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HIGHLIGHTS

e Warming promotes growth of two high-
altitude shrubs in a Mediterranean
mountain.

e The gymnosperm growth is more sensi-
tive to winter drought and spring
temperature.

e The angiosperm growth is more sensi-
tive to spring drought and fall
temperature.

e Hydraulic traits in both species were
positively influenced by fall
precipitation.

e Climate change may alter the distribu-
tion and coexistence of these two
species.
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ABSTRACT

Increasing mean global temperatures in conjunction with increases in the frequency and severity of drought
events affect plant growth and physiology, particularly in more arid and mountainous ecosystems. Thus, it is
imperative to understand the response of plant growth to climatic oscillations in these regions. This study used
dendrochronological and wood anatomical traits of two shrub species growing over 1500 m.a.s.l. in the Serra da
Estrela (Portugal), Juniperus communis and Cytisus oromediterraneus, to analyze their response to temperature and
water availability parameters. Results showed an increase in shrub growth related to the increase over time of the
mean minimum and maximum monthly temperature in Serra da Estrela. Warming seems to promote shrub
growth because it lengthens the growing season, although J. communis responds mainly to spring maximum
temperature while C. oromediterraneus is influenced by fall maximum temperature. Hydraulic traits of
J. communis and C. oromediterraneus were negatively influenced by winter drought. Additionally, there were
species-specific differences in response to changes in water availability. J. communis radial growth was signifi-
cantly affected by spring drought conditions, while C. oromediterraneus radial growth was significantly affected
by spring precipitation. C. oromediterraneus hydraulic traits were also significantly affected by drought conditions
from the previous spring and fall. This study shed light on specific differences in the response to climate between
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two co-occurring shrub species in the top of an understudied Mediterranean mountain, which could have im-
plications in the future distribution of woody species within this region.

1. Introduction

Mountains will be among the terrestrial systems most impacted by
global warming through numerous direct and indirect effects (Fazlioglu
and Wan, 2021; Lu et al., 2019; Pandey et al., 2020; Verrall and Pick-
ering, 2020). Warming in mountain regions can either increase species
richness, by allowing species from lower elevations to migrate upwards
while still maintaining some habitat conditions suitable for existing
species (Korner and Hiltbrunner, 2021), or reduce plant richness, as
shown in Mediterranean mountains due to higher water stress (Pauli
et al., 2012). Warming may also lead to shrub encroachment and a
higher risk of habitat loss in alpine regions (Archer et al., 1995; Sanz-
Elorza et al., 2003). Rising temperatures are expected to result in in-
creases in the frequency, intensity and duration of drought events,
particularly in semi-arid regions such as the Mediterranean where this
has already been observed, further impacting plant productivity and
growth (Allen et al., 2015; Anadon-Rosell et al., 2014; Pena-Gallardo
etal., 2018; Trambley et al., 2020). Therefore, understanding how plant
species within these regions respond to such climatic constraints might
be of primary interest for the conservation of these communities.

Plant response to changes in temperature and water availability may
be difficult to predict, as there are multiple, interconnected driving
factors affecting different physiological processes (Allen et al., 2015;
Kudo and Suzuki, 2003). In addition, these effects may elicit different
responses in growth, physiology, and fitness among co-occurring spe-
cies, potentially establishing climate feedback loops due to changes in
species composition and cover, further altering the mosaic of Mediter-
ranean alpine plant species communities (Anadon-Rosell et al., 2014;
Fazlioglu and Wan, 2021; Gazol et al.,, 2017; Pandey et al., 2020).
Dendrochronological techniques are an effective approach to analyze
the historical relationship between secondary growth of existing plants
and past climate, to predict future species response to climate change
(Moullec et al., 2018 Pandey et al., 2020; Gartner et al., 2015). While
dendrochronological studies in the Mediterranean have mainly focused
on tree species (Garcia-Forner et al., 2019; Vieira et al., 2020; Abrantes
etal., 2013; Camarero et al., 2010), the use of shrub species has recently
gained attention as they can provide information on habitats heavily
threatened by warming above tree line (Francon et al., 2020; Lu et al.,
2019; Garcia-Cervigon Morales et al., 2012; Myers-Smith et al., 2015).

Since temperature and water availability influence vascular tissue
formation, wood anatomy characteristics such as number of conductive
cells and conduit size inherently reflect plant response to climate and
environmental stressors, and thus may shed light on the balance be-
tween increasing hydraulic conductance and risk of conduit embolism
(Olano et al., 2012). Therefore, supplementing dendrochronological
analysis with quantitative wood anatomy analysis is a useful approach
to better elucidate the functional roles of vascular tissue, and the rela-
tionship between xylem formation and climatic conditions (DeSoto
et al., 2011; Olano et al., 2013; von Arx et al., 2016).

The Serra da Estrela, henceforth referred to as Estrela, is the highest
mountain range in mainland Portugal, reaching an elevation of 1993 m
(Meireles et al., 2013). Also, the Estrela upper plateau is the only loca-
tion in mainland Portugal where alpine shrublands, pasturelands and
wetlands, can be found. The topography and geographic location of
Estrela create distinct and unique conditions optimal to promote the
formation of microclimates as well as a high rate of endemisms (Mora,
2010; Meireles et al., 2013). This granitic massif is in the transition
between Mediterranean and Eurosiberian climates, a region where plant
species turnover is expected to be especially high in response to climate
change (Alexander et al., 2018; Anadon-Rosell et al., 2014; Bar et al.,
2006; Fazlioglu and Wan, 2021; Meireles et al., 2013; Thuiller et al.,

2005). However, thus far, there is little research on the response of
alpine plants to global warming in these transition areas, which hinders
any effort to forecast their future and plan mitigation measures.

This study aims to analyze the growth rings and wood anatomy of the
two main alpine shrubs in Estrela, the gymnosperm Juniperus communis
var. saxatilis Pall. and the angiosperm Cytisus oromediterraneus Rivas
Mart. & al., to understand the effect of temperature and precipitation on
shrub secondary growth. Our main hypotheses are: i) shrub growth has
increased in the last years in response to warming, and ii) shrub growth
is positively influenced by increases in temperature at the start and end
of the growing season (i.e., spring and fall. Then, species-specific dif-
ferences in shrub response to changes in water availability will be dis-
cussed accounting for the differences between angiosperms and
gymnosperms in wood traits (Choat et al., 2012; Gazol et al., 2018;
DeSoto et al., 2020).

2. Materials and methods
2.1. Study species

J. communis, and C. oromediterraneus, the two dominant shrub spe-
cies in the alpine vegetation belt of Estrela, were selected for this study
because of their relevant ecological role as high-altitude large shrubs
and, because they have a small distribution in Portugal that is nearly
restricted to Estrela, are highly vulnerable to changes in this habitat.
(Carapeto et al., 2014).

J. communis is a coniferous, dioecious shrub extremely prevalent in
the high mountains of boreal, central and southern Europe and,
depending on local conditions, may form either dense stands or patches
in a scrubland/grassland mosaic (Jansen, 2011; European Commission,
2016; Thomas et al., 2007). Although commonly found in Estrela at
elevations above 1600 m, it is one of only two occurrences in continental
Portugal (Costa et al., 1998). Harsh conditions common to the alpine
vegetation belt influence the phenology of this species, resulting in
procumbent nanophanerophytes who are likely to have small ring
widths, stem lobes and the frequent presence of growth anomalies such
as false and locally absent rings (Bergmeier et al., 2014; Herrero and
Zamora, 2014). J. communis is a light-demanding, drought and frost
tolerant species (Thomas et al., 2007). Under Mediterranean conditions,
this species shows bi-modal growth and can advance phenology showing
a positive correlation between growth and spring temperature (Tumajer
et al., 2021).

C. oromediterraneus is a shrubby legume endemic to France, Iberian
Peninsula and North Africa; and its only occurrence in Portugal is in
Estrela (Jansen, 2011). This nanophanerophyte primarily occurs in el-
evations above 1400 m, either growing on granitic slopes or forming
dense stands in acidic soils (Fernandez-Santos et al., 2004; Meireles
et al., 2013). C. oromediterraneus occurs in the transition zone between
Mediterranean and Eurosiberian climates and may be present in harsh
environments, even in conditions of low water availability (Meireles
et al., 2013).

2.2. Study site and sampling method

Sampling was conducted in October 2019 at the end of the growing
season. Three sampling sites were selected in shrublands within the
alpine vegetation belt of Estrela that were dominated by either
J. communis or C. oromediterraneus. From the highest elevation to the
lowest elevation, sampling was done in Covao do Boi (Upper; 1872 m),
Penha do Gato (Mid; 1700 m), and Nave de Santo Anténio (Lower; 1563
m) (Fig. 1). The three sites were also located in a western-eastern
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gradient of continentality (Meireles et al., 2013), with sites in the north-
western part of the Serra (Mid site) being more humid and milder than
those in the south-eastern side (Lower site). Slope varied between 4 and
5 % in the Lower site to 2-3 % in the Upper and Mid sites, while slope
aspect was SW in the Upper site and NW in the Mid and Lower sites. Soils
in all sites are umbrisols with a sandy loam texture. All sampled plants
were selected to be of similar sizes and located in similar microtopo-
graphic conditions. In the Upper and Lower sites, samples were taken
from dense shrublands surrounded by rocky outcrops and/or Nardus
stricta grasslands, while in the Mid site the vegetation corresponded to a
sparse shrubland surrounded by bare soil or Agrostis truncatula
grasslands.

Eight individuals from each species were selected in each site for a
total of 24 individuals per species. Shrub height and diameter were
measured for each individual to calculate shrub volume, which was used
to represent shrub size within modeling. A transverse section was taken
from the basal branch of each shrub, aiming at the largest and oldest
branch of the individual, for dendroecological analysis. Transverse
sections were also taken 20 cm from the apical branch tip of one branch
per shrub individual for wood anatomical observation. This uniform
sampling distance allows for analysis while accounting for allometry and
structural differences that occur from branch apices to shrub base
(Rodriguez-Zaccaro et al., 2019). Additionally, as the angiosperm
C. oromediterraneus has a more complex vascular structure, radial and
tangential cuts were taken to assist in anatomical identification of the
tracheary elements.

2.3. Climatic data

Climate data for each sampling site was obtained from the dataset
TerraClimate (spatial resolution ~4.6 km?) via the open-source plat-
form, Google Earth Engine. This interpolated dataset combines the
climatological normals and high-spatial resolution of the WorldClim
dataset with the high-temporal resolution and time-varying anomalies
of CRU Ts4.0 and the Japanese 55-year Reanalysis (JRA55) (Abatzoglou
et al., 2018). We obtained monthly data over 63 years from 1958 to
2019 for average minimum and maximum temperature (°C), total
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precipitation (mm), and the Palmer Drought Severity Index (PDSI). For
our selected period the mean annual temperature within the alpine zone
of Estrela was 8.2 °C and total annual precipitation 1745 mm (Supple-
mentary Fig. 1).

2.4. Sample preparations and measurements

Basal branch transversal cuts were sanded in a graded series from
150 to 800 grit to facilitate growth ring visibility. Shrub Ring Widths
(SRWs, mm) were measured per ring along three radial paths in each
individual using a LINTAB (Rinntech) measurement table. Cross-dating
methods were conducted within the statistics program COFECHA
following the suggested protocol of Cook and Kairiukstis (1990) and
Grissino-Mayer (2001) to ensure correct dating of growth rings.

Transversal cuts of the J. communis and C. oromediterraneus samples
taken 20 cm from the apical branch tip were prepared for microscopic
observation of xylem tissue following standard histologic protocols for
wood samples (Prislan et al., 2014; Rossi et al., 2006) using equipment
such as the Shandon HistoCentre 2 paraffin embedding station and
MICROM HM 340 E rotary microtome. Microscopic images of the his-
tologic samples were taken in sections using the Leica DM4 M imaging
microscope at magnifications x20 and x40. The ‘stitching’ function
(Preibisch et al., 2009) within image analysis software ImageJ
(Abramoff et al., 2004) was then used to stitch the sections into images
of the complete radial paths for measurement. Three radial paths per
ring per apical branch were measured. In C. oromediterraneus samples, a
radial path was defined as all tracheary elements within at least two ray
parenchyma radial paths and between the pith and cambial meristem.

Selected wood anatomical parameters were number of conductive
cells, total conductive area (mmz), and hydraulic conductivity (Kp) (m*/
MPa ! x s71). Total conductive area was calculated as the sum of vessel
area (mmz) for all conductive cells. Hydraulic conductivity is a function
of inner conduit diameter to the fourth power and therefore, directly
related to lumen diameter (Scholz et al., 2013; Sperry and Hacke, 2004).
Diameter was calculated from the vessel area of each conduit vessel
using Eq. (1) where D is the diameter and a is the area. To strengthen the
role of conductive cells with larger conduits, which are either earlywood
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tracheids in J. communis, or vessels in C. oromediterraneus, the hydraulic
diameter (Dg) (pm) was calculated using Eq. (2), where N is the number
of conduits. Vascular tracheids were sufficiently abundant in
C. oromediterraneus individuals to potentially affect hydraulic conduc-
tivity estimation (IAWA, 1989) thus, were included in calculations. The
hydraulic diameter was then used to calculate the hydraulic conduc-
tivity (Ky) (m*/MPa~! x s7%; Eq. (3)) of each ring based on the Hagen-
Poiseuille law: where 7 is the viscosity index of water (1.002 x 10~°
MPa s at 20 °C). All equations were taken from Scholz et al. (2013).

Equation 1. Calculations for vessel area of each conduit vessel. D =
diameter, a = area.

Equation 2. Calculations for hydraulically weighted diameter. Dy =
Hydraulic diameter, D = diameter, N = number of conduits.

- ()

Equation 3. Calculations for hydraulic conductivity based on the
Hagen-Poiseuille law. K = hydraulic conductivity, D = diameter, n
= viscosity index of water (1.002 x 1079 MPa s at 20 °C).
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h

2.4.1. Statistical analyses

All data analysis was conducted within the R environment (R Core
Team, 2021). We selected SRW, K}, and total conductive area as our
continuous response variables, and number of conductive cells as our
discrete response variable. We assumed a Gaussian distribution with an
identity link for the continuous variables and a Poisson distribution with
a log link for our discrete variable. To remove heteroskedasticity within
the models, SRW and K}, values were log transformed while conductive
area values were cube root transformed. Final model selections were
determined by the lowest AIC, and the ‘Anova’ function (Fox and
Weisberg, 2019) was used to identify significant explanatory variables.

2.4.2. Effect of site, age and size in shrub growth and hydraulic traits

To initially determine whether differences in shrub growth could be
due to site, shrub size or shrub age we ran Autoregressive mixed models
by species. Continuous variables were run in Linear Mixed Models
(LMMs) using the ‘nlme’ package (Pinheiro et al., 2021) and the discrete
variable in Generalized Linear Mixed Models (GLMMs) using the ‘MASS’
package (Venables and Ripley, 2002), both fit via a Restricted Maximum
Likelihood (REML). We selected these packages as they allowed for
specification of a first-order temporal autocorrelation structure within
the model to remove non-high frequency variations and account for any
temporal growth trends (R Core Team, 2021). Cambial age and the
interaction between site and shrub volume were set as explanatory
variables. Individual and replicate radial path nested within individual
were set as random factors.

2.4.3. Warming in Serra da Estrela and influence of monthly temperature
on shrub growth

To confirm warming within our study area, we use year as a unit of
time and ran Pearson’s correlations between year and mean monthly
minimum and maximum temperatures. We then tested shrub response to
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monthly minimum and maximum temperature by site and species to
further elucidate the relationship between shrub growth and tempera-
ture. Different approaches were used for SRW and wood anatomical
parameters. SRW chronologies were prewhitened within the package
‘dpIR’ (Bunn et al., 2021) by site and species, then analyzed using the
‘treeclim’ package (Zang and Biondi, 2015). SRW values for each year
were correlated with monthly mean minimum and maximum tempera-
ture data ranging from January of the previous year to October of the
current analyzed ring year within the ‘dec’ function. This allowed us to
observe potential lags in shrub response to temperature. Monthly tem-
perature values significantly correlated with SRW were then run as
explanatory variables within the ‘dlm’ function to determine the
monthly temperature variables that influence SRW.

The hydraulic traits Ky, conductive area and number of conductive
cells were analyzed by site and species using the ‘cor.test’, ‘lme’, and
‘glmmPQL’ functions (R Core Team, 2021; Pinheiro et al., 2021; Ven-
ables and Ripley, 2002). For each parameter, a Pearson’s correlation was
run with monthly mean minimum and maximum temperature from
January of the previous year to October of the current ring year. To
determine the influence of temperature on the interannual variation of
hydraulic traits, significantly correlated temperature variables were run
in Autoregressive LMMs and GLMMs and set as explanatory variables,
with site set as a random factor.

2.4.4. Influence of temperature at start and end of growing season on shrub
growth

To test whether shrub growth is influenced by temperature at the
beginning and end of the growing season, we ran Autoregressive LMMs
and GLMMs by species, including minimum and maximum spring and
fall temperatures. Spring was considered the average March, April, and
May values, and fall was the average September, October, and
November values. Individual and replicate radial path nested within
individual were set as random factors.

2.4.5. Species-specific differences in shrub response to water availability

To determine species-specific differences of shrub growth in response
to changes in water availability we ran Autoregressive LMMs and
GLMMs by species with seasonal PDSI (Palmer Drought Severity Index)
and precipitation set as explanatory variables to represent water avail-
ability. Seasonal values were calculated as the average of December,
January, and February values for winter; March, April, and May values
for spring; June, July, August values for summer; and September,
October and November values for autumn. We used values starting at
the spring of the year previous to the analyzed ring and spanning up to
the fall of the analyzed ring year, thus including values for a complete
hydrological year and the previous growing season to check for legacy
effects of droughts. Individual and replicate radial path nested within
individual were set as random factors.

3. Results
3.1. Effect of site, age and size in shrub growth and hydraulic traits

Shrubs of J. communis were smallest at the Upper site (6.05 m®, p <
0.001; Supplementary Tables 1 & 2), while the largest individuals were
located at the Lower site (12.45 m®, p < 0.001; Supplementary Tables 1
& 2). In contrast, C. oromediterraneus shrub size was largest at the Upper
site (3.27 m%, p < 0.001; Supplementary Tables 1 & 2), and smallest at
the Lower site (1.94 m3, p < 0.001; Supplementary Tables 1 & 2).

Significant differences in shrub age were found for J. communis with
the youngest individuals found at the Upper site (18 years, p < 0.001;
Supplementary Table 1), and the oldest individuals at the Mid site (72
years, p < 0.001; Supplementary Table 1). Significant differences were
also found for C. oromediterraneus shrub age between the Upper site with
the oldest individuals (23 years, p < 0.001; Supplementary Table 1), and
the other two sites (12 years, p < 0.001; Supplementary Table 1).
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J. communis SRW was significantly smaller at the Mid site than at the
other two elevations (p < 0.01; Fig. 2, Supplementary Table 1), while all
the hydraulic parameters measured were significantly larger at the
Upper site (p < 0.01; Fig. 2, Supplementary Table 1). For
C. oromediterraneus, significant differences in SRW were found between
the Mid and the Upper sites, with the smaller SRW at the highest altitude
(p < 0.001; Fig. 2, Supplementary Table 1). No significant differences
between sites were found for C. oromediterraneus hydraulic parameters.

LMMs including site, shrub size and age showed that the growth and
hydraulic traits of J. communis were significantly mediated by shrub age
(p < 0.001, Table 1), although site also had a significant effect on the
number of conductive cells (p < 0.05, Table 1). Similarly, age also had a
significant effect on C. oromediterraneus SRW and number of conductive
cells (p < 0.01, Table 1). The interaction between shrub size and site also
had a significant effect on C. oromediterraneus SRW and number of
conductive cells (p < 0.05, Table 1). C. oromediterraneus K; and
conductive area were not significantly influenced by site, shrub age or
shrub size.

3.2. Warming in Serra da Estrela and influence of monthly temperature
on shrub growth

Year was significantly positively correlated with mean minimum
temperature for all months except January and February, and with mean
maximum temperatures for all months. The highest significant correla-
tion value was found with August mean minimum temperature (R =
0.53; p < 0.001) and the lowest with February mean maximum tem-
perature (R = 0.19; p < 0.01; Supplementary Fig. 2).

Correlation analysis, “dendro-flavoured” models, and LMMs showed
significant correlations (Supplementary Figs. 3 & 4) and significantly

J. communis
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influencing monthly minimum and maximum temperatures (Supple-
mentary Table 2) from both the current and previous years of the
analyzed ring growth on SRW and hydraulic traits. SRW for both species
was significantly affected by temperatures from winter and spring
months of the previous year as well as fall temperatures during the
previous and current analyzed year (Supplementary Table 2). For
J. communis, current year July maximum temperature also had a nega-
tive significant effect on SRW at the Lower sites. Still, for J. communis,
July maximum temperature had a negative significant effect in all hy-
draulic parameters at the Upper site, while prior year May maximum
temperature of the current year and June minimum temperature of the
previous year had a significant positive effect on the conductive area and
the number of conductive cells at the Mid and Lower sites (Supple-
mentary Table 2). Although C. oromediterraneus SRW appears to be
mediated by fall temperatures, there was a higher variability between
sites of influencing monthly parameters affecting hydraulic traits. An
overall significant positive effect of the maximum temperature of prior
December on the hydraulic traits was found at the Lower site (Supple-
mentary Table 2). C. oromediterraneus conductive area at the Mid site
was influence by March minimum and maximum temperatures of the
prior year with a positive and negative influence, respectively, while K}
at the Mid site was similarly influenced by March minimum and
maximum temperatures of the current year. June temperatures had an
overall negative influence on hydraulic traits at the Upper site (Sup-
plementary Table 2).

3.3. Influence of temperature at start and end of growing season on shrub
growth

Maximum spring temperature had a significant positive effect on

C. oromediterraneus
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Table 1
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Summary of the linear mixed-effects models of the influence of site, shrub size, and shrub age on variation of shrub growth parameters. Significant factors shown in
bold. (+) indicates a positive effect and (—) indicates a negative effect on response variable. SRW = Shrub Ring Width, Kh = hydraulic conductivity, df = degrees of
freedom, X2 = Chi squared, P = p-value, ¢ = standard deviation, R2m = marginal R2, R2¢ = conditional R.

SRW Ky Conductive area Number of conductive cells
(mm) (m*/MPa~! x s71) (mm?)
J. communis Fixed factors df %2 P 12 P %2 P %2 P

Shrub age 1 23.50 < 0.001 (—) 34.08 < 0.001 (—) 18.44 < 0.001 (—) 90.11 < 0.001 (—)

Site 2 2.21 0.332 4.94 0.085 4.63 0.099 7.84 < 0.05

Shrub size 1 1.87 0.171 0.19 0.661 0.23 0.629 0.29 0.589

Site x Shrub size 2 0.88 0.645 1.19 0.552 1.99 0.371 1.17 0.558

Random factors

ID (ring(radial path))
o radial path / ring / individual
No. of radial paths / rings / individuals

0.26 / 0.49 / 0.25
2193 /731 /24

0.83 /1.95 / 0.00
390 /130 /24

0.10 7/ 0.24 / 0.05
390 /130 /24

0.09 / 0.36 / 1.81e-05
390 /130 /24

R’m / R’c 0.87 / NA 0.99 / NA
C. oromediterraneus Fixed factors df %2 P %2 P %2 P %2 P
Shrub age 1 7.31 < 0.01 (-) 2.91 0.088 0.63 0.426 9.46 < 0.01 (-)
Site 2 9.69 < 0.01 1.39 0.498 0.29 0.866 3.52 0.172
Shrub size 1 1.17 0.280 0.77 0.382 0.16 0.688 3.08 0.079
Site x Shrub size 2 6.25 < 0.05 2.49 0.288 1.71 0.426 8.73 < 0.05
Random factors

ID (ring(radial path))
o radial path / ring / individual
No. of radial paths / rings / individuals

R’m / R%c 0.90 / NA

0.23/0.48 /0.23
1117 / 377 / 24

1.43 /227 /0.43
243 /81 /24
0.53 / NA

0.20 / 0.44 / 0.07
243 /81 /24

0.30 / 0.48 / 6.13e-05
243 /81 /24

J. communis SRW (p < 0.001; Table 2), which was also significantly
influenced by shrub age (p < 0.001). Neither spring nor fall minimum
and maximum temperatures significantly influenced J. communis hy-
draulic traits. Fall maximum temperature had a significant effect on all
C. oromediterraneus variables (Table 2), with a positive effect on SRW
and a negative effect on hydraulic traits. SRW in C. oromediterraneus was
also significantly influenced by shrub age (p < 0.05), site (p < 0.01), and
the interaction of site and shrub size (p < 0.05). The number of
conductive cells in C. oromediterraneus was also significantly influenced

Table 2

by shrub age (p < 0.05) and the interaction between site and shrub size
(p < 0.05; Table 2).

3.4. Response to water availability

Seasonal precipitation and PDSI were included in the models to
check for significant effects on shrub growth and hydraulic traits. Both
spring PDSI (p < 0.001) and fall precipitation (p < 0.05) had a signifi-
cant positive effect on J. communis SRW while winter precipitation from

Spring and fall temperature variables influencing shrub growth. Significant factors shown in bold. (+) indicates a positive effect and (—) indicates a negative effect on
response variable. SRW = Shrub Ring Width, Ky, = hydraulic conductivity, df = degrees of freedom, X* = Chi squared, P = p-value, tmx = mean maximum temperature,

o = standard deviation, R2m = marginal R? R%c = conditional R%.

SRW Ky Conductive area Number of conductive cells
(mm) (m*/MPa~! x s71) (mm?)
J. communis Fixed factors df %12 P %12 P %2 P %2 P

Shrub age 1 20.84 < 0.001 (-) 34.08 < 0.005 (—) 18.44 < 0.001 (—) 90.11 < 0.001 (—)

Site 2 2.26 0.323 4.94 0.085 4.63 0.100 7.84 < 0.05

Shrub size 1 1.78 0.183 0.19 0.661 0.23 0.629 0.29 0.589

Site x Shrub size 2 0.83 0.661 1.19 0.552 1.99 0.371 1.17 0.558

Spring tmx 1 33.25 < 0.001 ()

Random factors

ID (ring(radial path))
o radial path / ring / individual
No. of radial paths / rings / individuals

0.26 / 0.48 / 0.26
2193 /731 /24

0.83 /1.95 / 0.00
390/ 130/ 24

0.10 /0.24 / 0.05
390 /130/ 24

0.09 / 0.36 / 1.81 e-05
390 /130/ 24

R’m / R’c 0.88 / NA 0.99 / NA
C. oromediterraneus Fixed factors df %2 P 12 P %2 P %2 P
Shrub age 1 4.91 < 0.05 (—) 0.77 0.381 0.01 0.914 5.34 < 0.05 (—)
Site 2 10.61 < 0.01 7.96 < 0.05 4.74 0.094 5.51 0.063
Shrub size 1 1.15 0.283 0.49 0.484 0.03 0.871 3.14 0.076
Site x Shrub size 2 6.39 < 0.05 1.98 0.372 1.15 0.562 8.84 < 0.05
Fall tmx 1 15.73 < 0.001 (4) 20.36 < 0.001 (—) 20.08 < 0.001 (—) 18.81 < 0.001 (—)
Random factors

ID (ring(radial path))

o radial path / ring / individual

No. of radial paths / rings / individuals
R’m / R%c

0.23/0.47 /0.23
1117 / 377 / 24
0.91 / NA

1.44 /1.97 7/ 0.43
243 /81 /24
0.81 / NA

0.20 / 0.39 / 0.09
243 /81 /24

0.29 / 0.42 / 3.50e-05
243 /81 /24
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the previous year had a significant negative effect on J. communis SRW
(p > 0.05; Table 3). Winter PDSI from the previous year had a significant
negative effect on the three hydraulic traits: Ky, (p < 0.001), conductive
area (p < 0.001) and number of conductive cells (p < 0.01, Table 3).
C. oromediterraneus SRW was significantly positively affected by spring
precipitation both from the previous year (p > 0.001) and current ring
year (p > 0.001). Fall PDSI from the previous year had a positive effect
on C. oromediterraneus hydraulic conductivity (p > 0.001)
C. oromediterraneus number of conductive cells was positively affected
by fall precipitation (p > 0.001) and negatively affected by fall PDSI (p
> 0.001, Table 3). Similar to J. communis, winter PDSI from the previous
year had a significant negative effect on the three hydraulic traits in
C. oromediterraneus: Ky (p < 0.001), conductive area (p < 0.001) and
number of conductive cells (p < 0.01, Table 3).

4. Discussion

Our results indicate an increase in temperatures over most of the year
within the alpine zone of Serra da Estrela over the last decades, sup-
porting findings of warming in the Iberian Peninsula (Espirito Santo
etal., 2014; Gonzalez-Hidalgo et al., 2022). An ontogenetic effect can be
seen for J. communis since there were age-related differences in shrub
growth for all variables, reflecting changes in xylem structure associated
with increasing age (Rodriguez-Zaccaro et al., 2019). For
C. oromediterraneus, SRW and number of conductive cells were influ-
enced also by shrub age as well as size, although this was site-specific.
This highlights the influence of local conditions of the alpine zone of
Estrela on C. oromediterraneus growth. Previous studies have shown that
the relative allocation to conductive tissue for other alpine species may

Table 3
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be dependent on local microclimatic conditions (Korner and Hilt-
brunner, 2021; Myers-Smith et al., 2015; Scherrer and Korner, 2011;
Verrall and Pickering, 2020).

Both species were also sensitive to changes in monthly minimum and
maximum temperatures, although this was species and site-specific,
reflecting the growth plasticity of high elevation shrubs as well as
highlighting the importance of local microclimates on alpine shrub
morphology (Myers-Smith et al., 2015). A significant site- and species-
specific effect of previous year monthly temperatures was also found,
revealing legacy effects of climate on the growth of woody species.
Minimum temperature in the previous autumn and winter might reveal
differences on the timing of a shrub individual’s quiescent stage before
the year of ring formation, or freezing events causing frost damage and
delaying the start of growth (Korner and Hiltbrunner, 2021).

A clearer effect on both shrub species growth and wood anatomy was
found for seasonal temperature at the putative start and end of the
growing season. Interestingly, J. communis appears to be sensitive to
spring maximum temperature while C. oromediterraneus is influenced by
fall maximum temperature. A higher temperature in early spring can
lead to an earlier reactivation of cambial activity, with consequent in-
crease in the length of growing season, and ultimately larger radial
growth (Begum et al., 2013; Lenz et al., 2013; Olano et al., 2012;
Tumajer et al., 2021). However, J. communis growth is also controlled by
summer temperatures, that directly influence water availability and
evapotranspiration, as an increase in July minimum temperature had a
negative effect on J. communis SRW in the Lower site. This negative
effect of increased July minimum temperature might reflect a synergistic
effect of increasing temperature and summer drought that leads to the
suppression of growth during summer (Tumajer et al., 2021).

Seasonal water availability variables influencing shrub growth. Significant factors shown in bold. (+) indicates a positive effect and (—) indicates a negative effect on
response variable. SRW = Shrub Ring Width, Ky, = hydraulic conductivity, PDSI = Palmer Drought Severity Index, pr = total precipitation, df = degrees of freedom, X*

= Chi squared, P = p-value, R’m = marginal R?, R%c = conditional R

SRW Ky, Conductive area Number of conductive cells
(mm) (m*/MPa~! x s71) (mm?)
J. communis Fixed factors df %2 P x2 P %2 P 2 P
Shrub age 1 0.83 0.361 16.84 < 0.001 (—-) 7.91 <0.01 () 75.61 < 0.001 (—)
Site 2 2.40 0.301 3.75 0.153 4.11 0.128 7.10 < 0.05
Shrub size 1 0.96 0.326 0.19 0.665 0.16 0.693 0.27 0.606
Site x Shrub size 2 3.93 0.141 1.52 0.468 1.82 0.402 1.30 0.523
Winter PDSI 1 yr prior 1 17.41 < 0.001 (-) 20.10 < 0.001 (-) 8.98 <0.01 (-)
Winter pr 1 yr prior 1 4.05 < 0.05 (—) 4.93 < 0.05 (+)
Spring PDSI 1 20.03 < 0.001 (+) 7.82 <0.01 (—)
Fall pr 1 6.28 < 0.05 (+)
Random factors

ID (ring(radial path))
o radial path / ring / individual
No. of radial paths / rings / individuals

0.25/0.57 7/ 0.41
2193 /731 /24

0.75/1.79 / 0.26
390 /130 /24

0.10 7/ 0.22 / 0.07
390 /130 /24

0.09 / 0.34 / 1.76e-05
390 /130 /24

R’m / R’c 0.52 / NA 0.95 / NA
C. oromediterraneus Fixed factors df %2 P 12 P %2 P %2 P
Shrub age 1 5.97 < 0.05(—) 0.28 0.598 1.93 0.165 1.31 0.253
Site 2 8.18 < 0.01 2.04 0.361 0.32 0.853 4.07 0.131
Shrub size 1 1.12 0.290 0.50 0.480 0.10 0.749 3.62 0.570
Site x Shrub size 2 6.54 < 0.05 2.65 0.266 2.35 0.308 10.24 < 0.01
Spring PDSI 1 yr prior 1 8.32 < 0.01 (+)
Spring pr 1 yr prior 1 30.46 < 0.001 (4)
Fall PDSI 1 yr prior 1 17.50 < 0.001 (4+)
Winter PDSI 1 yr prior 1 34.95 < 0.001 (—) 24.10 < 0.001 (—) 10.09 <0.01 (—)
Spring pr 1 8.39 < 0.001 ()
Fall PDSI 1 15.84 < 0.001 (—)
Fall pr 1 20.66 < 0.001 (+)
Random factors

ID (ring(radial path))

o radial path / ring / individual

No. of radial paths / rings / individuals

R’m / R%

0.23 /0.46 / 0.23
1117 / 377 / 24
0.91 / NA

1.43/1.78 / 0.58
243 /81 /24
0.84 / NA

0.20 / 0.38 / 0.09

243 /

81 /24

0.30 / 0.39 / 5.69e-05
243 /81 /24
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Interestingly, the effect of spring temperature on J. communis wood
anatomical and hydraulic traits was site-dependent and correlated with
individual monthly values and not with seasonal means. There was a
positive effect of March and May maximum temperatures on J. communis
hydraulic traits in the Mid site. Since this site had the shallowest soil of
the three studied locations, this effect might be explained by an increase
in water availability at the beginning of the growing season, due to
earlier snow melt as a result of higher temperature, which inherently
influences cambial activity and hydraulic conductance (Inouye, 2020;
Scherrer and Korner, 2011). This fine-scale response contrasts with
previous studies showing a small variability in hydraulic traits for
temperate populations of J. communis (Unterholzner et al., 2020), and
supports that hydraulic plasticity might be larger in rear edge pop-
ulations, particularly at the southern dryer margins, like those studied in
Estrela (Unterholzner et al., 2020; Wortemann et al., 2011).

On the other hand, C. oromediterraneus growth was positively influ-
enced not by spring temperature but by fall maximum temperature,
highlighting the different physiology of these two shrubs. Differences
between gymnosperms and angiosperms in growth and phenology and
in their responses to climate change have been reported for trees (Car-
nicer et al., 2013; Marcati et al., 2016). Although temperature is the
main driver of the start of cambial activity in conifers, day length ap-
pears to exert an important control in triggering cambial activity in
angiosperms (Savage and Chuine, 2021), which could explain the result
obtained for C. oromediterraneus. In spite of the positive correlation
between SRW and fall maximum temperature, C. oromediterraneus Kp,
conductive area, and number of conductive cells were negatively
influenced by fall maximum temperature. This opposing response be-
tween radial growth and hydraulic conductance variables in
C. oromediterraneus may be reflecting the transition to latewood for-
mation in fall, which decreases the development of conductive tissue,
but not necessarily non-vascular tissue, which contributes to overall
growth.

Water availability parameters greatly influenced shrub growth, with
species-specific differences in seasonal sensitivity. Precipitation in the
winter before the growing season had a negative effect on J. communis
SRW but a positive effect on number of conductive cells. Juniperus
thurifera L. from cold sites in Spain also showed a negative correlation
between tree-ring width and winter precipitation (DeSoto et al., 2014).
In winter, higher moisture conditions associated with low temperatures
in the mountains will increase the deposition of snow. A thicker snow-
pack can take more time to melt in the following spring, implying a
delayed start of the growing season reflected in a smaller SRW. PDSI
values in the previous winter had a significant negative influence on all
hydraulic traits in both species, that is, the more intense the drought
conditions during the winter before the growing season the higher the
values for the hydraulic trait parameters of the analyzed ring year. A
drier winter results in the formation of a smaller snowpack, and, thus, a
faster snowmelt in the following spring, implying an earlier water
availability and reflected in a positive effect on the hydraulic traits of
both shrubs. Fall PDSI in the year before the growing season had a
positive effect on C. oromediterraneus Ky, which could suggest that a
higher water availability in the prior fall will increase the water reserves
available for the next growing season. The larger vessels formed in the
beginning of the growing season are responsible for most of the hy-
draulic conductivity, and the diameter of the vessels is largely depen-
dent on the turgor pressure during the maturation process of the vessels
(Rodriguez-Zaccaro and Groover, 2019). Cytisus oromediterraneus radial
growth appears to be highly linked with spring precipitation as both
spring conditions the year prior and in the current ring year had a
positive effect on SRW. Finally, J. communis SRW and
C. oromediterraneus number of conductive cells were positively influ-
enced by fall precipitation, which may be explained by a release from
summer drought stress, and confirms the bimodal growth of alpine
shrubs in this mountain range (Dobbert et al., 2022).
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5. Conclusion

To sum up, this work shows an increase in shrub growth in the last
years parallel to the increase in temperature in Serra da Estrela and
identifies the main climatic factors affecting shrub growth. Maximum
temperature at the start and end of the growing season are the main
drivers of the growth of C. oromediterraneus and J. communis in Serra da
Estrela. However, species-specific differences in the response to these
changes imply that their growth and fitness will be affected differently
by climate change and mediated by winter drought intensity. Also, the
response to water availability and extreme drought conditions are
species-specific and might contribute to local differences in the growth,
fitness, and survival of both species. Ultimately, understanding their
response to the current changes in climatic conditions in Serra da Estrela
is essential to predict their future distribution since this location corre-
sponds to their westernmost end in the Iberian Peninsula.
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