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a b s t r a c t

Juniperus phoenicea is a tree that can grow on vertical cliff faces in dry and warm Mediterranean cli-
mate conditions. These trees are adapted to extreme growing conditions where the main constraints
are verticality, compact hard limestone, and low water supply. They respond to these constraints via
various specific features and high longevity. The objective of this study is to confirm whether or not
their tree-rings are annual in order to specify growth strategies and accurately date these trees. Trunk
morphology, anatomical wood anomalies and radial growth were analyzed on 53 trees in the Ardèche
canyon. Crossdating of the ring widths using traditional dendrochronological techniques was unsuccess-
ful, so radiocarbon dating of tree pith was used to assess tree age, and wiggle-match dating was used
to test for differences between number of rings counted and radiocarbon dates. Radiocarbon dates span
the period 2520–685 BP. Minimal difference between radiocarbon dates and ring counts was apparently
small—missing rings occur, but not in large numbers. Tree-ring formation is annual and radial growth is
tunted trees low, which creates stunted old trees. Such old living trees are uncommon in the Mediterranean basin,
especially at low elevation. They can provide long tree-ring chronologies back to 792–524 cal BC. Results
from the radiocarbon dating indicate that accurate annual dating of these rings may be possible by cross-
dating. J. phoenicea growing on cliffs offer a valuable model to better understand cliff population ecology
and the functional responses of trees that can live in harsh environmental conditions.
. Introduction

Most forest ecosystems have been impacted by human civiliza-
ions on both spatial and temporal scales (Blondel and Aronson,
999), but work by Larson et al. (1999, 2000) shows that cliffs
upport ancient, primary or virgin woodland, as cliff face habi-
ats are too inaccessible to support anthropogenic disturbances.
rees that are able to grow on cliff faces have to support high abi-
tic constraints such as a limited root space, a low water storage
apacity, and recurrent rockfalls (Larson et al., 1993; Matthes and

arson, 2006), but in turn they benefit from the absence of logging,
res, grazing, and competition from more aggressive level-ground
egetation. A study of 65 different temperate climate-zone cliffs

∗ Corresponding author.
E-mail address: coralie.mathaux@imbe.fr (C. Mathaux).

ttp://dx.doi.org/10.1016/j.dendro.2015.12.005
reported exceptional longevity in some treelike cliff species such as
Thuja occidentalis, (Northern USA), Juniperus virginiana (USA), Taxus
baccata (United Kingdom), Juniperus phoenicea (Verdon canyon,
France), which can reach ages of over 1000 years (Larson et al.,
2000). Other studies confirm this site-specific longevity: a 1890-
year Thuya occidentalis was discovered in the Niagara Escarpment
(Southern Ontario, Canada; Larson, 2001) and a 1500-growth-layer
J. phoenicea was found in Ardèche canyon (South of France, Mandin,
2005).

J. phoenicea L. (family Cupressaceae) is a treelike shrub or small
evergreen tree growing up to twelve meters tall (Farjon, 2005). Its
geographic range extends from the Canary Islands and the Atlas
mountains in Africa in the West, to Jordan and Saudi Arabia in the
East (Dzialuk et al., 2011), where it thrives under Mediterranean cli-

mate. It is a heliophilous, xerophilous and thermophilous species
(Rameau et al., 2008) of saxicline plant that is found on rocky soils
or orthent in the Mediterranean region (Garraud, 2003). Two sub-

http://crossmark.crossref.org/dialog/?doi=10.1016/j.dendro.2015.12.005&domain=pdf
mailto:coralie.mathaux@imbe.fr
dx.doi.org/10.1016/j.dendro.2015.12.005
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pecies are identified, J. phoenicea subsp. turbinata in populations
f the coastal maritime areas and J. phoenicea subsp. phoenicea in
ll the other populations growing in hinterland landscapes up to
500 m asl, such as on the slopes of the Atlas Mountains. It is a
rought-tolerant, light-demanding tree characterized by pioneer
roperties (Quézel and Pesson, 1980; Quézel and Médail, 2003).
he Ardèche marks the northern limit of its distribution on the right
ank of the Rhône.

In the French Mediterranean region, populations of J. phoenicea
ree can also grow on vertical and exposed limestone cliffs. These
rees are adapted to extreme growing conditions where the main
onstraints are verticality and compact hard limestone that place
trong mechanical stress on roots, which effectively limits both
heir growth and nutrients and water supply in dry and warm

editerranean climate conditions. J. phoenicea tree colonizing
hese very harsh sites respond to these constraints via various spe-
ific features, one of which is a deformed gross architecture with
low and often asymmetric growth and a high proportion of strip-
ark where trunk dieback is caused by partial cambium mortality.
tem or trunk stripping is known to occur in angiosperms and gym-
osperms but is most common in the Cupressaceae family (Matthes
t al., 2002). It is possible that this significant partial cambial mor-
ality is triggered by hydraulic pathway sectoriality. Sectoriality

eans that there is no radial sap flow, i.e., each root only supplies
he radial part of the crown to which it is connected (Mandin, 2006).

Trees can reach exceptional lifespans (Mandin, 2005). In the
editerranean region, a major problem in achieving long tree-ring

hronologies is the scarcity of long-lived trees which often results of
nthropogenic impact (Luterbacher et al., 2012). A further problem
s that a majority of the few long-lived trees in the Mediterranean
asin are evergreens that produce anatomical anomalies such as
ouble rings (Cherubini et al., 2003), features that make cross-
ating very difficult. However, some authors have proposed that
ree rings of long-lived Mediterranean evergreens, such as Junipe-
us sp. and Quercus ilex L. can nevertheless be dated and used for
endrochronological studies (Cherubini et al., 2003; Campelo et al.,
007).

J. phoenicea demonstrates especially remarkable longevity and
re abundant in the cliffs of the Ardèche valley. The longevity of

hese trees in such habitats potentially offers very long tree-ring
eries, but as with many other Cupressaceae species, there is per-
istent uncertainty over the annual status of a ring (Lemoine, 1966;
bdoun et al., 2005; Couralet et al., 2005). However, in another

Fig. 1. Location of the Ardèche canyon (Fran
evergreen cliff species in Canada, a 1397-year tree-ring chronology
has been built, and radial increment was negatively correlated with
the previous year’s maximum summer temperature (Kelly et al.,
1994).

The objectives of this study were to accurately date J. phoenicea
growing on cliffs and determine the representativeness of a ring. For
this purpose, three techniques are used: cross-dating, radiocarbon
dating on the tree pith to determine the age, and wiggle-match
dating to test for differences between number of rings counted and
radiocarbon dates.

2. Materials and methods

2.1. Field study

This study was performed on vertical cliffs (altitude range
50–300 m) in the protected nature reserve of Ardèche canyon in
Southeast France (Fig. 1) and its surroundings. Ardèche canyon
(1575 ha) was classified as a nature reserve in 1980. This reserve
encompasses eight towns, with Vallon-Pont d’Arc (118 m asl)
upstream. Downstream of Vallon-Pont-d’Arc, the river Ardèche
turns eastwards through the reserve to cross a vast plateau of Cre-
taceous Urgonian limestone, forming a meandering 300 m-deep
29 km-long canyon (Mocochain et al., 2009). All the cliffs along the
river Ardèche form this deep limestone canyon. The plateau is cov-
ered by coppices and garrigue dominated by holm oak (Q. ilex L.)
and box tree (Buxus sempervirens L.).

The study area is submitted to a Mediterranean climate with a
pronounced summer drought and autumn rainfall peak. At Orgnac
(230 m asl, south of Ardèche canyon), average annual precipita-
tion and mean annual temperatures are respectively 925 mm and
13.3 ◦C (1970–1998).

2.2. Tree sampling

The fieldwork was carried out in two steps. First, the trees were
surveyed using binoculars to locate potentially very old trees. The
most important criterion to find ancient J. phoenicea is inaccessi-
bility to humans, which has preserved these rocky cliffs against

disturbances such as deforestation for centuries. The second crite-
rion is the presence of very compact rock enabling trees to remain in
place. The third criterion in a Mediterranean climate is the absence
of slope at the foot of the cliff, which could expose tree to pow-

ce). Courtesy of Christophe Gauchon.
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Fig. 2. Tree morphology of Juniperus phoenicea growing on cliffs. (a) e

rful hot air convection in the event of severe forest fire (Mandin,
005). Outside these criteria, Schweingruber (1993) argued that in
ifferent species, the oldest trees can be recognized by their appear-
nce, size and shape. Matthes et al. (2008) later confirmed this
ypothesis on T. occidentalis growing on cliffs by modelling the rela-
ionships between age, morphology, growth rate and environment.

andin (2005) showed that old J. phoenicea have typical morpho-
ogical characteristics. Aside from a large basal diameter compared

ith height, old trees can be detected by three criteria: (i) stem is
ften horizontal or inverted (Kelly et al., 1992) and even sometimes

ompletely inverted with roots growing upwards (Mandin, 2005),
ii) stem and branches are very twisted (Mandin, 2005), and (iii)
trip-bark is prominent (Matthes et al., 2008). Indeed, on very old
rees, the only functional part of the wood is restricted to a string
b) horizontal; (c) inverted; (d) inverted with roots growing upwards.

protected by bark tissue (Larson et al., 1993; Esper, 2000; Mandin,
2005). These criteria were used to identify the trees to be sampled
in the second step.

The second step was to collect cross-sections on 52 dead and
one living juniper from five sites along the Ardèche canyon, and to
core 50 living trees. On the cliffs, dead trunks and branches were
sampled by rappelling using specific rock-climbing equipment.
Morphological and environmental variables were determined to
each tree. Stem disks were collected using a hand-saw. In the lab,
the disks were sanded down to a 1200 grit band using a belt sander,

then 12 stem disks were selected based on high ring count, ring
visibility, wood color and radius length.



2

g
w
t
c
a

2
m

a
r
t
s
1
b
d
W
f
e
t
i
e
R
f
i
f
s
d
o
a
o
c
f
2
c
d
d

3

3

a
o
(
w
a
t
c
a

o
i
s
A
f
o
s
g
d

Fig. 3. Stem cross-sections of Juniperus phoenicea growing on cliffs. (a) more or less
circular or oval; (b) star-shaped; (c) flattened; (d) refolded.
.3. Morphological and anatomical description

Careful observation of individuals in several populations of cliff-
rowing J. phoenicea revealed a number of trunk morphologies that
e recorded to illustrate the varied tree forms. As the shape of the

runks collected conditioned the shape of the cross-sections, we
lassified the most frequent tree and cross-section morphologies
nd described the anatomical features of these sections.

.4. Crossdating, radiocarbon dating, and wiggle-match dating
ethod

First we attempted to crossdate different radii of a single stem
nd different stems under a binocular microscope to get an accu-
ate estimate of tree age (Stokes and Smiley, 1968; Fritts, 1976). We
hen applied radiocarbon dating in two ways. First, the pith area of
ix trees was dated. Second, wiggle-match dating (WMD) (Pearson,
986) was applied on four disks presenting an appropriate num-
er of rings. One of these disks had never previously been pith-14C
ated so was selected for WMD due to the long ring series it offers.
MD combines tree-ring analysis and radiocarbon dates obtained

rom multiple tree-ring samples of known relative order over an
xact number of years. This sequence of 14C dates can then be fitted
o time variations of past atmospheric radiocarbon levels recorded
n the radiocarbon calibration curve to yield high-precision dating
stimates for a given year in the tree-ring sequence (Pearson, 1986;
amsey et al., 2001; Bayliss and Tyers, 2004). WMD is usually per-

ormed for dating of tree-ring sequences when dendrochronology
s impossible (Galimberti et al., 2004). Here we used WMD to test
or differences between radiocarbon dates and ring counts. Six to
even 12-year segments of tree-rings were sampled on each of four
isks; exact ring counts gave relative positional segment sequence
n each slice. We selected 12-year segments for wiggle-matching
s most of the samples include periods of extremely narrow rings
ffering limited samplable material. We thus obtained a series of
losely sequentially spaced 14C dates. The AMS date sequences
or each sample were wiggle-matched using OxCal 4.2.3 (Ramsey,
009) and compared against the IntCal13 radiocarbon calibration
urve (Reimer et al., 2013). We obtained seven 14C dates on three
isks with pith (03AUT5, 02PTT1, 03TEM6) and six 14C dates on a
isk without pith (01HUG1b).

. Results

.1. Morphological and anatomical description

J. phoenicea growing on cliffs tends to present a small, stunted
nd distorted gross morphology (Fig. 2a–d). Trunks have variable
rientation. Tree morphology can be erect (Fig. 2a), horizontal
Fig. 2b) or inverted (Fig. 2c) and sometimes completely inverted
ith roots growing upwards (Fig. 2d). Many Phoenician junipers

re branched from the bottom and multistemmed. Trunks are often
wisted (Fig. 2d). Many individuals apparently show discontinuous
ambium function that produces a very irregular trunk contour and
symmetric radial growth of the shoot.

The first rings are often concentric, after which ring geometry
ften becomes eccentric. The stem cross-sections can be divided
nto three types of shape: more or less circular or oval (Fig. 3a),
lightly to deeply lobed (=star-shaped) (Fig. 3b), and flattened.
mong the flattened shapes, some can be unilaterally flattened

rom the pith, some bilaterally flattened from the pith (Fig. 3c), and

thers refolded (Fig. 3d). Some stems combine varied geometries,
uch as flattened then lobed. Given that very complex morpholo-
ies were predominant in our sample, we decided to use only stem
isks rather than cores where a large number of rings could be lost.
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Fig. 4. Anatomical anomalies visible on Juniperus phoenicea growing on cliffs. (a)
partially missing rings; (b) extremely narrow rings (13 rings in 500 �m); (c) dark-
.2. Radial growth and crossdating

In terms of secondary growth, in these harsh growing condi-
ions, some trees can get very old. Nevertheless, tree age was simply
ssessed by counting growth layers. Precise age remains unknown
s nothing is known on the seasonality of a growth layer. Indeed,
here are many anatomical anomalies. Both false and partially miss-
ng rings (=wedging rings) are visible under the microscope (Fig. 4a)
o such an extent that there is persistent uncertainty about the
eriodicity of ring formation, making it very difficult to crossdate
y skeleton plot technique. Furthermore, annual radial growth is
ery low (Fig. 4b) and varies according to radius, some areas are
arkened by the presence of secondary metabolites in the wood
issue (Fig. 4c), and intra-annual density fluctuations are frequent
Fig. 4d). The complex morphology of the trunks combined with
hese many anatomical anomalies impede the fundamental cross-
ating stage, which is a prerequisite for the determination of an
ccurate age.

.3. Radiocarbon dating

Given the failure to crossdate, we decided to test the hypoth-
sis that observed growth layers are annual rings by achieving
adiocarbon dating in the pith area of five trees. Samples 03TEM6,
2PTT1, 02PTT2, 03AUT4a were collected from dead trees and sam-
le 03AUT5 was from a living tree. The radiocarbon dates span the
eriod 2520–685 BP (Table 1). Radiocarbon dating pointed to ages
hat diverged widely from the ages assessed by ring counting. Min-
mal difference between the number of counted rings and the most
ecent calibrated date was between 1792 years (Tree 03TEM6) and
t least 15 years (Tree 03AUT5). For example, Tree 03TEM6 was
ampled in 2003, the minimal difference between ring count and
alibrated age was calculated as follows: [(year of tree sampling
2003) – (number of counted rings (735)) – (youngest calibrated
ge (−524))] = 1792 years. The outer part of this trunk was weath-
red which may explain that difference. For the other three dead
runks, the minimal difference between 14C age and ring count was
elatively low, even though ring counting underestimated the age
ompared to 14C age. The trunk of the living tree has a 14C age
f 1190 ± 30 BP (calibrated age 730–936 AD) while the number of
ings counted is only 1052.

.4. Wiggle-match dating

WMD was applied on four trees from cliffs of the Ardèche valley
ith ring counts of 652 (02PTT1) up to 1234 (01HUG1b). The 14C
ates obtained for disks 03AUT5, 02PTT1, 01HUG1b spanned 600,
00 and 650 years, respectively. The results are shown in Fig. 5a–d
ith the fit to the calibration curve provided by the OxCal program.

he fit is good although some segments of tree-rings are slightly
ore scattered than one might expect based on the chi-square val-

es (see Fig. 6a–d). As regards 03TEM6, the overall agreement is
oor due to a few plateaux on the calibration curve. For 03AUT5,

t appears that the difference between ring count and 14C dates is
mall for the first six dates but higher for the seventh date. Accord-
ngly, the uncertainty of our counting appears moderate. The gap
ppears to arise from rings that are totally missing, although such

issing rings appear fairly uncommon. For 02PTT1 and 01HUG1b,

here were a few outliers due to plateaux in the calibration curve,
ver 1450–1600, 1750–1800, and 800–900, 1450–1600, respec-
ively.

ened areas due to secondary metabolites; (d) intra-annual density fluctuations.



Table 1
Radiocarbon dates done in the pith of five Juniperus phoenicea.

No. Tree Sampling date Number of rings Reference 14C years (BP) Calibrated date

1 03TEM6 2003 735 Ly-4105 (SacA) 2520 ± 35 792–524 cal BC
2 02PTT1 2002 652 Ly-4103 (SacA) 835 ± 30 1159–1262 cal AD
3 02PTT2 2002 506 Ly-4104 (SacA) 685 ± 30 1273–1385 cal AD
4 03AUT4a 2003 1225 Ly-4102 (SacA) 1770 ± 35 136–376 cal AD
5 03AUT5 2003 1052 Ly-4101 (SacA) 1190 ± 30 730–936 cal AD

G1b, (

4

4
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a
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S
P
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Fig. 5. Wiggle-match plot of sample ((a) 03AUT5, (b) 02PTT1, (c) 01HU

. Discussion

.1. Tree morphology and longevity

These juniper trees growing on cliffs tend to be small, stunted,
nd morphologically deformed, with slow growth rates yet great
ges. Such trees are found on other very severely environmentally-
onstrained sites (Beasley and Klemmedson, 1973; Klötzli, 1991;

wetnam and Brown, 1992; Kelly et al., 1992). For conifers such as
inus longaeva (Schulman, 1954), Pinus aristata (LaMarche, 1969),
uniperus communis (Ward, 1982), T. occidentalis (Matthes-Sears
d) 03TEM6) against INTCAL13 calibration dataset (Reimer et al., 2013).

and Larson, 1995), and angiosperms like Zelkova abelicea (Fazan
et al., 2012), growing in adverse and rocky sites, being small does
not mean being young. They show extremely slow radial growth
and reach a greater longevity.

In the genera Pinus, Cupressus, and Juniperus, some individ-
uals frequently show morphological distortion and asymmetric
radial growth of the shoot due to partial cambial mortality (Larson
et al., 1993). Trunk morphology distortion, eccentric pith, and

star-shaped or other deformed-shape cross-sections seem con-
nected to two phenomena: asymmetric cambial growth and partial
cambial mortality. Sectoriality is associated with irregular radial



Fig. 6. Composite probability plot of the radiocarbon-dated decades calculated for
sample ((a) 03AUT5, (b) 02PTT1, (c) 01HUG1b, (d) 03TEM6) wiggle-matched using
OxCal 4.2.3 (Ramsey 2009) and the INTCAL13 calibration dataset (Reimer et al.,
2013). Unshaded (hollow) background histograms show total dating probability for
each sample in isolation, while black (solid) histograms show the same but for each
decade as a part of the wiggle-match.
growth (Larson et al., 1994; Mandin, 2006) and allows partial
cambial mortality. Cambial activity varies significantly around the
circumference of the trunk. Cambial asymmetry is caused by the
autonomous stem sub-units that grow differently according to
water and nutrient supply at root-system scale (Larson et al., 1994;
Cherubini et al., 2003). Cambial mortality, or ‘strip-bark’ morphol-
ogy, was first reported by Schulman (1954) in P. longaeva. This
process involves the death of the cambium over part of the stem cir-
cumference and results in strips of dead exposed wood extending
up and down the bole of the tree, alternating with strips of living
cambium and bark (Matthes et al., 2002). For Juniperus, the main
driver of high cambial mortality seems to be mechanical damage
due to rockfall (Esper, 2000). Species that exhibit strip-bark mor-
phology often grow in adverse climatic conditions are long-lived
(LaMarche, 1969) with very slow and asymmetric growth (Matthes
et al., 2002). In this harsh environment, sectoriality is thought to be
a mechanism allowing trees to live to high ages. Mandin (2006)
showed that sectoriality could help trees survive in a highly con-
straining environment and tolerate rockfall and drought-induced
damages. Sectoriality could thus keep the impact of potentially
deadly events to one part of the tree with few negative effects on
the rest of the tree. Furthermore, partial cambial mortality reduces
the constraints of gravity by reducing the accumulation of biomass.
Bertaudière et al. (2001) postulate that the multi-stemmed type in
Juniperus thurifera could offer an adaptive advantage for surviving
environments made harsh by topography, soil and climatic con-
ditions. It has been shown in other species that the development
of several stems in the same individual, more or less indepen-
dently, optimized access to water and nutrients (Danin, 1983). For
J. phoenicea, these benefits could be added to those provided by
sectoriality.

Low radial growth would indicate low investment in primary
metabolism, probably to the benefit of secondary metabolism. Cliffs
are poor habitats with little competition between widely-spaced
trees as there are so few favorable microsites (Matthes and Larson,
2006). In these conditions, trees do not reach a large size and
therefore do not have to mobilize a large fraction of their resource
budget for primary productivity. Given the small stand density and
low competition in both belowground (Matthes-Sears and Larson,
1995) and aboveground organs, fast growth is not necessary. In
contrast, in forest ecosystems with no prevailing limiting factor,
primary productivity is much higher. For instance, in rainforests,
trees have resources to defend themselves. They can achieve great
sizes and reach very great ages. In cliffs, the low primary pro-
ductivity makes resources available for defense mechanisms and
reproduction. Loehle (1988, 1996) showed that long-lived, slow-
growing trees appear to have effective defense mechanisms against
attack from fungi, bacteria and insects. These trees have developed
a chemical barrier by allocating a part of their resources to the
production of secondary metabolites that are inhibitory or toxic
to pathogens (Merrill, 1992). The presence of dark areas in Junipe-
rus wood reflects these compounds. The slow growth rate means
that tree-rings have a high latewood percentage, thus a higher con-
tent of lignin and a higher wood density that combine to develop a
physical barrier (Venet and Keller, 1986) and make the wood resis-
tant to fungal attack. The combination of high wood density and
reduced size decreases net mechanical stress (Larson, 2001) and
shortens the surface exposed to rockfall, ultimately enabling the
trees to survive on the cliffs for several centuries.

4.2. Anatomical description and crossdating
The shape of the section leads to strong heterogeneity in radial
growth and anomalies in the rings. A high frequency of double rings
in the genus Juniperus has been evidenced in J. scopulorum, J. dep-
peana, J. monosperma, J. osteosperma (Herman, 1956), J. virginiana
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Kuo and Mac Ginnes, 1973), J. excelsa (Fisher, 1994) and J. thu-
ifera (Bertaudière, 1999). Missing rings were found in J. thurifera
Rozas et al., 2008) and J. excelsa (Couralet et al., 2005; Sass-Klaassen
t al., 2008). The complex morphology of the trunks combined
ith these many anatomical anomalies impede the fundamental

rossdating stage, which is a prerequisite for the determination
f an accurate age (Stokes and Smiley, 1968). However, in sev-
ral geographic areas, crossdating has proven successful on some
pecies of Juniperus such as J. thurifera (Bertaudière, 1999), J. excelsa
nd J. turkestanica (Esper, 2000), and J. procera (Wils et al., 2011).
amarero et al. (2014) found significant relationships between
everal annually-resolved tree-ring variables and climatic factors
uring the second half of the 20th century across a network of

berian J. thurifera forests. They showed that higher values of
inimum wood density are related to drier spring conditions, par-

icularly in the most xeric sites. As regards J. phoenicea, crossdated
rees made it possible to reconstruct annual rainfall back to 1432
n north and central Sinai (Waisel and Liphschitz, 1968). In south-
rn Jordan, at an elevation of 1100–1400 m asl, a chronology of J.
hoenicea spans 1600–1995 (Touchan et al., 1999).

.3. Radiocarbon dating

Radiocarbon dating revealed ages that were different from those
stimated by ring counts. We can conclude that ring counting
nderestimates rather than overestimates actual age. For Tree
3TEM6, this minimal difference can be explained by three factors:
i) the alteration of the external part of the trunk by weathering and
rosion (wind, water, rockfall), so an unknown number of rings is
issing, (ii) the visual ring count underestimates the actual age of

he tree due to a high number of completely missing rings follow-
ng the cessation of cambium functioning in some years, and (iii)
he tree staying in place over many centuries after its death (snags).
arson (2001) showed the presence of totally intact coarse woody
ebris of T. occidentalis persisting on cliffs for about 3700 years. The
ood of Cupressaceae is very durable and resistant; the molecules

esponsible for the durability of the wood are tropolones (Haluk
nd Roussel, 2000) and the chemicals in J. phoenicea are typically
eta-Thuyaplicins and Nootkatins (Runeberg, 1960). Ring counts
nd calibrated age for Tree 03AUT4a show a minimal difference
f 402 years for a calibrated age between 136 and 376 AD. Accord-
ngly, the trunk is eroded and there may be relatively many missing
ings and/or the tree has remained in place for 400 years at most.
ing counts and calibrated age for Tree 03AUT5 show a minimal
ifference of at least 15 years for a calibrated age between 730 and
36 AD. The tree was alive at the time of sampling, so the difference
robably reflects the number of missing rings.

.4. Wiggle-match dating

As regards 03TEM6, the large differences between radiocarbon
ates and ring counts are due to the shape of the radiocarbon cal-

bration curve, which features several plateaux. This could have
een avoided if we had sampled a living tree, as rings with a high
robability of having been formed during a plateau period would
ave been ruled out.

The fit is good for the other trunks, and the overall agree-
ent with the calibration curve passes a Chi-square test. Minimal

ifference between radiocarbon dates and ring counts is small.
ccordingly, uncertainty over the ring count is low. Clearly, some
ings are totally missing, but there are relatively few of them, which
eans that dendrochronology methods can be applied. This, com-
ined with the high number of old trees in several Ardèche cliff
opulations (Mathaux et al., in prep.), suggests it will soon be fea-
ible to crossdate juniper trees growing on cliffs and to build up
long chronology from this long-lived species. This connects back
to Grissino-Mayer (1993) who stated that J. phoenicea is a species
known to crossdate between cores from the same tree as well as
between trees from the same site. The time interval between two
consecutive radiocarbon dates is rather high, so results could be
improved by increasing the resolution of segments in WMD.

4.5. Outstanding tree ages

Results obtained in the Ardèche cliffs are consistent with ages
evidenced by Larson et al. (2000) in Verdon canyon. J. phoenicea can
reach ages of 1500 years, as attested by a juniper found on Man-
teau Royal cliff, thus providing the longest tree-ring series for the
Mediterranean area. In the Mediterranean region, Luterbacher et al.
(2012) cites the oldest Morocco cedars (Cedrus atlantica) as aged
1081 years in the Atlas Mountains. J. phoenicea growing on cliffs are
probably the oldest trees in France and in the Mediterranean. The
literature contains reports of higher ages (1500 years) in oaks and
olive trees, but most such reports are only based on assessments
(Dupouey, 2010). Indeed, for a number of very old trees (oaks, olive
trees), most of the heartwood had collapsed and a lot of rings are
lost. The central trunk cavity rules out any attempt to sample any
material for radiocarbon dating, so an estimation is proposed based
on mean width of the innermost rings and diameter of the trunk,
which will yield rather approximate results. In all cases, the papers
only report individual very old trees, in contrast to the whole pop-
ulations of J. phoenicea growing on cliffs. The main interest of these
junipers is that they have the characteristics of ancient, primary
or virgin woodland with a large number of multi-centennial-to-
millennial trees and an absence of human disturbance (Larson et al.,
1999, 2000). Indeed, the bare rock surfaces of these cliffs have never
been used or modified by man. These cliff-face junipers appear to
represent the most extensive undisturbed old-growth forest in the
Mediterranean area.

The longevity of J. phoenicea growing on cliffs prompts ques-
tions about the life strategies they have developed. We are currently
investigating intra-annual growth study to elucidate the ring for-
mation patterns. In the Mediterranean region, such old trees
are uncommon. Another advantage is that intact coarse woody
debris is particularly decay-resistant and can remain in place for
centuries. For these reasons, such trees can provide very long
tree-ring chronologies back to 792–524 cal BC representative of
lowland Mediterranean climate (in an altitude range of 50–300 m
asl). Meanwhile, most of the long chronologies built up so far
in the Mediterranean involve trees growing at high elevation.
Pines (Pinus heldreichii Christ.) in Albania at elevation higher than
1800 m asl date back to AD 617 (Seim et al., 2010). In southwest
Turkey (asl > 1700 m), absolute chronologies of Juniperus excelsa
span 1017–2001 (Touchan et al., 2007). The Atlas Mountains have
yielded long chronologies of C. atlantica (1049–2001) at elevations
above 2100 m asl (Esper et al., 2007). In the North Aegean, Griggs
et al. (2007) have built up chronologies (Quercus sp.) spanning the
years from 1089 to 1989. The Cyprus mountains (1200 m asl) sup-
plied a 1412–2009 Cedrus brevifolia chronology (Rich et al., 2012).
Similar data on J. phoenicea exist for southern Jordan at elevations
of 1100–1400 m asl over 1600–1995 (Touchan et al., 1999).

5. Conclusion

In ancient trees growing on vertical cliffs, the key question is
whether or not the rings are annual. Here we showed that the mini-
mal difference between the radiocarbon dates and ring counts rings

is low, proving that missing rings occur but not in any large num-
ber. This suggests that accurate annual dating of the tree rings from
Ardèche canyon is possible by crossdating, which leads to added
confidence in the results of further attempts.
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J. phoenicea growing on cliffs are of high interest in terms of
heir functioning in past and present cliff ecosystems. On top of
roviding insights into past cliff population ecology, old junipers
re of high value for past climate reconstruction. Crossdating ring-
idth series will probably prove a complex challenge but one that

ould be achieved by using other tree-ring variables such as wood
icro-density (Schweingruber et al., 1978; De Micco et al., 2007)

r stable isotope content of wood cellulose (Leavitt and Long, 1982;
attipaglia et al., 2010).

In this harsh environment, J. phoenicea shows annual tree-
ing formation with low and asymmetric radial growth that result
n stunted old trees. These trees offer a very promising model
or understanding the functioning of trees living in severely
nvironmentally-constrained conditions.
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