidance

In Paper 1, we highlighted that growth in C. galianoi was maximized during spring,
as was usually observed in other Mediterranean woody plants (Pellizzari et al. 2017,
Alday et al. 2020, Camarero et al. 2021). Autumn radial increment is caused by both,
growth and water-related swelling (Mékinen et al. 2008, Zweifel et al. 2016). Our
results further underpin the importance of pre-growth environmental conditions with
carry-over effects, helping the plant to decouple growth from carbon uptake (cf.,
Iwasa and Kubo 1997, Wyka 1999, Meloche and Diggle 2003). As such, Paper 1
suggests that for our alpine species, the spatio-temporal environmental drivers of
bimodality should be scrutinized, and common assumptions on the actuality of driver
— growth relations should be viewed with caution. The high year-to-year variability
of climatic constraints for growth in C. galianoi led to adjusted growth responses
revealing overall high temporal plasticity, which is a prerequisite in the Mediterra-
nean, where secondary growth must be adjusted to a broad array of climatic condi-
tions (Camarero et al. 2010). The adaptation to the heterogeneity of the alpine land-
scape could be attributed as spatial plasticity to environmental variance (Pacheco
et al. 2018, Tumajer et al. 2021, Valeriano et al. 2023), which is of general im-

portance in alpine ecosystems particularly under future climate change (Loffler et al.
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2011), to which C. galianoi is probably well adapted by taking advantage from

warmer winters, and tolerating even longer summer droughts (Albrecht et al. 2023a).

In Paper 2, we highlighted contrasting bimodal growth patterns in our physiologically
different species. Patterns of stem contraction in C. galianoi suggested drought tol-
erance at the cost of reduced performance during autumn (cf. Bacelar et al. 2012)
and frost tolerance paired with the advantage of benefiting from carbon fixation dur-
ing winter and maximizing growth in spring (cf., Bossard and Rejmanek 1992, Wyka
and Oleksyn 2014). Patterns of stem contraction in A. granatensis suggested
drought avoidance without compromising performance (cf. Chaves et al. 2003,
Bacelar et al. 2012), allowing to maximize growth during autumn precipitation, and
frost avoidance by osmoregulation (cf., Essiamah and Eschrich 1985, Boughalleb
et al. 2016, Schenk et al. 2021). In both co-existing species, pre-growth environ-
mental drivers proved to be highly relevant for species performance, however with
contrasting mechanisms. The temporal decoupling of growth from photosynthetic

opportunities was, to our knowledge, not yet shown in the literature.

In Paper 3, we highlighted contrasting bimodal growth patterns in two coexisting
green-stemmed alpine shrub species. In comparison to frost and drought tolerance
in C. galianoi (Albrecht et al. 2023b), patterns of stem contraction in G. versicolor
suggested drought avoidance without compromising performance during summer
(cf. Chaves et al. 2003, Bacelar et al. 2012), and a frost escape strategy during
winter, forcing the species into the snow-protected sites. Despite common traits, our
species showed contrasting responses to winter soil temperatures, likely explaining

the species” distributional range, limiting G. versicolor to the slopes and allowing C.
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galianoi a widespread ecological niche all over the Mediterranean alpine (cf., Dob-
bert et al. 2022a, Loffler et al 2022). As such, we argued that G. versicolor might
profit from warmer winters, being constrained under severe summer droughts and
threatened under winter cold when its protective snow cover is shortened, whereas
the winter-cold adapted species C. galianoi has the higher ecological plasticity, and

thus might be the winner under future climate warming (Albrecht et al. 2023c).

By using a novel approach to alpine shrub growth, this cumulative dissertation suc-
ceeded in deriving seasonal growth patterns and understanding the species” growth
strategies in the Mediterranean alpine. Our results help explain the biogeographical
patterns of three of the most abundant alpine shrub species and support predicting
their potential future range shifts in the Sierra Nevada, Spain. Provided relative sta-
bility under a continuous moderate grazing regime within the National Park and a
low fire regime in the Sierra Nevada, our results suggest that shrub performance,
particularly of C. galianoi, will be promoted under a future Mediterranean alpine cli-
mate, characterized by longer summer droughts and milder winters. Counterintui-
tively, such future near-natural vegetation succession might end up in backcoupling
effects with an increase in above-ground biomass, i.e. fuel density, and thus with

the unintended serious consequence of an increased fire risk.

Data availability
All underlying data pertinent to the results presented in this publication are publicly
available in a data publication in ERDKUNDE — Archive for Scientific Geography

(https://doi.org/10.3112/erdkunde.2022.dp.01).
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