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Abstract
& Key message During the past decades, a multitude of oak stands have spontaneously established across the pine-
dominated landscapes of the French Landes de Gascogne. Yet their future performance under modern climate change
is unknown. We show that coppiced, dominant trees are most prepared to cope with drought episodes, displaying higher
basal area increment and lower sensitivity to extreme events.
& Context Forest stands dominated by pedunculate oak (Quercus robur L.) have spontaneously established across the pine-
dominated landscapes of the French Landes de Gascogne. These oak stands are typically unmanaged and unsystematically
coppiced, resulting in mixtures of single- and multi-stemmed (coppiced) trees.
& Aims To determine the ability of spontaneous oak forest stands to face climate change–related hazards, by analysing differences
in growth (tree-ring width and basal area increment—BAI), wood density and climate sensitivity depending on their tree
architecture (single- vs multi-stemmed trees) and their social status in the forest.
& Methods We exhaustively cored 15 oak stands (n = 657 trees). We compared stand characteristics and climate sensitivity
between tree architectures considering two sampling designs, either all sampled trees (the exhaustive sampling) or those with
a dominant status (dominant sampling). At the tree level, we used linear mixed effects models to compare wood density and
growth between tree architectures and the trees’ social status within the canopy layer (dominant- vs non-dominant trees).
& Results Multi-stemmed trees exhibited higher wood density than single-stemmed trees for diameters > 30 cm. Dominant multi-
stemmed trees showed lower sensitivity to extreme events (pointer years), higher BAI but lower annual growth rates than
dominant single-stemmed trees.
& Conclusion Dominant multi-stemmed trees are potentially the most prepared ones to cope with increasing soil water deficit
following drought episodes, at least during the first 60 years of the life of the tree. The vulnerability to face harsher climate
conditions for Q. robur stands can be misled when using a dominant sampling design.

Keywords Dominant trees . Forest expansion . Pointer years .Quercus roburL. . Single- andmulti-stemmed trees .Wooddensity

Handling editor: Irene Martin-Fores

This article is part of the topical collection on Establishment of second-
growth forests in human landscapes: ecological mechanisms and genetic
consequences

* Raquel Alfaro-Sánchez
r.alfarosanchez@gmail.com

Elena Valdés-Correcher
elena.valdes-correcher@inra.fr

Josep Maria Espelta
josep.espelta@uab.cat

Arndt Hampe
arndt.hampe@inrae.fr

Didier Bert
didier.bert@inra.fr

1 CREAF, Centre de Recerca Ecològica i Aplicacions Forestals,
E08193 Bellaterra (Cerdanyola de Vallès), Catalonia, Spain

2 Wilfrid Laurier University, Waterloo, Ontario, Canada
3 BIOGECO, INRAE, Univ. Bordeaux, 33610 Cestas, France

https://doi.org/10.1007/s13595-020-00949-x

/ Published online: 25 May 2020

Annals of Forest Science (2020) 77: 49

http://crossmark.crossref.org/dialog/?doi=10.1007/s13595-020-00949-x&domain=pdf
mailto:r.alfarosanchez@gmail.com


1 Introduction

Extensive forest expansion has occurred in many parts of
Southern Europe during the last decades as a consequence of
changing land use and rural abandonment, and the process is
expected to continue in the near future (Schröter et al. 2005;
Palmero-Iniesta et al. 2020). Novel forest stands have the ca-
pacity to rapidly attain a high level of multifunctionality and
deliver diverse ecosystem services (Cruz-Alonso et al. 2019;
Pugh et al. 2019). Oaks were once prominent tree species in
the Landes de Gascogne, Southwest France, and are currently
increasing again in abundance and spatial extent by means of
spontaneous reforestation. Broadleaf forest stands dominated
by pedunculate oak (Quercus robur L.) represent important
foci of biodiversity within the pine-dominated landscape of
the region (Barbaro et al. 2007; Valdés-Correcher et al.
2019) that have significant beneficial effects on the health of
surrounding pine plantations (Samalens and Rossi 2011;
Dulaurent et al. 2012). Such stands are typically small and
not systematicallymanaged by landowners or administrations,
yet they are used by local people for gathering firewood and
non-timber products (e.g. mushroom, fruits), hunting and oth-
er recreational activities. Promoting the natural regeneration
of spontaneous oak forest stands across the Landes de
Gascogne forest landscape can thus help sustain biodiversity,
improve forest resistance to natural and anthropogenic distur-
bances and facilitate management and silviculture.

Many temperate and boreal forests worldwide have expe-
rienced recent increases in annual growth rates and declines in
wood density in response to warmer temperatures, extended
growing seasons and higher air CO2 concentrations
(Bontemps et al. 2013; Pretzsch et al. 2018). This trend in fast
tree growth and concomitant high carbon storage is even
stronger in second-growth forests established (either actively
or passively) on former agricultural or pastoral grounds, as a
consequence of land-use legacies (Mausolf et al. 2018;
Alfaro-Sánchez et al. 2019). However, such forests have also
been reported to be subject to increased tree sensitivity to soil
water deficit following drought episodes (Vilà-Cabrera et al.
2017; Alfaro-Sánchez et al. 2019).

Modern climate change represents a threat for forests as it
leads to an increasing frequency of abiotic (e.g. storms or
droughts) and biotic (e.g. pest outbreaks) hazards, but we ig-
nore how imminent and rapid such a deterioration may be
(Lloret et al. 2012), especially for those forests that are located
near the southern range limits of dominant tree species (Allen
et al. 2010; Greenwood et al. 2017). In the sandy plains of the
Landes de Gascogne, many spontaneous forest stands of pe-
dunculate oak could be highly susceptible to projected climate
change considering that this species is currently approaching
the limits of its ecophysiological tolerance. The extensive
monospecific plantations of maritime pine that dominate the
landscape are also under particular risk. For instance, the

storm Klaus in January 2009 destroyed an estimated 43 mil-
lion m3 of pine trees (Colin et al. 2010), and the resulting
woody debris promoted important outbreaks of bark beetles
in following years. While such damages strongly exacerbate
the costs of forest management (Hautdidier et al. 2018), recent
research indicates that these might be efficiently reduced by
drawing on natural processes.

Diverse intrinsic and extrinsic drivers can trigger the resis-
tance of individual trees to soil water deficit. One such trigger
is their architecture and associated root-to-shoot ratio. Tree
growth in coppiced oaks (with several stems that resprouted
from the stump) has been shown to be less influenced by soil
water deficit than non-coppiced oaks (with a single stem;
Stojanović et al. 2016, 2017; but see Fedorová et al. 2018),
although these positive effects may be transient in time
(Cotillas et al. 2009; Sanchez-Humanes and Espelta 2011).
On the other hand, the social status of a tree within the canopy
layer can also influence its growth and resistance to soil water
deficit. Dominant trees can show four times higher growth
rates than the rest of the population (Nehrbass-Ahles et al.
2014). Studying dominant trees can lead to biased results
and conclusions about the sensitivity to climate extremes of
the entire population when they are the only ones sampled
(Cherubini et al. 1998). Previous studies on how the size or
social status affect the response of growth to climate are in-
conclusive for either coniferous or deciduous species
(Lebourgeois et al. 2014 and references therein). For instance,
dominant trees are either more sensitive to climate or less
sensitive depending on the species and local environmental
conditions (e.g. Zang et al. 2012).

Both architecture and social status of trees are of particular
relevance in spontaneous oak forests. They contain a high
proportion of multi-stemmed trees as a result of historical
silvicultural treatments and unsystematic coppicing for fire-
wood by local populations. In addition, their establishment
through natural secondary succession typically generates a
heterogeneous distribution of tree sizes with a mixture of
some dominant individuals (often the founders of the stand)
and many smaller individuals resulting from subsequent re-
cruitment. Both triggers should be taken into account when
assessing individual climate-growth relationships.

Here, we assessed patterns of radial tree growth in sponta-
neous pedunculate oak stands established during the twentieth
century in the Landes de Gascogne. The aim was to determine
whether trees present differences in growth rates, wood den-
sity and sensitivity to climate depending on their tree architec-
ture (single- vs multi-stemmed trees) and their social status in
the forest (dominant vs non-dominant trees). We hypothesised
the following: (1) Multi-stemmed (coppiced) trees should dis-
play higher growth during the first decades of their life and
consequently lower wood density; this effect would be expect-
ed as a consequence of their pre-established root system (Zhu
et al. 2012; Pemán et al. 2017). (2) Multi-stemmed trees
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should display lower sensitivity to extreme climatic events,
such as severe droughts, than single-stemmed trees; sensitivity
is tested by analysing associations between temperature, pre-
cipitation and soil water deficit with growth and by identifying
event and pointer years. (3) Dominant individuals, regardless
their growth form, should exhibit higher growth and lower
climate sensitivity compared with non-dominant trees.
Ultimately, our results should help better understand what
type of forest management can support spontaneous oak for-
ests to cope with soil water deficit following drought episodes,
and thus to preserve these forests and the ecological services
they provide in the long term.

2 Methods

2.1 Study area and sites

The study area was located in the Landes de Gascogne (44°
41′N, 00° 51′W) southwest of Bordeaux, France (Fig. 1). The
region is characterised by an oceanic climate with mean an-
nual temperature of 13.3 °C and annual precipitation of
923 mm for the period 1949–2017 (Météo-France data re-
trieved from the INRA CLIMATIK database). The area is
covered by extensive plantations of maritime pine (Pinus
pinaster Ait.) with scattered broadleaved forest stands that
are dominated by pedunculate oak with other species such as
holm oak (Q. ilex L.), Pyrenean oak (Q. pyrenaica Willd.),
birch (Betula pendula L.) or willows (Salix spp.) being present
in lower abundance. Soils are almost completely composed of
coarse sand, poor, acidic and quite organic. They vary from
typic haplorthod spodosols to haplohumod spodosols (or
umbric endoaquod spodosols; USDA classification), depend-
ing of the depth of the water table (Augusto et al. 2008). As a
consequence, trees often suffer from soil water excess in win-
ter and soil water deficit in summer.

We selected 15 spontaneously established pedunculate oak
stands from the original set of 18 stands used by Valdés-
Correcher et al. (2019; see Table 4 and the cited paper for
details on stand characteristics). Their location is shown in
Fig. 1. We confirmed on aerial photographs from the 1950s
(https://remonterletemps.ign.fr) that no or only a few trees
were present on each spot at that time. We measured the
stand area as the minimum polygon including all trees and
calculated the tree density (trees ha−1) of each stand using
the R package spatstat (Baddeley et al. 2015, Table 4). As
corresponds to oak forests not systematically managed, the
selected stands were characterised by a heterogeneous distri-
but ion of t ree s izes wi th some large , dominant
individuals—often the original founder trees of the
stand—and many smaller individuals resulting from subse-
quent, successive recruitment.

2.2 Characterisation and classification of trees

We carried out an exhaustive sampling of the 15 forest stands
including all individuals with a stem diameter at breast height
(DBH) ≥ 3 cm (657 trees in total). We mapped each tree;
counted the number of stems and measured the canopy pro-
jection, total height, and the DBH of all stems (Alfaro-
Sánchez et al. 2020). Each tree was then classified as either
multi-stemmed (= putatively coppiced) or single-stemmed (=
non-coppiced) for subsequent analyses (Table 4).

To determine the role of trees’ social status, we classified
individuals either as dominant or as non-dominant based on
their aboveground biomass. We used biomass and not height
to assess the dominance of the trees, because for the target
mixed oak stands, composed by single- and multi-stemmed
trees, height alone does not properly capture dominance
(Cotillas et al. 2016). The aboveground biomass was calculat-
ed following the stem biomass equation of Balboa-Murias
et al. (2006) for pedunculate oak stands in NW Spain:

W stem ¼ −5:714þ 0:018� DBH2

� Height R2 ¼ 0:94
� � ð1Þ

where W represents the dry weight of the stem (kg). Trees
above the 75th percentile per stand were considered dominant.
We followed this approach to ensure a minimum number of
dominant trees even for the smallest stands. By selecting the
dominant trees per patch, we aimed to adopt a dominant sam-
pling design. This design is commonly used for dendrochro-
nological studies. Most such studies tend to select only well-
established, healthy trees that are not affected by competition,
based on the assumption that the largest trees are also the
oldest ones and consequently the ones that can provide the
longest dendrochronological time series (revised in
Nehrbass-Ahles et al. 2014).

2.3 Dendrochronological sampling and growth
measurements

One increment core was extracted per tree at 30–40 cm above
ground level using a Pressler increment borer (5 mm). Cores
were air dried, planed with a cutter until rings were clearly
visible with a stereomicroscope and scanned at 1200 d.p.i.
Tree-ring widths were measured to an accuracy of 0.01 mm
using the software WinDENDRO. Cross-dating of individual
series was checked also using WinDENDRO. Previous stud-
ies have shown that young oak recruits in the area grow on
average 10 cm in height per year (Gerzabek et al. 2017), so we
adjusted tree age by adding 3 years to the number of tree rings
counted at the height of coring. In addition, tree-ring width
series were converted to basal area increment (BAI)
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measurements (cm2). For multi-stemmed trees, we calculated
the BAI using a correction factor:

Correction factor ¼ BAtree

BAstem
ð2Þ

where the BAtree corresponded to the basal area calculated
of all stems of the tree, assuming symmetrical growth, and
BAstem corresponded to the basal area of the cored stem.

All trees were also individually detrended with cubic
smoothing splines of 30 years to remove non-climatic growth
trends related to the increase in tree age and size (Cook and
Kairiukstis 1990). Autocorrelation was removed from the
tree-ring series (prewhitening) by utilising the detrend func-
tion with the Ar method within the R package dplR (Bunn
2008). Following this approach, we aimed to preserve the
high-frequency signal (year-to-year variability) in order to re-
duce spurious correlations between long-term trends in radial
growth and climate. Four tree-ring chronologies were built
based on single- and multi-stemmed trees using tree-ring
width series from either all sampled trees (hereafter termed
‘exhaustive sampling’) or only the dominant trees (hereafter
‘dominant sampling’). Tree-level indexed ring width series for
each group were averaged to build the four mean tree-ring
chronologies by using a bi-weight robust mean. The four chro-
nologies were then used in the climate-growth analyses (see
next section). Mean interseries correlation, mean sensitivity
and first-order autocorrelation (before prewhitening) were de-
termined for each chronology with dplR.

2.4 Climate-growth analyses

Monthly mean temperature and summed precipitation for the
period 1949–2017 were obtained from the nearby climate

station of Mérignac (Météo France; 44° 49′ 53″ N, 0° 41′
31″ W). Soil water deficit was assessed through the
Standardised Precipitation-Evapotranspiration Index (SPEI;
Vicente-Serrano et al. 2010), a broadly used drought index
based on precipitation and temperature data. SPEI was calcu-
lated for a time scale of 1, 3, 6 and 12 months using the R
package SPEI (Vicente-Serrano et al. 2010). It uses the month-
ly difference between precipitation and potential evapotrans-
piration (PET). PETwas calculated using the simplest empir-
ical approach of climatic water balance that only requires
monthly temperature.

We used the R package treeclim (Zang and Biondi
2015) to run Pearson correlation analyses between month-
ly and seasonal SPEI, precipitation and temperature data,
and the four mean tree-ring chronologies, from April of
the previous growing season to September of the year in
which the ring was formed, considering the maximum
overlapping period (Table 1). A bootstrapping procedure
was used to test for significant correlations (P < 0.05).
The variables SPEI and precipitation were highly correlat-
ed. We found higher correlations using the variable SPEI-
3 than using precipitation for the four mean tree-ring
chronologies. Thus, we only report the results found for
the variable SPEI-3.

The climate-growth analyses showed a high response in
growth during high SPEI-3 values from June to July of the
current year of tree-ring formation and during previous year’s
September to October. A significant negative response in
growth to high temperatures during previous year’s August
to September was also identified. Therefore, we employed a
31-year running variation for June–July SPEI-3 (June–July
and September–October SPEI-3 were highly correlated) and
August–September temperatures for the period 1949–2017 in

20°W    10°W      0° 10°E    20°E     30°E      40°E        50°E          60°E

30°N

40°N

50°N

Fig. 1 Distribution range of Q. robur for Europe (map provided by
EUFORGEN 2009; www.euforgen.org) and the general area (white
square) where the study was conducted in the French Landes (left

panel). Location of the 15 recently established Q. robur stands (white
dots on the right panel)
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order to determine if climate variability has been increasing
over time in the study area.

2.5 Event and pointer years

Negative or positive event years can be identified as abrupt
decreases or increases in growth for individual tree-ring sam-
ples (Schweingruber et al. 1990). We adopted the normalisa-
tion in a movingwindowmethod and transformed annual tree-
ring width values for each sample to Cropper values by using
a 5-year window (Cropper 1979), as described by Alfaro-
Sánchez et al. (2019). A 13-year weighted low-pass filter
was previously applied to tree-ring series (Fritts 1976). The
low-pass filter improves the detection of event and pointer
years in complacent series and is known to have little effect
even in sensitive series (Cropper 1979).

A pointer year occurs when a high proportion of tree-ring
series from a group of trees shows the same trend in a specific
year (i.e. negative or positive event years; Schweingruber
et al. 1990). Here, we set a minimum threshold of 50% of
trees that should display either a negative or a positive event
year for a particular year to be considered as pointer year. The
period from 1975 to 2009 was used for the identification of
pointer years. This period covered a representative number of
trees in each of our four groups after applying the 13-year low-
pass filter that truncates the tree-ring time series by 6 years at
both ends. Then, we linked pointer years to extreme climatic
events, including extremely dry, wet, warm and cold years
defined as the 90th or 10th percentile values of the June–
July SPEI-3 time series (see next sections). Years were classi-
fied as negative or positive climate-linked pointer years when
the year fell below the 10th or above the 90th percentiles of the
June–July SPEI-3 time series during that year, respectively.

2.6 Wood density measurements

Wood density (g cm−3) was calculated from the same cores
used for the tree-ring measurements following Williamson
and Wiemann (2010). Cores were oven dried for at least 2 h
at a temperature of 105 °C and weighted to obtain their dry
weight. Then, their volume was obtained by submerging the
core into water (the Archimedes principle), which is a reliable
measurement for irregularly shaped samples. Finally, mean

wood density was calculated as the dry weight of the core
divided by its volume.

2.7 Statistical analyses

ANOVAs were applied to test for differences in DBH, height,
canopy projection, biomass and tree age between single- and
multi-stemmed trees, both for the exhaustive and the dominant
sampling (significance level was set at P < 0.05).

We performed linear mixed effects models (LMEMs; Zuur
2009) with the function ‘lmer’ from the lme4 package (Bates
et al. 2015). Tree-level LMEMs were built for wood density
and year-level LMEMs for tree-ring width and BAI across the
first 60 years of the life of the trees. In the LMEM for wood
density, the initial set of variables tested were architecture
(single- or multi-stemmed), social status (dominant or non-
dominant), tree age, DBH and height as well as the second-
order interactions of the variables architecture and social sta-
tus with the remaining variables. Height and canopy projec-
tion were highly correlated r = 0.62 (P < 0.001), so we only
included the variable height in the models to avoid collinearity
problems. The forest stand was included as a random effect. In
the LMEMs for tree-ring width and BAI, the initial set of
variables were architecture (single- or multi-stemmed trees),
social status (dominant or non-dominant), cumulative ring
width (only for tree-ring width), ring age, June–July SPEI-3,
previous year’s August–September temperature, and the
second-order interactions of the variables architecture and so-
cial status with the remaining variables. Current June–July
SPEI-3 and previous year’s September–October SPEI-3 were
highly correlated r = 0.65 (P < 0.001), so we only included the
variable that displayed the highest climate-growth correlations
for the four chronologies (i.e. June–July SPEI-3) in the models
to avoid collinearity problems. We included as random effects
the stand and the tree identity to account for the repeated
measures across an individual. The influence of age during
the first 60 years of life of the tree on ring width and BAI
was modelled with a natural cubic spline with a B-spline basis
with two knots.

The best model for each response variable was obtained
using a backward elimination method on the full (saturated)
models. We calculated marginal (i.e. the proportion of variance
explained by fixed effects) and conditional (i.e. the proportion

Table 1 Tree-ring width chronology statistics for pedunculate oak trees
for expressed population signal (EPS) values above 0.85 and over a
minimum of five trees. Four chronologies were built for single- and

multi-stemmed trees using the exhaustive and the dominant tree sampling
(in parentheses). AC1 refers to the first-order autocorrelation

Architecture Period n trees Mean interseries correlation Mean sensitivity AC1

Single 1951–2017 (1959–2017) 446 (64) 0.37 (0.40) 0.34 (0.29) 0.123 (0.149)

Multi 1954–2017 (1955–2017) 211 (96) 0.41 (0.45) 0.34 (0.31) 0.301 (0.459)
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of variance explained by fixed and random effects) R2 for the
best models with the MuMIn package (Barton 2018). All pre-
dictor variables were standardised to eliminate differences aris-
ing from the scale of measurements. All statistical analyses
were performed using R version 3.5.1 (R Core Team 2018).

3 Results

3.1 Composition of the stands

We recorded a total of 446 (67.9%) single-stemmed and 211
(32.1%) multi-stemmed trees. The latter had on average 2.8 ±
1.3 stems (mean ± SD). The multi-stemmed tree-ring width
chronology displayed higher values than the single-stemmed
one until the 1990s for the overall sample, corresponding with
most of the extremely wet years recorded during the time series.
After the 1990s, both chronologies overlapped (Fig. 2a). Mean
interseries correlation and first-order autocorrelation were
higher in multi-stemmed trees compared with single-stemmed
ones in the overall sample, whereas mean sensitivity was sim-
ilar between the two architectures (Table 1). DBH, above-
ground biomass and canopy projection were significantly
higher in multi-stemmed trees (mean ± SE 30.5 ± 0.9 cm,
281 ± 19 kg and 7.1 ± 0.3 m2, respectively) compared with
single-stemmed ones (21.8 ± 0.6 cm, 148 ± 15 kg and 5.83 ±
0.22 m2, respectively; Fig. 3a). In contrast, tree height and age
did not differ between architectures (Fig. 3a).

Dominant trees (either single or multi-stemmed) exhibited a
30% larger canopy projection, accounted for 67% of the total
biomass per stand and were 14% older (Fig. 3b). The proportion
of multi-stemmed trees in this subgroup was markedly higher
than in the overall sample (60%, Fig. 2). Dominant trees
displayed higher mean interseries correlation, higher first-order
autocorrelation and lower mean sensitivity compared with the
overall sample and regardless the architecture (Table 1).

Tree-ring width chronologies for dominant trees displayed
similar growth between architectures at the beginning of the
time series, but since the 1970s, the single-stemmed

chronology displayed higher tree-ring width values (Fig.
2b). First-order autocorrelation and mean sensitivity were
higher for dominantmulti-stemmed trees compared with dom-
inant single-stemmed trees (Table 1). No difference was found
for DBH, height, canopy projection, aboveground biomass
and tree age between architectures for dominant trees (Fig.
3b).

3.2 Climate-growth associations

Soil water deficit calculated for a timescale of 3 months (SPEI-3)
displayed higher correlations with the four mean tree-ring chro-
nologies than SPEI calculated for timescales of 1, 6 or 12months.
Higher SPEI values indicate wet conditions, i.e. low soil water
deficit, and lower SPEI values indicate dry conditions, i.e. high
soil water deficit. We found significant positive correlations be-
tween growth and SPEI-3 values during late spring and summer
of the current year (June–July) and previous year’s fall
(September–October), regardless of the architecture or social sta-
tus (Figs. 8 and 9). Significant negative correlations were also
found in the two dominant chronologies and in the single-
stemmed chronology from the exhaustive sampling between
growth and temperatures for the previous year’s summer
(August–September; Figs. 8 and 9). Thus, for the exhaustive
sampling, the multi-stemmed chronology displayed lower limi-
tation by soil water deficit and summer temperature than the
single-stemmed chronologywhereas, for the dominant sampling,
we found similar climate-growth associations between architec-
tures (Figs. 8 and 9).

3.3 Events and pointer years

Successive extreme dry and warm years have been recorded in
the study area since the early 2000s (Fig. 10), together with an
increase in June–July SPEI-3 and previous year’s August–
September temperature variability. Accordingly, negative
pointer years (PYs) for the four mean tree-ring chronologies
were most common since the 2000s. The negative PYs 1976,
2005 and 2006 were linked to lower June–July SPEI-3 values.

Fig. 2 Basal area increment (BAI) chronologies using the exhaustive (left
panel) and the dominant tree sampling (right panel). The sample depth

and the percentage of trees for single- and multi-stemmed trees are also
shown for the exhaustive and dominant tree sampling
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The positive PY 1980 was linked to higher June–July SPEI-3
values and to mild temperatures during that season. The neg-
ative PY of 1991 was linked to warm temperatures during
previous year’s August–September. The negative climate-
linked PYs 1976 and 2005 occurred in the four chronologies.

We identified similar numbers of climate-linked PYs be-
tween architectures when using the exhaustive sampling (two
negative and zero positive climate-linked pointer years; Fig. 4).
Five climate-linked PYs were identified for the single-stemmed
trees (four negative and one positive) and two climate-linked
PYs for the multi-stemmed trees (two negative and zero posi-
tive), when using the dominant sampling (Fig. 5).

3.4 Wood density

The LMEM revealed lower wood density in single-stemmed
trees than in multi-stemmed trees for DBHs > 30 cm. The
social status had no significant effect on wood density
(Fig. 6; Table 2).

3.5 Tree growth

The LMEMs indicated that tree-ring width decreased with age
and increased with cumulative tree-ring width and higher

June–July SPEI-3 values. Tree-ring width differed between
social status and architectures. Dominant trees exhibited
higher tree-ring widths than non-dominant trees across the
60 first years of the life of trees. Single-stemmed trees exhib-
ited higher tree-ring widths than multi-stemmed trees, partic-
ularly after the first 30 years (Fig. 7a, b, Table 3).

The LMEMs indicated also that BAI increased with age,
but more gradually after the first 30 years. BAI also increased
with higher June–July SPEI-3 values and differed between
social status and architectures. Thus, dominant trees exhibited
higher BAI values than non-dominant trees, particularly after
the first 30 years. Multi-stemmed trees also exhibited higher
BAI values than single-stemmed trees, particularly during the
first 30 years (Fig. 7c, d, Table 3).

4 Discussion

4.1 Growth response to climate variations
between architectures and social status

Tree growth was mainly and negatively controlled by soil
water deficit from June to July of the current year and
from previous year’s September to October, irrespective

Fig. 3 DBH, height, canopy projection, biomass and tree age differences between single- and multi-stemmed trees. Mean values of each variable were
calculated using the exhaustive (upper panels) and the dominant tree sampling (bottom panels). The asterisks indicate significant differences at P < 0.05
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of tree architecture or social status. Excessive warm tem-
peratures during previous year’s August to September
exerted a negative impact on growth in the two single-
stemmed chronologies and in the multi-stemmed one for
the dominant sampling. The similar response to soil water
deficit and temperature found in the correlations among
groups can largely be attributed to the relatively low var-
iability in the detrended tree-ring width series used for the
climate-growth analyses (Nehrbass-Ahles et al. 2014),
particularly within the same site. Pedunculate oak is rela-
tively tolerant to soil water deficit owing to its deep
rooting (Rosengren et al. 2006), low susceptibility to em-
bolism (Cochard 1992) and relatively tight control of sto-
mata conductance and photosynthesis under drought con-
ditions (Epron and Dreyer 1993). In line with Andersson
et al. (2011), we found that precipitation exerted a higher influ-
ence on oak growth than temperature, as confirmed by the non-
significant response of growth (tree-ring width and BAI) to tem-
peratures in the LMEMs irrespective of tree architecture or social

status (Table 3). Indeed, the greater influence of precipitation
during late spring and early summer in the current year on tree
growth has been widely reported for other pedunculate oak
stands across Europe (Bednarz and Ptak 1990; Kelly et al.
2002; Drobyshev et al. 2008; Friedrichs et al. 2008; Andersson
et al. 2011; Barsoum et al. 2015).

Pointer year analysis can be an additional source of informa-
tion to understand climate-growth interactions (Matisons et al.
2013). A high percentage of extremely narrow or wide tree rings
in a stand is usually caused by extreme climatic events
(Schweingruber et al. 1990). In general, higher numbers of point-
er years have been related to higher mean climatic sensitivity
(Jetschke et al. 2019). Dominant single-stemmed trees displayed
the largest number of negative and positive climate-linked PYs,
i.e. four negative and one positive during the period from 1975 to
2009, indicating a relatively higher climatic sensitivity than dom-
inant multi-stemmed trees and single and multi-stemmed trees
from the overall sample. A previous study sampling only dom-
inant trees also reported higher climatic sensitivity in single-

Fig. 4 Negative (upper panels) and positive (lower panels) pointer years
for single- (left panels) and multi-stemmed (right panels) trees using the
exhaustive tree sampling. The dashed line indicates the minimum thresh-
old of 50% of trees within single- or multi-stemmed trees that should

display a negative (positive) event year for a particular year to be consid-
ered as negative (positive) pointer year. Climate-linked pointer years are
indicated with larger circles and a label for the year
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stemmed oaks compared with multi-stemmed ones since 1975
(Stojanović et al. 2017).

In general, oak growth underlies high autocorrelation (e.g.
Drobyshev et al. 2007), indicating that it is highly dependent
on carbohydrate storage and consequently climate conditions

during the previous year (Esper et al. 2015). Trees with high
autocorrelation tend to buffer the effects of environmental varia-
tion on growth more efficiently than trees with lower autocorre-
lation (Schweingruber 1996; Zang et al. 2012). Indeed, the im-
portance of precipitation during the previous autumn in

Fig. 5 Negative (upper panels) and positive (lower panels) pointer years
for single- (left panels) and multi-stemmed (right panels) trees using the
dominant tree sampling. The dashed line indicates the minimum thresh-
old of 50% of trees within single- or multi-stemmed trees that should

display a negative (positive) event year for a particular year to be consid-
ered as negative (positive) pointer year. Climate-linked pointer years are
indicated with larger circles and a label for the year

Fig. 6 Wood density predictions
across DBH. The observed values
are indicated with green and
violet circles, for single- and
multi-stemmed trees, respectively
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controlling growth has been previously reported (Drobyshev
et al. 2008; Friedrichs et al. 2008; Andersson et al. 2011) and
can be explained by an extended period of activity at the end of

the growing season, resulting in more carbohydrate storage for
earlywood production in the following growing season
(Drobyshev et al. 2008). In this study, we found that multi-
stemmed trees displayed higher first-order autocorrelations than
single-stemmed trees regardless of their social status.
Accordingly,coppicedtreesshouldbedisplayingalowersensitivity
(thatis,complacency)tothevariationinexternalfactors,suchassoil
waterdeficit followingseveredroughts (Drobyshevet al.2007).

Our results also showed lower mean sensitivity—defined as
the ‘mean percentage change from each measured yearly ring
value to the next’ (Douglass 1983)—for the dominant chronolo-
gies (0.29 for single and 0.30 for multi-stemmed trees) compared
with the exhaustive ones (0.34 for both single- and multi-
stemmed trees). Similar mean sensitivity values (between 0.2
and 0.3) have been reported in European oak monocultures
representing limited climatic and/or environmental effects on
tree-ring width (Barsoum et al. 2015). Thus, dominant trees
may be displaying a more complacent response of growth to
climate or other environmental variables on an annual timescale,
as we confirmed with the higher yearly tree-ring width and BAI

Fig. 7 Tree-ring width (RW; a, b) and basal area increment (BAI; c, d)
predictions across the first 60 years of the life of the trees (ring age; b, d)
and June–July SPEI-3 (a, c), for dominant and non-dominant single- or
multi-stemmed trees. The observed values are indicated with green and

violet circles for dominant single- and multi-stemmed trees, respectively,
and with blue and grey circles for non-dominant single- and multi-
stemmed trees, respectively

Table 2 LMEM results for wood density (WD, g cm−3). The variable
DBH was scaled in the model. TA is the tree architecture, i.e. single- or
multi-stemmed trees. The level multi-stemmed trees (variable tree archi-
tecture) is included in the intercept. The R2 due to fixed (R2 m) and due to
fixed and random effects (R2 c) for each selected model is also provided.
Significance of the P values is indicated by ***P < 0.001 or *P < 0.05

WD

Fixed effects Estimate SE t P

Intercept 0.538 0.005 117.561 ***

TA: single − 0.001 0.003 − 0.221 0.825

DBH 0.0001 0.0019 0.079 0.937

TA: single × DBH − 0.0062 0.0025 − 2.529 *

Random effects SD

Stand 0.015

R2 m 0.02

R2 c 0.26
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values found in the dominant trees and the significant negative
interaction for dominant trees with June–July SPEI-3 (Table 3,
Fig. 7c). This result is in line with the study of Zang et al. (2012)
who found a lower limitation of tree growth under harsher cli-
matic conditions in large trees than in small ones.

4.2 Wood density variations between architectures
and social status

Wood density was significantly lower for single-stemmed trees
for DBHs larger than 30 cm irrespective of social status. Wood
density is a pivotal functional trait that influences the mechanical
stability of trees (Anten and Schieving 2010) as well as their
vulnerability to drought (Hacke et al. 2001). A lower wood den-
sity implies a higher risk of drought-induced cavitation, especial-
ly in ring-porous species such as oaks (Hacke et al. 2001;
Eilmann et al. 2014). It is commonly associated with faster
growth and has been reported to be decreasing in various
European trees (Mausolf et al. 2018; Pretzsch et al. 2018;
Alfaro-Sánchez et al. 2019). In our study, the observed lower
wood density of the smaller single-stemmed trees was in line
with the consistently higher growth (tree-ring width) reported
for that group compared with multi-stemmed trees (Figs. 6 and
7b). Considering that the pre-established root system of coppiced

trees can significantly improve water and nutrient availability
(Zhu et al. 2012; Pemán et al. 2017), multi-stemmed trees may
be displaying lower wood density and higher growth soon after
resprouting probably due the ecophysiological benefits they have
at early stages compared with trees growing up from seeds, i.e.
improved water status and carbon fixation during summer in
resprouts compared with mature plant shoots (Castell et al.
1994). Thus, at certain ages, coppiced trees increase their wood
density and reduce their growth rate probably owing to the com-
petition among resprouts (Castell and Terradas 1995).

4.3 Growth variations according to social status
and tree architecture

Ingeneral,annualgrowthratesinoakshavebeenshowntodecrease
rapidlyafter the first 20yearsofgrowthand to stabilise at anageof
40–60 years (Espelta et al. 1999;Haneca et al. 2005).Here, domi-
nant single-stemmed treesdisplayedhighergrowth thandominant
multi-stemmedtreeswhencomparingthegrowthperyear(tree-ring
width)of thecoredstem,possiblydrivenby the intra-treecompeti-
tion of multi-stemmed trees (Mayor and Rodà 1993; Castell and
Terradas1995;Montesetal.2004).Incontrast,whenusingtheBAI
correctedformultiplestemspertree,dominantmulti-stemmedtrees
overtakedominantsingle-stemmedones ingrowthperyearduring

Table 3 LMEM results for tree-ring widths (RW) and basal area incre-
ments (BAI). Variables were scaled in the models. TA is the tree archi-
tecture, i.e. single- or multi-stemmed trees; ST is the social status, i.e.
dominant or non-dominant tree; CRW is the cumulative tree-ring width;
and RA is the ring age and refers to the year of the life of the tree. The

level multi-stemmed trees (variable tree architecture) and the level non-
dominant (variable social status) are included in the intercept. The mar-
ginal and conditional R2 of each selected model are also provided.
Significance of the P values is indicated by ***P < 0.001; **P < 0.01;
or *P < 0.05

RW BAI

Fixed effects Estimate SE t P Estimate SE t P

Intercept 1.02 0.05 19.7 *** 0.72 0.13 5.6 ***

TA: single 0.12 0.05 2.6 ** − 0.49 0.09 − 5.5 ***

ST: dominant 0.44 0.06 7.7 *** 1.20 0.09 12.8 ***

CRW 0.154 0.006 24.6 ***

RA < 30 years − 3.28 0.11 − 29.1 *** 3.32 0.09 36.6 ***

RA > 30 years − 2.40 0.10 − 25.2 *** 0.34 0.08 4.2 ***

June–July SPEI-3 0.060 0.005 11.8 *** 0.041 0.006 7.3 ***

TA: single × D: dominant 0.20 0.07 3.0 **

TA: single × CRW − 0.017 0.006 − 2.8 **

CRW×D: dominant − 0.076 0.006 − 12.5 ***

TA: single × RA < 30 years − 0.04 0.12 − 0.4 0.724 0.02 0.10 0.2 0.829

TA: single × RA > 30 years 0.23 0.10 2.3 * 0.40 0.08 5.0 ***

ST: dominant × RA < 30 years 0.80 0.14 5.7 *** 0.13 0.11 1.2 0.234

ST: dominant × RA > 30 years 0.82 0.10 8.0 *** 0.95 0.08 12.4 ***

ST: dominant × June–July SPEI-3 − 0.021 0.010 − 2.2 *

Random effects SD SD

Stand 0.11 0.37

Tree 0.30 0.84

R2 m 0.35 0.35

R2 c 0.50 0.73
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the first 60 years of life (Fig. 7). However, BAI starts to slowly
decrease after an age of 30 years both for dominant multi-
stemmed trees and for non-dominant ones (either single- ormulti-
stemmed), whereas for dominant single-stemmed trees, BAI was
still increasingat theendof thestudyperiod (Fig.7d).

Differences were also found for growth between architectures
for each of the sampling designs (Pemán et al. 2017; Stojanović
et al. 2017). Higher BAI values for dominant coppiced holm oak
trees are probably associated to lower water limitation of multi-
stemmed oaks to face drought conditions, owing to the benefits
of a larger and deeper pre-established root system (Pemán et al.
2017; Stojanović et al. 2017), although the advantage of coppiced
vshighforestsmightdecreasewithtimeasthemultiplestemsgrow
up (Stojanović et al. 2016).Thus, thedecreaseofBAI indominant
multi-stemmed trees can be associated to the progressive increase
inintra-individualcompetitionamongstemsandthereplenishment
of belowground structures after the resources spent in the
resprouting process (Espelta et al. 1999;Cotillas et al. 2016).

4.4 Considerations on the sampling design: dominant
vs exhaustive

When studying growth patterns in unmanaged second-growth
forests, such as the pedunculate forests fromSWFrance, the high
variation of tree growth caused by the heterogeneous distribution
of tree sizes and age classes may complicate the identification of
the most adapted individuals to face extreme climatic events.
Indeed, our results showed that tree growth in the investigated
stands differed with social status. These results are in line with
those of Nehrbass-Ahles et al. (2014), suggesting that the sam-
pling design strongly affects the quantification of growth trends
using BAI and tree-ring width values.

Conclusions from dendroecological studies should be restrict-
ed to the type of trees sampled in order to avoid bias in the
assessment of climate sensitivity or inappropriate estimation of
growth trends and carbon storage, particularly when only domi-
nant trees are studied (Sullivan and Csank 2016). As for other
species, tree growth has been reported to increase in pedunculate
oaks that have well-developed crowns (Drobyshev et al. 2007)
because of their higher efficiency in light harvesting and photo-
synthetic performance (Niinemets 2010). Thus, our results point-
ed out that using an exhaustive sampling tends to buffer the
differences between architectures reported in growth per year
(tree-ring width values), BAI and climate sensitivity, as differ-
ences were more evident when using dominant trees.

5 Conclusion: implications for spontaneous
oak forest management and conservation

Ongoing regional climate change could severely slow down and
ultimatelyimpairthevigorousexpansionofpedunculateoakacross
theLandesdeGascogneinthecomingdecades(Urlietal.2015).Itis

challenging to propose conservation measures for spontaneously
establishedoak forest stands that are typically characterisedby the
absenceofanysystematicmanagementorexploitation.

Dominant trees potentially play a three-fold role in the stands.
First, they contribute most to biomass allocation and therefore to
carbon storage (in our study area, dominant trees accountedmore
than two-thirds of the total biomass per stand). Secondly, they can
facilitate the survival of smaller trees in their surroundings
(Gómez-Aparicio et al. 2004; Miriti 2006); and lastly, they con-
tribute most to enhancing reproduction and recruitment (Lloret
et al. 2012; Gerzabek et al. 2017). Management options that pre-
serve large (dominant) trees may reduce future climate hazards
and ensure the ecosystem services that these second-growth pe-
dunculate oak forests are providing. Particular attention should be
paid to preserve dominant multi-stemmed trees, because this ar-
chitecture tends to imply a greater allocation of biomass, a higher
BAI per year, and lower sensitivity to climate extremes and there-
fore they may be more adapted to future drought episodes than
dominant single-stemmed trees.

Multi-stemmed individuals should be conserved especially in
theearlystagesofforestestablishmentwhenstandsarestill limited
to a few dozens or scores of (mostly small) trees. On the contrary,
we do not consider systematic coppicing of entire stands a suited
management option because it would result in more even-sized
standsanddroughtepisodescouldbeparticularlyperniciouswhen
they occur shortly after the coppicing.As amatter of fact, it might
be precisely the lack of a systematic forest and vegetation man-
agementwhat could enable spontaneousoak forest stands tomax-
imise their ability to cope with an increasingly harsher climate
drawingon their natural regenerationpotential (Lloret et al. 2012).
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Appendix

Table 4 Stand characteristics

Stand DBH (cm) Height (m) Canopy projection (m) Biomass (Kg tree−1) % multi-stemmed trees Tree density (trees ha−1)
Mean SD Mean SD Mean SD Mean SD

A 19 9 11 3 5.4 2.3 94 116 25.3 470

B 23 22 8 4 6 3 276 905 25.0 267

C 26 9 9 2 5.8 1.6 136 133 21.2 486

D 35 16 15 4 7 3 439 457 21.7 295

E 22 17 10 5 6 3 199 298 37.0 323

F 19 10 8 3 5.5 2.2 81 131 100.0 356

G 37 10 13 3 6.8 1.5 356 238 65.6 92

H 22 11 11 4 6.1 2.5 124 113 50.9 253

I 24 9 13 4 6.0 1.9 170 168 55.4 241

K 31 14 11 2 6 3 238 260 17.4 330

L 21 12 9 4 5 3 115 145 18.8 2302

M 21 15 10 4 6 3 149 196 27.1 143

O 25 13 11 4 6.8 2.4 176 219 15.4 273

P 25 19 9 4 7 4 234 371 26.7 241

Q 31 16 13 3 7 3 308 409 20.8 142
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Fig. 8 Climate-growth analyses for single- and multi-stemmed trees for the exhaustive sampling
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Fig. 9 Climate-growth analyses for single- and multi-stemmed trees for the dominant trees
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