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Abstract In the valley of Espot in the central Ibe-
rian Pyrenees, two species of juniper, Juniperus com-
munis and J. sabina, co-occur in the same habitats,
showing a similar encroaching ability as prostrate
shrubs expanding on former rangeland. Outside of
this valley, however, J. communis is widespread
from the regional to the Holarctic level whereas
J. sabina is only sparsely found in mutually distant
Palaearctic regions, where it remains restricted to
scarce locations. We set out to analyse the dynam-
ics of both species as drivers of landscape transfor-
mation and to unveil which differences may explain
their contrasting biogeographic performance. To do
so, we analysed them in terms of plant traits, phenol-
ogy, primary growth, population structure and their
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role in the landscape, all along an elevation gradi-
ent. Juniperus communis and J. sabina showed simi-
lar strong investment into stress resistance, accord-
ing to the functional traits measured (SLA, LDMC,
leaf lifespan), and both species expanded laterally at
similarly noticeable ratios. Along the elevation gra-
dient, we found shifts in functional traits and perfor-
mance that respond to environmental differences. The
populations of J. communis included more balanced
age classes and showed good recruiting ability. By
contrast, J. sabina exhibited a poor recruiting abil-
ity, with populations lacking juveniles and including
notably old shrubs. The longevity and clonal perfor-
mance of this species would explain its persistence
only in particular locations scattered over distant
regions. Therefore, the contrasting plant distribution
and ecology of the two species (i.e. a widespread
and active colonizer vs a relict growing in secluded
locations) appears to be based on a few interspecific
developmental and reproductive differences.

Keywords Plant traits - Primary growth -
Population structure - Relict species - Shrub
encroachment - Pyrenees

Introduction

In the current patchy landscapes of temperate moun-

tain areas, some shrub species play a prominent role in
dynamic vegetation units. The expansion of shrubby
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vegetation in grasslands has increased in many Euro-
pean regions in recent decades (MacDonald et al.
2000; Dullinger et al. 2003; Sanz-Elorza et al. 2003;
Roura-Pascual et al. 2005; Hallinger et al. 2010; Ped-
ashenko et al. 2015). The ongoing encroachment by
shrubs, observed in many places, is mostly a conse-
quence of the abandonment of traditional practices,
chiefly extensive livestock grazing and the use of fire
to create summer pastures (Lasanta-Martinez et al.
2005; Komac et al. 2013). Although global warming
promotes the growth and expansion of woody spe-
cies in temperature-limited ecosystems (Korner and
Paulsen 2004), land use change is the main driver in
anthropogenic treeless landscapes of Alpine mountain
systems (Palombo et al. 2013; Ameztegui et al. 2016;
Cudlin et al. 2017). Generally, the main shrub species
driving encroachment feature successful characteris-
tics such as a good colonizing ability (resulting, e.g.,
from effective seedling establishment, clonal growth,
or both), an appropriate combination of stress-resist-
ance traits (tough leaves and twigs, longevity) and an
ability to recover after disturbance (active resprout-
ing, persistent or well-dispersed seed banks; Montané
et al. 2010; Liu et al. 2013; Ninot et al. 2017; Grau
et al. 2019). These characteristics allow such species
to be determinative in extensive vegetation shifts,
especially those spanning wide environmental niches.
In the genus Juniperus, different species are good
examples of such performance in mountain land-
scapes in a wide array of Holarctic regions (Houle
and Babeaux 1994; Garcia et al. 1999; Thomas et al.
2007; Adams 2014; Grigoriev et al. 2022).

Shrub encroachment is known to cause important
changes to the properties of soil and litter in Alpine
mountain ranges, mainly where species with evergreen
long-lived foliage, such as junipers, are involved (Mon-
tané et al. 2010; Grau et al. 2019; Urbina et al. 2020).
Unlike in grasslands, essential soil nutrients (N, P, K)
mostly decrease in mature shrublands because they
become sequestered into biomass and necromass as
secondary succession progresses. In turn, this favours
the dominance of the same long-lived stress-resistant
plant species (Adams 2014; Grau et al. 2019). In the
patched landscapes found in the Pyrenees and simi-
lar ranges, shrub encroachment leads to a subsequent
advance of woodland species, which has been particu-
larly noticeable over the last decades (Ninot et al. 2011;
Alvarez-Martinez et al. 2014; Ameztegui et al. 2021).
Shrublands are therefore mostly transient vegetation
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units at decadal scales, at least below the treeline.
Being dynamic ecosystems, shrublands harbour a wide
range of characteristic biodiversity, including birds,
invertebrates and fungal communities (Thomas et al.
2007; Grau et al. 2019), and thus are of considerable
conservation value. In fact, many habitats occurring
along encroaching juniper stands include valuable bio-
diversity components and unique ecological processes,
and thus are included in European conservation direc-
tives (Giménez Benavides 2009; Montesinos et al.
2009). Acquiring functional knowledge on encroach-
ing scrubs is therefore a sine qua non condition for bet-
ter understanding and managing biodiversity and natu-
ral landscapes.

Coexisting shrub species with apparently similar
characteristics, such as growth form or leaf habit,
may present contrasting colonizing behaviour, which
may translate into their contrasting encroachment
ability at local and regional scale, and contrasting
biogeographic patterns at global scale. This may be a
response to differences in functional traits, life strat-
egy and phenological cycle between these species, as
has been shown for many plant species in a variety
of ecosystems and scales (Murray et al. 2002; Adler
et al. 2014; Sporbert et al. 2021; Pinho et al. 2022).
The relative advantage of one species over another
could be due to (i) traits describing their capacity for
carbon acquisition and growth, and thus their colo-
nizing or competition ability, (ii) their life history
and population structure, as the base for local persis-
tence, or (iii) their reproductive and dispersal strategy
(Lavergne et al. 2004; Syphard and Franklin 2010;
Gabrielova et al. 2013; Gaiizere et al. 2023).

The Pyrenean valley of Espot provides an opportu-
nity for analysing two congeneric species, J. communis
and J. sabina, which foster active encroaching processes
in the same open habitats in a wide range of elevation
and environmental conditions (Ninot and Carrillo 2019).
Despite their morphological and functional similarity,
and evidence of a similar successional role in the area,
these species differ markedly in their overall ecological
and biogeographical distribution. Whereas J. communis
is a Holarctic widespread species, commonly forming
active populations in a wide range of habitats, J. sabina
is restricted to a few scattered Palaearctic regions, where
it forms apparently relict, poor populations in open, dry
mountain ecosystems (Wesche et al. 2005; Arzac et al.
2016; Ninot and Carrillo 2019). A detailed compara-
tive analysis of these congeneric species is of particular
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interest for understanding, on the one hand, the vegeta-
tion dynamics dominated by widespread expanding shrub
species within encroaching processes occurring world-
wide and, on the other, the persistence strategy and fate
of rare relicts, which is useful in designing conservation
policies. Moreover, the sharp elevation gradient found in
the Espot valley should promote varying responses in the
two Juniperus species, from the lower drought-limiting to
the higher cold-limiting sites where they co-occur (Arzac
et al. 2016; Garcia-Cervigén et al. 2017), which may help
understand their distinct biogeographic roles.

The primary aim of this study is to understand the
mechanisms driving the dynamics of J. communis and
J. sabina as leaders of ongoing landscape changes in
the mountain area in question. We have studied these
dynamics in parallel at sampling sites at distinct ele-
vations, through a wide analysis of their plant traits,
phenology, primary growth, population structure, and
role in the landscape. In addition, we aimed to unveil
whether differences in the aforementioned character-
istics may explain the contrasting biogeographic and
ecological performance between these species, taking
advantage of the fact that they play a similar ecologi-
cal role in the study area, including a wide elevation
gradient. We hypothesized that, in spite of sharing a
similar habit, performance and vegetation pattern, the
wider distribution and colonization ability of J. commu-
nis could be driven by small advantages given by plant
functional traits better coupled to varying conditions, or
by a stronger colonizing ability. Conversely, the appar-
ently lower population dynamics of J. sabina should
be compensated by other developmental or persistence
traits, which would explain its success at least in the
area studied and in other scattered locations across its
range. Along the elevation gradient, the performance
of J. sabina is expected to decrease from the low-eleva-
tion site (experiencing moderate winter conditions and
noticeable summer drought) to the high-elevation site
(with longer and harsher winters and mild summers)
whereas J. communis should show an inverse trend.

Material and Methods
Study Species
The two species studied are similar in most eco-

logical and functional features, being both xeromor-
phic, slow-growing conifers that, in the area here

considered, develop as diffuse or prostrate shrubs in
the form of near-circular, expanding patches. Both
species are dioecious and, as is characteristic in the
genus Juniperus, produce berry-like cones (fruits
hereafter) remaining on the plant for months. Both
species are resiniferous, heliophilous and tolerant to
contrasting temperatures. However, they clearly differ
in their biogeographic status and, apparently, in a few
morpho-functional traits (Adams 2014).

Juniperus communis L. is widely distributed through
Eurasia and North America and from the Arctic to sub-
tropical mountain ranges. In the Pyrenees it is typically
an erect shrub at lower or moderate elevations (in the
submontane and montane belts), but grows as a diffuse
or even cushion-shaped shrub at higher elevations (in the
subalpine and alpine belts). The latter forms are identi-
fied as subsp. nana (Wild.) Syme whereas intermediate
growth forms, found in the montane and lower subal-
pine belts, correspond to var. intermedia (Schur) Sanio
(Bolos and Vigo 1984). The shrubs here investigated
belong to this variety, to which we hereinafter refer to
as J. communis. It is particularly noticeable in pasture
landscapes, where individuals encompass a gradation of
habits and sizes, rarely exceeding 6 m in diameter (Ninot
and Carrillo 2019). Although their branches are mostly
prostrate, one or more stems grow upwards or obliquely.
Their leaves are acicular, and thus light is progressively
filtered through the canopy.

Juniperus sabina L. is found sparsely from South-
Western Europe to Mongolia and from North Africa to
the Alps. It occurs mainly in dry, continental mountain
ranges around the Mediterranean basin, being very rare
or scattered in the Pyrenees from the submontane to the
subalpine belt (Adams and Schwarzbach 2006; Bolos
and Vigo 1984; Florapyr 2023). However, it is com-
mon in the Espot valley and neighbouring areas (central
Iberian Pyrenees), where it plays a noticeable role on
rocky slopes (Ninot and Carrillo 2019). Its growth form
is creeping, the main branches producing adventitious
roots and forming medium-sized to large spots (812 m
in diameter) tightly adapted to the topography. Leaves
are scale-like and cover younger shoots.

Study Area
This study was performed in the Espot valley and
surrounding areas, where J. sabina and J. communis

coexist in open or patched landscapes mostly built
on south-facing slopes of varying parent material,
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inclination and rockiness. The area spans from 1,300
to 2,100 m a.s.l. and encompasses a sharp bioclimatic
gradient. This is expressed through key bioclimatic
indicators such as the length of the growing period,
which shortens along the elevation gradient from 7.5 to
5 months (Ninot et al. 2013); the annual rainfall aver-
age, increasing from 690 to some 1,200 mm (Meteo-
cat 2023); and the ratio between summer potential
evapotranspiration and summer rainfall (Mediterra-
neity index), which decreases from 1.3 to 0.9 (Ninot
et al. 2013). In any case, the shrubs investigated mostly
thrive on poorly developed soils, where the water sup-
ply is clearly lower than that assumed in general mod-
els for regular soils. Thus, plant life in higher-up areas
face a long and cold resting period in winter and a mild
summer with moderate drought events. By contrast, at
lower elevations winter is shorter and milder, and sum-
mer brings harsh drought conditions.

We sampled shrubs at three sites along the elevation
gradient described, which we hereafter refer to as the
low-, the mid- and the high-elevation site (Fig. 1). The
low-elevation site is situated at 1,300-1,450 m a.s.l.
(1°7'1.707" E, 42°36'4.1724" N; 121,500 m?),
where xerophilous grasslands of the Xerobromion
erecti (Br.-Bl. et Moor 1938) Zoller 1954 alliance
dominate the landscape, together with rocky shelves
and Pinus sylvestris L. stands (Fig. S1 in the electronic
supplementary material). The mid-elevation site spans
between 1,500 and 1,620 ma.s. 1. (1°3'42.6168" E,
42°35'10.2474" N; 134,500 m2) on a slope built of
lime schists and ranges from small rocky outcrops to
eroded sloping patches to gentle grassland stands with
xerophilous and meso-xerophilous pastures (Xero-
bromion erecti, Bromion erecti Koch 1926), and to
expanding dry forests of P. sylvestris (Fig. S2 in the
electronic supplementary material). In both locations,
found near small villages, the traditionally cultivated
landscape consisted of extensive pastures and sown
fields until a few decades ago. Nowadays, the abandon-
ment of rural activity has allowed Juniperus and other
shrubs to encroach into open areas as part of secondary
succession leading to pinewoods of Pinus sylvestris.
The high-elevation site was found upwards on the same
main slope at 1,975-2,150 m a. s. 1. (1°4'44.7702" E,
42°35'27.8586" N; 36,900 mz), where shrubby
patches alternate with schist rocky spots, eroding dry
pastures (Bromion erecti) and open stands of Pinus
uncinata Ramond ex DC. (Fig. S3 in the electronic
supplementary material). At this high elevation, the
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traditional land use consisted of extensive pasturage
and clear-cutting, which decreased from the mid-20th
century, resulting in the present-day abandonment.

Therefore, the three sampling sites were found in
forest dominions, where encroachment of open areas
by Juniperus and other shrubs is part of secondary
succession leading to pinewoods (Fig. S4 in the elec-
tronic supplementary material). In fact, most Junipe-
rus stands included other shrub species or tree juve-
niles, which may indicate facilitation effects (Verdu
et al. 2004). Along the same line, young pinewood
spots overgrowing older juniper layers are also part of
these landscapes.

Functional Structure

To gain a comprehensive overview of the functional
structure of both Juniperus species, we assessed rel-
evant plant traits at the individual scale and the bio-
mass distribution into leaves and stems at the popula-
tion level at the three sampling sites.

In July 2014 we selected 20 individuals per spe-
cies representative of each of the sampling sites chosen
at given distance intervals along a meandering path-
way. For each individual we measured canopy height
and collected twigs to calculate specific leaf area (SLA,
mm?-mg~!) and leaf dry mater content (LDMC,
mg - g~ 1). The next autumn we also collected ripe fruits
from ten female shrubs in each case. This sampling and
the subsequent treatments in the laboratory followed the
protocols set by Pérez-Harguindeguy et al. (2013). We
used sets of five leaves per individual to obtain their fresh
weight and scanned them to measure their area with the
software ImageJ (Abramoff et al. 2004). In the case of
J. sabina, we regarded each small leafy twig as a “func-
tional leaf’, namely the apical segment of each stem axis
plus the scale-like leaves covering it, and calculated the
leaf area as twice the twig lateral projection. Dry weight
was obtained after drying the leaf subsamples at 60°C for
48 hours. We calculated seed mass as the air-dried seed
weight average obtained from sets of 20 (in the case of
J. sabina) or 40 (in the case of J. communis) seeds, each
set corresponding to one individual plant.

In representative spots of the shrub communi-
ties, we clipped the aerial biomass at the ground level
within five distinct subsamples — specifically, detached
square areas 40 X 40 cm each. From a significant
part of each subsample (at least 20% of its weight),
we sorted separately the leaves and stems of the focal
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Fig. 1 Aerial ortophoto-
graphs of the three sites
sampled (taken from

the Institut Cartografic i
Geologic de Catalunya —
Vissir3 (http://srv.icge.cat/
vissir3, last accessed in
November 2023). The poly-
gons outlined correspond
to the landscape units con-
sidered, where we located
the sampling shrubs and
evaluated the populations
significance per species.

Jou (low site)

species. We obtained the dry weight of the subsamples
after drying them at 70°C for 48 h. Then we extrapo-
lated the weight values of the leaves and stems sepa-
rated to each subsample and calculated the average dry
mass per ground area for each sampling site.

Canopy Expansion

From autumn 2016 to spring 2017 we analysed the
two study species for a growth assessment at the three
sampling sites. We sampled 16 shrubs per species and
site, representative of the diversity of shapes found in
each case (i.e. including small, medium-sized and large
individuals in similar proportions). Because different

studies dealing with the costs of dioecy with respect
to the vegetative growth of female plants give dis-
tinct responses depending on the sex of the individual
(Obeso 2002; Shetti et al. 2018), we introduced sex as
a variable in the growth assessment, considering the
canopy expansion rate the most reliable measure of
performance response in the mid term. Thus, out of the
16 individuals assessed per species at each of the sam-
pling sites, half were males and half females.

For each shrub we measured two diameters of the can-
opy (one following the slope gradient, the other perpen-
dicular to it), its maximum height and the basal diameter
of the thickest stem. We then selected two ultimate pros-
trate branches illustrative of the centrifugal expansion of
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the shrub (one upslope, the other downslope) to analyse
their primary growth (i.e. the elongation ratio per year).
For this, we took one small stem segment at 100 cm
from the branch tip to the centre of the shrub. Comple-
mentarily, we noted relevant site features of each shrub
sampled, namely the slope, habitat (categorized as meso-
philous grassland, xerophilous grassland or rocky area)
and occurrence of other woody species within the shrub
stand. We also located and labelled the shrubs sampled
on detailed orthoimages.

In the laboratory, we prepared stem sections and
counted the annual xylem rings of each stem segment
under a stereomicroscope.

We calculated the canopy area of each shrub using
the two diameters measured as the axes of an ellipse;
and the stem elongation ratio or shrub radial growth
per year (hereafter referred to as the primary growth
of the shrubs) as the quotient between the length of
the stem cut (100 cm) and the number of years at the
section level, following the procedure set by Garcia-
Cervigdn et al. (2017) for the same study species.

Phenomorphology

At the mid-elevation site, where both summer droughts
and winter temperatures are moderate, we analysed the
phenological performance of the two study species to
compare their response to common climatic stress con-
ditions. There, from spring to autumn of the years 2013
and 2014, we recorded roughly each 20 days the status of
five male and five female individuals per Juniperus spe-
cies through field notes, detailed photographs and abun-
dant samples of plant material. We then standardized the
information gathered using the criteria and phenophases
drawn by Orshan (1989), mainly concerning flowering
and shoot production. Photos and herbarium samples
were also used to refine the field records and to evaluate
the average leaf life span, using the procedure established
by Pérez-Harguindeguy et al. (2013) for conifers.

In addition, we assessed fruit production in seven
female individuals per species at the same mid-elevation
site. We clipped the fruiting branches included in three
representative square areas of 40 X 40 cm per individ-
ual and counted the maturing fruits. Then we obtained
an individual value of fruit production in the form
of fruits per square metre of projected shrub canopy.
Because J. communis is reported to be a masting species
(Thomas et al. 2007), our evaluation has to be taken as a
rough approximation, at least for this species.
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Population structure

We characterized the population structure based on
data collected from the shrubs sampled for the anal-
ysis of canopy expansion, together with data from
other shrubs measured in the field. We analysed up
to 30-36 shrubs of all sizes per species at each of the
sampling sites. The newly measured shrubs were cho-
sen to represent the variety of sizes and habitats occu-
pied at each site. We characterized these shrubs in
terms of size (two perpendicular diameters), sex, hab-
itat and co-occurring species of trees or taller shrubs.

Moreover, we analysed the three sites sampled
through aerial orthophotographs taken in 2016, available
from the on-line facility Vissir3 of the Institut Cartografic
i Geologic de Catalunya (Fig. 1; ICGC 2020). This tool
allowed us to evaluate the extension and landscape struc-
ture of each of the sampling sites and to observe the
orthoimages in sufficient detail to identify individual
trees and shrubs. After locating the shrubs sampled in
the field on the orthophotographs, we could identify the
other J. communis or J. sabina shrubs that were not sam-
pled (at least those larger than 2 m) and measure their
diameter at 1 m resolution. In this way, we evaluated the
ground area covered by the whole populations of the two
species studied within each sampling site.

Statistical analyses

To compare plant functional traits (PFT), above-
ground structure and fruit production of the two spe-
cies, we fitted simple linear models and performed
analysis of variance (ANOVA). For the analysis of
PFT and aboveground structure, we used the shrub
species (J. communis and J. sabina), sampling site
(low-, mid- and high-elevation) and their interaction
as fixed effects. We used log-transformations to fulfil
the assumptions of normality and homoscedasticity.
Where transformations did not work, we used a ‘varl-
dent’ structure (Zuur et al. 2009) to account for het-
eroscedasticity. For the analysis of fruit production,
we used the non-parametric Wilcoxon sum rank test.
Finally, we fitted a linear mixed-effects model to
assess the effect of several biotic and abiotic param-
eters on shrub canopy expansion and used ANOVA
to test for significant effects. We fitted the model
including primary growth of the branches as the
response variable; stem diameter, shrub height and
slope as covariates; and sampling site (high-, mid- and
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low-elevation), shrub species, sex and their interactions
as fixed effects. We included the type of habitat (meso-
philous grassland, xerophilous grassland and rocky
slope) as a random factor and checked if it contributed
to the model fit with AICc. We also tested whether the
covariates contributed to the model fits with AICc. The
only covariate included in the final model was slope.
We visually checked the normality and homoscedastic-
ity of residuals and used Tukey post hoc tests to test
the differences between factor levels. We performed
all statistical analyses with R v.4.3.0 (R Core Team
2023), using the packages ‘nlme’ (Pinheiro et al.
2019) for linear mixed-effects models and ‘emmeans’
(Lenth 2020) for post-hoc tests. We used the package
‘ggplot2’ (Wickham 2016) to produce graphics.
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Referring to leaf traits, both J. communis and
J. sabina had similarly low SLA (averaging 5.8 and
4.2 mm? - mg~!, respectively) and high LDMC (491
and 486 mg - g~!; Fig. 2a, b; Table S1 in the elec-
tronic supplementary material). In more detail, there
were significant differences in SLA and LDMC
between species and sites. Whereas J. communis had
larger SLA than J. sabina at the mid- and high-eleva-
tion sites, they did not differ at the low site (Table 1).
For LDMC, site-related differences (higher values at
the low site) were more evident for J. communis.
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Fig. 2 Plant functional traits studied for each of the Juniperus
species at each sampling site (low-, mid- and high-elevation;
obtained from 20 individuals per site, 10 in the case of seed
mass). Each box covers the 50% of the data in each case, and

the horizontal line within it is the median. Asterisks indicate

significant differences at P < 0.001 (***), at 0.001 < P < 0.01
(**) and at 0.01 < P < 0.05 (*).

@ Springer



136

J. M. Ninot et al.

There were significant differences between the
sampling sites and the species in canopy height,
which ranged on average from 47 to 67 cm in J. com-
munis and from 45 to 57 cm in J. sabina, being
smaller at the high-elevation site (Fig. 2c; Table S1
in the electronic supplementary material). Seed mass
differed between the species, with J. sabina produc-
ing seeds twice as heavy as those of J. communis
across all three sites (20.3 mg vs 9.4 mg on average;
Fig. 2d; Table S1 in the electronic supplementary
material).

Both species formed dense shrubby communi-
ties, considering their low canopy height (dry weight
of aboveground biomass averaging 2,409 g-m~2 in
J. communis and 3,574 g - m~2 in J. sabina), with
leaves playing a noticeable role (27-36% of dry
weight in J. communis, 41-47% in J. sabina; Fig. 3;
Table S2 in the electronic supplementary material).
The differences between the species were significant,
with J. sabina forming much denser shrubs (referring
to both stems and leaves) at the mid- and high-eleva-
tion sites. Differences between the sites were also sig-
nificant, with J. sabina showing a clear maximum at
the mid-elevation site (Table 1, Fig. 3).

Canopy Expansion

The canopy expansion during the last decades of the
shrubs measured (N = 88) varied depending on the
species and sampling site. Primary growth or elonga-
tion of prostrate branches showed significant differ-
ences between the sites (F, ;0 =40.21, P <0.001)
and species (Fy ;9= 66.67, P <0.001), and for the
species X sex interaction (F 5o=5.93, P=0.017;
Fig. 4). Primary growth was greater in J. sabina than

in J. communis (mean + SD values of 8.71 + 0.31 cm
per year and 6.48 + 0.30 cm per year, respectively;
more data are presented in Table S3 in the electronic
supplementary material), both for males and females.
Within each species, we found only a trend towards
greater growth in females than in males of J. sabina
(post-hoc Tukey = 0.051). Post hoc tests showed that
primary growth at the high-elevation site was signifi-
cantly lower than at the mid- (P < 0.001) and low-ele-
vation sites (P < 0.001), but there were no significant
differences between the mid-elevation and the low-
elevation sites (P = 0.963). Habitat type could not
be proven to influence primary growth, because after
sampling it did not result in a balanced factor and was
partly nested within the effect of the site (Table S4 in
the electronic supplementary material).

Based on our field measurements and observa-
tions, the performance of the two species differed in
a few key aspects. With respect to the size of shrubs
and thickness of their main stems, larger shrubs of
J. communis consisted of one or more thick main stems
(e.g. thicker than 40 mm in diameter and sometimes
even thicker than 60 mm). By contrast, larger shrubs
of J. sabina consisted of medium-sized stems (mostly
2040 mm in diameter; Fig. S5 in the electronic sup-
plementary material). This difference reflects that most
J. communis shrubs maintained main stems throughout
their lifespan whereas in larger J. sabina shrubs older
stems had vanished. In a few cases this resulted in an
empty gap in the central part of the shrub.

Phenomorphology

We have synthesized all the phenomorphological data
collected as a simplified phenogram for each species

Table 1 Results of

LME ANOVA of data on Species Sampling site SSili):cies X sampling

functional traits (PFT) and

aboveground structure. D.f. P F P F P

Significant (P < 0.05)

and marginally significant 1. PFT

(0.05 < P <0.1) P-values Height 1,109 22.76 < 0.001 18.91 < 0.001 7.67 < 0.001

are shown in bold SLA L114 15314 <0.001 461 0.012 6665  <0.001
LDMC 1,114 26.55 < 0.001 64.19 < 0.001 7.29 0.001
Seed mass 1,114 113.21 < 0.001 0.50 0.611 2.20 0.121
2. Aboveground structure
Stem biomass 1,24 4.28 0.050 11.11 < 0.001 11.52 < 0.001
Leaf biomass 1,24 89.63 < 0.001 5.83 0.009 18.50 < 0.001
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Fig. 3 Aboveground biomass of the two Juniperus species at
each sampling site (low-, mid- and high-elevation), expressed
as the dry weight of stems (a) and leaves (b) per square metre
covered. Asterisks indicate significant differences at P < 0.001
(***), at 0.001 <P <0.01 (**) and at 0.01 <P <0.05
(*); m.s. indicates marginally significant differences at
0.05<P<0.1.

(Fig. 5). Both species performed similarly during long
phenological phases, which was particularly appar-
ent for shoot elongation. This process took place from
early spring to the beginning of winter, with some
delay in J. sabina with respect to J. communis. Leaves
were similarly long-lived in both species, with an esti-
mated average lifespan of 42 months for J. sabina and
38 months for J. communis. In terms of flowering,
J. communis blossomed massively in spring whereas
J. sabina produced cones from mid-summer to the fol-
lowing early spring (but not in true winter), albeit at
low density and showing substantial variation between
individuals and years. Fruit ripening occurred earlier in
J. communis than in J. sabina, and in the second spe-
cies fruits remained on the plant for a longer time.

As for fruit production, J. communis produced sig-
nificantly more fruits than J. sabina in 2021 (W = 49,
P =0.002). On average, we recorded more than fif-
teen times more fruits in the former than in the latter
(2,681 + 1,012 fruits - m™2 vs 161 + 208 fruits - m™2,
respectively; Fig. 6). In fact, during the two years of
phenomorphological monitoring (2013 and 2014),
similar lower fruit production and greater individual
heterogeneity were observed in J. sabina compared to
J. communis. Moreover, this numerical difference is
magnified in terms of the number of seeds, as J. com-
munis produced twice as many seeds as J. sabina per
fruit (2.62 + 0.24 vs 1.24 + 0.14).

Population Structure

The populations of J. communis found at the three
sampling sites included greater proportions of shrubs
of small to medium sizes than those of J. sabina
(Fig. 7a,c,e). By contrast, the populations of
J. sabina consisted of larger shrubs, particularly at the
mid- and high-elevation sites. There, one-third of the

J. communis J. sabina
Species: ***
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©
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& 5
5 5
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B3 Low BES Mid BE High
E Female % Male

Fig. 4 Expansion of the two Juniperus species at each sam-
pling site, expressed as cm of primary growth per year. Data
for female individuals are shown on the left side of each
boxplot pair, and data for male individuals are presented on
the right. Significant differences obtained with the model
including both species are shown in the left panel. Aster-
isks indicate significant differences at P < 0.01 (¥**) and at
0.05 > P> 0.01 (**).
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Fig. 5 Phenology of the two Juniperus species under study at the mid-elevation site in terms of vegetative and reproductive main phases.

J. sabina shrubs covered more than 100 m? each —an
area not reached by any of the J. communis shrubs
measured (Fig. S5 in the electronic supplementary
material). Indeed, in a few cases we had to discard
some groups of poorly detached J. sabina spots from
the analysis because we could not ensure their dis-
tinctiveness, meaning that they might correspond to
a single very large clone that fragmented over time.
To describe the age structure of the shrub popula-
tions, we transformed the radius length of the shrubs
into age, using the average primary growth per year
for each species and site stated in the section of
canopy expansion. The age patterns obtained were
similar to that found for size structure, with J. com-
munis showing a larger proportion of young shrubs

B Species: ***
N -
= 3000
—
[0)
Q
£ 2000
=
-
o
Z 10004
0- $
J. communis J. sabina

Fig. 6 Fruit production (2021) by the two study species at the
mid-elevation site, expressed as the number of fruits per square
metre covered by the shrubs. Asterisks indicate significant dif-
ferences between the species (P < 0.01).
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and J. sabina showing more old shrubs, although the
difference is less apparent than that based on size
(Fig. 7b, d, f). In both species, we can assume some
misdetection of very small individuals hidden in the
rugged landscape, which would turn the smaller — and
younger — class in each species and sampling site sub-
represented in our counting.

In any case, the age structure of both species
revealed noticeable recruitment during the last dec-
ades. In the case of J. communis, the maximum
recruitment would have occurred 20-30 years ago
at the low- and mid-elevation sites whereas at the
high-elevation site the maximum would have peaked
40-50 years ago. Recruitment in J. sabina showed
less pronounced maxima, which would have occurred
one or two decades earlier.

Both Juniperus species exhibited varying cover
in the three landscapes considered. In the low-, mid-
and high-elevation sites, J. communis occupied 2.2%,
3.0% and 5.9% of each local area, and J. sabina
occupied 3.7%, 6.7% and 15.7% of each area (Fig. 1;
Table S4 in the electronic supplementary material).
Their cover must have increased sharply during the
last decades, as illustrated above. Namely, consider-
ing the radial expansion rates calculated, the shrubs
of J. communis analysed have increased their local
cover by 82.1%, 123.6% and 53.7% over the course of
a single decade (between 2007 and 2017) at the low-,
mid- and high-elevation sites, respectively. By con-
trast, the values for J. sabina are 62.9%, 45.8% and
39.1%. Note that, although J. sabina showed higher
relative cover and individual expansion rates than
J. communis everywhere, the second species achieved
higher percentage increases in global cover, as it
was represented by smaller shrubs, in which relative
expansion was greater.
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Across the distinct structure of these landscapes,
J. sabina was more frequently found in rocky areas or
on xerophilous grasslands (including outcrop spots)
whereas J. communis was more frequent in mesophil-
ous grasslands (Table S4 in the electronic supplemen-
tary material).

Discussion

Subtle Functional Differences May Result Into
Contrasting Species Behaviour

Both J. communis and J. sabina strongly invest in
leaves resistant to stress through distinct morphol-
ogy and structure, according to the leaf trait values
obtained (low SLA, high LDMC, and long lifespan;
Westoby et al. 2002; Grime 2006; Pérez-Harguinde-
guy et al. 2013). The small differences in SLA and
leaf lifespan found between the species possibly
reflect the greater investment in stress resistance by
J. sabina and may be related to the distinct leaf mor-
phology between the two species. In any case, the dis-
tinct functional structure of leaves allows both species
to cope with summer drought stress, which is more
pronounced at the low-elevation site, and with frost
events, more severe in the high-elevation site. In fact,
most Juniperus species are associated with environ-
ments defined by these factors (Adams 2014). In
addition, the greater variance in SLA and LDMC in
J. communis (Fig. 2; Table S1 in the electronic sup-
plementary material) may reflect a slightly better
developmental accommodation ability in this species,
which is known for its noticeable phenotypic plastic-
ity (Thomas et al. 2007).

In the populations studied at the mid-elevation site,
plants maintained growth (shoot elongation and pro-
duction of new leaves) over long seasons lasting eight
months. This necessarily means a slow growth ratio
(i.e. 1 and 1.2 cm per month on average in J. com-
munis and in J. sabina, respectively), which goes in
line with the costly production of such stress-resistant
leaves during primary growth (Westoby et al. 2002;
Onoda et al. 2017). Moreover, the long growth period
allowed the shrubs to achieve noticeable annual
growth, amounting to between 4.8 and 9.9 cm of
primary growth (i.e. radial expansion) depending
on the species and sampling site. These values were
higher in J. sabina across all sites, apparently due to
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its distinct growth pattern. In this species, primary
growth obviously occurred in centrifugally expand-
ing branches, which become progressively rooted and
ultimately produce a layering shrub. In J. communis,
growth was more divided between diffuse and verti-
cal main trunks and radially expanding branches of
those trunks (pers. obs. and Fig. S1, S2, S4 in the
electronic supplementary material). This would indi-
cate that J. sabina is more focused on clonal growth
and eventual vegetative multiplication, in contrast to
J. communis. Thus, J. sabina would appear to exhibit
better adaptation to the effects of disturbance on its
aerial parts by factors such as fire, cutting or extreme
drought, which seems to compensate for its lower
recruiting ability (Bellingham and Sparrow 2000).

The phenological delay in the growth of J. sabina
compared with J. communis suggests that the former
needs warmer temperatures than J. communis to start
vegetative growth and reproduction phases. However,
the rates of expansion showed a similar pattern in both
species along the elevation gradient, that is, similarly
active growth at the mid- and low-elevation sites and less
growth at the high-elevation site (Fig. 4). Thus, J. sabina
growth was not enhanced by warmer conditions at the
low-elevation site, likely because of a stronger effect of
summer drought events, which limit or interrupt growth
(Arzac et al. 2016). The flowering phenology and fruit
yield differed markedly between the two species. Con-
trasting with the seasonal spring blooming in J. commu-
nis, J. sabina showed a diffusely distributed production
of male and female cones, starting in late summer and
continuing into the following spring, with an interrup-
tion in winter, and different behaviour between individu-
als. This would contribute to the much lower fruit yield
observed in J. sabina, which has been reported also
from other regions (Benito Matias et al. 2012b).

Dioecy did not seem to have a cost on the veg-
etative fitness of female individuals in the Juniperus
studied here; in other words, no clear growth dif-
ferences have been found between the sexes at any
of the sampling sites, even in J. communis, where
female individuals produced so many fruits. This
stands in contrast with most dioecious woody species,
female plants of which typically show poorer growth
(Obeso 2002; Baiiuelos and Obeso 2004). However,
our results are in line with other studies in northern
regions showing a lack of differences in growth or
population structure between sexes in J. communis
(Marion and Houle 1996; Shetti et al. 2018).
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The two Juniperus species studied here are
known for their low rates of seedling emergence,
which is related to diverse dysfunctions in seed
production and to fruit predation by vertebrate and
invertebrate frugivores (Garcia et al. 2000; Wesche
et al. 2005; Benito Matias et al. 2012a, 2012b). Nev-
ertheless, the much higher fruit and seed production
of J. communis may translate into a greater capac-
ity for population expansion. At all the sampling
sites, the populations analysed included noticeable
proportions of young and moderately aged shrubs
of J. communis, as has been described in other Pyr-
enean and Atlantic locations (Garcia et al. 1999).
Moreover, J. communis has a wide range of habi-
tats, from rocky spots to patches of grassland and
scrub; indeed, young individuals were frequently
found even within dense J. sabina canopies. This
may have led to the greater ecological ubiquity
observed in J. communis, both at local and regional
scales (Carrillo and Ninot 1992; Florapyr 2023).

Contrastingly, young individuals of J. sabina were
very scarce (apparently absent from the mid- and
high-elevation sites). A similar population age struc-
ture has been reported from other regions, where
it has been assumed to be a sign of low seed fertil-
ity, competition from herbaceous vegetation and
herbivory (Wesche et al. 2005; Benito Matias et al.
2012b). Thus, heavier seeds in J. sabina would not
result in a stronger colonizagion ability. In fact, most
J. sabina individuals originated from rocky outcrops
(pers. obs., Table S4 in the electronic supplementary
material), from which they currently expand into for-
mer pastureland. This suggests a lower competitive
ability of the seedlings of this species within estab-
lished vegetation, which would make rocky spots the
most suitable type of microhabitat.

The lower recruitment seen in J. sabina may be
compensated by greater longevity provided by clonal
development. The ageing of shrubs of this species is
generally accompanied by the loss of the oldest aerial
parts, which are slowly renewed throughout the whole
plant, which can thus persist for decades or even
centuries (Wesche et al. 2005; De Witte and Stock-
lin 2010). The rich rooting system formed by their
creeping branches counterbalances the senescence
of the older parts of the stems, which facilitates hori-
zontal expansion and the re-colonization of gaps pos-
sibly arising within the shrub. Juniperus communis,
by contrast, retains its main axes for long and lacks

adventitious rooting, so each entire shrub eventually
grows old (Garcia et al. 1999), which may be com-
pensated at the population level by higher fruit pro-
duction and more successful seedling recruitment.

Colonization of Open Habitats and Landscape
Encroachment

The abrupt cessation of traditional land use that has
occurred in the last decades has promoted the re-col-
onization of open habitats by marginal populations of
the two Juniperus species (Ninot and Carrillo 2019).
Like in other encroaching shrub species, new, spread-
ing Juniperus stands have most likely originated from
sparse individuals that had for centuries remained
sheltered from grazing and occasional fires in rocky
spots occurring in these mountain landscapes (Las-
anta-Masrtinez et al. 2005; Roura-Pascual et al. 2005;
Ninot et al. 2017).

This process must have progressed differently in
the sampling sites located at distinct elevations. The
low- and mid-elevation sites formerly corresponded
to mosaics of grasslands and arable fields inter-
spersed with rocky spots. These agro-pastoral mosa-
ics were still present until the mid-20th century, when
they became an extensive rangeland with noticeable
ovine grazing until a few decades ago (pers. obs.).
By contrast, the high-elevation site was never culti-
vated and was kept as a patchwork rangeland with
pastures, shrubs and trees until some decades ago
(Fig. 1). There, since the disappearance of domestic
herbivores, the only large herbivores are wild ungu-
lates (Ninot et al. 2011; Ameztegui et al. 2021). The
three sites studied also differ in various ecological
factors correlated with the elevation gradient (Ninot
et al. 2013). With greater elevation, the growing
season becomes shorter, so vegetation dynamics
may proceed slower and biotic interactions, such as
plant—plant interactions and animal-mediated fruit
dispersal, may be less pronounced. This is in accord-
ance with the slower shrub growth and expansion
observed in both Juniperus species at the high-eleva-
tion site (Fig. 4; Arzac et al. 2016) and with the age
structure of the corresponding populations (Fig. 7).

At the landscape level, the two species expanded
during the last decades at varying rates, and cumula-
tive growth allowed them to reach a significant ground
cover, depending on the site (Table S4 in the electronic
supplementary material). The expansion of lower
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shrubs has facilitated the occurrence of taller shrub
species or tree saplings protruding above their canopy,
especially at the low- and mid-elevation sites. This
is more apparent in the case of J. sabina than in that
of J. communis even though J. sabina forms denser
canopies (Fig. 3). Most of the plant species benefiting
from shrub facilitation may have arrived by ornitho-
chory, since birds use these shrubs as perches in open
landscapes when covering medium to long distances
(Verdu et al. 2004; Adams 2014). They then success-
fully established within the moderately shaded envi-
ronment shrubs provide. Taller recruits of other spe-
cies do not appear to be detrimental to the mid-term
nursing effect provided even by lower J. sabina shrubs
(pers. obs., Table S4 in the electronic supplementary
material), as also found by Verdu et al. (2004). How-
ever, denser tree canopies of Pinus sylvestris, P. unci-
nata or Betula pendula reduce formerly dense scrub
into vanishing, etiolated understorey populations of
both species (Fig. S4 in the electronic supplementary
material). During the process of shrub expansion and
densification, the Juniperus layers filter the occurrence
of understorey species all the while their dense and
active rooting system may enhance ecological changes
involving soil properties and fungal communities (part
C of the electronic supplementary material — Root
structure and dynamics; Grau et al. 2019).

Shrub Persistence in Dynamic Landscapes

In Pyrenean landscapes prior to 3.5 millennia ago,
when woodlands dominated most mountainous areas
(Rodriguez-Gonzélez et al. 2023), Juniperus popula-
tions may have inhabited rocky outcrops on mountain
slopes. They must have survived in marginal habitats
throughout the period of landscape anthropization
until the sharp decline in traditional land use, which
has made way for their expansion into grasslands on
gentler slopes (Komac et al. 2013; G6émez-Garcia
et al. 2023). However, the cover of shrubby vegetation
has remained low as a result of landscape dynamics
that have occurred over the last decades in the Pyr-
enees and similar mountain ranges. This is due to the
fact that what shrubs gain in cover due to grassland
encroachment is counterbalanced by losses through
shrubland forestation (Monje 2003; Ferré et al. 2005;
Roura-Pascual et al. 2005). Thus, although the shrub
cover undergoes spatial changes, shrub communities
may remain a minority in these mountain landscapes.
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Juniperus communis scrubs widely encroach into
diverse ecosystems across temperate Europe and Medi-
terranean mountain ranges (Garcia et al. 1999; Thomas
et al. 2007; Benito Matias et al. 2012a). In these areas,
this species takes advantage of recent landscape changes
allowing it to utilize its good colonization ability and
capacity to occupy space, as discussed above. Seed-
ling recruitment counterbalances the loss of popula-
tions declining under closing tree canopies. At local
scales, J. sabina seems to follow similar dynamics, but
its whole geographic distribution (it being common in
the study area, very sparse in the Pyrenees and irregu-
larly distributed along its entire range) may be related
to its population structure. Concretely, the dominance
of medium-sized to very large adults and the scarcity
or lack of regeneration classes of J. sabina in the area
studied and in other regions (Wesche et al. 2005; Ben-
ito Matias et al. 2012b) suggest that the current popu-
lations of this species follow the model of persistence
through longevity and vegetative regeneration (Garcia
and Zamora 2003). This would be a consequence of
its clonal development, an adaptive ability that is very
scarce within the genus Juniperus and in conifers in gen-
eral (Adams 2014). Thus, the acquisition of clonality by
J. sabina may have played a relevant role in the persis-
tence of its populations. In fact, the capacity for adventi-
tious rooting, resulting in clonality, has been described
at the population level also in other few conifers, includ-
ing J. communis in suboptimal habitats (Houle and
Babeaux 1994; Payette et al. 1994; Thomas et al. 2007).
In this way, J. sabina populations may have persisted on
a few steep, south-facing Pyrenean slopes thanks to their
ability to tolerate environmental stress and moderate dis-
turbance by factors such as goat and sheep browsing, fire
and erosion. In spite of its low success in recruitment
and in colonizing new habitats, these remnant popula-
tions must have served as a source for eventual new
recruitment and expansion into neighbouring habitats.
This would have occurred during ecological windows
of opportunity (Eriksson 1996; Bellingham and Spar-
row 2000), as evidenced by the populations of J. sabina
studied here and those scattered in the Pyrenees. As in
other relict or rare species, this strategy has proven to be
effective at conferring inertia to populations that persist
locally despite their apparent reproductive collapse (Pic6
and Riba 2002; Garcifa 2008). This may allow many
plant species to persist regionally for even several mil-
lennia (Médail and Quézel 1997; Garcia and Zamora
2003), which significantly contributes to explaining the
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maintenance of high plant diversity in mountain regions
such as the Pyrenees.

In summary, the most commonly considered basic
plant functional traits (describing leaf resource use,
plant structure and growth) of the two Juniperus spe-
cies studied do not seem to be related to their con-
trasting distribution, since they showed no substantial
differences even across the sharp elevation gradi-
ent considered. The more successful dispersion and
recruitment in J. communis, manifested in a more
balanced population structure, would explain the suc-
cess of this species in many landscapes. On the other
hand, the worse recruitment ability of J. sabina is
apparently compensated by clonality and individual
longevity, which allows this species to persist in the
form of unbalanced populations in just a few appro-
priate landscape spots scattered across its range.
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