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• Rhododendron ferrugineum allows the
development of multi-decadal annually
resolved ring-width chronologies.

• The species allows the reconstruction of
climate-growth associations for loca-
tions above treeline.

• May–July temperatures are the key uni-
fying growth-limiting factors at the
study site.

• R. ferrugineum integrates a winter signal
in its rings, long-lasting snow cover has
a detrimental effect on radial growth.
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Rhododendron ferrugineum L. is a widespread dwarf shrub species growing in high-elevation, alpine environ-
ments of the Western European Alps. For this reason, analysis of its growth rings offers unique opportunities
to push current dendrochronological networks into extreme environments and way beyond the treeline. Given
that different species of the same genus have been successfully used in tree-ring investigations, notably in the
Himalayas where Rhododendron spp. has proven to be a reliable climate proxy, this study aims at (i) evaluating
the dendroclimatological potential of R. ferrugineum and at (ii) determining the major limiting climate factor
driving its growth. To this end, 154 cross-sections from 36 R. ferrugineum individuals have been sampled above
local treelines and at elevations from 1800 to 2100 m asl on northwest-facing slopes of the Taillefer massif
(French Alps). We illustrate a 195-year-long standard chronology based on growth-ring records from 24 R.
ferrugineum individuals, and document that the series is well-replicated for almost one century (1920–2015)
with an Expressed Population Signal (EPS) N0.85. Analyses using partial and moving 3-months correlation func-
tions further highlight that growth of R. ferrugineum is governed by temperatures during the growing season
(May–July), with increasingly higher air temperatures favoring wider rings, a phenomenon which is well
known from dwarf shrubs growing in circum-arctic tundra ecosystems. Similarly, the negative effect of Janu-
ary–February precipitation on radial growth of R. ferrugineum, already observed in the Alps on juniper shrubs,
is interpreted as a result of shortened growing seasons following snowy winters. We conclude that the strong
and unequivocal signals recorded in the fairly long R. ferrugineum chronologies can indeed be used for
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climate–growth studies as well as for the reconstruction of climatic fluctuations in Alpine regions beyond the
upper limits of present-day forests.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Tree-ring series are widely available at high latitudes and high alti-
tudes across the northern hemisphere and represent the backbone of
many annually resolved climate reconstructions of the Common Era
(Intergovernmental Panel on Climate Change, 2014; Stoffel et al.,
2015; Helama et al., 2016; Guillet et al., 2017). At the same time, and
as a result of ongoing warming, arctic and alpine environments are
also among the most sensitive regions when it comes to their reactions
to climate change (e.g. Pauli et al., 2012; Gobiet et al., 2014). So far, how-
ever, assessments and time-series of changes in high altitude and high-
latitude have been limited mostly to areas where trees (and their
growth-ring series) are readily available. Despite the fact that beyond
northern and alpine treelines, otherwoody plants, such as dwarf shrubs,
could be useful proxies for paleoclimate and paleoenvironmental recon-
structions (Bär et al., 2008), their potential for dendroecological studies
has only been exploredmore fully over the last decade (Myers-Smith et
al., 2015b for a detailed review). Although the often extremely narrow
rings and numerous anomalies in tree-ring formation making analysis
of dwarf shrubs rather difficult and time-consuming (Bär et al., 2008),
these pioneering studies also showed that shrub species indeed have a
great potential to extend existing dendrochronological networks be-
yond limits and into extreme environments where trees cannot survive
under the current climatic conditions (Liang and Eckstein, 2009). Annu-
al growth rings in shrubs have thus been used among others to recon-
struct the growing season climate in Arctic environments (e.g.
Schmidt et al., 2006;Weijers et al., 2010) or to explore the rapid climate
warming in tundra biomes as a result of the increasing shrubdominance
which in turn is related to the evolution of climate–growth relationships
(Hallinger et al., 2010; Hollesen et al., 2015; Myers-Smith et al., 2015b).

By contrast to the large body of scientific literature on dwarf shrub
studies using circumpolar species, one realizes that dendroecological
work on high-elevation shrubs covering multi-decadal timescales re-
mains scarce and that work exploring climate–growth relationships of
dwarf shrubs in mountain environments is still largely missing. So far,
published work focused mostly on the Tibetan plateau (Liang and
Eckstein, 2009; Lu et al., 2015; Liang et al., 2012), the Central Norwegian
Scandes (Bär et al., 2008) and the Sierra Nevada (Franklin, 2013). Only
one dendroclimatological study has so far been dedicated to the detec-
tion of climate signals in shrub-ring chronologies in the Alps on
Juniperus communis L. (Pellizzari et al., 2014).

To fill this apparent gap and to explore the potential of European
high-elevation dwarf shrubs for climate–shrub growth relationships,
we directed our attention to Rhododendron ferrugineum L. (Ericaceae),
an evergreen dwarf shrub with well-branched trailing stems and a
height of up to 0.8m. The species has a large geographic range of occur-
rence across the Alps (Ozenda, 1985) and iswidespread at the subalpine
level from about 1600 to 2200 m. In the northwestern Alps, it even
forms large heathlands colonizing extensively grazed or abandoned
meadows on north, west, and northwest-facing slopes (Escaravage et
al., 1997) on which it apparently encounters the most favorable envi-
ronmental conditions. Its abundance can also be explained by comple-
mentary sexual and vegetative reproductive strategies (Doche et al.,
2005), which enables R. ferrugineum to outcompete other plants
(Pornon and Doche, 1996) and to reach a 90–100% cover after 150–
250 years (Pornon and Doche, 1995). Based on a simple growth-ring
count, Schweingruber and Poschlod (2005) documented the existence
of a 202-year-old R. ferrugineum individual in Central Switzerland,
whereas genetic surveys have shown that some genotypes of this
long-lived species are estimated to be N300 years old (Escaravage et
al., 1998). Despite its (i) wide distribution, (ii) clearly identifiable annu-
al rings as well as (iii) its longevity, neither its dendroecological poten-
tial nor its assumedly reliable climatic signal in its ring-width sequences
has been studied so far.

In this context, the objectives of the study are threefold, and consist
of (i) assessing the possibility to build a first, and reliable, R. ferrugineum
ring-width chronology for the Alps; (ii) verifying the sensitivity of the
species to climate; and of (iii) comparing Rhododendron growth to
that of a typical high-elevation tree species in the Alps, namely Picea
abies (L.) Karst., as this species is typically used in standard
dendroecological investigations.

2. Material and methods

2.1. Study site

Samples from Rhododendron ferrugineum L. and Picea abies (L.) Karst.
were sampled at Côte des Salières (45°04′N, 5°88′E, Fig. 1), a site located
in the Northern French Alps and within the northwest-facing slopes of
the Taillefer massif. According to Ozenda et al. (1968) and Pautou et
al. (1992), climate at the study site is reflective of a transition zone be-
tween the wettest oceanic pre-alpine environments (Chartreuse,
Vercors), where the annual amount of precipitation exceeds 1600 mm
at 1000m asl, and the intra-alpinemassif, characterized by a dryer con-
tinental climate with annual rainfall b800mmat Briançon (1400m asl)
(Fig. 1). According to theHISTALP dataset (Chimani et al., 2011), precip-
itation at the gridded point closest to the study site (45°05′N, 5°85′E) is
1150±200mm·yr−1 for the period 1800–2003. At the same grid point,
mean annual temperature is 3.3 °C andmeanMay–August temperature
is 9.9 °C for the period 1780–2008 (Chimani et al., 2013). In the Taillefer
massif, snowcover remains in place during 188 days on average,where-
as mean snow depth is 66 cm at 1800 m asl for the period 1959–2005
(Durand et al., 2009).

At Côte des Salières,R. ferrugineum and P. abies sampleswere collect-
ed within the upper subalpine belt, at the treeline ecotone (Holtmeier,
2009) between 1800 and 2100 m asl (Fig. 2). Slope angles range from
23° to 33°. Bedrock primarily consists of amphibolites and gneiss
gabbros (Doche et al., 2005), whereas soils are stony ochre brown
humic acid soils (Pornon et al., 1997). Monospecific stands of Picea
abies dominate vegetation to elevations of up to 1850 m asl. The
woody understory is mainly composed of R. ferrugineum and Vaccinium
myrtillus. Above 1900 m asl, alpine dwarf shrub heathland has devel-
oped on abandoned pastures, dominated by a dense R. ferrugineum
(80–100%) cover intermixed with individual Sorbus aucuparia, Sorbus
chamaemespilus, and Vaccinium myrtillus, along with scattered Picea
abies and Pinus uncinata trees. Significant geomorphic disturbances– re-
lated to e.g. snow avalanches or debris flows – are clearly absent.

2.2. Sample collection and preparation

We randomly selected 36 R. ferrugineum individuals in fall 2015
above the treeline between 1900 and 2100 m asl. GPS coordinates
with ±1 m accuracy were recorded for each individual using a Trimble
GeoExplorer. Two to six cross-sections per individual shrub were saw-
cut with lengths each of 20–30 cm. Samples were taken from the
main stems departing from the root collar, so that a so-called serial-sec-
tioning approach, consisting of ring-widthmeasurements and cross-dat-
ing at the intraplant level, can be applied. This approach has been first
applied to shrub dendrochronology by Kolishchuk (1990) in an attempt
to (i) improve ring-width dating through the identification of wedging



Fig. 1. Location of the study site, called Côte des Salières (SAL, 45°04′N, 5°88′E) in the Massif du Taillefer (French Alps).
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and missing rings (Buchwal et al., 2013) as well as continuous missing
outer rings which are more likely to occur in large sections of basal
stems due to cambial age and growth forms (Wilmking et al., 2012);
and to (ii) enhance the common signal and the correlation between in-
dividual tree-ring series. In addition, a total of 32 cores from 16 P. abies
trees (two cores per tree)were taken at the same site using a Suunto in-
crement borer at the lowest possible position on the tree in order to
maximize the number of rings. Here, the purposewas to build a conven-
tional tree-ringwidth chronology which could then be compared to the
R. ferrugineum chronology.

In total, 106 R. ferrugineummicro-sections, with a thickness of ~15–
20 μm,were obtained using a slidemicrotome, stainedwith amixture of
Safranin and Astra blue and permanently fixed on microslides using
Canada balsam (Arbellay et al., 2012; Gärtner et al., 2015). High-resolu-
tion digital pictures were captured by a Carl Zeiss Axio Observer Z1
coupled to a Zeiss AxioCamMRR3 camerawith 40–100×magnification.
Individual images were then merged automatically to cover the entire
cross-sections. This image merging has been performed with the Zeiss
Zen 2011 software (http://www.zeiss.com/microscopy/int/products/
microscope-software/zen-lite.html).

For P. abies, increment cores were mounted on a wooden support,
air-dried and sanded with gradually finer sandpapers following stan-
dard dendrochronological procedures (Bräker, 2002), thus enhancing
Fig. 2. (A) The sampling sites at treeline, more precisely between a Picea abies (L.) Karst. (black
of the prostrate growth form of a Rhododendron individual growing at high elevation.
the appearance of ring borders and cell structures. Subsequently, the in-
crement coreswere scanned at a resolution of 1200 dpiwith a high-res-
olution Epson 11000XL scanner.

2.3. Cross-dating and chronology development

For both species, tree-ring widths were measured from scanned im-
ageswith the CooRecorder 7.6 software (Larsson, 2003). In the case of R.
ferrugineum, ring widths were measured at two to three radii so as to
detect wedging or missing rings, but also to enhance the cross-dating
between different sections within the same individual. During this pro-
cedure, the fact of having as large as possible images of the entire section
(rather than images of thin transects) greatly facilitated analysis and
helped quite substantially in the detection of partially missing rings.

Radial measurements along chosen radii on individual R.
ferrugineum samples were supplemented by a careful visual inspection
of each cross-section so as to eliminate the risk of growth underestima-
tion caused by partially missing rings. The principal three stages of
cross-dating were based on a comparison of growth curves (i) between
2 and 3 radii measured within a single cross-section, (ii) among the
mean growth curves of all the sections within the same individual and
finally (iii) between the mean growth curves of all individual shrubs
was done using Cdendro 7.3 (Larsson, 2003). Alignment of growth
arrow head) and a Rhododendron ferrugineum L. heath. (white arrow head). (B) Illustration

http://www.zeiss.com/microscopy/int/products/microscope-software/zen-lite.html
http://www.zeiss.com/microscopy/int/products/microscope-software/zen-lite.html
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curveswas based on a visual comparison of positive and negative point-
er years as described by Schweingruber (1988). Pointer years refer to
cross-dated growth rings presenting common, yet conspicuous ring
widths such as exceptionally narrow or wide rings (Schweingruber et
al., 1990). The visual cross-dating was then checked statistically in
COFECHA (Holmes, 1994).

For P. abies, individual series coming from the same tree were cross-
checked visually and statistically using Cdendro (Larsson, 2003), so as to
check for potential counting errors or missing rings; samples were then
corrected if necessary. Individual corrected series were then averaged
into a singlemean series per tree. In a second step,mean series of differ-
ent trees were cross-dated with one another and also checked for
counting errors or missing rings using Cdendro and COFECHA.

Mean tree ring-width series were then detrended using the dplR
package (Bunn, 2008) for R software (R Core Team, 2016) in order to
eliminate non-climatic trends (e.g., age related growth trend and/or ef-
fect of natural or human-induced disturbances) and to maximize cli-
matic information. The ring-width data from both species were
standardized (Fritts, 1976; Cook and Kairiukstis, 1990) following an
identical two-step procedure: a double-detrending process was applied
based on (i) a negative exponential or linear regression, followed by (ii)
a fitting of a cubic smoothing spline with a 50% frequency response at
32 years (Cook and Peters, 1981). Dimensionless indices were obtained
by dividing the observed ring-width value by the predicted value. This
process allowed the creation of stationary time series for each individual
treewith amean of 1 and a homogeneous variance. Finally, and for each
species, growth indices were averaged by year using a bi-weight robust
mean which reduces the influence of outliers (Cook and Peters, 1981).
They also allowed the development of mean standardized chronologies
(SalRf and SalPa for Rhododendron ferrugineum L. and Picea abies (L.)
Karst., respectively) which represent the common high-frequency vari-
ation of the individual series (Cook, 1987).

By means of several descriptive statistics – commonly used in den-
drochronology – the two species chronologies were compared. These
statistics included standard deviation (SD), which estimates the vari-
ability of measurements for the whole series; mean sensitivity (MS),
which is an indicator of the mean relative change between consecutive
ringwidths and is calculated as the absolute difference between consec-
utive indices divided by their mean value, mean RBAR, which is a mea-
sure of the common variance between the single series in a chronology
and first order autocorrelation (Auto Corr.), a measure of the influence
Fig. 3. Examples of cross-sections of Rhododendron ferrugineum L. (A) Individuals showing wid
latter case on a cross-section exhibiting 195 growth rings.
of previous year's conditions on the following ring formation (Fritts,
1976). The Expressed Population Signal (EPS) was calculated for both
the SalRf and SalPa chronologies to indicate the level of coherence of
the constructed chronology and to illustrate how it portrays the hypo-
thetical perfect population chronology that has been infinitely replicat-
ed from the individual series composing the chronology (Briffa, 1995).
The running RBAR and running EPS were computed using a 30-year
moving window for both species. Their values illustrate changes in the
strength of common patterns of tree growth over time. The commonly
accepted EPS threshold of 0.85 (Wigley et al., 1984) is the limit at
which tree-ring widths chronologies were considered as reliable and
well replicated.

2.4. Climate-growth analysis

The R. ferrugineum and P. abies chronologies were regressed against
mean monthly air temperature (°C) and monthly precipitation totals
(mm) using values from the HISTALP dataset. At the grid point 45°05′
N, 5°85′E, monthly mean temperature and precipitation totals exhibit
statistically significant correlations (wrt. 1920–2003, p b 0.01) in May
(−0.76), June (−0.73), July (−0.77), August (−0.75), September
(−0.76) and October (−0.70).

The exploration of climate–growth relationships between climatic
parameters and the R. ferrugineum and P. abies chronologies was con-
ducted in three methodological steps. First, partial and moving 3-
months correlation functions were computed using the seasonal corre-
lation procedure (SEASCORR) developed byMeko et al. (2011) to disen-
tangle confounding influences of correlated climatic variables.
SEASCORR in fact correlates tree-ring series with a primary climate var-
iable (i.e., temperature) and uses partial correlations to investigate a
secondary variable (i.e., precipitation) controlling for the influence of
the primary variable. We selected temperature as the primary variable
because previous works examining climate controls on trees at high-al-
titude sites in the Alps have identified temperature as a key driver
(Büntgen et al., 2006; Corona et al., 2011; Saulnier et al., 2011). We
then used individual monthly as well as seasonal values integrating
three consecutive months (e.g. DJF, MAM, JJA, SON). We considered a
14-month window, thus assessing a period extending from September
of the year preceding growth-ring formation (n− 1) to October of the
year of actual ring formation (n); this approach therefore results in a
dataset of 28 climatic variables being analyzed. Confidence intervals
e, distinct, and concentric rings as well as (B) eccentric, narrow and wedging rings, in the
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for all correlations were estimated by using Monte Carlo simulations of
the tree-ring series (Percival and Constantine, 2006). The Bonferroni
methodwas used for multiple comparison correction of the significance
levels (Hochberg, 1988).

In a second step, we (i) tested whether the significant growth-cli-
mate relationships detected during the SEASCORR analyses are indeed
reliable across regional-scale climate variability and (ii) identify poten-
tial large-scale forcing effects on tree growth. To this end, we correlated
the tree and shrub chronology data with mean monthly temperature
and precipitation totals from the HISTALP gridded dataset for all grid
cells available in a user-defined region (43–46°N, 4–18°E) and over
the time period 1920–2003. Analyses were conducted with the KNMI
Climate Explorer (Royal Netherlands Meteorological Institute; http://
www.climexp.knmi.nl) (van Oldenborgh et al., 2009).

Lastly, we categorized calendar years as pointer years if at least 50%
of the cross-dated R. ferrugineum and P. abies individuals presented an
absolute value of radial growth variation exceeding 40% (Mérian and
Lebourgeois, 2011). In this study, radial growth variation (RGV) is an ex-
pression of the degree to which the ring of the current year (n) is
narrower (negative value) or wider (positive value) than the previous
Fig. 4. Standard growth-ring chronologyof (A) Rhododendron ferrugineum L. and (B) Picea abies (
common variance between single tree-ring series in a chronology (RBAR) are computed using a
of 0.85 is passed to the right of the dashed vertical lines (For values exceeding 0.85, a chronolo
ring (n− 1). The RGV was calculated using the following equation:

RGVn ¼ 100 � RWn−RWn−1

RWn−1
ð1Þ

where RWn is the ringwidth in year n, and RWn − 1 indicates ringwidth
of the previous year. The negative pointer years detected in SalRf and
SalPa were compared to records of temperature and precipitation
from the HISTALP database for the period extending from September
(n− 1) to October (n).

3. Results

3.1. Wood anatomical characteristics of Rhododendron ferrugineum L.

High-resolution digital pictures from cross-sections display distinct-
ly visible growth rings are annual as a result of the strong climatic sea-
sonality in this alpine ecotone. Growth-ring boundaries are clearly
visible and can be discriminated by a band of radially aligned, thick-
walled latewood fibers, flattened along the ring boundary. The flattened
L.) Karst at Côte des Salières. Sample depth, running Expressed Population Signal (EPS) and
30-yearmovingwindow. Horizontal lines indicate sample depth. The EPS threshold value
gy is considered well replicated and reliable).

http://www.climexp.knmi.nl
http://www.climexp.knmi.nl


Table 1
Characteristics of standard R. ferrugineum and P. abies ring-width chronologies: length, standard deviation,mean sensitivity,first order autocorrelation and signal strength along the entire
chronology (i.e. RBAR and EPS).

Species First year Last year Year EPS N 0.85 Mean length Length Stand. dev. Mean sens. Auto Corr. RBAR EPS

R. ferrugineum 1821 2015 1919 81 195 0.27 0.30 0.224 0.41 0.88
P. abies 1800 2015 1887 144 216 0.14 0.14 0.165 0.44 0.89
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fibers are in a sharp contrast to the high density of vessels in the remain-
der of the ring. Ringwidths range between 0.1 and 0.3mmand are rath-
er uniform around the circumference, thus revealing that one-sided,
mechanical stress had a rather weak influence on radial growth, at
least in the stems selected for this analysis. Despite this concentricity,
wedging rings – which often correspond to missing ring in some other
parts of the same plant – were rather common. The proportion of
completely missing rings was, by contrast, much smaller and only
accounted for 2.3% (Fig. 3).

3.2. Cross-dating and chronology statistics

Based on the assessment of 24 individuals (69 sections, rejection
rate: 33%), we were able to build a R. ferrugineum chronology for the
Côte des Salières covering the period 1821–2015 (Fig. 4A). The mean
age of individuals included is 91 years, but we counted 195 growth
rings on the oldest R. ferrugineum individual. By comparison, the P.
abies chronology was obtained from 16 trees (rejection rate: 0%, mean
age of trees: 144 years) and spans 216 years, i.e. the period from 1800
to 2015, with SalRf being characterized by a high common signal repre-
sented by an overall RBAR of 0.41 and an averagemean sensitivity of 0.3
(Table 1). The expressed population signal (EPS), which is a function of
the mean inter-series correlation and series replication, varied from
0.71 to 0.96 (mean = 0.88) and exceeds the threshold of 0.85 ever
since 1920 (Fig. 4A).

Fig. 4B denotes the temporal signal strength of SalPa. Except for the
period 1800–1887, during which the sample replication is b10 series,
EPS (mean: 0.89) and RBAR (mean: 0.44) values point to internal con-
sistency (EPS N 0.85) in common variance between 1887 and 2015.
The mean sensitivity (MS) of the SalPa series shows values of 0.17,
which are significantly lower than those obtained for SalRf.

The correlation coefficient between SalRf and SalPa is 0.4 (p b 0.05)
for the 1920–2015 common period characterized by EPS values N0.85.

3.3. Monthly and moving 3-months climate correlations

Partial and moving 3-months correlation functions using monthly
mean temperature and monthly totals from September of the year pre-
ceding ring formation (n − 1) to October of the year of ring formation
(n) as climatic variables are presented for R. ferrugineum and P. abies, re-
spectively (Fig. 5A and B). With respect to monthly values, a significant
positive correlation (p b 0.05; 1920–2003) is observed between the R.
ferrugineum ring-width chronology and current May (0.29) and July
(0.23) mean temperatures. Significant seasonal (3-months) correla-
tions are also consistently identified for growing season temperatures
(MJJ, 0.33). In addition, correlation profiles evidence positive values be-
tween SalRf and temperature for September (n − 1) (0.24, p b 0.05).
With respect to monthly and seasonal precipitation totals, significant
negative correlation coefficients are found between the standardized
R. ferrugineum chronology and precipitation totals of January (−0.25,
p b 0.05) and more generally of early winter (i.e. NDJ and DJF, −0.29
and −0.29 respectively, p b 0.05).

P. abies and R. ferrugineum correlation profiles are similar for the cur-
rent (i.e. April–September) growing season. Significant positive correla-
tions between P. abies radial growth and mean air temperature are
computed for June (n) and July (n), peaking in July (n) (0.44,
p b 0.05). In sharp contrast to R. ferrugineum, P. abies does neither
show any sensitivity towards winter and summer precipitation nor
does it react to conditions occurring at the end of the growing period
(i.e. in autumn of year n).
3.4. Existence of a regional climatic signal in the SalRf chronology

Correlations coefficients (p b 0.05) computed between the SalRf and
SalPa chronologies and the gridded HISTALP (43–46°N, 4°–18°E) cur-
rent May (n)–July (n) mean air temperatures, as well as previous De-
cember (n − 1)–current February (n) and current May (n)–July (n)
precipitation totals are mapped for the period 1920–2003 (Fig. 6). Lon-
ger-range correlations obtained with mean air temperatures exceed
those derived from precipitation totals. Both chronologies show similar
correlation patterns with current May–July mean temperatures
throughout a large part of the Greater Alpine Region (Fig. 6A, B). In
the case of SalPa, a stronger temperature signal (0.4 b r b 0.5) extends
from the French Alps to the westernmost parts of the Austrian Alps,
this signal (0.4 b r b 0.3) is weaker for SalRf.

The precipitation field represented by the SalRf and SalPa data
shows generally lower correlations as compared to those derived for
mean air temperatures. The spatial correlation patterns with gridded
precipitation also differ between species. The SalRf chronology is associ-
ated with a winter precipitation field north of approximately 43–49°
latitude and with a 4–10°E west-east extension; the core region of the
precipitation field is slightly smaller (44–46.5°N, 4–6°E) and centered
over the French Alps (r N 0.3, p b 0.05, Fig. 6C). The SalPa chronology
does not, by contrast, show any significant correlation with previous
December (n− 1)–current February (n) precipitation totals (Fig. 6D).
3.5. Climate during extreme years

For either chronology, years with negative indices – i.e. years where
at least 50% of the cross-dated trees presented an absolute value of radi-
al growth variation exceeding 40% – were categorized as extreme and
compared to meteorological records of the HISTALP database. The
SalRf chronology shows negative pointer years in 1922, 1928, 1948,
1965, and 1997 (Fig. 7). Conversely, the P. abies population only
shows 1948 as a negative pointer year. Both species exhibit the sharpest
and most widespread growth decline in 1948 when 76.5% of the R.
ferrugineum individuals show a mean RGV of −62.1% and half of the P.
abies individuals show a RGV of −41%. When compared with monthly
data from the HISTALP database, these extremes can be explained by
below-average precipitation totals during at least 2–3 winter months.
By way of example, precipitation deficits were most significant in
1997 (February–March: −156 mm, February–April: −197 mm), 1948
(February–March: −180 mm), 1965 (January–February: −97 mm)
and 1928 (November–December: −161 mm). For the years 1948 and
1997, the effect of precipitation deficits was further enhanced by
above-average mean air temperatures between January and May
(+1.6 and +1.8 °C, respectively).

Temperature during the growing season did not apparently have a
significant impact on radial growth in the years mentioned above, as
no specific climatic parameter could be isolated to explain these pointer
years. Whereas negative growing season (May–September) mean air
temperature anomalies prevailed in 1948 (−0.7 °C wrt. 1961–1990)
and 1965 (−0.75 °C),we note fairlymild conditions during the extreme
pointer year of 1928 (+0.6 °C) and 1997 (+0.7 °C).



Fig. 5.Monthly and moving 3-months correlation functions (SEASCORR) analysis between the R. ferrugineum (A, top panel) and P. abies (B, bottom panel) chronologies, with monthly
mean temperatures and monthly precipitation totals for the period 1920–2003. Simple correlations of tree-ring indices were computed for the primary climate variable (temperature),
whereas partial correlations were determined for the secondary climate variable (precipitation).
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4. Discussion

4.1. Chronology quality

We present one of the first dendroclimatic investigations from a
dwarf shrub in the European Alps and the longest record for a Western
European high-altitude species so far. From 24 individuals of Rhododen-
dron ferrugineum L., a rather widespread dwarf shrub growing close and
above treeline we were able to build a solid reference chronology
(EPS N 0.85) extending back to the early decades of the 20th century
(1920–2015) and responding to summer temperatures and early win-
ter precipitation totals.

At our study site, located around 2000 m asl in the French Alps, R.
ferrugineum is characterized by rather low growth rates, even lower
than those obtained for R. przewalskii in the Miyaluo Forest Region
(0.5 mm·yr−1, Li et al., 2013), R. aganniphum (0.3 mm·yr−1, Lu et al.,
2015) or R. nivale on the south-eastern Tibetan Plateau
(0.35 mm·yr−1, Liang and Eckstein, 2009). In addition, we observe
that wedging or completely missing rings are common in our samples
and likely related to the limited length of the growing season as well
as to limited resource availability during certain years (Hallinger et al.,
2010). Despite these difficulties, a detailed serial sectioning and cross-
dating analysis at the shrub level enabled the development of a robust
ring-width chronology with relatively high values for the mean inter-
series correlation (RBAR = 0.41), therefore confirming a common
high frequency variance (Fritts, 1976) in the SalRf record. Interestingly,
themean sensitivity of SalRf is significantly larger than that of SalPa and
also exceeds values obtained for other Rhododendron spp. in the
Himalaya (0.21, 0.14–0.19 and 0.12 for R. przewalskii, R. aganniphum
and R. nivale, respectively). MS at our study site is comparable to values
reported for the only other dwarf shrub chronology published for the
Alpine space, Juniperus communis (Pellizzari et al., 2014). Nevertheless,
it remains generally lower than those of the majority of other shrub
chronologies assembled to date in subarctic regions, where e.g. Salix
spp. (e.g. Schmidt et al., 2006; Blok et al., 2011), Betula nana (Blok et
al., 2011), or Juniperus nana (Hallinger et al., 2010) exhibited mean



Fig. 6. Spatial correlations (p b 0.05) between R. ferrugineum (left panel) and P. abies (right panel) standard ring-width chronologies and current (n) May–July temperatures (A–B),
previous (n − 1) December–current (n) February (C–D). Red dots correspond to the location of the study site SAL. Data consist of gridded (5′ × 5′ lat/long) surface temperatures and
have been extracted from the HISTALP dataset (available at http://www.zamg.ac.at/histalp).
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sensitivity values MS N 0.4, thereby suggesting that tree-ring width in
the Taillefer massif did not vary to the same degree from year to year
as in the subarctic shrublands.
4.2. Radial growth sensitivity to growing season temperatures and length

We realize that radial growth of R. ferrugineum in the Taillefermassif
portrays a statistically significant coherence with average temperatures
during the growing season on a regional scale. A rather similar depen-
dence on average temperatures during the growing season is observed
for SalPa, but also for other networks of conifer tree chronologies sam-
pled at treeline sites across the French Alps (e.g. Corona et al., 2010;
Petitcolas, 1998; Rolland et al., 1998; Saulnier et al., 2011). The same co-
herence with growing season temperatures is also apparent in various
R. ferrugineum chronologies from the Himalayas (Li et al., 2013; Liang
and Eckstein, 2009; Lu et al., 2015) as well as for dwarf shrub chronolo-
gies sampled across 37 arctic and alpine sites across theNorthernHemi-
sphere (Myers-Smith et al., 2015a). Table 2 synthetizes the monthly
climate-growth correlations (from previous (n− 1) September to cur-
rent (n) October) found in previously published dendroecological stud-
ies and classify results according to study regions going from driest to
wettest. The data in Table 2 confirm the strong correlations between
shrub growth and summer temperatures at the much colder and drier
Arctic sites (Myers-Smith et al., 2015a), but also points tomuchweaker
correlations between shrub chronologies and summer temperatures in
typically wetter mountain environments (e.g. Li et al., 2013; Pellizzari
et al., 2014).

Partial correlations reveal the predominant role of temperature
(May) in driving radial growth of R. ferrugineum. This statistical evi-
dence is in good agreement with observations on Rhododendron
aganniphum cambial activity (Li et al., 2016) and shoot development.
In fact, Pornon et al. (1997) demonstrated that shoot development
started around mid-June in 1991 and 1992 in the Taillefer massif. Fur-
thermore, higher temperatures in May will favor faster snowmelt. We
thus hypothesize that snowmelt indeed modulates the length of the
growing season in R. ferrugineum and that early snowmelt can effective-
ly boost radial growth. Similar beneficial effects of early snowmelt have
been reported for other dwarf shrub species, such as Juniperus
communis, in the Italian Alps (Pellizzari et al., 2014). Based on data
from experimental plots, in which advanced snowmelt was simulated
artificially, Vaccinium myrtillus reacted with increased growth to mild
winter conditions as well (Rixen et al., 2010), therefore adding further
evidence to our hypothesis.

The climatic conditions prevailing at the end of the summer and in
early fall (temperature in September) are also determinant for radial
growth during the next growing season. A similar dependence of radial
growth on fall temperatures has been reported for Rhododendron nivale
growing on the Tibetan Plateau (Liang and Eckstein, 2009). The authors
state that negative correlations between growth-ring width – along
with cold and dry conditions in precedingNovember should be attribut-
ed to frost damage to leaves and buds which in turn would reduce root

http://www.zamg.ac.at/histalp


Fig. 7. Rhododendron ferrugineum and Picea abies detrended chronologies and climatic diagrams of negative extreme years.
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activity or increase the risk of frost-induced desiccation. As a conse-
quence, subsequent defoliation and bud mortality would thus deplete
the carbon reservoirs and growth hormones and thereby reduce the
shrub's potential for further growth and photosynthetic activity.

Apart from R. nivale, sensitivity of dwarf shrubs to climatic condi-
tions in early fall have been reported for no other species growing in
mountain regions, and thus have to be investigated in future work.
Even if comparable studies lack for dwarf shrubs, some literature on
the positive effect of previous fall temperatures on radial growth exist
in studies focusing on different European conifer species (e.g.
Oberhuber, 2004; Carrer et al., 2010; Babst et al., 2012). In the alpine
treeline ecotone, Oberhuber (2004) and Oberhuber et al. (2008), for in-
stancedemonstrated that Pinus cembra trees indeed benefit ofwarmau-
tumns as unusually mild temperatures will promote mycorrhizal
association by maintaining soils above freezing, and will thus also
favor maturation of buds against detrimental effects of winter stress.
Moreover, some authors assume that high photosynthesis rates late in
the fall could lead to high carbon storage and thus to increased growth
in the following year (e.g. Fritts, 1976; Babst et al., 2012).

4.3. Contrasted impacts of winter precipitations on radial growth of R.
ferrugineum

We have also shown that significant negative correlations exist be-
tween SalRf and early winter precipitation totals (i.e. previous (n − 1)
December–January), both at the local and regional scales. Similar re-
sponses have been reported for shrub species and chronologies, such
as Salix arctica in Greenland (Schmidt et al., 2006, 2010), Linanthus
pungens in the Sierra Nevada, California (Franklin, 2013), or Juniperus
communis in the Italian Alps (Pellizzari et al., 2014, 2016) (Table 2).
We assume that the extensive and long-lasting snow cover could have
a detrimental effect on radial growth of R. ferrugineum at our site
through (i) cooler soil temperatures (Pellizzari et al., 2014), (ii) a short-
ening of the growing season and (iii) possible delays in the onset of
cambial activity at the start of the new growing season, or (iv) even
through lower amounts of growing degree-days (Vaganov et al., 1999;
Blok et al., 2011), which will then be traceable in reduced radial growth
of R. ferrugineum. In our study, the tree-ring width chronology of Picea
abies trees does not exhibit this winter signal which tends to validate
the hypothesis of physical effects of the snow cover which in fact filter
incoming solar radiation (blocking photosynthesis), rather than the col-
lateral reduction in soil temperature (Pellizzari et al., 2014).

As a consequence, the sensitivity of our dwarf shrub species to win-
ter precipitation differs quite sharply from studies in the very dry Arctic
(162 mm·yr−1) and Himalayan (210 mm·yr−1) environments
(Zalatan and Gajewski, 2006; Liang et al., 2012) (Table 2) where the
positive effects of a thicker snowpack will favor radial growth in shrubs
(Salix alaxensis and Juniperus pingii) as a result of the thermic protective
effect against frost (Neuner, 2007) and/or winter desiccation (Sakai and
Larcher, 1987). Other studies from these dry sites interpreted the posi-
tive effects of a thicker snow cover on radial growth as a result of in-
creased active permafrost layer depth and soil nutrient concentrations
during the spring season (Nowinski et al., 2010) which may in turn
favor further shrub growth and could thus create positive feedback
loops (Sturm et al., 2005; Hallinger et al., 2010; Blok et al., 2011). In
the absence of permafrost, however, the mechanisms described above
cannot be used to explain enhanced or reduced radial growth in dwarf
shrubs in the Alps.

Nevertheless, we observe that several years with very narrow rings
in the SalRf chronology coincidewith extremely dry winters. Compared
to the 1920–2003 mean December–February (DF) precipitation totals,
this observation is particularly true for the three last pointer years
(1948, 1965 and 1997) for which DF precipitation was significantly
lower (131 mm vs 234 mm, p b 0.05). In 1922 the occurrence of a



Table 2
Comparisons of shrub chronology responses to climate parameters as published inpast studies. Thedifferent types of environments are namedDA(dryArctic), HM (highmountain), andO
(oceanic). The annual amounts of precipitation are given as well (in mm). Very significant, positive correlations, significant positive correlations and significant negative correlations are
respectively indicated with (++; +;−). Grey boxes point to lacking data.
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pointer year is coherent with negative precipitation anomalies in
November–December months. Only 1928 does not show a dry winter.
One should, however, keep in mind that (i) this pointer year is least
marked in terms of radial growth variations of the all five pointer
years described, (ii) the chronology in 1928 is builtwith only 13 individ-
uals, and (iii) the precipitation dataset could be inaccurate due to the
quality of themeasurements back in time and heterogeneity of the pre-
cipitation distribution.

For the 1922, 1948, 1965 and 1997 pointer years, we explain this ap-
parent discrepancy with monthly correlations by the increase of winter
stress during periods with insufficient snow cover. Aswinter stress can-
not be regarded simply as a number of single stressor-response inci-
dents (Neuner et al., 1999), it is difficult to disentangle, based on
pointer analyses alone, the interrelated climatic events inducing an ex-
tremely narrow ring. We thus hypothesize that during periods with in-
sufficient snow cover, winter desiccation and freezing damage (Neuner
et al., 1999) can occur simultaneously if evergreen R. ferrugineum leaves
are exposed to excess irradiation, and that limited radial growth can
thus occur during the subsequent growing season.
5. Conclusions

We built one of the first dwarf shrub growth-ring chronologies for
the European Alps and tested the suitability of the widespread Alpine
shrub species Rhododendron ferrugineum L. for dendroclimatological
investigations. Despite the many challenges encountered during cross-
dating, we were able to extract a unique, annually resolved, and statis-
tically solid retrospective of N90 years of R. ferrugineum growth
variability for a site in the French Alps. The construction of the chronol-
ogy was facilitated by the well-defined and distinctly visible growth-
ring boundaries and by a comprehensive serial sectioning of microcuts
from 24 individuals. Results show that a clear climatic signal exists in
the growth-ring variability in the growth-ring series. In particular, we
observe that the R. ferrugineum chronology displays a climate-growth
association similar to that observed in treeline Picea abies (L.) Karst.
trees, with monthly mean May–July temperatures of the current year
being the key unifying growth-limiting factors at the study site. In the
case of R. ferrugineum, warm climatic conditions during previous fall
and currentMay seem to be further influential factors and indeed affect
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shrub growth, thus pointing to a clear dependence of ringwidths in this
dwarf shrub species on the length of the growing season. The early
winter (December–February) precipitation signal observed in our
R. ferrugineum chronology appears to be more complex, as both an ex-
tensive and long-lasting snow cover and extremely dry winters seem
to have detrimental effects on radial growth.

Given the wide geographic distribution of R. ferrugineum and its oc-
currence above treeline in the Alps, this dwarf shrub species should
clearly become a promising candidate and a valuable proxy for the de-
velopment of multi-centennial, annually resolved ring-width chronolo-
gies, even more so as these areas void of trees are typically also lacking
meteorological records. In this perspective, we are calling for more re-
search on climate–growth relationships of R. ferrugineum and are confi-
dent that climate reconstruction from growth-ring records of alpine
shrubs can indeed become a standard, high-elevation proxy, even
more so if the current study and other initiatives will be enlarged
through (i) the development of extensive and dense R. ferrugineum
chronology networks (Lu et al., 2015), (ii) the use of new anatomical
indicators (e.g. earlywood vessel chronologies showing a stronger
high-frequency response to climate; von Arx et al., 2016), or (iii) the
combination of newly-developed shrub chronologies with other highly
resolved proxy data (e.g. lake sediments, glacier mass balance).
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