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Summary: Shrub dendrochronology is gaining increasing momentum in temperate high mountain regions to decipher
climatic controls on current shrub expansion. Yet, a lack of consensus still persists in terms of sampling protocols, thus
hampering comparability of results from different studies. For instance, serial sectioning, i.e. the sampling of multiple sec-
tions along the same shrub stem is recommended as it increases the detection of partial and missing rings, but has only been
employed in few studies as it is time-consuming. Similarly, as a result of serial sectioning, chronologies frequently combine
sections sampled at different positions along the stem and at the root collar which hinders the detection of climatic signals.
Here, we used cross-sections sampled on 21 Rhododendron ferrugineun shrubs from the French Pyrenees to define a parsimoni-
ous protocol enabling detection of partial and missing rings while increasing the strength of the climate signal in the shrub
ring chronology. We demonstrate that partial and missing rings are almost evenly distributed along Rhbododendron ferruginenm
stems and that they can be detected optimally using two sections on which growth rings are measured along three radii.
Our results also evidence that chronologies which include only ring-width series from basal sections more strongly integrate
summer temperature fluctuations than stem-based or mixed chronologies. Noteworthy, the snowpack signal is stronger
in chronologies with individuals from the upper stem sections. Overall, our results confirm that sampling design - serial
sectioning and caution in ring-width series aggregation - is key to ensure robustness of dendroecological studies on dwarf
shrubs in alpine environments.

Zusammenfassung: Die Dendrochronologie von Striuchern gewinnt in gemiBigten Hochgebirgsregionen zunehmend
an Bedeutung, um die klimatischen Einfliisse auf die aktuelle Ausbreitung von Striuchern zu entschlisseln. Dennoch feh-
len nach wie vor Standards hinsichtlich der Probennahme, was die Vergleichbarkeit der Ergebnisse verschiedener Studien
erschwert. So wird z. B. das ,serial sectioning’, d. h. die Beprobung mehrerer Abschnitte entlang desselben Strauchstamms,
empfohlen, da es die Erkennung particller und fehlender Ringe erhdht, es wurde bisher aber nur in wenigen Studien an-
gewandt, da es sehr zeitaufwindig ist. Ebenso werden bei Chronologien aufgrund der seriellen Schnittfithrung hiufig Ab-
schnitte kombiniert, die an verschiedenen Positionen entlang des Stammes und am Wurzelhals enthommen wurden, was die
Erkennung von Klimasignalen erschwert. Hier haben wir Querschnitte von 21 Rhbododendron ferruginenm Striuchern aus den
franzésischen Pyrenden verwendet, um ein einfaches Protokoll zu erarbeiten, das die Erkennung von partiellen und fehlen-
den Ringen ermdglicht und gleichzeitig die Stirke des Klimasignals in der Strauchringchronologie erhdht. Wir zeigen, dass
partielle und fehlende Ringe fast gleichmifig iiber die Stimme von Rhododendron ferruginenm verteilt sind und dass sie optimal
mit zwei Abschnitten erfasst werden kénnen, an denen Wachstumsringe entlang dreier Radien gemessen werden. Unsere
Ergebnisse zeigen auch, dass Chronologien, die nur Ringbreitenreihen aus basalen Abschnitten enthalten, die sommerlichen
Temperaturschwankungen stirker integrieren als stammbasierte oder gemischte Chronologien. Bemerkenswert ist, dass das
Schneedeckensignal in Chronologien mit Individuen aus den oberen Stammabschnitten stirker ist. Insgesamt bestitigen un-
sere Ergebnisse, dass das Stichprobendesign - serielle Schnitte und eine vorsichtige Aggregation von Ringbreitenteihen - der
Schliissel zur Gewihrleistung der Robustheit dendrodkologischer Studien an Zwergstrauchern in alpinen Umgebungen ist.
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1 Introduction turn were shown to modify a wide range of ecologi-

cal processes in arctic and alpine tundra ecosystems

High-altitude and high-latitude environments
are experiencing more pronounced warming than
the rest of the globe (IPCC 2021). As a result, along-
side rising temperature, vegetation surveys have
shown widespread shrub expansion (shrubification)
and increasing productivity (greening) which in

https://doi.org/10.3112/ erdkunde.2022.04.04

(CHAPIN et al. 2005, ListoN et al. 2002, MYERS-SMITH
et al. 2020, Sturm et al. 2001). Dendroecological
studies, relying on precisely dated annual rings of
woody plants to study (multi-)decadal changes in
ecological systems, have consequently gained con-
siderable momentum in alpine tundra ecosystems
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over the last two decades (BAR et al. 2008, DOBBERT
et al. 2022, HALLINGER et al. 2010, HALLINGER &
WILMKING, 2011, MouLLEC et al. 2019, MYERS-SMITH
et al. 2011, TaPE et al. 2012, WEERS et al. 2010,
WILMKING et al. 2012, SCHWEINGRUBER & POSCHLOD
2005, WEERS et al. 2018a, 2018b). However, shrub
dendroecology presents methodological challenges.
Growth deformities such as reduced stem diameters,
scarring, multi-stems, frequent eccentric secondary
growth, and considerable heterogencity in growth
(and associated irregularities in ring growth) with-
in and between individuals (MouULLEC et al. 2019,
MyErs-SmiTH et al. 2015b) are common in alpine
shrubs. They can lead to (partially) missing rings,
which can be caused by limited resource availability
(HALLINGER et al. 2010), cambial age (WILMKING et
al. 2012), but also by climatic extremes such as cold
and short growing seasons (BucHwaL et al. 2013)
or frost damage to the cambium (BARr et al. 2000,
MyERS-SMITH et al. 2015b).

Therefore, the dendroecological protocol
has been adapted in various ways to consider the
morphology of dwarf shrubs. Methodological ad-
justments were made in sampling procedures and
preparation techniques (MouLLECc et al. 2019,
MyERsS-SMITH et al. 2015b), with cross-sections sys-
tematically preferred over increment cores (Buras
& WILMKING, 2014) and micro-sections preferred
over sanding and polishing (SCHWEINGRUBER &
PoscHLOD 2005). At the scale of individual shrubs,
the recommended sampling method in shrub den-
drochronology is serial sectioning (KOLISHCHUK
1990), i.e. taking several sections at multiple points
along a stem from a given individual to allow mul-
tilevel cross-dating (BAR et al. 2008, BucHwaAL 2014,
WILMKING et al. 2012). Although the suitability of
this sampling strategy for the detection of (partially)
missing or rings is undeniable, ROPARs et al. (2017)
and SHETTI et al. (2018) demonstrated in the Arctic
and in the Ural mountains that climatic signals
are better preserved in growth rings taken at the
root collar. They thus concluded that the selection
of shrub stem cross-sections is crucial for climate
sensitivity analyses. Yet, these studies have been
limited to two shrub species — i.e., Betula glandulosa
and Juniperus communis — and complementary inves-
tigations are thus needed to determine the extent
to which these findings are transferable to other
species. In particular, in the European Alps, where
studies are scarcer than in the Arctic, no clear guide-
lines have been proposed so far on sampling strate-
gies that would maximize the signal-noise ratio in
dendroecology applied to shrubs.

For this reason, this study focuses on two re-
search questions. We first tested the added value of
multiple radial measurements to detect partial rings
and of the serial sectioning sampling approach to de-
tect missing rings in a multi-stemmed shrub species.
In a second step, we checked the consistency of the
dendrochronological signal along and among stems
and potential variations in the sensitivity of the differ-
ent parts of shrubs to climate. We chose Rhododendron
Serruginenm (L..) to answer these questions as it is one
of the most widespread, multistemmed, alpine shrub
species in western Europe and has been recently used
in dendroecological studies in the Alps (FRANCON et
al. 2017, 2020a) and the Pyrences (FRANCON 2023).

2 Material and methods
2.1 Study site

The study site (42°45'41"N, 1°25'27"E, Fig.1) is lo-
cated in the French Pyrenees, 95 km south of Toulouse
(Fig 1. A, B), in the hanging valley of Bassi¢s, one of
the main sub-basins of the Upper Vicdessos valley
(1156-2679 m asl, median elevation: 1676 m, Fig. 1C).
The drainage basin of the Bassiés valley (15 km?) is
composed of granitic roches montonnées from the last
glacial maximum (DELMAS et al. 2011) forming a con-
trasted relief: whereas steep slopes delimit the wa-
tershed, the valley bottom is rather flat and exhibits
gentle slopes in its central part (MARTI et al. 2016,
SIMONNEAU et al. 2013). The catchment is mainly cov-
ered by subalpine meadows and dwarf shrubs (65%0)
as well as vegetation-free rock and bare soil surfaces
(25%) (MAarTI et al. 2016, SzczypTa et al. 2014). Forest
and shrubby vegetation occupy 5% and 2% of the
valley surface, respectively. Successional processes
involving tree and shrub encroachment of open sur-
faces are now occurring rapidly over the catchment
(Gavror et al. 2011). According to the SAFRAN-Crocus
dataset (DURAND et al. 2009), average annual, June-
August and December-April temperatures in the area
wete 5.4°C, 11.4°C and 1.2°C, respectively, over the
period 1981-2010. Over the same period, mean an-
nual precipitation was 1245 mm (Fig. 1D). Average
maximum snowpack depth was 91 cm (£30 cm).
The snow season generally started in November—
December and the snowpack melt-out date occurred
around May 10. on average. Yet, over the period 1971-
2019, we observe eatlier snowpack melt-out dates (4
days.decade™) as well as increasing summer (June-
August) and winter (December-April) temperatures
(0.026 °C.year” and 0.008 °C.year”, respectively).



2022

Importance of sampling design to increase climate signal detection in shrub ring chronologies

291

42°45'N

42°5°E

1°24'E

1°25'E

BSI650)

42°46'00"N

42°4530'N
I

42°45'00"N
I

Fig. 1: (A,B,C) Location of the Bassi¢s (BS1650) study site in the French Pyrenees. (D) Umbro-thermal diagram for the study
site within the Couseran massif. Meteorological data were obtained from Safran-Crocus (S2M) reanalysis (Météo France,
1981-2010).

2.2 Sample collection and preparation

R. ferrugineum is one of the most widespread shrub
species in the Bassi¢s valley. This multi-stemmed
dwarf shrub reaches 70 cm in height and forms large
heathlands, colonizing grazed or abandoned grass-
lands on north-, west-, and northwest-facing slopes
of the European Alps, Apennines and Pyrences
(Escaravage et al. 1998). Recent dendroecological
studies (FRANCON et al. 2017, 2020a, 2020b, 2021,
PicciNeLLl et al. 2023) have demonstrated the po-
tential of R. ferrugineum rings as a robust proxy for
the documentation of alpine vegetation response to
global warming (FRANCON et al. 2020b). Because R.
ferruginenm spreads by clonal propagation, the stems
are burrowed and develop adventitious roots. This
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morphology makes it difficult to identify the oldest
stem and the root-stem interface. In this study, we
positioned root collar at the level of the first layer of
adventitious roots. In October 2019, we randomly
selected 21 individuals (BSO1 to BS21, Fig. 2A) grow-
ing at an elevation of ~1650 m asl, in a rather flat
and topographically homogeneous area located in the
valley bottom where shrubs are colonizing grasslands
(Fig. 1D). From each specimen, sections were system-
atically cut at the root collar (A section) and at 30 cm
above the soil surface (B section). For four of these
individuals (hereafter: ind, p, Fig. 2A), we extended
sampling to two stems to cut four to seven cross-sec-
tions per stem from base to tip with the purpose to
explore partial and missing ring repartition along the
stems. To ensure precise detection of all rings, a total
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21 individuals (BS01-21)
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Fig. 2: (A) Sampling design: 21 individuals (BS01 to BS21) were sampled. For 17 individuals, two sections were cut at the
shrub base (A section) and at 30 cm above the soil surface (B section). For four individuals (Inda.p: BSs, BSg, BSc and BSp),
we sampled two main stems from which we cut four to seven cross-sections. (B) Serial sectioning of the D individual along
two stems. (C) Ring area measurement. (D) location of the four measured radii (a, b, c and d) in one section.

of 75 stem sections were cut with a rotary microtome
(Leica, Heidelberg, Germany) and prepared accord-
ing to the wood anatomy protocol by FRANCON et al.
(20202). Microsections were then scanned using a
D-sight 2.0 System (Menarini Diagnostics, Florence,
Italy).

2.3 Crossdating and detection of missing and
partial rings

For each cross-section of ind,p, we quantified
annual radial growth by measuring ring widths at 4
orthogonally distributed radii (a, b, ¢ and d), where
a and c are the longest and the shortest radii, respec-
tively (Fig. 2D). For the crossdating of the ring-width
series, we used the three-step procedure described by
SHETTI et al. (2018) and FrancoN et al. (2020a). The
latter consists of visual comparisons and correlations
of raw ring-width series (1) from the four radii of a
given cross-section, (2) from the different cross-sec-
tions sampled from the same stem and (3) between in-
dividuals. After cross-dating, we computed a missing
ring (MR) rate corresponding to the ratio between the
number of missing rings and the age of the cross-sec-
tion for each cross-section of ind, . We then plotted
this rate as a function of section height to visualize
the evolution of the MR rate along each stem. We also
calculated the percentage of missing rings in the base

section by dating additional sections along the stem
with the idea to determine the minimum number of
additional sections required for serial sectioning and
to place them along the stem. For each section of in-
dap, we carefully digitized ring boundaries (Fig. 2C)
using a Geographic Information System software,
Q-GIS, (QuantumGIS, version 3.10 A Corufia), there-
by making sure to detect all rings. In a next step, we
compared the total number of rings to the number of
rings detected along different combinations of one,
two, and three radii among radii a-d (Fig. 2D) with
the aim to quantify the number of partial rings re-
maining undetected in different methods.

2.4 Chronology development

To remove age-related trends and non-climatic
signals from the raw ring-width series from the 21 in-
dividuals, we used the dplR package (Bunn, 2008) for
R software (R Cork Tram 2016). We applied a cubic
smoothing spline with a 50% frequency response at
25 years (Cook & PEeTERs 1981). Indexed series were
then averaged into three reference chronologies using
a bi-weighted robust mean to reduce the influence of
outliers (Cook & PEeTERs 1981). In order to explore
the evolution of tree-ring sensitivity along branches,
chronology A includes exclusively shrub cross-sec-
tions sampled at root collar (0 cm), whereas chronol-
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ogy B only includes shrub cross-sections sampled at
30 cm above the soil surface. The composite chronol-
ogy AB includes all cross-sections sampled at 0 and
30 cm, as commonly done in most dendroecologi-
cal studies applied to shrubs. Descriptive statistics
including standard deviation (SD), mean sensitivity
(MS), and autocorrelation (AC) were computed us-
ing the R (R Core Team 2016) dpIR package (BunN,
2008) for the three chronologies A, B and AB. In ad-
dition, the subsample signal strength, the expressed
population signal (SSS and EPS; WIGLEY et al. 1984,
Buras 2017) and mean inter-series correlation (rbar)
were computed using dplR to evaluate their robust-
ness. The SSS and EPS statistics quantify the strength
of the common climate signal in the tree-ring proxies
by calculating how well a finite subsample represents
a finite (SSS) or infinite (EPS) sample (Buras 2017,
WIGLEY et al. 1984). We chose a SSS threshold > 0.8
to determine the period over which each chronology
is reliable to compute climate-growth analyses.

2.5 Climate sensitivity along shrubs stems

To test for the potential variability of the climate
signal along shrub stems, we computed bootstrapped
correlation functions (BCFs) between the detrend-
ed chronologies A, B and AB and monthly climatic
variables using the R (R Core Tram 2016) Treeclim
package (ZANG & Bionbi 2015). In detail, the climat-
ic dataset includes average monthly mean, minimum,
maximum temperature and monthly precipitation to-
tals from May of the year preceding growth-ring for-
mation (n—1) to September of the year of actual ring
formation (n), as well as snowpack variables extracted
from the SAFRAN-crocus reanalysis dataset (DURAND
et al. 2009, VERNAY et al. 2022, VIONNET et al. 2012).
SAFRAN combines 7z sitn meteorological observations
with synoptic-scale meteorological fields to provide
continuous time series of meteorological variables
at hourly resolution. Simulations are made over ele-
mentary areas, referred to as massifs (Couserans in
the case of this study), designed to represent the main
drivers of the spatial variability observed in moun-
tain ranges (clevation bands of 300 m, different slope
aspects and angles) (VERNAY et al. 2022). From the
daily snowpack dataset, we extracted melt-out dates
(defined as the last day when snow cover reached 5cm
above the soil surface) and mean snowpack depth in
January-February.

To further assess differences in climate sensitivi-
ty between chronologies A and B, we also used a lin-
ear mixed effects model (LMM). Following ROPARS

et al. (2017), we calculated a LMM with ring width
index (RWI) as the response variable and the signif-
icant monthly climate variables detected in the BCF
analysis, as well as sample type (A or B) as interac-
tive predictors and year as random effect. To prevent
any effect of multicollinearity among explanatory
variables, we used variance inflation factors (VIF).
Collinearity was assessed with a cut-off value of 4
(Zuur et al. 2010). We computed pseudo-R* com-
prising marginal (R*m) and conditional (R?c) values
(NAKAGAWA & ScHIELZETH 2013) using MuMIn pack-
age (BartoN 2019). R*m and Rc account for the pro-
portions of the variance explained by the fixed fac-
tors and by the whole model (i.c. fixed plus random
factors), respectively. To compare chronologies A and
B, we performed BCFs and LMMs over a common
time window for which both chronologies exceed the
SSS >0.8 threshold.

3 Results
3.1 Chronology quality

A total of 15 individuals were included in the
three R. ferrugineum chronologies corresponding to
rejection rates (i.e. the percentage of misdated indi-
viduals) of 29%. BS1650A (only base sections) and AB
(composite chronology) span the period 1971-2019.
BS1650B (only 30cm above soil surface sections),
composed of sections sampled on younger stems only
dates back to 1991 (Fig. 3). The rbar and EPS statis-
tics (Tab. 1), computed on spline detrended chronolo-
gies, are comparable, in the range 0.19-0.25 (rbar) and
0.77-0.81 (EPS). Autocorrelation (AR1) is low (<0.00)
in all chronologies and Mean Sensitivity (MS) slightly
lower in BS1650AB (0.48) compared to BS1650A and
BS1650B (0.54). The SSS exceeds the 0.8 threshold
since 1984 for chronologies A and AB and since 1996
for chronology B, limiting the common period of cli-
mate-growth analyses to 1996-2019 (Fig. 3).

3.2 Detection of partial rings

We estimated the rate of partial rings — expressed
as the number of partial rings detected over 100 years
— through the analysis of ring boundaries that have
been digitized systematically with the help of high-res-
olution images obtained from microscope slide scan-
ning. Detailed inspection of the 38 sections sampled
from ind, p shows a mean rate of 34.3 partial rings
per hundred years (sd = 14.7). Using different combi-
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Tab. 1: Characteristics of the Bassi¢s Rhododendron ferrugineum detrended raw ring-width chronologies: length, sample
depth (Nb.), mean series intercorrelation, rbar, EPS, the year in which the SSS 0.85 threshold is reached, first-order autocor-

relation (AR1) and mean sensitivity (MS)

Chronology Length  Nb. Mean series rbar EPS EPS Year SS$>0.8 AR1 MS
intercorr (1996-2017)

BS1650AB 1971-2019 15 0.42 025 0.78 0.85 1984 0.06  0.49

BS1650A 1971-2019 15 0.43 023 0.76 0.80 1984 0.06  0.54

BS1650B 1991-2019 15 0.33 0.19  0.77 0.77 1996 0.03  0.54

nations of one to four radii (a-d) on each section, we
realize that 30 to 73% of the partial rings were detect-
ed on a single radius. The latter value was obtained
using the longest radius (a) (Fig. 4). By measuring along
two radii, more than 70% of the partial rings could be
found (max. 88%) depending on the combination of
radii used. Finally, using three radii, the median suc-
cess rate systematically exceeds 90% and reaches 100%
by combining radii a, b and d (Fig, 4).

3.3 Detection of missing rings
Amongst the 39 sections sampled from ind, p,

39% did not show any missing ring. The rate of miss-
ing rings was on average 4.53 missing rings per 100

years (Fig. 5A). Missing rings were more frequent in
individuals A (6.63), B (2.03) and C (9.38) but signifi-
cantly scarcer (0.46 missing rings per century) in in-
dividual D (Fig. 5A). The serial sectioning approach
also showed that missing rings were rather evenly
distributed along stems, even if the missing ring rate
is slightly minimized (<3 missing years per century)
when sections are sampled close to the soil surface
rather than at 20 and 40 cm above the soil surface
(>5 missing rings per century). Rates of missing
rings also exceeded 10% in 6 out of 39 sections with
maximum values (>15 rings per century) observed in
sections from stems Al and C1 (Fig. 5A). The ring
of 2019 was, for instance, missing in 16 (42%) sec-
tions. Fig 5B shows that 27% of the total missing
rings were missing for two or more consecutive years

1,6 — — BS1650 sect?ons A Sample depth
_ —— BS1650 sections AB
——— BS1650 sections B
1,4 — BS1650 $S5<0.85 (Nb.=7)
— ® First year with SSS5>0.85 — 16 —
©
1,2 — I E
)
_ — 12 o
_ 4 z
= - £
as — [o%
L g B
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Fig. 3: Detrended Rhododendron ferrugineum ring-width chronologies based on base sections (BS1650A), stem sections
(BS1650B), and both base and stem sections (BS1650AB). Sample size is indicated with colored background surfaces. Color-
ed circles indicate the first year when the subsample signal strength (SSS) 0.85 threshold is reached. This threshold is always

reached when seven individuals are added in the chronology.
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Fig. 4: Partial ring rates identified in individuals A, B, C and D by measuring growth rings at different radii. The

different combinations are shown below the x-axis.

(e.g., A1.2 in 2015-2017), and that a ring missing for
a given year was very often - although not systemati-
cally - missing at several heights along the stem. For
instance, the ring of 2013 was missing in sections 3,
4,5,and 7 in stem Al. Finally, Figure 5A shows that
the sampling of an additional section 20 cm higher
on the stem is sufficient to detect ¢. 75% of the miss-
ing rings that were present at the base. This percent-
age is not improved by adding more sections.

3.4 Intra-individual climate signal

Bootstrapped Correlation Functions (BCFs)
between average monthly climate parameters and
BS1650AB (Fig. 6A-D) show significant correlations
between ring widths (RWI), minimum, mean and
maximum July (¢=0.47, r=0.58 and r=0.58, p < 0.05)
and January temperature (+=-0.37,-0.45 and -0.58, p <
0.05) and previous minimum June temperature (0.59,
p<0.05) over the period 1996-2017. We also found sig-
nificant correlations between the BS1650AB chronol-
ogy and previous September and December-February

(r =36 and r = 047, p < 0.05) precipitations totals
and snowpack height (0.46, p < 0.05). The compar-
ison of BCFs computed from BS1650A and BS1650B
over the period 1996-2017 shows that BS1650A pot-
trays the strongest summer temperature (both summer
n and n-1) signal (Fig. 6ABC). For example, correla-
tion coefficients with mean July temperature increase
from 0.41 (p>0.05) for BS1650B to 0.59 (p<<0.05) when
using BS1650A as explained variable (Fig. 6D-E).
Comparable significant negative correlations with
winter temperatures are found with BS1650A com-
pared to BS1650B. Conversely, a slightly higher winter
(December to February) precipitation and snowpack
height signal is extracted from BS1650B (Fig. 6D).

We computed a LMM using only significant
monthly climate variables detected in the BCF anal-
yses as fixed parameters, i.c., mean July temperature,
minimum previous June temperature and snowpack
height, interacting with the sample type (A or B).
Maximum January temperature and winter precipita-
tion were excluded because they showed too strong
collinearity with snowpack height according to the
VIF analysis. For the 1996-2017 period, the .MM
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Fig. 6: (A, B, C, D) Bootstrapped correlation functions (BCFs) computed between the three chronologies and monthly
(seasonal) precipitation sums (D) and average minimum, mean and maximum temperatures (A,B,C). Months of the year
preceding ring formation are shown with lowercase letters. Bootstrapped Correlation Functions (BCFs) were computed over
the period 1996-2017. Significant correlations (p<0.05) are indicated by an asterisk and darker colors.

showed a significantly higher sensitivity to the mean could not confirm effects of snowpack height, pre-
July temperature of the A sections compared to the vious June temperature or interaction with section
B sections (p < 0.01, Tab. 2 and Fig. 7). However, we  height as shown in the BCF analysis (Tab. 2 and Fig. 7).
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Tab. 2: Significance of fixed effects (i.e. Jul T = July temperature, PDJF = winter precipitation totals
and TJF = mean temperature in January and February) in the three linear mixed models computed
over the period 1996-2017 showing the significance of interactions, indicating a difference in climate
sensitivity depending on section height. Conditional R2 (R2c), marginal R2 (R2m), AIC and AIC dif-
ferences between each model and a null model (AAIC,.i) are given as well. NS = p > 0.05

Linear mixed model output
R’m = 0.12; R%c = 0.23
Parameter Value and Signif. t-value
Intercept -0.07 -0.52
July Temp. 0.58%x* 391
Snowpack Height -0.05 -0.34
Previous min. June Temp. 0.12 0.90
Section Height 0.02 0.32
Section Height * July Temp. -0.28%+* -3.51
Section Height * Snowpack Height 0.11 1.48
Section Height * Previous min. June Temp. 0.02 0.33
Previous June Temp. (°C)
A B 10 12 14
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Fig. 7: Linear mixed models of R. ferrugineum detrended ring-width (RWI or ring-width index) as a function of
July temperature, minimum previous June temperature and snowpack height, and their interaction with sections
height (A: base and B: stems at 30 cm above soil surface) for the period 1996—2017. Solid lines and ribbons indicate
the slope estimates and 95% confidence interval for the mixed model analyses.

4 Discussion
4.1 Chronology quality

The population we sampled is rather young (av-
erage age of 36 years), in line with shrub encroach-
ment documented in the Bassies valley and more
generally in the Pyrenees since the late 1980s and as
a result of both global warming and abandonment

of pastoral practices (GaLor et al. 2011, Szczypra
et al. 2015). Rather low rbar and EPS values for all
chronologies show relatively heterogeneous indi-
vidual growth, which is common for shrubs (Buras
2017) due to fine-scale microhabitat, snowpack spa-
tial heterogeneity (ERNAKOVICH et al. 2014, DOBBERT
et al. 2022, SCHERRER & KORNER 2010, WEIJERS et
al. 2018b) and complex resource allocation within
stems (Buras & WiLMKING 2017). However, such
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values are comparable to statistics obtained for
Rhbododendron nivale and Rbhododendron aganniphum in
the Himalayas (LiaNG & EcksTEIN 2009, LU et al.
2015) and certain R. ferruginenm chronologies used
in FRANCON et al. (2021). Nevertheless, over the pe-
riod used in this study for climate-growth analysis
(1996-2019), statistics attest the robustness of the
chronologies. Furthermore, the SSS statistics shows
that the loss of explanatory power of the subsample
due to decreasing sample size since 1996 is less than

20% for all chronologies.

4.2 Partial and missing ring detection

Cross-dating is a major issue in shrub dendro-
chronology due to the presence of ring patterns that
are characterized by numerous partially or com-
pletely missing rings (BAR et al. 2006, 2008, Buras
& WiLMKING 2014, HALLINGER et al. 2010, KEUPER
et al. 2012, Ropars et al. 2017). Here we used a se-
rial sectioning approach (KorisHcHuk 1990) — the
recommended method in shrub dendrochronology
(BAR et al. 20006, 2008, BucHwAL et al. 2013, Buras
& WILMKING 2014, HALLINGER et al. 2010, KEUPER et
al. 2012, LIANG et al. 2015, LiANG & EcksTEIN 2009,
Ropagrs et al. 2017) - to ensure precise detection of
missing rings in R. ferruginenm individuals. Using a
very dense serial sectioning along different stems in
four individuals, we were able to identify all missing
rings. However, in contrast to Korsucuuk (1990)
and WILMKING et al. (2012) who showed that missing
rings were less frequent in the juvenile part of dwarf
trees, we did not detect such a trend in R. ferruginenn.
On the contrary, our results demonstrate that several
rings were absent along entire stems or individuals
and were therefore challenging to be detected with
a serial sectioning approach. In addition, most pre-
vious studies recommend sampling approximately 3
to 12 sections to detect missing rings within a single
stem (BAR et al. 2006, HALLINGER et al. 2010, MYERs-
SmrrH et al. 2015b, SHETTI et al. 2018, WILMKING et
al. 2012). In our case, we show that adding a sin-
gle section to root collar is sufficient to detect the
missing rings. Adding additional sections further up
the stem does not help to improve the detection of
missing rings.

Our study also confirms that partial (or wedg-
ing) rings are common features in ring patterns of
multi-stemmed dwarf shrubs (Buras & WILMKING
2014). These discontinuous and incomplete rings
result from failures in cambial activity (MYERs-
SMmiTH et al. 20152, SCHWEINGRUBER & POSCHLOD

2005) and their detection requires either digitiza-
tion of the ring boundaries (Buras & WILMKING
2014) or measurements of ring widths (RW) along
different radii of a given section. The digitization
of ring boundaries ensures that no partial ring is
overlooked (Bir et al. 2006, Buras & WILMKING
2014, LI et al. 2013), but this method is extremely
time-consuming. Our results show that measuring
RW along three (including the largest) orthogonal
radii allowed detect all the partial rings in most of
the sampled sections. This means that one radi-
us less than what was recommended by Buras &
WILMKING (2014) for J. communis could suffice to
detect partial rings on R. ferruginenm. This differ-
ence probably likely results from the structure of
R. ferruginenm individuals forming concentric stems
more frequently than J. communis. Consequently, and
with the aim of optimizing the detection of missing
rings in a time-saving manner, we can now recom-
mend limiting the measurements of ring widths to
three radii of each sampled R. ferruginenm section.

4.3 Climate-growth relationships

The three chronologies developed at our site
(BS1650A, BS1650B, BS1650AB) showed comparable
correlation profiles with monthly climatic parame-
ters. Radial growth of R. ferruginenm at the study site
was driven mainly by July temperature. Similarly,
warmer temperatures during the growing season
have been identified as key factors promoting shrub
growth in different arctic and Alpine regions (e.g.,
BAR et al. 2008, ForEs et al. 2010, FRANCON et al.
2017, 2021, HALLINGER et al. 2010, MYERS-SMITH et
al. 2015a, WEIERS et al. 2028b). In addition, sig-
nificant correlations were computed between ring
widths, winter precipitation, related snowpack
height (positive) and mean maximum winter tem-
perature (negative), thereby revealing the key influ-
ence of snowpack height on shrub ring productiv-
ity. Extremely narrow rings have been observed in
R. ferruginenm individuals after dry winters charac-
terized by shallow snowpack at low-elevation sites
in the Alps (FrRANCON et al. 2017, 2020a, 2023). Yet,
the positive correlation observed between RWI and
winter precipitation has not been reported so far in
Alpine studies where thick and long-lasting snow-
packs have negative effect on shrub growth through
a shortening of the growing season (CARRER et al.
2019, FrANCON et al. 2017, 2020a). By contrast, our
Pyrenean winter signal is in line with several studies
in the Arctic and in Himalaya (LI et al. 2013, LIANG
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et al. 2012, ZrataN & Gajewskl 2006) where the
positive response of radial growth to winter precip-
itation has been related to the protective thermal
effect of snow against frost (NEUNER 2014) and/or
winter desiccation (SAKAI & LARCHER 1987). Such
assumptions would be also valid at our site where
R. ferruginenm is located at the lowermost limit of its
ecological range (ESCARAVAGE et al. 1998). In fact,
this species occurs preferentially in sheltered areas
with a deep snowpack in winter (KORNER 2003)
and is therefore likely to suffer from an increas-
ingly shallower and ephemeral snowpack at lower
elevations and ongoing global warming. Average
minimum previous June temperature is also deter-
minant for shrub radial growth in our site. Once
again, late-frost events during previous growing
season could have detrimental effects on radial
growth the following year through cellular damag-
es on the cambium, buds, roots and leaves, or loss
of hydraulic conductivity due to xylem cavitation
(CHARRIER et al. 2017, INOUYE et al. 2002, KomAac
et al. 2016). Besides the potential impact of late-
frost, high photosynthesis rates in the year before
ring formation could lead to high carbon storage
and thus to increased growth in the following year
(e.g., Bast et al. 2012, FraNCON et al. 2017, FrrTTS
1976). Yet, the effects of late frost on alpine shrub
growth should be given greater consideration in fu-
ture studies, especially for populations that are at
the lower edge of the species’ ecological niche.

4.4 Climate sensitivity along stems

The conventional approach in shrub dendro-
ecology is to sample stem sections near the ground
surface to increase the length of the ring width series
(MyERS-SMITH et al. 2015b, PELLIZZARI et al. 2014,
2017, Ropars et al. 2017). However, and due to the
generalization of the serial sectioning approach, sec-
tions sampled at different heights have often been
averaged into individual series and subsequently
into chronologies (ForsEs et al. 2010, FRANCON et
al. 2017, 2020b, 20202, 2021, HALLINGER et al. 2010,
HoLLESEN et al. 2015, LIANG et al. 2012). Such an ag-
gregation was also justified by the fact that a unique
section would not be sufficient to fully capture the re-
sponse of a shrub to climate variables (MYERS-SMITH
et al. 2015b, SHETTI et al. 2018). Two recent studies
were conducted with the purpose to unify sampling
protocols, but could not agree on the number of sec-
tions to be included in a chronology to optimally ex-
tract the climate signal from shrub ring width series

(Ropars et al. 2017, SHETTI et al. 2018). Both studies
agree that the inclusion of multiple sections from the
same individual did not increase the climate signal.
They also emphasized the need for more studies ex-
ploring the climate signal within stems in different
shrub species.

Following these suggestions, we investigated
the climate signal in three R. ferruginenm chronolo-
gies including cross-sections sampled at the base
(BS1650A), 30 cm above the soil surface (BS1650B)
and at both heights (BS16501AB). Both results from
bootstrapped correlation functions and the linear
mixed modelling approach show that BS1650A better
preserves the summer temperature signal. Our find-
ings thus are in line with results reported for B. glan-
dnlosa from northwestern Québec (Canada) (ROPARS
et al. 2017) for which sections taken at the root col-
lar better represented climatic conditions as they
encompassed the growth of the whole plant and as
they were less subject to intraplant competition-like
mechanisms. Results differed from findings reported
for |. communis where temperature sensitivity did not
vary significantly along the stem (SHETTI et al. 2018).
Regarding sensitivity to snowpack depth (highly re-
lated to winter precipitation and temperature in our
analysis), we see slightly greater — although not sig-
nificant - shrub sensitivity at 30 cm above the soil
surface. We interpret this signal as lower protection
of higher sections from extreme temperatures in
winter and spring before melt-out. In addition, the
minimum temperature signal in May-June (year n-1),
which was detected uniformly along the stems, is
likely an indirect and delayed physiological response.
Thus, the growth response to the previous year’s
stress is reflected throughout the individual and not
just in the most exposed parts of the stem.

5 Conclusions and implications for future
sampling strategies

The study presented here provides guidance
on how to design sampling that ensures accurate
and efficient detection of missing rings in a multi-
stemmed dwarf shrub species (R. ferruginenns) while
maximizing the climate signal. We show that a serial
sectioning approach based on solely two sections is
sufficient to detect missing rings in the case of R.
Sferrugineum as (1) the rate of missing rings varied only
slightly along shrub stems and (2) rings missing at the
base were frequently missing along the entire stem.
We therefore recommend developing R. ferruginenm
chronologies following a two-steps procedure which
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involves successively (1) the averaging of cross-dat-
ed measurements made along three-radii from the
same sections, (2) the averaging of two sections (at
the stem base and around 20/30cm higher in the
stem) for each individual. By selectively sampling
two sections at different heights, we were also able to
isolate and amplify two contrasting climate signals.
Sections sampled at the shrub base provided better
integration of July temperature fluctuations than
stem-based or mixed chronologies. Higher stem sec-
tions were more sensitive to snow accumulation than
shrub base sections. We hypothesize that differential
exposure to frost events explains this divergent sen-
sitivity to snowpack height. Although further inves-
tigations are required to (1) determine the degree to
which these findings are generalizable to other shrub
species in mountain environments and (2) to better
understand the effects of frost, our results confirm
that sampling design is crucial as it preconditions the
success of dendroecological studies on shrubs.
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