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1 | INTRODUCTION

Climate change scenarios for the Mediterranean suggest warming
at a rate about 20% higher than the global average, with summer
temperatures likely increasing more than winter temperatures
(Lionello & Scarascia, 2018). This will result in substantial drying and
warming of the area, especially during the warm season (Giorgi &
Lionello, 2008). Specifically for alpine areas of the Mediterranean
biome, climate change is expected to reduce annual and especially
spring precipitation (Bravo et al., 2008), which may strongly alter
growth conditions and limit plant growth during the main growth
phase (e.g. Campelo et al., 2021; Touchan et al., 2014). In general,
plants are assumed to react immediately to the prevailing environ-
mental influences and require a balance of resources to maintain op-
timal growth (Chapin lll et al., 1987).

Alpine plants are generally exposed to a huge variety of envi-
ronmental influences, as they are abundant over steep ecologi-
cal gradients occurring over short distances (Benito et al., 2011,
Kérner, 2021). In the Mediterranean alpine, plant performance
is constraint by both, low-temperature stress, which is rising
with elevation, and drought stress that declines with elevation
(Magana Ugarte et al., 2019; Pescador et al., 2015), including se-
vere summer drought in addition to winter frosts (Gutiérrez-Girén
& Gavilan, 2013; Morales et al., 2012). However, physiologically ef-
fective drought stress and freezing stress are assumed to be rarely
fatal in alpine plants (Kérner, 2021), with plant performance based
on well-adapted physiological strategies to withstand the variety of
stressors they are exposed to, helping the species to survive during
the two stress periods and allowing for their increased performance
under favourable conditions (cf. Mitrakos, 1980). However, these
physiological mechanisms are not yet fully understood.

Pronounced climatic seasonality within the Mediterranean al-
pine promotes two distinct growth peaks separated by summer
quiescence, resulting in a bimodal growth pattern, which may
be reflected by the anatomical cell structure of woody plants
(e.g. Campelo et al., 2021; Tumajer, Shishov, et al., 2021). This
pattern has been associated with favourable growth conditions
during spring and autumn, when mild temperatures and soil-water
availability enhance cambial activity (e.g. Pacheco et al., 2018).
However, as cambial reactivation after a dry summer is not always
observed, a facultative bimodal growth has been suggested as the
best way to characterise growth patterns in the Mediterranean
(Battipaglia et al., 2014; Campelo et al., 2018) and also been found
in several species, both within the Mediterranean lowland and
the Mediterranean alpine (Olano et al., 2013). Since even arctic-
alpine shrubs exhibit bimodality (Dobbert, Albrecht, et al., 2022),
a facultative bimodal growth might similarly be present in a wide
variety of alpine shrub species across biomes. As a growth strat-
egy, it likely enables plants to restrict their growth to phases
with favourable environmental conditions (cf. Tumajer, Shishov,
et al., 2021). Thus, it is likely to enhance plant performance in the
Mediterranean alpine, where winter cold and summer drought are
strongly pronounced.
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At the same time, future moisture limitations and warming
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have been found to constrain the physiology of Mediterranean-
alpine species under summer drought stress (Giménez-Benavides
et al., 2018; Pellizzari et al., 2017). Here, small-stature shrubs,
which dominate large parts of the alpine biome, are especially af-
fected (Giménez-Benavides et al., 2018; Pellizzari et al., 2017). On
the other hand, the predicted winter warming may enhance shrub
growth by reducing thermal constraints and, consequently, length-
ening the growing season (Castagneri et al., 2018), associated with
positive growth responses and greening of the Mediterranean alpine
(Dobbert, Albrecht, et al., 2022). Additionally, earlier studies have
shown accelerated growth and high resource use efficiency under
higher temperatures, indicating the species” inherent advanced
physiological capacity and their ability to acclimate to a warmer en-
vironment (Yang et al., 2011). In this context, it has been noted that
the response of alpine plants to climatic variability under simultane-
ous temperature and drought stress is complex and that models that
simply assume an upward shift in distribution as a response to higher
temperatures may fail to predict future responses to climate change
(Olano et al., 2013).

Further contributing to this complexity is the high adaptation
of low-stature alpine shrubs to the microclimate of their immediate
surroundings, which allows growth to be decoupled from the free at-
mosphere (Kérner, 2012). During winter, shrub meristems are often
protected by snow, limiting the risk of freezing and mechanical dam-
age (Rixen et al., 2010), while the insulating benefits of snowpack to
shrub meristems may also be detrimental when late snow melt re-
sults in a shortened growing season (Pellizzari et al., 2014, 2017). In
complex alpine topography, plant species have been shown to be re-
stricted to their specific ecological niche (e.g. Dobbert et al., 20213;
Loffler & Pape, 2020), and alpine vegetation patterns do reflect
these topographical structures (e.g. Gjaerevoll, 1956; von Biren &
Hiltbrunner, 2022). Thus, growth of alpine shrubs from different bi-
omes has been shown to be not only influenced by the regional cli-
mate (e.g. Bar et al., 2008; Gazol & Camarero, 20123; Li et al., 2013)
but also by the local environment which has been addressed as
the major driver of shrub growth (Dobbert et al., 2022a; Gazol &
Camarero, 2012b). In this context, plastic xylogenesis has been de-
scribed as a competitive advantage under the Mediterranean cli-
mate regime (cf. Camarero et al., 2010). Accordingly, spatiotemporal
plasticity of secondary growth has generally been assumed to be of
particular importance in cold and dry ecosystems (c.f. Kérner, 2012;
Pellizzari et al., 2017; Tumajer, Buras, et al., 2021), and high plasticity
has been highlighted as the advantage of enabling biogeographically
widespread species to colonise large areas (Ghalambor et al., 2007;
McLean et al., 2014).

The plasticity of cambial activity and the adjustment of wood
formation to fluctuations in climatic conditions can be derived from
continuous time-series of stem diameter change, measured using
high-resolution dendrometers (Pacheco et al., 2018). Using such
time series along alpine elevational gradients, we recently showed
that the widespread, green-stemmed Mediterranean-alpine shrub
species Cytisus galianoi exhibits high ecological plasticity compared
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to coexisting species (Albrecht et al., 2023, 2024). This plasticity,
combined with a pronounced frost and drought tolerance, allows
the species to benefit from additional carbon gain during winter
and summer, with pre-growth assimilation leading to carry-over
effects, making it competitive even under unfavourable condi-
tions during the active growth phase and under warming climate
(Albrecht et al., 2024). Here, our dataset includes continuous time-
series of stem diameter change of C. galianoi specimens from a
variety of different sites colonised by this species along multiple
geographical gradients within the Sierra Nevada Mountain range.
By separating water-related stem diameter changes from irrevers-
ible growth, we aimed to disentangle bimodal growth patterns
triggered by frost and drought stress, and to relate these drivers
to the timing of growth. This way, we aimed to (a) identify con-
sistent growth patterns across a variety of distinct sites, (b) char-
acterise the species” spatiotemporal growth plasticity across its
range and (c) identify specific environmental drivers that promote
both pre-growth assimilation and growth during the active growth
phase, in order to explain growth dynamics from a biogeographical

perspective.

2 | MATERIALS AND METHODS

2.1 | Focal species

In this study, we focused on the shrub species Cytisus galianoi
Talavera & Gibbs (Figure Sla; taxonomy and nomenclature after
Blanca et al., 2009a), which is a long-living, low-growing (~10-
30cm; Blanca et al., 2009a; Loffler et al., 2022), cushion-forming
chamaephyte (Giménez et al., 2004) belonging to the Fabaceae
family. It is an N-fixing species (Macek et al., 2016) with an exten-
sive, highly branched root system that extends ~30cm into the
soil (Figure S1b) and forms lateral ramets (Fernandez-Santos et al.,
2004). During anthesis (May/June), the species produces only
a few small leaves (Blanca et al., 2009a) but due to its intensely
green stems is potentially able to photosynthesise all year round
(cf. Bossard & Rejmanek, 1992). Furthermore, the elasticity of
its above-ground biomass suggests high drought resistance (cf.
Patakas & Nortsakis, 1999), and its xylem anatomy and hydraulic
architecture (Figure S2a) indicate that C. galianoi is able to cope with
drought and frost (Sperry, 1993; Sperry & Tyree, 1988) and to repair
drought-induced embolism (Brodersen & McElrone, 2013), which
can occur after severe dehydration (Arbellay et al., 2012). The spe-
cies is abundant in the Sierra Nevada (Spain) and endemic to the

south of the Iberian Peninsula (Giménez et al., 2004).

2.2 | Study sites and specimens

Our focal species colonises a broad spectrum of sites along the alpine
elevation gradient up to 3200 ma.s.l. within the Mediterranean biome
(Figure S1c). Accordingly, specimens are exposed to the overarching

climate signal of the Mediterranean, characterised by hot and dry
conditions during summer, and cool and humid conditions in autumn,
winter and spring (Anderson et al., 2011; Roberts et al., 2011). The
Sierra Nevada reaches its highest peak at 3479 ma.s.l. (Mulhacén)
(Herrero & Polo, 2016), encompassing a variety of Mediterranean-
alpine ecosystems (Gomez-Ortiz et al., 2019). Here, the growing
seasons are comparatively short, and plants are exposed to cold
winters, high solar radiation, strong winds and snowfall. In combina-
tion with the complex alpine topography (Figure S1d), these condi-
tions affect the spatial distribution of C. galianoi, which dominates
the vegetation of the middle-alpine environment between 2200 and
2700ma.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) remaining the dominant
graminaceous species here. Above 2700ma.s.l., where vegetation is
transitioning into a high-alpine environment (L6ffler et al., 2022), C.
galianoi disappears from latest snow beds.

For our monitoring, we selected 29 sites stratified-randomly,
following our long-term project on alpine ecosystem research
(LTAER-ES; Loffler et al., 2022). These sites represent the spatial
variety of different environmental conditions in the area. At each
site, we randomly selected shrub specimens of comparable size,
leading to a monitoring design consisting of 77 C. galianoi (2100-
3175ma.s.l.) specimens (Figure Slc). We recorded stem diameter
changes for six full consecutive years (January 1, 2015, to December
31, 2020).

To test whether the annual growth derived from our dendrom-
eter records match the annual growth derived from dendroanatom-
ical measurements of annual ring width, we collected complete C.
galianoi specimen at 7 of our 29 sites, which we prepared for annual
ring-width measurements according to the standardised procedures
(Gartner & Schweingruber, 2013). When collecting, we made sure
that the selected specimens grew directly next to the specimens
equipped with dendrometers. By cross-cutting the 7 specimens at
the shoot, base and root segments (Figure S2b), we obtained 19
thin sections (since one shoot and root segment was broken during
cutting), from which we created 19 time series of annual ring-width
measurements by averaging the 5 radii we measured per section (for

procedure see Figure S3a,b).

2.3 | Dendrometer data and monitoring set-up

To monitor radial stem diameter variations of our species, we
used high-precision point dendrometers (type DD-RO; Ecomatik,
Dachau/Germany) designed to measure changes in stem diam-
eter of particularly small stems (0-20mm diameter) and capable
of generating data with unprecedented temporal resolution, pro-
viding deep insights into seasonal growth patterns and mecha-
nisms of arctic-alpine and Mediterranean-alpine shrubs (Albrecht
etal., 2023,2024; Dobbertetal.,2021a,2021b; Dobbert, Albrecht,
et al., 2022; Dobbert et al., 2022b). The dendrometers had sen-
sors with a temperature coefficient of <0.2pum/K, recorded data
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at 1-min intervals and were mounted on a T-shaped aluminium
bar that we carefully attached to the main stem of the selected
specimens horizontally above the ground surface. To minimise
the influence of hygroscopic swelling and shrinking of the bark
(Zweifel & Hasler, 2001), we removed the outermost layers of
dead periderm (0.5mm) at the contact point of the dendrometer
(cf. Dobbert et al., 2022b). We took care to place dendrometers as
close as possible to the specimens' root collar, which is thought to
integrate the growth of the whole plant (Bar et al., 2007; Ropars
et al., 2017), although 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 explored (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 observed at each site. To ob-
tain daily mean values from the raw dataset, the dendrometer
data were averaged (Deslauriers et al., 2007). Because dendrom-
eters measure changes in stem diameter relative to the start of
the measurement and not the absolute stem diameter, we nor-
malised the annual stem diameter curves by removing the initial
stem diameter (2358.96-10300.84 um) from the annual curves.
Finally, we checked the data for outliers, defining the interquar-
tile range (IQR) and the 25th (Q1) and 75th (Q3) percentile (Q1/
Q3+ 1.5*IQR) as cut-off ranges. As there were no outliers, all daily
values were retained.

2.4 | Environmental conditions

To assess the drivers of radial stem diameter variations, we ad-
ditionally measured environmental variables at each site and for
each specimen separately, using thermistors and soil moisture
probes at 10cm soil depth within the specimen's root zone (c.f.
Dobbert et al., 2021b; Loffler & Pape, 2020). Root zone tempera-
tures (Tg,) were recorded at 1-min intervals and stored as hourly
averages using ONSET's HOBO loggers (type H21-002) and ther-
mistors (type S-TMB-002) with +0.2°C accuracy. Soil moisture
conditions within the specimen’s root zone (SM) were measured
as volumetric soil water content (m3/m3) at 1-min intervals, again
recorded as hourly averages, using soil moisture probes (type S-
SMD-MO005) with +3% accuracy. All environmental data were
collected for the period 1 January 2015 to 31 December 2020,
with additional data from 2014 used when needed. There were no
missing data.

The mean below-ground regimes of T., and SMg, for all
monitored specimens are shown in Figure S4 (see also Loffler
et al.,, 2022). Consistent with the typical bimodality of the
Mediterranean climate (e.g. Camarero et al., 2012; Mitrakos, 1980),
conditions were characterised by comparatively mild and humid
conditions in spring and autumn, intermitted by harsh, cold win-
ters with occasionally occurring frosts and periodic snow cover,
and hot and dry summers with overall high incoming solar radia-
tion (Figure S4).
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Aiming to discern the species” seasonal growth patterns from our
dendrometer curves, we defined two growth phases, one during
the first half of the year (January-June) and one during the second
half of the year (July-December; Figure S5). Since these phases
were intermitted by phases of stem contraction during summer and
winter, the subdivision of intra-annual growth reflects the species'
seasonal growth patterns and accounts for the bimodal rhythm of
the Mediterranean climate (Mitrakos, 1980), which is known to pro-
duce bimodal growth patterns in several Mediterranean lowland
plants (Camarero et al., 2010) and possibly also in Mediterranean-
alpine species (Olano et al., 2013). Accordingly, growth-induced
irreversible stem expansion (hereafter growth) was calculated
semi-annually by subtracting the maximum stem diameter in the
current six-month period from the last maximum in the previ-
ous study period. Thus, growth was defined as cumulative stem
increment during the respective period compared to previously
achieved stem growth. In this way, we identified a first and a sec-
ond growth phase, with total annual growth calculated as the sum
of growth in both phases (Figure S5). Although applied to semi-
annual rather than daily data, this definition of growth parallels that
of the “zero-growth approach” where growth is defined as equiv-
alent to an incremental increase in stem radius when the meas-
ured radius is greater than at any point in the past (Zweifel, 2016;
Zweifel et al., 2021). Accordingly, growth can only take on posi-
tive values, but does not necessarily take place in every growth
phase or in every year, which is why we refer to phases or years
without growth as dormant phases or years. For each half-year
period, we calculated both, the change in stem diameter, and the
temporal duration of the growth phase, defined as the period from
the first day growth occurred till the last day growth occurred dur-
ing the respective period (Figure S5) for all specimens and years.
Additionally, we calculated stem water deficit, defined as periods
of stem contraction, by subtracting the measured stem diameter
changes from a cumulative growth curve (Zweifel, 2016).

To validate our dendrometer measurements and relate the ob-
served changes in stem diameter to traditional assessments of
growth based on annual rings, we compared the annual growth
curves derived from our dendrometer curves by summing the growth
of both growth phases for each year with the averaged time series
derived from our annual ring width measurements of 7 collected
neighbouring samples. In addition, we calculated the Spearman's
correlation coefficient between our annual dendrometer curves and
the averaged time series to provide statistical support for the visu-
ally observed synchronicity of the growth patterns derived from the
two different methods (Figures S6 and S7). We found pronounced
variance between curves from different sites and between the dif-
ferent intra-plant segments (shoot, base, root) in both the dendrom-
eter curves and the annual anatomy-based time series. At the same
time, however, the dendrometer curves and the annual time series
from the same sites showed pronounced synchronicity (for more de-
tails see Figures S6 and S7).
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2.6 | Statistical analysis

Aiming to explore the spatial and temporal variation in stem di-
ameter change patterns, we used a modelling approach to decom-
pose the variability within the grouped, complex data (Dobbert
et al.,, 2021a; Firn et al., 2019; Henn et al., 2018). We developed
linear mixed-effect models for total annual growth, as well as for
growth in both previously defined growth phases, which entered as
response variables alongside annual stem increment (maximum stem
diameter-minimum stem diameter) and the total number of growing
days per year. We then grouped our data by a set of characteristics,
that is, topographical position, year, site and the initial stem diameter
at the beginning of the year, rounded to the nearest decimal. These
grouping factors were included as random effects into the models.
In order to meet the model requirements, sites were grouped into
eight groups, according to elevation and study region (Figure Sic;
Group 1: <2360ma.s.l.,, Group 2: 2360-2630ma.s.l., Group 3:
2630-2900ma.s.l., Group 4: >2900ma.s.l., for our two study re-
gions, respectively). Subsequently, we investigated the percentage
of variance explained by each factor, which was derived from the
models using the VarCorr R function (Bates et al., 2015). To repre-
sent the study design, we nested topographical position within the
site variable. The final models thus had the form growth variable
~ (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).

To uncover the relations between on-site environmental condi-
tions and species' growth patterns, we examined the influence of
microclimate on shrub growth through correlation analysis and lin-
ear mixed-effects models. Using the statistical software R (R Core
Team, 2020), we calculated Pearson's correlation coefficients be-
tween semi-annual irreversible stem growth and daily mean values
for each month and for each of our environmental variables T, and
SMg,. To account for possible effects of previous-year conditions
on current-year growth, we included data from the previous year
in our analyses (e.g. Bér et al., 2008; Weijers et al., 2018), including
additional measurements from before the start of our study period
(2014). To account for the variability between the observed speci-
mens, 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 growth as response variable, and monthly mean
values for all environmental variables as fixed effects. The individual
specimens were included as random effects.

To complement the correlation analysis, we applied partial least
squares regression (PLSR; Wold, 1975), using variable selection
methods to define a subset of relevant environmental conditions
promoting or limiting growth. PLSR works for data where the number
of predictors exceeds the number of observations or the predictors
are highly correlated (Frindte et al., 2019). It is therefore frequently
implemented in ecological studies (Carrascal et al., 2009; Dobbert
et al., 2021a; Frindte et al., 2019; Loffler & Pape, 2020). Here, we
aggregated our environmental data by rounding them to 0.5°C for

Trzand 0.01 m?/m? for SMg, values. We then counted and summed
the frequency of each value occurring within the rounded time
series (Loffler & Pape, 2020) for each meteorological season, that
is winter, spring, summer and autumn (Table S1; for definition see
Trenberth, 1983). In this way, we obtained scaled and centred sets of
predictor variables with the previously calculated growth values as
associated response variables. For the final estimation of the single-
response models, we used the SIMPLS algorithm (de Jong, 1993)
implemented 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.
We then used the selectivity ratio (SR) to assess the relevance of
each independent variable (Farrés et al., 2015). 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 de-
rived from the SR. Multiplying the SR of each variable by the sign of
the corresponding regression coefficient we determined which vari-
ables were positively or negatively associated with the dependent
variable (Loffler & Pape, 2020; Rajalahti et al., 2009). In this way, we
were able to identify those environmental conditions significantly
related to growth.

3 | RESULTS

3.1 | Spatiotemporal patterns

Decomposing the variance within our dataset using linear mixed-
effect models revealed the relative effect of spatiotemporal variabil-
ity between sites, topographical positions and years on growth, with
these variables, together with the initial stem diameter, accounting
for up to 51.3% of the overall variation within our data (Figure 1).
Despite of the highly complex topography found in the studied area,
differences in topographical position only partially explained the ob-
served differences in growth. Instead, variation in climate and envi-
ronmental variation associated with elevation, as well as the overall
regional 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,
especially the first growth phase. Inter-annual variation had overall
low explanatory power (Figure 1). At the same time, relatively low
explanatory power of microsite environmental variation for growth
during the first growth phase was contrasted by high explanatory

power for overall (annual) growth (Figure 1).

3.2 | Seasonal patterns

Stem diameter changes in C. galianoi followed a distinct bimodal

pattern with high intra-annual and inter-annual variability and high
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FIGURE 1 Variance explained as derived from linear mixed-
effect models. Partitioned variance in growth variables explained
by variation in spatial and temporal grouping variables. A model
was fitted for each growth variable (annual growth, growth in first
growth phase, growth in second growth phase, stem increment,
number of growing days). The models had the form Growth ~
(1|Site/Topographical position)+(1|Year) +(1|Initial stem diameter).

variability between the individual specimens (Figure 2a,b, Figure S8).
Overall, patterns closely matched the seasonal SM, conditions,
resulting in (a) periods of stem contraction during winter and sum-
mer when SM. content was low due to frost in winter and drought
in summer, respectively, and (b) periods of stem expansion during
spring and autumn when SMg content was high due to thaw, snow-
melt and precipitation in spring and rainfall in autumn, respectively
(Figure 2a,b, Figure S4).

The close match between the patterns and the seasonal SM,,
conditions was best expressed in the high synchronicity between
the stem water deficit, indicating stem contraction, and the SM,
curves throughout the year (Figure 3). Here, it became clear that
deeply frozen ground during winter led to low available SM_,
which was accompanied by stem contraction, and even single

freeze-thaw cycles were visible in the stem water deficit curve.

BRITISH 1521
B

SOCIETY
Likewise, during mild winters (2015/2016, 2019/2020) frost-

independent winter droughts co-occurred with a high stem water

Journal of Ecology

deficit. During periods of intense summer drought, the stem water
deficit continuously rose to its maximum (at the end of August), fol-
lowed by shorter drought spells which were accompanied by less
severe but well pronounced stem water deficit peaks, frequently
interrupted by single precipitation events (2019). As an exception
from the rule, maximum stem water deficit was not followed by
shorter drought spells in 2018, so that stem water deficit remained
low during autumn. Overall, stem water deficit was low during the
generally humid winters, but high during periods of intense sum-
mer drought.

In general, stem contraction and, accordingly, stem water
deficit during winter was comparatively low (Figure 4a,b). The
average onset of growth was in February/March (~ DOY 56-
81; Table S2; Figures S9 and S10) in conjunction with rising T,
(Figure S4). However, as visible in the cumulative curve of stem
diameter change (Figure 4c), initial growth sometimes occurred
as early as January/February in years with early soil thawing and
comparatively mild winter T, (between 2°C and 5°C) (Figure S4).
Following this initial growth during winter, main growth occurred
in spring with the phase of greatest stem expansion starting in
mid-April (~ DOY 100), when stem water deficit was still low
(Figure 4a-c), enabling the species to achieve highest growth
rates from April to June (Figure 4c). The diurnal pattern of stem
diameter change in spring showed low variations (with the largest
increase occurring from ~4 PM to ~9 AM the next morning, when
the stems begin to shrink again until ~4 PM; Figure S11). Towards
the end of June (~ DOY 144-156; Table S2) growth ceased in close
accordance with decreasing SM, content (Figure 4c, Figure S4).
The subsequent period of stem contraction during summer was
pronounced and associated with continuously increasing stem
water deficit (Figure 4a,b). The increasing drought was reflected
in a pronounced amplitude of the diurnal pattern of stem diam-
eter change (Figure S11), with daily stem contraction peaking at
~5PM and followed by a strong stem expansion that lasted all
night and peaked at ~9 AM. The period of summer drought was
usually terminated by the first autumn rains, which induced a pe-
riod of pronounced stem expansion that continued throughout
the entire autumn season (Figure 4a, Figure S4). However, growth
resumption usually occurred well after the first autumn rains in
August (~ DOY 217-250; Table S2, Figure S9) and was delayed
by severe drought spells in autumn in combination with a long
summer drought (e.g. 2019) (Figures S4 and S9). In contrast, im-
mediate growth resumption occurred after short summer drought
combined with an early onset of humid conditions in August (e.g.
2018) (Figures S4 and S9). Here, the pronounced stem expan-
sion following summer stem contraction was not matched by ir-
reversible stem increment represented by the cumulative curve
of stem diameter change (Figure 4a,c), and accordingly, growth
rates achieved in autumn were comparatively low. Overall, spring
growth was, thus, usually highest, while autumn growth was of
minor importance in most years (Figure S12).
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3.3 | Environmental control

Overall, growth during both, the first growth phase in spring, and
the second growth phase in autumn, was closely linked to the envi-
ronmental conditions during actual growth and before the onset of
growth, highlighting the importance of pre-growth conditions for
growth in C. galianoi (Figure 5, Figures S8 and S9). For the first growth
phase, the correlation analysis revealed growth promotion by overall
high T, during the previous year including the pre-growth winter, but
low Tg during February and March, followed by warm and dry condi-
tions in April but mild and humid conditions in May/June (Figures S8
and S9). Correlation results for pre-growth winter and current spring
were supported by the PLSR results, showing that the species ben-
efited from pre-growth winter T, of 2.5°C and T, of ~6-14°C
during the actual growth phase in spring (Figure 5). For the second
growth phase, the correlation analysis and linear mixed effects mod-
els revealed that the species preferred high T, during previous year
November, but low T, during spring and summer prior to growth
(Figures S13 and S14). Here, PLSR results revealed that the species
benefited from pre-growth winter T, of 5°C, but comparatively mild
pre-growth summer conditions with T, of 10-18°C. Moreover, dur-
ing actual growth in autumn C. galianoi was promoted by T, of ~9°C
(Figure 5). Unexpectedly, however, PLSR results showed hardly any
clear SM thresholds for species performance in both growth phases
(Figure 5), while correlation results revealed growth promotion by dry
pre-growth summer to autumn conditions for the first growth phase
and dry pre-growth winter but humid pre-growth summer conditions

for the second growth phase (Figures S13 and S14).

4 | DISCUSSION

4.1 | Plasticity

Previous studies have shown growth adjustments to the condi-
tions of their respective environment in trees (Kraus et al., 2016;
Linares et al., 2012; Royce & Barbour, 2001) and in alpine shrubs

(Dobbert et al., 2021a). However, the role of growth duration
and growth rate for total growth have remained uncertain. Our
results suggest environmental adjustment of growth duration
along elevation and/or snow-cover gradients, with the number
of annual growing days strongly influenced by spatial variations
associated with site and topographical position (Figure 1). At
the same time, measured variance in annual stem increment was
linked to differences in initial stem diameter of the individual
specimens (Figure 1), indicating high elasticity of stem cells,
which may shrink upon water loss while maintaining high turgor
(cf. Patakas & Nortsakis, 1999), resulting in elastic stems at varia-
ble stem diameters, and thus potentially for all ages. This specific
trait is of physiological advantage under the dual climatic stress
characterising the Mediterranean alpine (Tumajer, Shishov,
et al., 2021). Growth during the second growth phase varied lit-
tle with differences in initial stem diameter (Figure 1), indicating
a high plasticity of autumn growth in consistence with the influ-
ence of site and autumn climate conditions on episodic xylogen-
esis (Camarero et al., 2010; Valeriano et al., 2023). Contrastingly,
growth during the first growth phase varied with changing initial
stem diameter of the specimens (Figure 1), suggesting that the
species may profit from larger stems and stature, when water
supply is sufficient. However, the role of plant size and poten-
tial growth rate in affecting productivity under stress are not
well resolved, and size per se is unlikely to be the cause of the
higher explained variance during spring. Differences in plant size
may be associated with the difference in surface-volume ratio,
which should lead to differential water availability and thus,
to differences in resource allocation (Bloom et al., 1985; Zotz
et al., 2001).

Furthermore, low explanatory power of inter-annual variance
(Figure 1) suggests that high year-to-year variability of climatic
constraints for growth in C. galianoi is matched by adjusted growth
responses, that is in timing and magnitude of growth. Such tempo-
ral plasticity is associated with high climatic variability and, thus,
common in the Mediterranean climate, where the pace of second-
ary growth must be adjusted to a broad array of climatic conditions
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(Camarero et al., 2010). Moreover, we found only minor effects of
spatial variation on growth variance, contrasting recent studies of
arctic-alpine shrub species, which showed stronger spatial coupling

of growth patterns to their ecological niches (Dobbert et al., 2021a;
Loffler & Pape, 2020). Instead, for C. galianoi, a consistent growth
pattern emerged across a huge variation of different sites along
multiple geographical gradients, suggesting annual bimodality with
major spring growth and long-term carry-over effects to be a suc-
cessful strategy in the Mediterranean alpine. Such strong adaptation
to the spatial heterogeneity can be attributed as spatial plasticity
to environmental variance, as has been elaborated in previous stud-
ies (Pacheco et al., 2018; Tumajer, Buras, et al., 2021; Valeriano
etal., 2023).

In order to validate the consistent growth pattern emerging from
the dendrometer measurements across a variation of different sites
along multiple geographical gradients, we assessed the anatomical
signatures of seven specimens at the respective sites (Figures Sé6 and
S7). The large variation of each dendrometer-based growth pattern,
both, between individual specimens and within individual shrubs,
corresponded with each of our seven shrub specimens' anatomical
signatures. This methodological validation is limited by the sampling
size and, thus, needs further exploration in future studies examining
the agreement of dendrometer derived phenology and the develop-
ment status at the cellular level by detecting points in growth curves
that correspond to the histological section, where the amount and
development stage of the tissues at that particular time point can
be observed (Cruz-Garcia et al., 2019). However, the synchronicity
between our dendrometer measurements and the respective annual
anatomy-based time series is promising at least in terms of annual

growth rates.

4.2 | Bimodality

Growth bimodality has been observed in a variety of shrub species
(Tumajer, Buras, et al., 2021; Tumajer, Shishov, et al., 2021) and is
considered an important factor in maintaining the ecological bal-
ance of dry Mediterranean ecosystems (Gazol & Camarero, 2012a;
Sanchez-Salguero & Camarero, 2020; Valeriano et al., 2023).
However, bimodality is usually linked to lowland plant growth
(Magana Ugarte et al., 2019; Szymczak et al., 2020). Yet, similar to
growth patterns observed in Mediterranean trees (Mitrakos, 1980),
we found periods of growth quiescence driven by winter cold and
summer drought in C. galianoi (Figure 4a, Figure S4). Thus, our re-
sults confirm recent findings of bimodal growth patterns in alpine
shrub species (Albrecht et al., 2023, 2024; Dobbert, Albrecht,
et al., 2022; Olano et al., 2013). In contrast to lowland species, in
which these bimodal patterns likely arise from favourable warm
and humid conditions during spring and autumn, but reduced
growth rates in summer, and short winter dormancy (Cherubini
et al., 2003), we found additional winter stem contraction when
frozen ground occurred in our alpine species (Figure 3), similar to
arctic-alpine shrubs, where such processes have been interpreted
as a mechanism to protect the plant from embolism under frost
droughts (Dobbert et al., 2022b). At the same time, the observed
overall low stem water deficit during winter (Figure 4b) suggests an
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overall high stem water potential of C. galianoi. This, together with
the low diurnal changes in stem diameter indicating reduced tran-
spiration induced water loss and rapid overnight replenishment
(Figure S11), likely results in overall high cell turgor, allowing cell
expansion and potential cambial activity during winter (Albrecht
et al., 2024; Steppe et al., 2015). We therefore argue that our
green-stemmed species can capitalise from additional opportuni-
ties for photosynthesis by maintaining physiological activity and
possibly even growth at low temperatures (Figure 4c), like other
wintergreen species (Lundell et al., 2008; Oribe & Kubo, 1997,
Wyka & Oleksyn, 2014). However, as winter growth in C. galianoi
occurred when growth conditions shifted to winter, that is when
comparatively mild winter conditions that normally occur in early
spring prevailed, our results do not challenge the current agree-
ment on the thermal limits of secondary growth of perennial plants

(Rossi et al., 2007), but rather the coupling of growth to specific
seasons (usually spring, summer and autumn).

In contrast, during the summer, stem contraction in C. galianoi
was pronounced and reflected by overall high stem water defi-
cit (Figure 4a,b) indicating low stem water potential that causes
water to flow from the living cells into the xylem conduits, thereby
reducing cell turgor which ultimately inhibits growth (Sevanto
et al., 2011; Steppe et al., 2015). Thus, summer drought stress,
regarded as the main constraint for plant performance and sur-
vival in the Mediterranean, comprising the simultaneous effect
of elevated temperatures, high irradiance and water scarcity
(Larcher, 2000; Magafa Ugarte et al., 2019), also occurs in the
alpine species C. galianoi. However, the observed diurnal pat-
tern (Figure S11) suggests that transpiration-induced lowering
of cell turgor during the day is followed by rapid replenishment
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cell turgor (Steppe et al., 2015; Zweifel et al., 2021). This presum-
ably allows physiological activity to be maintained throughout the
summer, albeit at comparatively low levels (Albrecht et al., 2024)
and with high risk of damage from prolonged drought stress (Attia
et al., 2015), as maintained activity may lead to decelerated rehy-
dration when transpiration exceeds root water uptake (Sevanto
et al., 2011). Accordingly, summer stem contraction in our species
proved a function of drought severity.

In agreement with the literature, suggesting that growth bi-
modality is an adaptation enabling shrub species to withstand
the dual climatic stress induced by the climatic regime (Camarero
et al., 2010; Tumajer, Shishov, et al., 2021), we hypothesise that
C. galianoi adapts to frost and drought by taking advantage from
evergreen stems for photosynthetic activity under extreme tem-
peratures, while reducing transpiration loss (Albrecht et al., 2023,
2024). This is evidenced by our findings on environmental growth
control (Figure 5), showing that growth during both growth phases
is closely linked to the environmental conditions prior to growth,
with pre-growth winter conditions promoting growth during
the first growth phase in spring (March, April and May) and pre-
growth winter and summer conditions promoting growth during
the second growth phase in autumn (September, October and
November) (for timing of growth phases see Table S2, Figure S9).
Consequently, by adapting to extreme winter and summer con-
ditions C. galianoi may even benefit from the dual climatic stress,
probably by remobilising previously attained resources during the
phases of actual growth.

Similar to most Mediterranean woody plants (Alday
et al., 2020; Camarero et al., 2021; Pellizzari et al., 2017), we
found growth in C. galianoi to be highest during spring (Figure 4c,
Figure S12), related to annual ring formation during this first
growth phase (Camarero et al.,, 2010; Valeriano et al., 2023).
Here, we found complex environmental growth controls with high
short-term variability of significant drivers during the phase of
actual growth: (a) Early-spring growth activity (February/March;
Figure 4c, Figures S13 and S14) regardless of high freeze-thaw ac-
tivity suggests that, as aforementioned, our species can be physi-
ologically active at low temperatures, likely down to 0°C (cf. Oribe
& Kubo, 1997). (b) High temperatures in the middle of the first
growth phase (April; Figures S13 and S14) allow for maximum pho-
tosynthetic activity supported by the first unfolded leafs under
cloudless high-pressure weather conditions when solar radia-
tion is heading towards solstice (cf. Peri et al., 2011; Starr, 2001;
Starr & Oberbauer, 2003). (c) Mild and humid conditions during
late spring (May/June; Figures S13 and S14) likely promote a high
water potential when plants have leaves (cf. Gucci et al., 1997,
Jones, 1998), which is in agreement with previous studies from the
Mediterranean, showing a predominant and coherent growth re-
sponse to May-June precipitation (Campelo et al., 2021; Gutiérrez
et al, 2011; Touchan et al., 2014).

Furthermore, we found a pronounced water-related stem diam-

eter increment in autumn, yet only minor growth rates during this

time (Figure 4c, Figure S12). Such contrasting patterns in stem diam-
eter change and actual growth have not been disentangled before
(Valeriano et al., 2023), with the question whether autumn radial
increment represents actual growth or stem swelling due to rehy-
dration of stem tissues after summer drought being left (Makinen
et al., 2008; Zweifel, 2016). Here, our results show that both,
swelling and growth, simultaneously occur, but in C. galianoi, post-
summer rehydration is stronger than growth (Figure 4a,c), likely due
to its elastic cells allowing the species to tolerate severe dehydra-
tion (Albrecht et al., 2024), while maintaining high water potential
(cf. Patakas & Nortsakis, 1999). During the second growth phase,
humid and cool conditions promoted growth (Figure 5, Figures 513
and S14), which are likely associated with a lower risk of transpira-
tion loss and allow for constant high turgor pressure in the plants.
Overall, spring and autumn precipitation have been identified as
main drivers for growth in the Mediterranean (de Luis et al., 2007;
Pellizzari et al., 2017), making soil water available and thus reactivat-
ing the cambium (Alday et al., 2020; Campelo et al., 2018; Tumajer,
Shishov, et al., 2021). Therefore, it is generally assumed that bi-
modal growth is triggered by climatic drivers (Camarero et al., 2010;
Pacheco et al., 2018; Valeriano et al., 2023), with the role of plant
internal processes remaining unclear (de Micco et al., 2016). Our
results confirm the environmental control of bimodal growth in C.
galianoi but critically highlight the importance of pre-growth condi-

tions, especially for spring growth.

4.3 | Carry-over effects

Our results on bimodal growth patterns suggest that pre-growth
conditions determine growth during the active growth phases.
After quiescence, alpine plant species are facing short windows
of growth opportunities under favourable conditions. Earlier stud-
ies have shown that previous year's meteorological conditions
are reflected in the morphological and physiological characteris-
tics of current-year's leaves, and acclimation to changes in light
intensity even occurs over multiple growing seasons (e.g. Ishii &
Ohsugi, 2011; Koike et al., 1997; Sumida et al., 2018). Earlywood
of annual rings has been shown to also contain photo-assimilates
from the previous summer and autumn as well as from the current
season (Helle & Schleser, 2004; Kagawa et al., 2006; Krepkowski
etal.,2013). Presupposingthatallalpine plantsareable to photosyn-
thesise at sub-zero temperatures (Kérner, 2021; Pisek et al., 1967)
and some even during severe droughts (Attia et al., 2015), it can
be assumed that evergreen/green-stemmed Mediterranean al-
pine shrub species exhibit such carry-over effects by seasonally
preceding photosynthetic activity. Resources accumulated dur-
ing pre-growth assimilation likely help the plant to perform even
under unfavourable conditions during the active growth phase, fa-
cilitated by the ability to store and mobilise carbohydrates (Palacio
et al., 2007) and decouple growth from carbon uptake (lwasa &
Kubo, 1997; Meloche & Diggle, 2003; Wyka, 1999). Even for minor
autumn growth, pre-growth conditions were of major importance.
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Growth was likely promoted by long-term storage of assimilates
from both, cloudless high-pressure winters during the previous
year (Wyka & Oleksyn, 2014), and mild pre-growth summers (cf.
Attia et al., 2015). Overall, our study suggests, that for alpine spe-
cies, the concept of bimodality needs to be rethought, and com-
mon assumptions on the actuality of driver—growth relations have
to be viewed with caution.

5 | CONCLUSIONS

The combined strategies of bimodality and adaptation to the en-
vironment by relocating the assimilation phase to periods with
harmless (i.e. low) transpiration losses together with its high
growth plasticity not only gives C. galianoi an advantage compared
to coexisting species at individual sites (Albrecht et al., 2023,
2024) but also allows the species to colonise a wide biogeographi-
cal range in the Mediterranean alpine and to withstand a wide
range of temporal fluctuations of the weather and climate regime.
Here, we show the species” adaptation to the spatial heteroge-
neity across its range using a comprehensive dataset comprising
continuous time-series of stem diameter change across a huge
variety of different sites along multiple geographical gradients.
We managed to derive consistent growth patterns across the
species' range, identifying annual bimodality with major growth
in spring and long-term carry-over effects as a successful strat-
egy in the Mediterranean alpine. Furthermore, previous findings
highlighting the importance of pre-growth conditions (Albrecht
et al., 2023, 2024) may be explained by preceding photosynthetic
activity under favourable conditions during the seasons usually
considered dormant (winter/summer). This may help the plant to
perform even under unfavourable conditions in winter and during
the active growth phase, challenging the general assumption of
coupling growth to specific seasons. Overall, our results confirm
that C. galianoi is probably well adapted to future climate variabil-
ity by taking advantage from warmer winters, and tolerating even
longer summer droughts. Should our found carry-over effects for
alpine growth control also be relevant in other biomes and, as
such, occur between life-history stages, developmental stages,
and physiological states associated with a discrete time-scale (as
suggested by O'Connor et al., 2014), ecological and biogeographi-
cal aspects of future climate change responses may have to be
reconsidered.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Table S1. Timing of the meteorological seasons.

Table S2. Average duration and timing of the first and second growth
phase derived from dendrometer measurements.

Figure S1. (a) Photos of the seasonal aspect of our focal species
Cytisus galianoi.

Figure S2. (a) lllustration of the anatomical features in a base segment
of Cytisus galianoi.

Figure S3. lllustration of the methodical procedure of annual ring
width measurements along five radii (R 1, 2, 3, 4, 5) in (a) a cross
section of a 7-year-old shoot segment and (b) a cross-section of a
10-year-old root segment.

Figure S4. lllustration of environmental data. Root zone temperature
(STg,), root zone soil moisture (SM,) regimes (daily means, derived
from hourly measurements) averaged over ridge and slope sites,
with shaded areas indicating standard deviation (+SE), vertical light
grey lines indicating the meteorological seasons and vertical dark
grey lines and grey shaded areas indicating the years.

Figure S5. A representative annual dendrometer curve for one Cytisus
galianoi specimen during one year, illustrating the calculation of the two
growing phases during the first and second half of the year (arrows).
Figure S6. Comparison between annual growth curves calculated
from dendrometer measurements at the base of ten Cytisus galianoi
specimens and annual growth ring width curves measured at the
shoot, base and root of seven C. galianoi specimens at the same sites
at local slope and ridge positions within the study area.
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Figure S7. Spearman's correlation coefficients for annual growth
calculated from dendrometer measurements and annual growth-
ring widths of seven Cytisus galianoi specimens from the same sites
at local slope and ridge positions.

Figure S8. Stem diameter change for all Cytisus galianoi specimens at
ridges and slopes, as derived from dendrometer measurements, with
the overall means shown in red.

Figure S9. Average growth onset and cessation in Cytisus galianoi
for the first and second growth phases in 2015-2020, derived from
stem diameter curves and pooled for all positions.

Figure S10. Time-series of mean (solid line, with standard
deviation shown as shaded area) stem diameter changes from
all Cytisus galianoi specimens as derived from dendrometer
measurements pooled for all positions, and phases of irreversible
stem increment (growth), as shown in Figure S9 and represented
by bars.

Figure S11. Diurnal variation in stem diameter change.

Figure S12. Boxplot showing the distribution of total annual growth

pooled for all positions and separately for ridges and slopes, as well

as growth during the first and the second growth phases in Cytisus
galianoi.

Figure S13. Pearson's correlation coefficients calculated between
first (a) and second (b) growth phase as derived from the dendrometer
curves and daily soil moisture (SM,) and soil temperature (T,) data
for each month, measured at the individual sites.

Figure S14. 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.
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