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Cliﬀs are refuges for old trees and shrubs. In the Mediterranean Basin most dendroclimatic reconstructions have
focused on high-elevation forests where tree radial growth is constrained by low temperatures in addition to
drought stress. Old shrubs may provide longer ring-width series of hydroclimate proxies in low-elevation,
drought-prone Mediterranean ecosystems where old trees are rare. To ﬁll this research gap we investigated the
maximum age and climate sensitivity of young, old, and recently dead Phoenician junipers (Juniperus phoenicea
L.), growing on calcareous cliﬀs and nearby plains, in the Guara Natural Park (northeast Spain). The oldest living
juniper was 14C-dated to be 927 years old, and it was named “Sancho” after Don Quixote’s squire. Based on ring
counts, the maximum age was 655 years. The diﬀerence in age estimates between the 14C-dates and ring counts
was 39 years indicating that ring counts underestimate age. This was due to missing and wedging rings making
the cross-dating of old junipers unfeasible. Cool and wet conditions from May to July enhanced radial growth of
young junipers. Old shrubs have a high dendroecological potential in Mediterranean sites where their growth is
constrained by warm-dry conditions during the growing-season. Further techniques combining dendrochronological and wiggle-match 14C dating may allow reconstructing long-term hydroclimate in low-elevation Mediterranean areas.

1. Introduction

be replaced by shrubs. In cold biomes, shrubs will beneﬁt from rising
temperatures and show improved encroachment and growth rates
across the tundra (Büntgen et al., 2018) or invade formerly grazed
pasture lands (García-Cervigón et al., 2012).
Slow growing trees get older, but what about shrubs? For instance,
slow-growing Juniperus communis individuals live longer than fast
growing conspeciﬁcs in Britain (Ward, 1982). These data suggest that
harsh environmental conditions, leading to slow growth rates and long
life-spans, also apply to shrubs. Such conditions are found in unproductive rocky outcrops and cliﬀs from North America and Europe,
where old trees and shrubs over 1000 years in age are found and grow
very slowly under unique microclimate conditions, being protected
from disturbances including ﬁre, logging or herbivory (Larson et al.,
1999, 2000a; Mathaux et al., 2016). Here we quantify the age of old
juniper (Juniperus phoenicea) shrubs growing on cliﬀs in northeast Spain
by combining dendrochronological techniques and 14C measurements.
We also assess the responsiveness of young junipers to recent climate
conditions by relating ring-width to mean temperature and precipitation data.

Dendroecologists have shown interest in the research and conservation of old trees given their multiple and unique ecological values
(Lindenmayer, 2016), including their pivotal role as carbon sinks
(Luyssaert et al., 2008). Old-growth forests enhance carbon storage
because of their long carbon residence times (Körner, 2017). Since the
residence time of carbon depends on longevity it is critical to investigate and conserve old populations of woody plants including trees
but also shrubs (Keith et al., 2009). However, longevity is inversely
related to the rate of radial growth (LaMarche, 1969; Loehle, 1988;
Bigler and Veblen, 2009) and the stem metabolic rates (Issartel and
Coiﬀard, 2011). But it still remains unclear if the tradeoﬀ between
longevity and growth rate described for trees also holds for shrubs, and
if it is modiﬁed by environmental conditions (Larson, 2001; Lanner,
2002; Rosbakh and Poschlod, 2018).
Similar to trees, shrubs are also long-living woody perennials.
Shrubs are the dominant woody forms in cold tundra and semi-arid
regions, and they are expected to become more important due to climate warming and land-use changes (Myers-Smith and Hik, 2017). In
drought-prone biomes, warmer and drier conditions are forecasted to
be detrimental for the largest trees (Bennett et al., 2015), which could
⁎
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Fig. 1. View of an old, living Phoenician juniper growing on
a cliﬀ (a), transversal section of an old individual showing
lobed shape (b), micro-section showing narrow and wedging
rings (c), histogram (bins are 50-year classes) of age frequency of old junipers with ages estimated by ring counting
and inset showing 14C-dated ages (error bars are standard
deviations) (d), climate-growth associations of cored young
junipers (e), and coherence through time between radial
growth (RWI, ring-width indices) of cored young junipers
sampled in plains and mean maximum June-July temperatures (note the reverse scale of temperature, in °C) (f). The
histogram (d) summarizes the ages of living (n = 65) and
dead (n = 47) junipers sampled in cliﬀs, and empty and ﬁlled
bars and symbols correspond to living and dead junipers,
respectively. In plot (e) bars are correlations calculated between RWIs and monthly mean temperature and total precipitation from the previous up to the current September
(previous and current months are abbreviated by lowercase
and uppercase letters, respectively) over the best-replicated
period (1950–2017); and horizontal dashed and dotted lines
indicate the 0.05 and 0.01 signiﬁcance levels, respectively.

2. Material and methods

found around the Mediterranean Basin, but may reach Arabia and the
Canary Islands (Farjon, 2005). The species has dendrochronological
potential and its ring widths were used to reconstruct precipitation in
the Middle East (Waisel and Liphschitz, 1968; Touchan et al., 1999).

The Phoenician juniper (Juniperus phoenicea L., Cupressaceae;
hereafter juniper) is a pioneer species which grows up to 10 m high; it is
33
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Sampling was conducted in the cliﬀs of the “Parque Natural de la
Sierra y Cañones de Guara” (42.25 °N, 0.28 °W, Huesca province, north
east Spain) (Fig. 1a). The elevations of sampled cliﬀs varied from 90 to
700 m a.s.l. The size of all sampled individuals was determined by
measuring the basal diameter using tapes. Cross-sections from seemingly old junipers (n = 112) were cut down for the study using a
hand-saw. Old individuals were selected based on their external features such as twisted and leaning (often inverted) stems, strong taper
(high basal diameter to height ratio), crown dieback, reduced canopy,
exposed roots, strip-bark and moderate to large size (Swetnam and
Brown, 1992; Matthes et al., 2008). Sampled individuals displayed a
stunted growth form (height between 0.70 and 1.75 m) and were multistemmed. In the case of old dead individuals, sections were taken at the
base of the largest and main stem, whereas in the case of old living
individuals, sections were taken from the base of the thickest stem to
avoid killing the shrub. This sampling was reduced to the minimum so
as to preserve most old-growth shrubs. In addition, 12 living junipers
growing in a nearby ﬂat site (located 12 km apart) were cored at 1.3 m
using a 5-mm wide increment borer. Cross-sections and cores were
carefully sanded using 300, 600 and 1200 grit sandpapers and a belt
sander. Cores were visually cross-dated, and their ring width series
measured to the nearest 0.001 mm using a LINTAB-TSAP measuring
device (Rinntech, Heidelberg, Germany). Cross-dating was then
checked with the software COFECHA (Holmes, 1983).
To assess climate-growth relationships in young, living junipers we
obtained a mean series of indexed ring-width values. Ring-width series
were detrended by ﬁtting negative exponential functions and dividing
the observed by the ﬁtted indices (Fritts, 1976). The resulting indices
(RWI) were subjected to autoregressive modelling to remove the ﬁrstorder autocorrelation (Cook, 1985). Finally, these dimensionless indices were averaged using a biweight robust estimation of the mean to
obtain a mean site series or chronology. Chronology building was done
using the ARSTAN software (https://www.ldeo.columbia.edu/treering-laboratory/resources/software). The chronology was characterized using several statistics (cf. Briﬀa and Jones, 1990) showing the
year-to-year RWI variability (mean sensitivity) and the coherence between cross-dated series (mean correlation of individual series with the
chronology; Rbar, mean correlation among ring-width series; EPS, Expressed Population Signal).
Finally, the residual chronology was correlated with monthly climate data (mean maximum and minimum temperatures, precipitation)
obtained from the 0.25°-grid (42.00–42.25 N, 0.00–0.25 W) in the EOBS
dataset (Haylock et al., 2008). Pearson correlations (r) were calculated
from previous to current September over the best-replicated period
(1950–2017).
In the case of cross-sections from old trees, cross-dating was not
possible due to the abundant missing, narrow and wedging rings, intraannual density ﬂuctuations, and the frequent eccentric growth (Figs. 1b
and c). From the disk samples, ring counting was performed along three
diﬀerent radii from the bark to the pith, albeit four radii are recommended when cross-dating is the main objective (Buras and
Wilmking, 2014). Plant age is considered as the highest number of rings
counted in any of the three radii. These estimates provide a rough approximations of juniper age (cf. Mathaux et al., 2016).
Three wood samples (approximately 10 mg in weight) were taken
from the piths of the ﬁve oldest junipers according to ring counting
(two living individuals plus three recently dead individuals which still
had bark and ﬁne branches). Pith-14C dating was performed at the
Laboratory of Ion Beam Physics (ETH Zurich). A base-acid-base-acidbleaching method was applied to clean the wood samples and extract
cellulose (Wacker et al., 2014). Samples were graphitized and analyzed
in comparison to standards and reference samples (Wacker et al.,
2014). The dating precision of these analyses is ± 28 years.

3. Results and discussion
The mean diameter of old junipers, both living and dead, was
16.0 ± 4.0 cm (mean ± SD), whereas the mean diameter of cored
young junipers was 7.6 ± 2.6 cm. Based on ring counting, the maximum ages of old dead and living junipers is 655 and 623 years, respectively (Fig. 1d). The young junipers showed a mean age of 76 ± 15
years (range 64–103 years). The maximum length of measured series
was 1915–2017, but the best-replicated period was 1950–2017 (n = 20
series). These young junipers presented a growth rate of
0.678 ± 0.247 mm yr−1, and their mean sensitivity was 0.40 ± 0.07,
the Rbar was 0.35 ± 0.17, and the EPS was 0.86. The mean correlation
of the individual series with the chronology was 0.52 ± 0.14.
Based on 14C-dating, the mean age of old junipers was 731 ± 28
years, the oldest dead juniper was 874 ± 28 years old, and the oldest
living juniper was 927 ± 28 years old. The latter juniper was named
“Sancho” in homage to Don Quixote’s short-stature squire. The diﬀerence in age estimates of old junipers between their 14C-dates and ring
counts was 69 ± 32 years (range 5–305 years) which concurs with the
previous observation that ring counting underestimates the actual age
(Mathaux et al., 2016). The diﬀerence in ring counts between the three
diﬀerent radii measured in each juniper was 27 ± 11 years. Since we
sampled basal disks from recently dead trees, and not decaying individuals (snags) with eroded trunks, this underestimation can be explained by the frequency of missing and double rings which are
common in junipers (Pacheco et al., 2016).
In southern France (Ardèche canyon), Mandin (2005) discovered a
1500-year old juniper. Mathaux et al. (2016) sampled some of those old
junipers and counted 1225 rings in one and 14C-dated the pith of another to 2520 ± 35 years BP. According to these authors, this species
could provide some of the longest tree-ring series in the Mediterranean
Basin. In addition, the decay-resistant juniper wood prevents trunk
collapse (Larson, 2001). Consequently, old juniper stems are not hollow
as usually happens with old trees. However, the cross-dating of these
eccentric cross-sections, which usually have lobate form, is generally
unfeasible as already noted by Mathaux et al. (2016).
Old ages are not unusual in juniper species. For instance, J. communis may reach maximum life spans of 840 years in the Polar Urals
(Schweingruber and Poschlod, 2005). Juniperus occidentalis and Juniperus turkestanica have been dated using dendrochronology to be 2675
and 1437 years old, respectively (Miles and Worthington, 1998; Esper
et al., 2007). In the Iberian Peninsula, the oldest living trees are black
pines (Pinus nigra subsp. salzmannii) and Mountain pines (Pinus uncinata) which have been crossdated to be ca. 850–1100 years old (Creus
Novau, 1998, Camarero et al., 2015). However, these old Iberian pines
are located at elevations between 1700 and 2200 m, where climate
conditions are cool and wet, and in those mountain sites meteorological
stations are scarce or have short records. Therefore, Mediterranean
junipers may be better long-term monitors of low-elevation, droughtprone conditions.
Cool and wet conditions during the growing season (May-June)
enhanced radial growth of young junipers (Fig. 1e). Warm and wet
conditions during the prior December and cool conditions during the
previous September and the current July also enhanced radial growth.
The correlation between RWI with mean maximum June-July temperatures was r = −0.50 (P < 0.0001), and with May precipitation
was r = 0.35 (P = 0.004) (Fig. 1f). The studied juniper species forms a
shallow root system and is considered a drought-tolerant species
(Baquedano and Castillo, 2007). This explains why warm summer
conditions, enhancing evaporation, reduce radial growth and enhance
the water-use eﬃciency of this species (Altieri et al., 2015). In extreme
cases, like dry spells and heat waves, dieback and widespread mortality
of juniper occurs despite the species’ drought tolerance (Gazol et al.,
2017).
The age-related deterioration of several physiological functions,
related to water and nutrient uptake, has been attributed to the increase
34
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in size of aging trees (Mencuccini et al., 2005), but this idea may not
apply for short-stature shrubs. Old trees may show enhanced growth in
response to favorable environmental conditions (Granda et al., 2017)
because senescence does not necessarily impair cambial meristems
(Lanner and Connor, 2001). In the case of old shrubby junipers, small
size, sectoriality and partial cambial mortality (strip-bark growth habit)
are linked to long life-spans (Mandin, 2006). These traits would allow
old woody individuals inhabiting cliﬀs to survive rockfall but also
drought (Larson et al., 1994; Matthes et al., 2008). The very low growth
rates of old junipers agree with the harsh conditions of cliﬀs, because
old individuals could thrive on more stable ground but are competitively excluded to these escarpment ecosystems (Kelly et al., 1992), and
agrees with the preferential investment in dense wood with abundant
metabolites, and resistant to fungal decay (Loehle, 1988; Klötzli, 1991).
Old junipers represent a valuable proxy of paleocological information because such old specimens are very rare at low elevations in the
Mediterranean Basin where most dendroclimatic reconstructions are
based on high-elevation forests of pine, ﬁr and cedar species (Cook
et al., 2015, and references therein). These drought reconstructions may
be biased in some cases because cold conditions prevail in mountains
where the climate-growth relationships may be overridden by thermal
constraints that diﬀer from those experienced at lower elevation where
water shortage is actually constraining tree or shrub growth (SánchezSalguero et al., 2015). Climatic reconstructions based on very old
Mediterranean junipers, which are very sensitive to growing-season
hydroclimate variability (Camarero et al., 2014; Esper et al., 2015) but
may not always be cross-dated, would beneﬁt from complementary
dating techniques such as wiggle-matching 14C dating (Biondi et al.,
2007; Piovesan et al., 2018), and sampling of archaeological material
with known provenance and historical documentation. The combination of several dendrochronological proxies (wood anatomy, microdensity, isotopes) would help to cross-date old junipers, thus advancing
a better understanding of the speceis’ long-term growth functions, and
how senescence progresses on harsh cliﬀ environments. For instance,
we could investigate how these old junipers are responding to rising air
temperatures in comparison with their young conspeciﬁcs since in the
study area mean maximum June-July temperatures have signiﬁcantly
risen since 1950 (r = 0.50, P = 0.0001) at a mean rate of +0.04ºC
yr−1 (Fig. 1e). Cliﬀs provide a refugia for many endemic rock-crevice
plants. Their unique microclimate conditions may be more favorable for
the long-term survival of shrubs than nearby Mediterranean sites. Finally, further exploration of calcareous cliﬀs, steep slopes and canyons,
with the help of naturalists and rock climbers, would help to locate
older juniper populations as has been done with Thuja occidentalis in
North America (see Larson et al., 2000b). This exploration could also
include individuals of Mediterranean shrub species forming annual
rings but still understudied (e.g. Juniperus and Pistacia species). The
ﬁnding of old shrubs in Iberia and southern France is not only a research of local interest because it may foster the discovery of other oldshrub populations across the Mediterranean Basin.
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